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AAbbssttrraacctt  
 
Bacteria belonging to the genus Acidovorax have been shown to be a consistent member of 

the activated sludge microbial community. Two phenotypic variants of A. temperans CB2 

isolated locally from activated sludge exhibit noteworthy characteristics, such as the ability 

to form biofilms and flocs, which are critical microbial processes underlying all modern 

wastewater treatment systems. Gene expression microarray technology is a functional 

genomics platform that enables the simultaneous interrogation of all expressed transcripts 

during normal cell ontogeny, or in response to specific environmental stimuli. Microarray 

technology offers the opportunity to investigate gene expression changes relevant to key 

processes in wastewater treatment, using A. temperans as a model organism. 

 

The aims of this research were to develop a full genome microarray platform for A. 

temperans CB2 and to use this microarray platform to investigate major differences in 

gene expression between the Hpos and Hneg phenotypic variants. An optimised gene 

expression microarray platform was established through the assessment of various 

experimental methods, such as RNA extraction, RNA amplification, microarray probe 

design, and quantitative PCR. Using the microarray platform, gene expression 

comparisons were obtained for planktonic broth cultures, static biofilms and bacterial 

colonies. 

 

Gene expression analyses have provided insights into the complex developmental 

processes involved in the transition from planktonic cells to stages of initial attachment, 

cell proliferation, biofilm maturation and nutrient limitation during the formation of A. 

temperans biofilms. Factors that have been identified in other bacterial systems such as 

type IV pili and activation of stress responses were also observed in A. temperans biofilms. 

In addition, several intriguing classes of genes, such as transcriptional regulators, a toxin-

antitoxin gene cassette, and nitrate metabolism were also found to be differentially 

expressed during the formation of A. temperans biofilm. The incorporation of microarray 

technology with other functional genomics techniques to investigate molecular 

mechanisms underlying the complex processes occurring in wastewater treatment will 

provide a scientific basis to improve the reliability of current wastewater treatment 

strategies and for the development of new treatment technologies. 
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CCHHAAPPTTEERR  11::  
GGeenneerraall  IInnttrroodduuccttiioonn  
 

The overall goal of the research presented in this thesis is to gain a better understanding 

of gene expression patterns in the context of crucial bacterial processes in wastewater 

treatment. This was achieved through the development of a gene expression microarray 

platform, using Acidovorax temperans CB2 as a model organism.  

 

1.1 Wastewater treatment 

Municipal wastewater treatment facilities are one of the cornerstones of human 

civilization, and are crucial requirements for all crowded human communities around the 

world. Historically, human interest in wastewater treatment was driven by endeavours to 

curtail destructive epidemics of cholera, typhoid fever, dysentery and other diseases 

spread by waterborne pathogens (Atlas & Bartha, 1998). However, untreated or sub-

optimally treated liquid waste can also cause eutrophication of natural waters with 

organic nutrients, and contaminate aquatic environments with toxic, noxious or 

aesthetically unacceptable substances. The discharge of untreated domestic sewage was 

identified by the United Nations as the major source of environmental pollution causing 

visible deterioration of aquatic environments worldwide (United Nations Environment 

Programme, 2004). 

 

The wastewater treatment industry is regarded as one of the largest biotechnology 

industries in the world with a global market size estimated to be between US$200 billion 

to US$600 billion annually. The wastewater management expenditure in New Zealand 

was in excess of NZ$600 million in 2003 (Statistics New Zealand, 2005). Despite this, 

there are still many communities around the world with inadequate wastewater treatment 

facilities. The global burden of human diseases due to sewage pollution is estimated to be 

4 million lost man years annually, equivalent to an economic loss of approximately 

US$16 billion per year (United Nations Environment Programme, 2004). With the 

growing world population and continual urban intensification, there is an increasing need 

to improve the efficiency and reliability of wastewater treatment processes.  
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1.1.1 Wastewater treatment processes 

Wastewater is 99% water, but it also contains organic compounds, grease and oils, 

inorganic material, nutrients, metals, chemicals and microorganisms (Metcalf & Eddy, 

2003). The treatment process involves a series of biological, physical and chemical 

processes that remove these contaminants to yield clean effluent that can be safely 

discharged into the environment. Contemporary wastewater treatment processes include 

two to three stages. Primary treatment involves the physical removal of large objects, 

floating scum, grit and grease by mechanical screening and settling. The core objective of 

secondary treatment systems is the removal of dissolved biological nutrients by 

biodegradation and incorporation into microbial biomass (Atlas & Bartha, 1998). Tertiary 

treatment may also be required where other components, such as pathogenic 

microorganisms and residual nutrients, are removed by a variety of processes such as 

ultrafiltration and UV disinfection.  

 

All modern secondary treatment systems rely on complex microbial communities for the 

biodegradation of dissolved nutrients and particulates. These microorganisms are either 

attached to surfaces as biofilms or aggregate into dense flocs that are able to settle by 

gravity (Wagner & Loy, 2002). For example, fixed film sewage treatment systems such as 

trickling filters rely on microbial biofilms attached to solid surfaces. In contrast, 

suspended cell sewage treatment systems, such as oxidation ponds and activated sludge 

processes depend on microbial communities suspended in the water column, either as free 

cells or attached together as small flocs. Despite the critical importance of these microbial 

processes to treatment performance, the factors regulating biofilm formation and 

flocculation during waste treatment are poorly understood. As a consequence, even the 

most sophisticated treatment systems currently suffer from incidents of process failure 

and sub-optimal treatment performance.  

 

Sub-optimal treatment or process failure in secondary treatment systems can result in the 

discharge of dissolved biological nutrients and organic matter from liquid sewage. The 

overloading of natural waters with nutrients stimulates excessive algal and aquatic plant 

growth, which considerably decreases the level of dissolved oxygen available to other 

obligate aerobic aquatic organisms, including fishes, microbial forms and invertebrate 

animals (Atlas & Bartha, 1998; Hurst & Knudsen, 1996). 
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1.1.2 Activated sludge wastewater treatment 

Wastewater treatment by activated sludge is regarded as one of the most important 

microbially-mediated biotechnological processes in the world (Manz et al., 1994). First 

developed in the UK, it is now the most widely used secondary treatment system in 

industrialised countries (Schuler & Jassby, 2007). Within New Zealand, activated sludge 

treatment systems treat the municipal wastewater in urban centres such as Auckland, 

Christchurch, Hamilton, Rotorua and New Plymouth. The North Shore City and Mangere 

wastewater treatment plants in Auckland alone serve almost one third of New Zealand’s 

population.  

 

Raw 
wastewater 

Primary 
treatment 

 

Microbial 
biomass 

Reactor/clarifier 
(secondary treatment) 

Settled sludge 

Effluent 

Discharged to 
environment 

Tertiary 
treatment Disposal of 

solids  Flocculation 

Returned 
activated 

sludge 
 

Figure 1.1. Schematic of the activated sludge wastewater treatment system processes. Coarse suspended 
solids in raw wastewater are mechanically removed in primary treatment, and the resulting primary effluent 
is fed into the reactor/clarifier system. In the secondary treatment system, organic nutrients are mineralised 
or incorporated into microbial biomass in the reactor, which forms flocs that settle out of solution in the 
clarifier. Part of the settled activated sludge is returned to the reactor with the primary effluent to maintain 
high microbial activity, while the remaining waste sludge is treated and disposed separately. The cleared 
effluent may proceed to tertiary treatment before being discharged into the receiving waters. 
 

 

The processes involved in activated sludge wastewater treatment systems are shown in 

Figure 1.1. The activated sludge treatment system relies heavily on the controlled growth 

of heterotrophic microbial communities. Conventionally, microbial growth in the reactor 

is encouraged by vigorous aeration to decrease the organic content of the primary 

effluent. The mixed liquor from the reactor is then moved to the clarifier where microbial 

biomass in the form of flocs is allowed to settle. A portion of the settled activated sludge 

is reintroduced to the first anoxic compartment of the reactor to maintain high microbial 
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activity in the reactor. The cleared effluent from the clarifier is fed into tertiary treatment 

before being discharged into the environment.  

 

Systems that are configured to remove nitrogen include alternating aerobic and anoxic 

zones. In the aerobic zones, the high oxygen level encourages the growth of autotrophic 

nitrifying bacteria that oxidise organic nitrogen and ammonia to nitrite and nitrate. In the 

same zone, organic carbon is mineralised into carbon dioxide and water, or incorporated 

into microbial biomass by heterotrophic bacteria. The low oxygen level in anoxic zones 

encourages denitrification, where nitrate is reduced to dinitrogen gas in the process of 

anaerobic respiration. 

 

In the clarifier, the settling characteristics of sludge flocs are critical for efficient 

separation of sludge from the effluent. Several groups of microorganisms can interfere 

with flocculation and the subsequent sludge separation processes. Although the presence 

of filaments is important for proper floc formation, excessive proliferation of filamentous 

bacteria and filamentous fungi can also result in poor settling characteristics associated 

with bulking or foaming (Wagner & Loy, 2002). Filamentous bulking and foaming are 

serious problems encountered by 40-50% of all activated sludge plants.  

 

 

1.1.3 Microbial ecology of activated sludge 

Traditionally, the microbial communities in wastewater treatment were analysed using 

culture-based techniques (Prakasam & Dondero, 1967). However, the advent of 

molecular techniques, particularly the use 16S rRNA clone libraries, fluorescence in situ 

hybridisation (FISH) and denaturing gradient gel electrophoresis (DGGE), revealed that 

the inherent enrichment bias during culturing had often led to a distorted understanding of 

the microbial community in wastewater (Kampfer et al., 1996; Loy et al., 1999; Wagner 

& Loy, 2002). For example, culture-dependent techniques were shown to overestimate 

the abundances of γ-Proteobacteria, while underestimating the abundances of β-

Proteobacteria (Kampfer et al., 1996). Studies using molecular techniques have also 

highlighted the enormous microbial diversity in activated sludge. Bacteria belonging to 

the α-, β-, and γ-Proteobacteria, Bacteriodetes and Actinobacteria classes were most 

highly represented in several surveys of the microbial communities in activated sludge.  
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A recent 16S clone library study of wastewater treatment plants in the Auckland region 

found that bacteria belonging to the genus Acidovorax were persistent and abundant 

members of the activated sludge microbial community (Brown, 2001). Studies from other 

countries also yielded similar results (Heylen et al., 2008; Schulze et al., 1999; You et al., 

2002), indicating that bacteria in this genus may play an important ecological role in the 

performance of activated sludge systems. Assessment of activated sludge from Mangere, 

North Shore City and Hamilton wastewater treatment plants in New Zealand showed that 

isolates affiliated with the genus Acidovorax typically comprises around 1-2% of the 

microbial community, and have been found to be as high as 10% of the population 

(Brown, 2001; C. Brown, personal communication, 2008). 

 

The genus Acidovorax was first proposed in 1990 by Willems et al. to encompass three 

species previously misclassified as Pseudomonas (Willems et al., 1990). These species 

formed a separate group within the acidovorans rRNA complex, and were renamed 

Acidovorax facilis, Acidovorax delafieldii, and Acidovorax temperans. These gram 

negative bacteria belong to the  subclass of Proteobacteria, and the Comamonadaceae 

family (Willems et al., 1991). Currently, the genus Acidovorax is composed of 

phenotypically diverse bacteria that have been isolated from a range of environments, 

including nitrobenzene-contaminated soil and water (Haigler et al., 1994), clinical 

samples (Willems et al., 1990), plants (Willems et al., 1992), spacecraft assembly clean 

rooms (Moissl et al., 2007), commercial airline cabin air (Osman et al., 2008), the 

bacterial communities associated with fleas (Jones et al., 2008) and activated sludge 

(Brown, 2001; Schulze et al., 1999; Willems et al., 1992).  

 

A particular isolate (CB2) obtained locally from an Auckland activated sludge plant 

showed 99% 16S rRNA homology to Acidovorax temperans (Brown, 2001; Turner, 

2003). A. temperans CB2 exhibits two different colony variants that are distinguished by 

colony margin when grown on R2A agar.  One variant forms a diffuse halo-like margin 

around colonies and is referred to as halo-positive (Hpos), while the other variant forms 

smooth entire colony margin (halo-negative Hneg) (Figure 1.2). Preliminary studies 

indicated that the two colony morphotypes exhibit differing capacities for surface 

attachment and floc formation. The Hpos phenotype rapidly attaches to surfaces resulting 

in dense biofilms but forms loose flocs that settle poorly. In contrast, the Hneg phenotype 
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attaches to surfaces loosely but forms dense settleable flocs. These differential capacities 

for surface attachment and cell aggregation make the two phenotypic variants of A. 

temperans CB2 ideal organisms for the investigation of genetic mechanisms underlying 

biofilm and floc formation. 

 

Hp Hn

45 hr

21 hr

3 hr

Hp Hn

45 hr

21 hr

3 hr

Hpos Hneg

400X 400X

Hpos Hneg 

A 

B C 

Hpos Hneg 

 
Figure 1.2. Phenotypic differences between the Hpos and Hneg variants of A. temperans CB2. A) Colonies 
on R2A agar, showing the diffuse margin of Hpos and the entire margin of Hneg. B) Crystal violet biofilm 
assay of CB2 grown in R2A broth. Reduced staining indicates limited biofilm formation by Hneg in the 3 
and 21 hour assays. C) Comparison of aggregation and settling capacity of CB2. The Hneg variant forms a 
more compact floc than Hpos.  
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1.2 Biofilms  

Biofilms are highly structured, interacting microbial communities enclosed within a 

matrix that facilitates adherence of cells, most commonly to surfaces but also to other 

cells or interfaces (Atlas & Bartha, 1998; Costerton et al., 1995). With an intricate 

network of complex water channels and elegant mushroom-shaped slime towers, 

microbial biofilms have been described as being “at least as complicated as a tissue, and 

possibly as a city” (Chicurel, 2000). The three dimensional microbial city is held together 

by a matrix of extracellular polymeric substances (EPS) consisting of exopolysaccharides, 

lipids, nucleic acids and proteins (Ahimou et al., 2007; Hall-Stoodley & Stoodley, 2002; 

Steinberger & Holden, 2005; Zhang & Bishop, 2003).  

 

In the contemporary model for biofilm formation (Figure 1.3), biofilm cells follow a 

successional process of initial attachment, cell proliferation, microcolony formation and 

maturation (Costerton et al., 1999; Stoodley et al., 2002). Cell motility may be important 

in initial attachment as planktonic cells move towards nutrients adsorbed onto 

conditioning films on surfaces. Recruitment of other planktonic cells and binary division 

of attached cells can also occur, resulting in the formation of a sparse monolayer. Surface 

motility using retractable type IV pili may be employed by early colonisers to find 

suitable sites for colonisation, and to move towards other cells to form microcolonies. 

Imaging of bacteria tagged with fluorescent proteins has revealed that biofilm structures 

are dynamic, with cells moving from one microcolony to another (Chicurel, 2000).  

 

Once established on the surface, genes involved in the production of the EPS matrix are 

activated to produce a more permanent structure. As the three-dimensional architecture 

develops and matures, quorum sensing may also play an important role in activating a 

range of physiological changes (Balestrino et al., 2005; Oggioni et al., 2006; Waite et al., 

2006). The inherent physico-chemical gradients created by the complex structures may 

also play a role in biofilm formation by giving rise to physiologically-differentiated cell 

populations within the biofilm. For example, anaerobic bacteria may occupy micro-niches 

adjacent to aerobic bacteria. Biofilm dispersal is also a tightly regulated process, with 

nutrient limitation providing one of the external stimuli to trigger exodus from the biofilm 

and dispersion as planktonic cells.  
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Figure 1.3. The contemporary model for biofilm formation. During initial attachment, planktonic cells 
adhere to surfaces and undergo cell proliferation to form an attached monolayer. Bacterial cells may 
undergo physiological changes, with the expression of type IV pili which are used for surface motility to 
move towards other cells to form microcolonies. Biofilm maturation is associated with the formation of 
three-dimensional water channels and tall mushroom-shaped towers.  
 

The major phenotypic changes associated with the transition from free-living planktonic 

cells to surface attached biofilm cells is also coupled with an equally profound set of 

modifications occurring at the gene expression level (Beenken et al., 2004; Resch et al., 

2005; Schembri et al., 2003; Waite et al., 2005). These include changes in the expression 

of genes involved in metabolism, attachment factors, cell motility, and stress responses. 

However, there are still many processes involved in biofilm formation that are poorly 

understood, even in the best-studied biofilm model organisms such as Pseudomonas 

aeruginosa and Escherichia coli (Ghigo, 2003). 

 
Biofilms are ubiquitous and their formation has important implications in a range of 

medical and industrial settings, including wastewater treatment. Microorganisms 

associated with biofilms are inherently difficult to treat with antibiotics (Chicurel, 2000; 

Costerton et al., 1999), contributing to diseases such as lung infections in cystic fibrosis 

patients (Vallet et al., 2004), dental plaque (Shemesh et al., 2007), as well as chronic 

infections associated with implants and catheters (Danese, 2002). Up to 60% of hospital 

acquired infections involve biofilms (O'Toole et al., 2000). Biofouling of industrial 

equipment and pipes also causes billions of dollars worth of damage. However, biofilm 

communities are desirable in some processes, such as in trickling filter secondary 

wastewater treatment systems, and fixed film industrial bioreactors. 
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1.3 Functional genomics 

The advent of the genomic era has seen an exponential growth in the availability of 

complete genome sequences. The number of fully sequenced microbial genomes has 

grown exponentially from just 30 in 2000 (Nelson et al., 2000) to 159 in 2004, and in 

August 2008 there were at least 738 completed microbial genomes with 1188 microbial 

genome sequencing projects in progress (Entrez Genome Project, 

http://www.ncbi.nlm.nih.gov/Genomes, retrieved 6 August 2008). The multitude of 

genome sequencing projects actually highlighted the current lack of knowledge of gene 

function, and the true complexity presented by single-celled bacteria. For example, 

approximately 40% of genes predicted from a fully sequenced bacterial genome has no 

known function (44% in P. aeruginosa, 33% in E. coli, and 38% in A. temperans) (Ghigo, 

2003; S. Leahy, personal communication, 2008).   

 

The availability of genome sequences is also complemented by the development of 

several innovative functional genomics technologies, such as microarray, proteomics and 

in vivo expression technology (IVET). In particular, the widespread interest in large-scale 

genomic research has fuelled remarkable advances in microarray technology since it was 

first described (Shalon et al., 1996). In this context, “microarray” refers to the controlled 

arrangement of a large number of immobilised probes or samples in a small surface area 

to allow for high throughput screening. The microarray principle has been applied to 

several different sample types, resulting in the development of DNA, protein and tissue 

microarrays.  

 

The most widely used microarray technology is the DNA microarray, where an ordered 

mosaic of DNA probes are immobilised at high density on a solid support, such as glass 

slides, nylon membranes or silicon chips. DNA microarray technology is dependent on 

the principle of nucleic acid hybridisation, which is similar to classical methods such as 

Southern blot and Northern blot (Southern, 1975). The innovation behind microarrays is 

the ability to print or synthesise large numbers of probes at high density on one slide. 

Recent advances in technology have enabled the production of arrays containing 

approximately 1.6 million probes on each slide, with probe features as small as 13 µm in 

diameter (Roche NimbleGen). A large assortment of microarray platforms and variations 
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in the associated protocols, such as RNA purification and processing, nucleic acid 

labelling, hybridisation procedures, probe printing method and array surfaces have also 

emerged to cater for a range of diverse applications (Bowtell, 1999; Holloway et al., 

2002). 

 

One of the main applications of DNA microarray is the comparison of relative gene 

expression levels between samples. However, DNA microarrays have also been used for 

genome comparison (Carter et al., 2008), single nucleotide polymorphism (SNP) 

genotyping (John et al., 2004; Mei et al., 2000), genetic linkage mapping (Schaid et al., 

2004; Sellick et al., 2004), and the identification of bacteria and viruses (Behr et al., 1999; 

Kakinuma et al., 2003; Stralis-Pavese et al., 2004).  

 

 

1.3.1 Gene expression DNA microarrays 

Gene expression microarray technology provides the ability to simultaneously interrogate 

all expressed transcripts during normal cell ontogeny, or in response to specific 

environmental stimuli. In a typical microarray experiment, labelled nucleic acids 

representing transcripts derived from biological samples are hybridised to complementary 

DNA probes on the microarray. The microarray is then scanned with a high-resolution 

scanner, and the spot intensity data, corresponding to the amount of labelled target that 

has hybridised to each probe are analysed to make biological inferences. Independent 

verification of microarray gene expression results is also essential, where fold-changes for 

differentially expressed genes derived from microarray experiments are inspected using a 

different method to rule out any platform-specific and experiment-related biases. Real 

time quantitative PCR (qPCR) is often regarded as the gold-standard for the validation of 

microarray results (Qin et al., 2006). 

 

Inferences from microarray analyses are based on the central dogma of molecular 

biology, where DNA sequences of genes are transcribed into mRNA which is then 

translated into proteins. Since cellular functions are carried out by proteins coded by gene 

sequences, biological inferences about the state of the cell can be made from the types of 

proteins that are present and the relative protein abundances. Due to the complexity of 

directly measuring protein levels, the abundances of transcribed mRNA are used as a 
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surrogate measure. While most differences in cell state are correlated with changes in 

mRNA levels (DeRisi et al., 1997), recent studies have also identified several post-

transcriptional mechanisms that regulate cell responses (Romling et al., 2005).  

 

The comparison of gene expression can be performed using two-channel or single-

channel microarray experiments. In two-channel experiments, two nucleic acid samples 

are differentially labelled with fluorescent dye such as Cy3 or Cy5, and co-hybridised 

onto a single microarray (Shalon et al., 1996). The ratio of probe fluorescence intensities 

for the two dyes is used to determine the relative gene expression between the two 

samples (Kerr & Churchill, 2001). In single channel experiments, each labelled nucleic 

acid sample is hybridised onto a separate microarray. The fluorescence intensities 

obtained from each array represents absolute expression levels, and must be normalised to 

enable comparisons of gene expression between samples that have been hybridised onto 

separate arrays. Two channel experiments require half the number of array hybridisations 

compared to single channel arrays. However, two-channel experiments requires more 

attention to experimental design to ensure all intended comparisons can be made through 

the pairing of samples, especially when a large number of samples are involved (Yang & 

Speed, 2002). The overall precision of two-channel experiments can also be severely 

compromised by a single low quality array.  

 

The first high-throughput microarray platform to be described was a spotted cDNA array 

(Schena et al., 1995). Since then, microarray technology has evolved rapidly and there are 

currently numerous microarray platforms available, including Affymetrix GeneChips, 

Agilent CodeLink, Illumina BeadArray and Combimatrix CustomArray 

(Venkatasubbarao, 2004). These microarray platforms differ in terms of probe type and 

deposition technology, as well as labelling and hybridisation procedures. Each platform 

has their own advantages and disadvantages, and the selection of a microarray platform 

requires consideration of many factors such as the number of probes required, cost, and 

data acquisition methods (Hardiman, 2004). The two most commonly used gene 

expression platforms are Affymetrix GeneChips and spotted microarrays.  

 

Affymetrix GeneChips are high density arrays consisting of short oligonucleotide (25mer) 

probes that are synthesised in situ using proprietary photolithography technology. The 

process involves the use of covalent linkers with a photolabile protecting group and 
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accurate photomasking. To overcome sensitivity and specificity issues associated with 

such short probes, multiple perfect match and mismatch probes are used on Affymetrix 

chips for the detection of each gene. Mismatch probes are identical to perfect match 

probes except for the central position, where one nucleotide has been changed to its 

complementary base. Perfect match probes are used for the detection of transcripts, while 

the levels of non-specific signal detected by mismatch probes are used in the 

normalisation of data from perfect match probes. Taking perfect match and mismatch 

probes into account, each gene could be represented by up to 40 probes (Knudsen, 2002). 

 

In contrast, probes for spotted microarrays are synthesised separately and then physically 

spotted onto a solid support such as glass. The probes can be either cDNA fragments 

generated from an expressed sequence tag (EST) library or synthetic oligonucleotides, 

and each gene is usually only targeted by one probe on the array. Probes for spotted 

arrays are printed onto the solid support using highly precise robotics. In contact printing, 

automated xyz-axis gantry robots with printing pins of various configurations are used to 

transfer miniscule volumes (~2 nl) of DNA solutions to the glass slide surface (Holloway 

et al., 2002).  

 

The global nature of microarray experiments has often been described as discovery-

driven rather than more conventional hypothesis-driven research (Lazazzera, 2005; 

Lockhart & Winzeler, 2000). Conventionally, the comparison of transcriptomes from 

biological samples in microarray experiments is used to obtain a list of differentially 

expressed genes. Differences in gene expression are responsible for both morphological 

and phenotypic differences, as well as being indicative of cellular responses to 

environmental stimuli and perturbations (Lockhart & Winzeler, 2000). Therefore, the 

analysis of gene expression data may yield vital clues to understanding the activity and 

biological function of the encoded protein. For example, microarray experiments have 

been used to assess the global responses during different treatment conditions, such as 

growth in different substrates (Richmond et al., 1999; Tao et al., 1999) or heat shock 

treatment (Richmond et al., 1999).  

 

By examining the differential gene expression between free-living planktonic cells and 

cells in a biofilm, microarray experiments have already shown promise for the elucidation 

of crucial genes required for biofilm formation by organisms such as Pseudomonas 
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aeruginosa (Waite et al., 2005; Whiteley et al., 2001) and E. coli (Domka et al., 2007; 

Ren et al., 2004; Schembri et al., 2003). Many of the genes identified in these studies 

currently do not have any known function, and may correspond to biofilm process that 

have not been described previously (Ghigo, 2003). Gene expression studies are therefore 

a valuable means to obtain clues to the biological role of cryptic genes and are useful for 

genome annotation (DeRisi et al., 1997). Differentially expressed genes can be clustered 

into groups based on similarity in expression behaviours across temporal or spatial series. 

Genes with unknown function can then be tentatively assigned a biological role based on 

the known functions of genes in the same expression cluster using the concept of guilt-by-

profiling (Lockhart & Winzeler, 2000; Waite et al., 2006). 

 

The simultaneous screening of all expressed transcripts by microarray experiments can 

also reveal interactions between gene networks and coordinated gene expression between 

gene families that may be missed by traditional single gene methods (DeLisa et al., 2001; 

Wagner et al., 2003). Genes seldom act alone so the interaction of genes can be 

extrapolated into metabolic schemes to visualise how metabolic pathways are influenced 

by different conditions. Collectively, microarray technology can complement whole 

genome sequencing projects by generating experimental data that can be used to describe 

gene function and interactions.   
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1.4 Research objectives 

Bacteria belonging to the genus Acidovorax have been shown to be a consistent member 

of the activated sludge microbial community. The two phenotypic variants of A. 

temperans CB2 isolated locally from activated sludge exhibit noteworthy characteristics, 

such as biofilm and floc formation, which are critical microbial processes underlying all 

modern wastewater treatment systems. A better understanding of environmental and 

genetic factors controlling these functionally-relevant processes in A. temperans will 

provide the scientific basis for improving wastewater treatment performance. Biofilm 

formation is also a prevalent microbial growth mode that has important implications in a 

range of industrial, environmental and medical applications beyond wastewater treatment 

processes. Therefore, the differential capacities for surface attachment and cell 

aggregation exhibited by the two phenotypic variants of A. temperans CB2 make it an 

ideal model organism for the investigation of the genetic regulation of critical processes 

involved in wastewater treatment including biofilm formation.   

 

Gene expression microarray is a functional genomics platform that offers the opportunity 

to investigate gene expression differences that explain functional differences between the 

two variants of A. temperans. The microarray workflow encompasses multiple steps such 

as RNA extraction, nucleic acid labelling, array hybridization, real time PCR and 

statistical analysis. As A. temperans CB2 is a newly characterised microorganism, an off-

the-shelf microarray platform was not immediately available. Therefore, a microarray 

platform and associated methods must first be developed before the microarray analysis 

of gene expression by A. temperans can commence.  
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The aim of this project is to develop a full genome microarray for Acidovorax temperans 

CB2, and to use the microarray platform to investigate the genetic mechanisms 

underlying the phenotypic differences between Hpos and Hneg. The specific objectives 

were to: 

1. Formulate and optimise experimental procedures associated with microarray gene 

expression analysis. 

2. Develop a gene expression microarray platform for A. temperans CB2. This was 

structured into two stages: 

a. Construct a full genome array containing probes that target every predicted 

gene in the A. temperans genome.  

b. Establish a real time quantitative PCR system for the validation of 

microarray gene expression results. 

3. Apply the optimised methods and the full genome array platform for the 

investigation of major gene expression differences between Hpos and Hneg during 

biofilm and halo formation. 
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1.5 Overview 

Microarray analysis is a multi-step process (Figure 1.4), where every step can have a 

significant impact on the quality and reproducibility of the final result (Forster et al., 

2003; van Bakel & Holstege, 2004). Therefore, systematic development and optimisation 

of methods is required to establish a set of robust microarray procedures that can be 

applied consistently to a range of samples types.  
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Figure 1.4. Schematic of experimental and probe design procedures for a typical microarray experiment. 
The steps undertaken for the research presented in this thesis are structured into chapters as indicated.  
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A majority of the research presented in this thesis involved the development of methods 

for a microarray platform for A. temperans. Firstly, the RNA extraction and purification 

procedures were formulated and optimised to ensure the adopted methods were 

compatible with a range of A. temperans sample types (Chapter 3). To enable the 

independent verification of gene expression microarray data, a relative qPCR system was 

also developed (Chapter 4). Finally, a full genome array was developed, and the 

optimised experimental methods were used to investigate gene expression in A. 

temperans biofilms, colonies and planktonic cells (Chapter 5).  
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CCHHAAPPTTEERR  22::  
MMaatteerriiaallss  aanndd  MMeetthhooddss  
 

2.1 General buffers and solutions 
All water used was sterile millipore microfiltered and deionised. Unless stated otherwise, 

solutions were sterilised by autoclaving at 121C and 15 psi for 20 min. Heat sensitive 

solutions were sterilised by membrane filtration using a 0.2 m membrane (Sartorius AG, 

Gottingen, Germany).  

 

Table 2.1. Composition of commonly used buffers and solutions 

Buffer Composition 

TE buffer 10 mM Tris, 1 mM EDTA, pH 8.0 

TBE buffer 100 mM Tris, 90 mM boric acid, 1 mM EDTA, pH 8.3 

20X SSPE buffer 3.0 M NaCl, 0.2 M NaH2PO4, 20 mM EDTA, pH 7.4 

20X SSC buffer 3.0 M NaCl, 0.3 M sodium citrate, pH 7.0 

10X PBS buffer 1.37 M NaCl, 27 mM KCl, 0.80 M Na2HPO4,  

20 mM KH2PO4, pH 7.4 

 

 

2.2 Microbiological methods 
Unless stated otherwise, bacterial culture and enumeration were carried out according to 

methods described in Standard Methods (Eaton et al., 2005). 

 

2.2.1 Bacterial strains 
Two phenotypic variants of Acidovorax temperans CB2 (Hpos and Hneg), which were 

originally isolated from activated sludge of a wastewater treatment plant were used in this 

research (Brown, 2001; Turner, 2003). All A. temperans cultures were incubated at 28ºC. 

For long term storage, overnight R2A broth cultures were amended with 15% glycerol 

and stored at -80ºC.  



Chapter 2: Materials and methods 

 19

2.2.2 Bacterial growth media 
Growth media (Table 2.2) were prepared from dehydrated powder according to 

manufacturer’s instructions, and sterilised by autoclaving.  

 

Table 2.2. Composition of bacterial growth media 

Media Composition 

R2A broth 

(Profos, Regensburg, 

Germany) 

0.05% (w/v) yeast extract; 0.05% (w/v) peptone; 0.05% (w/v) acid 

hydrolysate of casein; 0.05% (w/v) dextrose; 0.05% (w/v) soluble 

starch; 0.03% (w/v) dipotassium phosphate; 0.0024% (w/v) 

magnesium sulphate anhydrous; 0.03% (w/v) sodium pyruvate. 

Terrific broth 

(Difco, MD, USA) 

2.36% (w/v) yeast extract; 1.18% (w/v) peptone; 0.94% (w/v) 

dipotassium hydrogen phosphate; 0.22% (w/v) potassium 

dihydrogen phosphate. 

The media was supplemented with 4 ml/L of glycerol prior to 

being autoclaved. 

R2A agar 

(Difco, MD, USA) 

0.05% (w/v) yeast extract; 0.05% (w/v) peptone; 0.05% (w/v) 

casamino acids; 0.05% (w/v) dextrose; 0.05% (w/v) soluble starch; 

0.03% (w/v) dipotassium phosphate; 0.005% (w/v) magnesium 

sulphate sodium; 0.03% (w/v) pyruvate; 1.5% (w/v) agar. 

 

 

2.2.3 Bacterial growth conditions  
2.2.3.1 Broth cultures 

Overnight R2A broth cultures were prepared by inoculating liquid media in flasks with a 

single colony isolate that had been streaked out on R2A agar, and grown with constant 

shaking at 120 rpm overnight (18 – 30 hours). To obtain cultures at exponential phase, 

overnight broth cultures were diluted 1:500 with fresh R2A broth and incubated in flasks 

with constant shaking at 120 rpm until the optical density at 600 nm (OD600) was 

approximately 0.35 – 0.45 (Helios Beta UV-Vis spectrophotometer, Thermo Fisher 

Scientific, MA, USA), which was usually reached in 6 - 8 hours. 
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Terrific broth cultures were grown in flasks with constant shaking for approximately 72 

hours. These cultures were grown for a fixed time period because cell aggregation 

interfered with optical density measurements. 

 

2.2.3.2 Static biofilm cultures 

Static biofilm cultures of A. temperans were prepared in 90 mm diameter polysterene 

petri dishes by inoculating 20 ml of fresh R2A broth with 2 ml of overnight culture that 

had been adjusted to OD600 = 0.10 (~108 cells/ml). Cultures were incubated statically at 

28ºC. Unless otherwise stated, biofilms were assayed after 24 hours incubation.   

 

 

2.2.4 Estimation of cell density in liquid cultures  
Cell density was estimated either by direct plate count enumeration of viable cells (Eaton 

et al., 2005), or by estimation from a calibration curve of optical density at 600 nm 

(Figure 2.1).  
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Figure 2.1. Calibration curve relating the optical density at 600 nm (OD600) of A. temperans Hpos cultures 
grown in R2A broth to the number of viable cells (CFU/ml). Used with permission from Björn Heijstra. 
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2.2.5 Induction of heat shock 
To generate heat shocked samples, R2A broth cultures grown at 28ºC to exponential 

phase (OD600 ~0.35 – 0.45) were divided into two portions, in either 15 ml or 50 ml 

Falcon tubes. Heat shock was induced in one portion by placing in a water bath at 42ºC 

for 7 min. The other portion, was kept at 28ºC, and used as a non-heat shock control. 

 

 

 

2.2.6 Biofilm assay 
The relative capacity of the two A. temperans CB2 phenotypes to form biofilm was 

determined using a crystal violet staining assay as described by Kjærgaard et al. (2000), 

with the exception that assays were performed in 90 mm petri dishes rather than 

microtitre plates. Briefly, liquid media was removed from the growth vessel and the 

surface attached cells were stained with 10 ml of crystal violet (0.1% w/v) for 10 min. 

Excess stain was removed and the plates were washed twice with 10 ml of PBS for 1 min 

with gentle agitation. The crystal violet stain retained by surface attached cells was 

solubilised by adding 10 ml of absolute ethanol and incubating for 5 min. The relative 

biofilm density was quantified by measuring optical density at 560 nm (OD560) using 

absolute ethanol as a blank. Negative controls containing growth media without any 

inoculum were included for all experiments. The level of crystal violet retained by the 

negative control was subtracted from biofilm samples to account for crystal violet bound 

by the culture vessel alone.  
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2.3 General nucleic acids techniques 
Unless otherwise stated, molecular methods were performed as generally described in 

Sambrook and Russell (Sambrook & Russell, 2001). 

 

 

2.3.1 Nucleic acid quantification 
Nucleic acid concentration was determined by measuring absorbance at 260 nm (A260) 

using the Nanodrop ND-1000 UV-Vis spectrophotometer (Thermo Fisher Scientific). An 

indication of the purity of nucleic acid samples was obtained from the ratio of absorbance 

at 260 nm and 280 nm. 

 

 

2.3.2 Polyacrylamide gel electrophoresis (PAGE) 
Polyacrylamide gel electrophoresis was performed using 10% (29:1 acrylamide:N N’-

methylene-bis-acrylamide) non-denaturing mini gels.  
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2.4 RNA methods 

2.4.1 Precautions to prevent RNase contamination 
Before commencing any experimental work, all bench surfaces and pipettes were wiped 

with RNaseZap RNase decontamination solution (Ambion, TX, USA). Disposable gloves 

were always worn when handling samples. Disposable plasticware and commercially 

available ready-to-use reagents that had been certified as nuclease-free were used 

whenever possible. In other cases, reagents were DEPC-treated to inactivate RNases. 

 

DEPC was added to aqueous reagents to a final concentration of 0.1% (v/v) and incubated 

at 37ºC for at least one hour prior to being autoclaved. DEPC treatment was not 

performed on solutions containing Tris. 

 

 

2.4.2 RNA extraction 
Unless stated otherwise, reagent volumes listed here were for RNA extraction from 1 – 2 

ml of overnight R2A broth cultures (corresponding to ~108 cells). The reagent volumes 

were scaled up proportionally when larger volumes of broth samples were used.  

 

2.4.2.1 Acetate/SDS RNA extraction method 

The acetate/SDS RNA extraction method was performed as described by Rivas et al. 

(2001). Briefly, cell pellets recovered from 1 – 2 ml of overnight R2A cultures were 

resuspended with 200 μl of 0.1% N-lauroryl sarcosine sodium salt and centrifuged at 

10000 × g for 5 min. After decanting the supernatant, the cell pellet was resuspended 

with 100 μl of acetate/SDS solution (1% SDS in 10 mM EDTA, 50 mM sodium acetate, 

pH 5.1 adjusted with acetic acid) and then heated to 100ºC for 5 min to release the RNA. 

Cell debris was then separated from the RNA suspension by centrifugation at 7000 × g 

for 5 min and the supernatant containing RNA was recovered.  

 

The high concentration of acetate in the final RNA suspension interfered with subsequent 

analysis methods such as Bioanlayzer electrophoresis. Therefore, RNA was purified by 

ethanol precipitation, or RNeasy Mini columns with on-column DNase treatment for 

subsequent analyses.  
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2.4.2.2 Lithium chloride RNA extraction method 

This method was adapted from the RNA extraction method previously described by 

Chang et al. (1993) for plant material containing high levels of polysaccharides. 

 

Table 2.3. Buffers for RNA extraction using the lithium chloride extraction method 

Buffer Composition 

Extraction buffer 2 M NaCl, 25 mM EDTA, 100 mM Tris-HCl, 2% (w/v) 

polyvinyl pyrrolidone (PVP), 2% (w/v) 

cetyltrimethylammonium bromide (CTAB) 

β-mercaptoethanol was added to a portion of extraction 

buffer to a final concentration of 2% just before use  

SSTE 1 M NaCl, 0.5% SDS, 10 mM Tris-HCl (pH 8.0), 1 mM 

EDTA (pH 8.0) 

 

Cells were pelleted from 5 ml of overnight R2A broth culture (corresponding to ~109 

cells) by centrifugation at 7650 × g in a Sorvall SS-34 rotor for 5 min at 4ºC. Pellets were 

resuspended in TE buffer (pH 8.0) containing 100 μl of 10 mg/ml lysozyme, and 

incubated at room temperature for 5 min. Five ml of Extraction buffer (Table 2.3) pre-

warmed to 65ºC was added to the lysate, followed immediately by the addition of 5 ml of 

chloroform:isoamyl alcohol (24:1). The extraction mix was vortexed vigorously, then 

centrifuged at 12000 × g for 10 min. The recovered aqueous phase (~3 ml) containing 

RNA was mixed with 0.25 volumes (~750 μl) of ice-cold 10 M lithium chloride, and 

incubated overnight at -20ºC. Precipitates were recovered by centrifugation at 12000 × g 

for 20 min, and resuspended in 500 μl of SSTE (Table 2.4), followed by the addition of 

500 μl of chloroform:isoamyl alcohol (24:1). The mixture was centrifuged at 12000 × g 

for 10 min and the aqueous phase (~500 μl) transferred to a new tube and purified by 

ethanol precipitation. Following resuspension with nuclease-free water, the RNA samples 

were purified with RNeasy Mini columns including an on-column DNase treatment step. 

 

2.4.2.3 RNA extraction with Trizol reagent 

RNA extraction with Trizol reagent (Invitrogen, CA, USA) was performed according to 

manufacturer’s instructions, with the exception that a lysozyme pre-treatment step was 

included. For this step, cell pellets were incubated with 100 μl of 10 mg/ml lysozyme for 



Chapter 2: Materials and methods 

 25

2 – 5 min at room temperature, followed by the addition of 1 ml of ice-cold Trizol 

reagent. After vigorously vortexing, 200 μl of chloroform was added. The mixture was 

then incubated for 3 min and then centrifuged for 15 min at 16000 × g. The aqueous 

phase containing RNA was recovered (~400 μl) and mixed with 500 μl of isopropanol. 

After 10 min of incubation at room temperature, the RNA was precipitated by 

centrifugation at 12000 × g for 15 min, and the RNA pellet was washed with 1 ml of 75% 

ethanol. The pellet was then air dried and resuspended with nuclease-free water. The 

RNA suspensions were then purified with RNeasy columns including an on-column 

DNase treatment step. 

 

2.4.2.4 RNA extraction with RNeasy columns 

RNA extraction with RNeasy columns was initially performed strictly following the 

manufacturer’s instructions (Qiagen, CA, USA). Approximately 1 × 109 cells, 1 × 1010 

cells or 5 × 1010 cells from overnight R2A broth cultures, as estimated by optical density 

at 600 nm, were processed using RNeasy Mini, Midi or Maxi columns, respectively.  

 

2.4.2.5 Optimised RNA extraction method with RNeasy columns 

The RNA extraction method was optimised through a course of experiments designed to 

increase RNA yields, eliminate genomic DNA contamination, prevent column clogging 

and reduce induction of artificial gene expression changes during sample processing. 

Optimisation involved the following modifications to the standard manufacturer’s 

protocol: 

 Biological samples were immediately stabilised after harvesting with either two 

volumes of RNAprotect Bacterial Reagent (Qiagen), or 0.1 volumes of ice-cold 

ethanol-phenol stop solution (5% phenol in ethanol) (Botwell & Sambrook, 2002).  

 Lysis was performed with TE buffer (pH 8.0) containing 1% SDS, instead of 1 mg/ml 

lysozyme. 

 With RNeasy Mini columns, the reagent volume required in the lysis step was 

changed by the manufacturer with the introduction of the Fourth Edition of the 

RNAprotect Bacteria Reagent handbook (April 2006). The recommended lysis 

volume for samples exceeding 5 × 108 cells was doubled to 200 μl. Accordingly, the 

volume of Buffer RLT and absolute ethanol added to the lysate was also doubled to 

700 μl and 500 μl, respectively.   
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 Samples were homogenised using QIAshredder columns (Qiagen) prior to loading 

onto RNeasy columns.  

 On-column DNase treatment during RNA extraction was replaced with DNase 

treatment of RNA suspension after extraction using the TURBO DNA-free kit 

(Ambion). 

 

The RNA extraction and purification procedures used for each specific experiment are 

detailed in the relevant results chapters. In general, initial evaluation of RNA extraction 

and purification methods was performed according to standard manufacturer’s 

instructions (Qiagen) without sample stabilisation and with the on-column DNase 

treatment step (Chapter 3). The modified lysis and homogenisation steps were adopted in 

subsequent RNA extraction procedures (Chapters 4 and 5). Sample stabilisation with 

ethanol/phenol stop solution was used in experiments to evaluate the expression stability 

of candidate internal reference genes by real time quantitative PCR (qPCR) (Chapter 4). 

Due to the high sensitivity of qPCR, on column DNase treatment was omitted in favour of 

DNase treatment of the RNA suspension. With the adoption of RNA amplification for 

Combimatrix arrays, sample stabilisation with RNAprotect was used instead of 

ethanol/phenol stop solution, and the changes to lysis volumes made by the manufacturer 

were incorporated (Chapter 5).  

 

The finalised RNA extraction procedure adopted for experiments performed on the full 

genome array and subsequent qPCR validation is described as follows: Broth cultures 

were stabilised by mixing with Qiagen RNAprotect Bacteria Reagent in a sample-to-

reagent ratio of 1:2 volumes. For biofilm samples and bacterial colonies, cells were 

resuspended with a stabilisation mix containing one volume of fresh R2A broth and two 

volumes of RNAprotect Bacteria Reagent. Cell suspensions were then centrifuged at 5000 

× g for 10 min at 4ºC. The resulting pellet was lysed by adding 200 μl of TE buffer (pH 

8.0) containing 1% SDS and 700 μl of Buffer RLT (with 1% β-ME), followed by 

vigorous vortexing. The lysate was homogenised through QIAshredder columns 

according to manufacturer’s instructions, then transferred to a new tube and mixed with 

500 μl of absolute ethanol. The mixture was purified by centrifugation through an 

RNeasy Mini column. The column was washed with 700 μl of Buffer RW1, followed by 
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two washes with 500 μl of Buffer RPE. After spinning the column dry at 10000 × g for 1 

min, RNA was recovered in two separate elutions with 50 μl of RNase-free water.  

 

 

2.4.3 RNA purification with RNeasy Mini columns 
RNeasy Mini columns were also used for the purification of RNA samples prepared using 

other methods. Briefly, 350 μl of Buffer RLT and 250 μl of absolute ethanol were added 

to 100 μl of the RNA suspension. The mixture was centrifuged through RNeasy columns 

for 30 s at 10000 × g. For samples requiring on-column DNase treatment, the RNeasy 

column was then washed with 350 μl of Buffer RW1, followed by on-column DNase 

treatment for 15 min at room temperature (RT). The column was washed with another 

350 μl of Buffer RW1, followed by two washes with 500 μl of Buffer RPE. Alternatively, 

samples not requiring on-column DNase treatment were washed twice with 500 μl of 

Buffer RPE only. RNA bound to the silica column was recovered in two separate elutions 

with 50 μl of RNase-free water.  

 

 

2.4.4 Assessment of RNA integrity  
RNA integrity was assessed using the RNA 6000 Nano Labchip kit on the 2100 

Bioanalyzer (Agilent Technologies, CA, USA) according to manufacturer’s instructions. 

Briefly, a small portion of each RNA sample was diluted to approximately 150 – 500 

ng/μl, heat denatured for 2 min at 70ºC, and then 1 μl was loaded onto a 12-well RNA 

Nano chip primed with the gel-dye mix. The RNA Nano chip was vortexed for 1 min and 

analysed in the 2100 Bioanalyzer using either the prokaryote total RNA Nano or the 

prokaryote mRNA Nano assay settings. 

 

For total RNA assays, a 16S:23S ribosomal RNA (rRNA) peak area ratio and a RNA 

integrity number (RIN) were generated (Figure 2.2). The RIN value enables an accurate 

comparison of RNA quality across multiple samples with an unambiguous assessment of 

RNA integrity (Schroeder et al., 2006). RIN values ranged from 1 to 10, with a value of 

10 indicating completely intact RNA and 1 indicating complete degradation. In addition 

to the RIN value, visual inspection of the electropherograms was also used to determine 

RNA integrity. Intact RNA is represented by two well-defined rRNA peaks and a low 
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baseline (Figure 2.2). Signs of RNA degradation are indicated by the appearance of low 

molecular weight species, a reduction in the height of the 23S rRNA peak relative to the 

16S rRNA peak, and the widening of the rRNA peaks. 

 

A B C 

16S 

23S 

16S 23S 

16S 

23S 

Intact RNA Marginal RNA integrity Degraded RNA 

Low molecular weight RNA 

M M 

M 

 
Figure 2.2. Assessment of RNA integrity using electropherograms generated by Agilent 2100 Bioanalyzer. 
The RNA concentration, rRNA ratio (23S/16S) and RIN were also obtained from the Bioanalyzer assay. A) 
Representative example of electropherogram for an intact RNA sample from A. temperans with two well-
defined rRNA peaks and low level of noise from low molecular weight species. B) Electropherogram of a 
RNA sample with marginal RNA integrity that was still acceptable in gene expression assays. The sample 
showed slight signs of degradation with the appearance of smaller molecular weight peaks and the 
corresponding reduction in 23S:16S rRNA ratio and RIN. C) Electropherogram of a highly degraded RNA 
sample that was rejected for gene expression assays. There was a major shift towards the dominance of low 
molecular weight peaks as larger fragments were degraded. This was accompanied by a significant decrease 
in 23S:16S rRNA ratio and RIN. Each electropherogram contains a peak corresponding to a 25 nucleotide 
internal marker (M) added to the samples. 
 

 

2.4.5 DNase treatment 
The method used for DNase treatment depended on the level of purity required. On-

column DNase treatment with RNeasy columns (Qiagen) was initially performed during 

RNA extraction according to manufacturer’s instructions. The RNA was used to generate 

indirectly labelled cDNA, which were hybridised onto spotted arrays. Since only cDNA 

generated from RNA would have been labelled through the incorporation of amino 

modified dNTPs during the reverse transcription reaction, a low level of residual genomic 

DNA was considered to be acceptable for these microarray experiments.  

 

More stringent removal of DNA was required for experiments involving RNA 

amplification and qPCR, as even low levels of residual genomic DNA carried over to 
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subsequent steps can interfere with the quantification of RNA transcripts. DNase 

treatment of RNA suspensions after extraction, and the subsequent DNase inactivation 

were performed using the TURBO DNA-free kit (Ambion). Up to 30 μg of the RNA 

preparation was processed in reaction volumes of 30 - 110 μl. Reactions volumes varied 

according to manufacturer’s instructions, depending on starting concentration of RNA. A 

typical 100 μl reaction consisted of approximately 15 - 20 μg of sample, 10 μl of 10X 

TURBO DNase buffer, and 2 - 4 μl of TURBO DNase (2 Units/μl). For experiments 

described in Chapter 4, DNase treatment was incubated for 30 min at 37ºC. For 

subsequent experiments, reactions containing 1 μl of TURBO DNase (2 Units/μl) were 

incubated at 37ºC for 30 min, followed by the addition of another 1 μl of TURBO DNase 

and the reactions were incubated for a further 30 min at 37ºC. The DNase was inactivated 

by the addition of 0.2 volumes of DNase Inactivation Reagent, followed by incubation at 

room temperature for 2 min with constant mixing. The samples were then centrifuged at 

10000 × g for 1.5 min. The supernatant was recovered, and desalted using Microcon YM-

30 columns (Millipore). 

 

 

2.4.6 Concentrating & desalting nucleic acid solutions 
Nucleic acid solutions were concentrated and desalted using Microcon YM-30 columns 

(Milipore, MA, USA) at 10000 × g until a desired retentate volume was obtained. 

Columns were also used for desalting samples by sequential dilution of the retentate with 

nuclease-free water.   

 

 

2.4.7 RNA amplification with the ExpressArt kit 
RNA amplification was performed using the ExpressArt Bacterial mRNA amplification 

nano kit (AmpTec GmbH, Hamburg, Germany) according to the manufacturer’s 

instructions. This involved multiple sequential enzymatic steps that are summarised in 

Figure 2.3. In the first round of RNA amplification, mRNA from 200 ng of total RNA 

was selectively reverse transcribed into double stranded cDNA using TRinucleotide 

primers included with the kit. The cDNA was then used as the template for in vitro 

transcription at 37ºC for 14 hours to generate amplified RNA (aRNA). Amplified RNA 

from the first round of amplification was purified using Qiagen RNeasy Mini columns 
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Figure 2.3. Summary of steps involved in RNA amplification with the ExpressArt Bacterial mRNA 
Amplification Nano kit. Bacterial mRNA was selectively reverse transcribed using TRinucleotide primers 
to generate antisense aRNA through two rounds of RNA amplification. 
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and used as the template for the second round of RNA amplification. In this step, 500 ng 

of template was used to generate double stranded cDNA. In vitro transcription reactions 

were performed at 37ºC for 14 hours, and the resulting aRNA was purified as described 

above. All reactions, except in vitro transcription, were performed in 0.5 ml thin-walled 

tubes in an Eppendorf 2400 Mastercyler thermal cycler with lid heated to 110ºC. The in 

vitro transcription reactions were carried out in 1.5 ml microcentrifuge tubes in a 37ºC 

incubator. 

 

 

2.4.8 mRNA enrichment 
mRNA was enriched from 2 – 10 µg of total RNA in TE buffer using the Ambion 

MicrobExpress kit with the standard Capture Oligo module following manufacturer’s 

instructions. A schematic of this process is presented in Figure 2.4.  

 

16S and 23S 
rRNA molecules

Capture oligos 

Oligo MagBead 

mRNA transcripts 

 

Figure 2.4. mRNA enrichment with the Ambion MicrobExpress kit relies on sequence homology between 
16S and 23S ribosmal RNA and the Capture Oligos. The MicrobExpress Capture Oligos bind to the 
ribosomal RNA molecules, which are then bound to another oligo attached to a magnetic bead. The whole 
complex was magnetically separated from the mRNA transcripts. 
 

 

2.4.9 RNA amplification with the MessageAmp kit 
Amplified RNA was generated using the Ambion MessageAmp II-Bacteria kit with 200 

ng of enriched mRNA according to manufacturer’s recommendations (Figure 2.5). 

Briefly, enriched mRNA was polyadenylated and reverse transcribed with T7 Oligo(dT) 

VN primer. In vitro transcription was performed in a 40 μl final reaction volume with 

unmodified nucleotide mix for 14 hours at 37ºC. The second strand cDNA synthesis 
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reaction was performed at 16ºC in an Eppendorf 2400 Mastercyler thermal cycler with the 

lid cooled to 16ºC. All other incubations were performed in an air incubator. 
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Figure 2.5. Schematic of RNA amplification using the Ambion MessageAmp-II Bacteria kit. All input 
RNA (enriched mRNA with residual rRNA) is polyadenylated to enable reverse transcription with 
Oligo(dT)-T7 primers. After second strand cDNA synthesis, the double stranded cDNA is used as template 
in the generation of antisense aRNA by in vitro transcription. 
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2.5 Bioinformatics 

2.5.1 Genome sequence databases 
Several updates of the A. temperans genome assembly and annotation occurred during the 

course of this research. Microarray probes and real time PCR primers were designed 

using the most up to date genome sequences available at the time (Table 2.4). Probes for 

the full genome array were designed using gene sequences in genome assemblies ID 4 

and 22, which had been assigned functions based on automated annotations. These were 

subsequently matched to gene annotations in the manually curated version of the genome 

(version 1.2a).  

 

Table 2.4. Genome assemblies used in this research 

Genome 

assembly ID 

Number 

of contigs 

Strain 

sequenced 

Application 

4 14 Hpos Full genome array probe set 1 

19 5 Hpos qPCR primer design 

22 19 Hpos Full genome array probe set 2 

qPCR primer design 

1.2a 33 Hpos Final gene function assignment 

qPCR primer design 

3 1 pAT1 

plasmid 

Full genome array probe design 

 
 
 

2.5.2 Microarray probe design 
2.5.2.1 Probe design using ROSO 

Probe design using the ROSO software was performed according to instructions from the 

authors (Reymond et al., 2004). A list of probe design parameters were specified in the 

roso.cfg configuration file, which is a text file containing 18 lines of options as detailed in 

Table 2.5. 

 

  
 



Chapter 2: Materials and methods 

 34

Table 2.5. Probe design options included in the ROSO configuration file 

Line Design option Values 

Line 1 Probes with repeats (AAAA, TTTT, GGGG, 

CCCC) allowed? 

0: NO 

1: YES 

Line 2 Overlaps between probes? 0: NO 

1: YES 

Line 3 Number of probes to design per gene At least 1 probe per gene 

Line 4 Probe identity 0: Reverse  

1: Identity  

Line 5 Probe length 25 – 100 nucleotides 

Line 6 K+ concentration in hybridisation solution Default at 1 M 

Line 7 Target concentration in hybridisation solution Default at 10-6 M 

Line 8 Na+ concentration in hybridisation solution Default at 1 M 

Line 9 Minimum Tm ≥ 30ºC 

Line 10 Maximum Tm ≤ 120ºC 

Line 11 ∆G threshold of hairpin structure (kcal/mol)  

Line 12 ∆G threshold of homoduplex (kcal/mol)   

Line 13 Are input sequences from EST database? 

Genes from EST are assumed to be identical if 

two sequences have 95% homology over 100 

bases, and only one set of probes will be designed 

for both sequences.  

0: NO 

1: YES 

Line 14 Hybridisation temp. without denaturing agents Default 65ºC 

Line 15 Should probes be designed for a specific region 

of input sequences? 

0: NO 

1: YES 

Line 16 First nucleotide position to search for probe (not 

applicable if Line 15 = 0) 

 

Line 17 Last nucleotide position to search for probe (not 

applicable if Line 15 = 0) 

 

Line 18 End bias (not applicable if Line 15 = 0, defaults 

to 5’ end) 

1: 5’ end 

2: 3’ end 
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2.5.2.2 Probe design for the A. temperans full genome array 

Gene sequences from the A. temperans genome assembly ID 4 were submitted to the 

Combimatrix expression probe design system using the CustomArray Content software 

(www.combimatrix.com). In addition, a second set of probes were subsequently designed 

using gene sequences from genome assembly ID 22 with the aid of ROSO software 

(Reymond et al., 2004), as described in Section 2.5.2.1. Both the Combimatrix-designed 

and ROSO-designed probe sets were included on the A. temperans full genome 

CustomArray. Probe layout and sequences on the microarray are listed in Appendix 2. 
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2.6 Methods for spotted microarrays 

2.6.1 Ralstonia solanacearum full genome microarray 
R. solanacearum full genome arrays containing 5086 different probes designed to the 

genome sequence of R. solanacearum GMI100 (Occhialini et al., 2005) were supplied by 

Dr. Christian Boucher (INRA, France). The array consisted of 5’ amino modified 70mer 

(n = 3818), 65mer (n = 1260) or 60mer (n = 8) oligonucleotide probes attached to 

dendrimer-activated glass slides (Le Berre et al., 2003). Probe sequences for the R. 

solanacearum were not provided. The probe layout on the array is listed in Appendix 2. 

 

 

2.6.2 cDNA synthesis for spotted array experiments 
All RNA samples were subjected to rigorous tests using the Nanodrop spectrophotometer 

and Agilent 2100 Bioanalyzer to verify RNA concentration and integrity prior to use in 

microarray experiments. cDNA was generated from 5 - 20 μg of total RNA using the 

SuperScript III Indirect cDNA Labeling System (Invitrogen) with 3 μl of 0.5 μg/μl 

random hexamers. The total RNA and random hexamer mix were incubated at 70ºC for 5 

min, and placed on ice for at least 1 min. The remaining first strand cDNA synthesis 

reaction components (Table 2.6) were added to the tube, and reverse transcription was 

performed at 46ºC for 3 hours. To remove residual RNA after reverse transcription, 15 μl 

of 1 N NaOH was added, and the reactions were incubated at 70ºC for 10 min. The 

reactions were then neutralised with 15 μl of 1 N HCl, followed by 20 μl of 3 M sodium 

acetate (pH 5.2). cDNA was purified using S.N.A.P columns (Invitrogen) as instructed, 

and eluted with 100 μl DEPC-treated water.  
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Table 2.6. First strand cDNA synthesis reaction mix for real time PCR 

Component Volume (μl) 

Total RNA (with water) 15 

0.5 μg/μl Random hexamers 3 

5X First-Strand buffer 6 

0.1 M DTT 1.5 

dNTP mix (with amino-modified nucleotides) 1.5 

40 U/μl RNaseOUT 1 

400 U/μl SuperScript III reverse transcriptase 2 

Total volume 30 

 
 

2.6.3 Preparation of CyDye labelled cDNA 
Purified cDNA samples prepared according to procedures in Section 2.6.2 were labelled 

with Mono-reactive CyDyes (Amersham Biosciences, NJ, USA) in a continuation of the 

SuperScript III Indirect cDNA Labeling System. Fluorescent Cy3 and Cy5 dyes were 

prepared by mixing the contents of each dye vial with 45 μl of DMSO. To prepare the 

purified cDNA for labelling, the cDNA samples were ethanol precipitated and then 

resuspended with 5 μl of 2X coupling buffer. Next, 5μl of Cy3 or Cy5 dye was added to 

cDNA samples, and the reaction mix was incubated for 1 - 3 hours at room temperature in 

the dark. Following incubation, 35 μl of water was added to the reaction mix and the 

labelled samples were purified using QIAquick PCR columns (Qiagen) using 60 µl of 

Buffer EB for the final elution.  

 

Purified Cy3 and Cy5 labelled samples to be co-hybrised onto a single array were 

combined. The volume of the labelled cDNA solution was reduced to approximately 68 

μl using Microcon YM-30 columns (Millipore).  
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2.6.4 Microarray hybridisation and post-hybridisation 
washes for R. solanacearum arrays 

To prepare the hybridisation solution, 68 μl of the purified Cy3 and Cy5 labelled cDNA 

(Section 2.6.3) were combined with 8.5 μl of 20X SSC, 3.4 μl of Liquid Block 

(Amersham Biosciences) and 5.1 μl of 5% SDS. The hybridisation solution was 

denatured at 95ºC for 5 min, and cooled on ice before being injected under a pre-cleaned 

22 × 55 mm LifterSlip coverslip (Erie Scientific, NH, USA) placed over the printed area 

of the microarray. The arrays were then sealed in custom-made hybridisation chambers, 

which were kept humid by filling two reservoirs with 50 μl of 2X SSC. The hybridisation 

chambers were incubated at 65ºC in a water bath for approximately 16 hours. The arrays 

were then removed from the hybridisation chambers, and the LifterSlip removed by 

submerging the array upside down in Wash Buffer 1 (Table 2.7). The arrays were then 

washed according to the procedures outlined in Table 2.7. For the wash procedure, arrays 

were placed in a lightproof microarray box containing approximately 250 ml of each 

wash buffer, and agitated gently (300 rpm) on a vortex mixer with the microplate 

attachment. After the final wash, arrays were rapidly dried by centrifugation at 1000 rpm 

(Sorvall RT7) for 2 min and scanned immediately. 

 

Table 2.7. Wash buffers and wash procedures for R. solanacearum arrays 

 Solution  Composition Procedure 

Wash buffer 1 2X SSC, 2% SDS 5 min, RT 

Wash buffer 2a 1X SSC 2.5 min, RT 

Wash buffer 2b 1X SSC 2.5 min, RT 

Wash buffer 3 0.5X SSC 20 quick dips, RT 

All wash solutions were filtered with 0.2 μm membrane filter prior to use 

 
 

2.6.5 Image acquisition of spotted arrays 
Microarrays were scanned in the Genepix

 
400B microarray scanner (Axon Instruments, 

CA, USA) at a resolution of 5 μm and a focal position of 0 μm. The fluorescence for both 

Cy3 and Cy5 channels were scanned simultaneously at 532 nm and 650 nm, respectively. 

For each array, the photo multiplier (PMT) gain was manually adjusted to balance the 

Cy3 and Cy5 fluorescent count ratios. Microarray images were saved in multi-image 

TIFF format. The spot names specified in the Genepix Array List (GAL) file (Appendix 
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2) were matched to probe features on the microarray image using Axon GenePix Pro 

version 5.1. Probe and background intensities were exported for further analysis as 

GenePix Results (GPR) Files.  

 

 

2.6.6 Normalisation and data analysis 
Data in the GPR files were analysed using the R software version 2.5.1 (http://www.r-

project.org) and the Limma package (Smyth & Speed, 2003). The array quality was 

assessed visually before proceeding with data processing. Global printtip loess 

normalisation was applied to non-background corrected log-intensity data to remove 

array-specific non-linear dye effects using the normalizeWithinArrays function 

(Smyth & Speed, 2003). To enable comparisons between arrays, the 

normalizeBetweenArrays function was used to quantile normalise the average log 

intensity of the Cy3 and Cy5 channels across all arrays within an experiment. 

 

A linear model approach was used for the statistical analysis of differential gene 

expression (Smyth, 2004). The sample types, including dye swaps, were specified in a 

design matrix, and the lmFit function was used to fit the data to a linear model. The 

correlation between duplicate probe features that were spotted side-by-side was calculated 

using the duplicateCorrelation function (Smyth et al., 2005). Where non-

independent technical replicates were included in the analysis, a contrast matrix was 

created using the makeContrasts function. The eBayes function was then used to 

compute a moderated t- and B-statistic for each probe across each comparison (Smyth, 

2004), taking into account the correlation between duplicate probe features. P-values 

were obtained from the distribution of the moderated t-statistic and were adjusted using 

the Benjamini and Hochberg adjustment method to control the false discovery rate from 

multiple testing (Benjamini & Hochberg, 1995). Probes were defined as being 

differentially expressed if the adjusted p-value was less than 0.05. 
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2.7 Methods for Combimatrix arrays 

2.7.1 Acidovorax temperans full genome array 
The A. temperans full genome arrays were manufactured by Combimatrix Corporation 

(WA, USA) using the 12K CustomArray platform. Probes were synthesised in situ on 

microelectrodes embedded on a modified semiconductor that has been adapted for 

biological applications (www.combimatrix.com). 

 

 

2.7.2 Sample labelling and fragmentation 
Biotin-labelled samples were prepared using the ULS-Biotin Labeling kit for 

Combimatrix microarrays (Kreatech Diagnostics, Amsterdam, The Netherlands). The 

ULS molecule, which contains a platinum complex, labels both DNA and RNA by 

binding to the N7 position of guanine. The labelling reactions containing 5 μg of aRNA, 5 

μl of ULS-Biotin and 2 μl of 10X labelling solution in a final volume of 20 μl were 

incubated for 15 min at 85ºC. After purification through KREApure columns to remove 

unbound ULS-Biotin, the purified labelled aRNA were fragmented with 2.2 μl of 10X 

RNA fragmentation reagents (Ambion) at 70ºC for 15 min. The fragmentation reactions 

were stopped with the addition of 1 μl Stop Solution (Ambion).  

 

For the RNA amplification validation experiment, cDNA was also used. After consulting 

with the manufacturers, only 1 μl of 0.5 μg/μl random hexamers were used, and oligo(dT) 

omitted from the reverse transcription reaction due to the absence of a polyA tail on 

bacterial mRNA (Invitrogen, personal communication, 7 February, 2007). cDNA was 

synthesised from 5 μg total RNA with the Invitrogen SuperScript III Indirect Labeling 

System as detailed in Section 2.6.2. The 10 mM amino modified dNTP mix included with 

the kit was replaced with 10 mM of unmodified dNTP mix. The cDNA generated 

(approximately 3 μg) was labelled using the ULS-Biotin system and purified through 

KREApure columns as detailed above.  
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2.7.3 Microarray prehybridisation, hybridisation and 
wash  

All solutions in Table 2.8 were filter sterilised using 0.2 μm membrane filters. 

 

Table 2.8. Composition of prehybridisation, hybridisation and wash solutions 

Solution Composition 

50X Denhardt’s solution 1% (w/v) Ficoll 400, 1% (w/v) polyvinylpyrrolidone, 1% 

(w/v) BSA (Fraction V) 

Prehybridisation buffer 6X SSPE, 0.05% (v/v) Tween-20, 20 mM EDTAa, 5X 

Denhardt’s solution, 100 ng/μl denatured salmon sperm 

DNAb, 0.05% (w/v) SDS 

Hybridisation buffer 6X SSPE, 0.05% (v/v) Tween-20, 20 mM EDTAa, 25% 

(v/v) deionised formamide, 8% (v/v) KREAblock, 100 

ng/μl denatured salmon sperm DNAb, 0.04% (w/v) SDS 

Biotin blocking solution 2X PBS, 0.1% (v/v) Tween-20, 10 mg/ml acetylated BSA 

Biotin labelling solution 2X PBS, 0.1% (v/v) Tween-20, 10 mg/ml acetylated BSA, 

2 ng/ml Alexa Fluor 647 dye-strepavidin conjugatec 

6X SSPET 6X SSPE, 0.05% (v/v) Tween-20 

3X SSPET 3X SSPE, 0.05% (v/v) Tween-20 

0.5X SSPET 0.5X SSPE, 0.05% (v/v) Tween-20 

PBST 2X PBS, 0.1% (v/v) Tween-20 

2X PBS 2X PBS 

a. Total EDTA concentration takes into account extra EDTA added and EDTA already present in SSPE. 
b. Salmon sperm DNA was denatured at 95ºC for 5 min, and placed on ice for 1 min prior to being used 

in buffers. 
c. Desiccated Alexa Fluor 647 dye-strepavidin conjugate (Invitrogen) was dissolved with 1X PBS and 

stored in small aliquots at -20ºC. For each set of labeling reactions, a new aliquot was used and any 
unused portion was discarded. 

 

For all incubation and wash steps, the Combimatrix hybridisation chambers were filled 

with approximately 100 μl of each solution, avoiding excessive introduction of air 

bubbles or drying of the array. New arrays were rehydrated with nuclease-free water at 

65ºC for 10 min. Prehybridisation was then performed by filling the chamber with freshly 

prepared prehybridisation buffer and incubating at 45ºC (50ºC for cDNA samples) for 30 

min. The prehybridisation buffer was removed and the prepared hybridisation mixture 

containing ULS-biotin labelled fragmented aRNA was loaded onto the array. A small 
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bubble was introduced to facilitate mixing during hybridisation. The hybridisation 

chambers were sealed with PCR tape (Nunc) to prevent evaporation and the arrays were 

hybridised at 45ºC (50ºC for cDNA samples) for 16 hours with gentle rotation (3 rpm) in 

a Combimatrix 8 CustomArray rotisserie.  

 

Wash and post-hybridisation labelling procedures were performed according to Table 2.9. 

Rinse steps were performed by filling the hybridisation chamber with the wash solution, 

and then immediately removing the solution. The hybridisation chamber was then filled 

with fresh wash buffer and incubated for the specified times.  

 

Table 2.9. Wash and post-hybridisation labelling procedures 

Step Solution Procedure 

Wash 1 6X SSPET Prewarm solution to 45ºC, rinse, incubate 1 

min at 45ºC, 3 rpm rotation 

Wash 2 3X SSPET Rinse, incubate 1min RT, static 

Wash 3 0.5X SSPET Rinse, incubate 1min RT, static 

Wash 4 PBST Rinse, incubate 1min RT, static, keep in 

PBST until ready for blocking 

Blocking Biotin blocking solution Incubate 15 min RT, static 

Labelling Biotin labelling solution Incubate 30 min RT, static, in the dark 

Wash 5 PBST Rinse, incubate 1 min RT, static, in the dark 

Wash 6 PBST Incubate 1 min RT, static, in the dark 

Wash 7 2X PBS Rinse, incubate 1 min RT, static, in the dark 

Wash 8 2X PBS Keep in PBS until ready to add coverslip 

Incubations at 45ºC for prehybridisation, hybridisation and wash were changed to 50ºC for cDNA samples. 
 

 

2.7.4 Image acquisition of Combimatrix arrays 
To prepare the arrays for scanning, the PBS solution from Wash 8 was discarded and the 

hybridisation chamber was disassembled rapidly to avoid drying the array. Imaging 

solution (Combimatrix) was added immediately to the array region of the slide to keep the 

probes hydrated. A LifterSlip was lowered over the array region and the arrays were 

scanned using an Axon Genepix 400B scanner at 650 nm with GenePix Pro software at 5 

μm pixel size. The focal position was adjusted to obtain the sharpest array image, which 
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was usually in the range of +80 to +100 μm. The PMT gain was adjusted for each array to 

obtain a level that minimised the number of probe features with saturated intensity over 

65535 relative fluorescent units (RFU), while also ensuring adequate signal intensity 

across the array. The PMT gain was typically in the range of 420 - 500.  

 

 

2.7.5 Normalization and data analysis 
TIFF images obtained from the microarray scanner were imported into the Combimatrix 

Microarray Imager software version 5.8.0. The microarray probe layout was fitted over 

the microarray image, and the image was examined manually to flag out probes obscured 

by dust or streaks. Data extracted from the Microarray Imager software was analysed 

using R software version 2.4.1 or later (www.r-project.org) and packages included in the 

Bioconductor library (www.bioconductor.org). Three iterations of 2-D spatial loess 

correction (Wernisch et al., 2003) were applied to the data to remove bias due to uneven 

hybridisation or washing across the array. In this step, probes that had been flagged out 

were replaced by the array mean to avoid extreme bias from spatial correction. The array 

intensities were then global mean normalised to the mean signal intensity of the array. To 

enable comparisons between arrays, the log2 global mean normalised intensities were 

quantile normalised across all arrays within an experiment. A linear models approach was 

used for the statistical analysis of differential gene expression as previously described in 

Section 2.6.6.  

 

 

2.7.6 Stripping of Combimatrix arrays 
Bound targets on the Combimatrix CustomArrays were stripped and the arrays were re-

used for up to 3 hybridisations. Stripping was performed with the CustomArray Stipping 

kit and stripping clamp according to manufacturer’s instructions (Combimatrix). Each 

stripped array was scanned at a high PMT gain of 600 to verify the absence of residual 

fluorescent signal. For arrays with excessive residual fluorescent signal after stripping, all 

probe features with raw median intensity remaining over 1000 fluorescent units were 

excluded for subsequent normalisation and data analysis. Stripped arrays were stored at 

4ºC in 2X PBS, and re-used within 2 weeks. 
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2.8 Real time quantititative PCR 

2.8.1 PCR primer design 
PCR primers were designed using full length gene sequences from the A. temperans 

genome assembly databases (Table 2.4). Primers were designed to have a uniform 

melting temperature (Tm) of 58 - 60ºC, amplicon size of 80 - 200 bp  and minimal 

secondary structures, with the aid of Primer Express version 2.0 (Applied Biosystems, 

CA, USA). For a few genes, amplicon size had to be increased to obtain successful primer 

pairs that met the other design criteria. Primer pairs (Table 2.11) were manually screened 

to preferentially select pairs that amplify the region encompassing the microarray probe. 

A BLAST search of primer sequences was performed against predicted ORF sequences in 

the A. temperans genome to check primer specificity. The amplification specificity of 

each new primer pair was also verified by comparing the band size resolved by 

polyacrylamide gel electrophoresis with the expected amplicon size from primer design. 

 

 

2.8.2 Reverse transcription 
Reverse transcription was performed on 1 µg of RNA using the SuperScript III First 

Strand Synthesis System for RT-PCR (Invitrogen) following procedures specified by the 

manufacturer. All reactions were carried out in 0.2 ml thin-walled PCR tubes and 

incubated in a thermal cycler. Reverse transcriptase negative controls (–RT), where the 

reverse transcriptase was replaced with water, were included for each RNA preparation to 

verify the absence of chromosomal DNA by PCR. The resulting reverse transcription 

reaction was then diluted ten-fold with nuclease-free water before being used as template 

for real time PCR reactions. 
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2.8.3 Real time PCR reactions 
Real time PCR reactions were prepared in 384-well plates with the Power SYBR Green 

Master Mix (Applied Biosystems) according to Table 2.10.  

 

Table 2.10. Real time PCR reaction mix 

Component Volume Final concentration 

2X Power SYBR Green mastermix 5 μl 1X 

Primer pair mix containing: 

Forward primer (1.25 μM) 

Reverse primer (1.25 μM) 

4 μl  

0.5 μM 

0.5 μM 

cDNA template 1 μl  

Total volume 10 μl  

 

Real time PCR was carried out on the ABI 7900HT (Applied Biosystem) with the 

following thermocycling conditions:  

50ºC 2 min  

95ºC 10 min  

95ºC 15 s 

60ºC 60 s 
40 cycles 

After the amplification reactions, melting curve analysis was performed from 65ºC to 

95ºC to confirm amplification specificity. 

 

 

2.8.4 Data analysis 
Real time PCR data acquired using 7900HT SDS software version 2.2 or version 2.3 was 

analysed according to the process summarised in Figure 2.6. The threshold cycle (Ct) for 

each PCR reaction was determined as the fractional cycle number at which the 

fluorescence exceeds a threshold in the log-linear phase of the amplification process. Raw 

transcript expression levels or quantities (Q) were calculated from the Ct values with 

amplification efficiency (E) correction for each gene according to equation 2.1, where 

“minCt” is the lowest Ct value for the samples analysed within each PCR plate.  

Q = E (minCt – sampleCt)    (Equation 2.1) 
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E values were calculated using LinRegPCR version 7.5 (Ramakers et al., 2003) from 

amplification plots of baseline-subtracted fluorescence data (∆Rn). The E value of each 

PCR reaction was given by the slope of data points within the “window of linearity”, as 

fitted by LinRegPCR. The window of linearity consists of four to six data points from the 

log-linear phase of the PCR reaction, which yields the straightest line as indicated by the 

maximum regression correlation (R2) value and a steep slope. Each automatically fitted 

window of linearity was visually inspected to correct for deviating samples. Raw 

transcript quantities were then normalised between samples using gapA, gmk, gyrB, and 

ldhD as internal reference genes. The normalised transcript levels were calculated by 

dividing the raw transcript quantities by the geometric mean of the four internal reference 

genes.  

 

The expression stability of candidate internal reference genes was determined using 

geNorm version 3.4 (Vandesompele et al., 2002). The number of internal reference genes 

required for accurate and reliable normalization was evaluated using the pairwise 

variation between ranked normalization factors (NF). NFs were calculated using the 

geometric mean of expression levels for the most stable reference genes for each sample 

(n being the number of reference genes used). Pairwise variation (Vn/n+1) was calculated 

for each combination of two sequential normalization factors (NFn and NFn+1).  
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Figure 2.6. Example of Excel spreadsheets used to calculate quantities from real time PCR data. A) 
Amplification plot of baseline-subtracted fluorescence vs PCR cycle number. A threshold line was placed at 
the log-linear of the amplification plot and the Ct value was determined from the fractional cycle number 
where the amplification curve crosses the threshold line. B) Sample Ct was converted to relative quantities 
relative to the most abundant sample (with min Ct) using the mean E value within each gene. C) The 
normalisation factor calculated from the geometric mean of internal reference genes within each sample 
was used to convert raw quantities to normalised quantities. 
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Table 2.11. Real time PCR primers targeting A. temperans gene sequences 

Gene 

ID* 

Assembly 

ID* 

Gene 

name 

Gene product Forward and reverse primer sequences  

(5' - 3') 

1.2a locus 

tag* 

195697 19 gapA F: ATGTTCGTGTTCGGCGTGA ATe3614 

   

Glyceraldehyde-3-phosphate 

dehydrogenase R: TGGTCATCAGGCCGCG  

180919 19 gmk F: CAAGCAGGCGTTCAGCAA ATe1154 

   

Guanylate kinase        

R: AATTTATCGACCTGCGCCAT  

209144 19 gyrB F: CGCGTACACCGAGCAGGT ATe0003 

   

DNA gyrase subunit B      

R: TGGCTGCTGAACTTGGGC  

203084 19 ldhD F: ACATTGGCGAGAAGTACGGC ATe0638 

   

D-lactate dehydrogenase        

R: GGTCACCGCCTGGATGG  

428646 4 - F: GATGGCTCGGTGGTTGTTTT 

   

Hypothetical protein 

R: GTAGGGTTGCGGCAAGTAGG 

No hit to 

genes 

180434 19 atpG F: AGTCGGTGGTGGAGCAACTG ATe0361 

   

ATP synthase gamma chain     

R: TGGTAAATCAGCGACTCGACAT  

190102 19 dnaK F: GCTGCGTTTCCATCATGGA ATe1000 

   

Heat shock protein Hsp70 

R: TTGATAGCGAACAGCGTGTTCT  

207243 19 glyA F: AACAAATACGCCGAAGGATACC ATe2917 

   

Serine 

hydroxymethyltransferase R: GCCAGGAACACGGCTTCAT  

190101 19 grpE F: AGTAGCCAAAGCCCGCAAGT ATe1001 

   

Molecular chaperone GrpE 

family protein     R: TGCTGGTGTGGGTCGAACT  

197186 19 katA F: CACGCCGGTGTTCTTCTTTC ATe2199 

   

Catalase         

R: ACGATGGTGATCTGGTGCAA  

187899 19 pilA F: AGCGATGCTACGTCTGTCGAT ATe3805 

   

Fimbrial protein precursor 

R: TTTCACCCGTACCACCGATT  

190255 19 proC F: CATGGCGTCTACCGGTGAAT ATe3480 

   

Pyrroline-5-carboxylate 

reductase        R: TCCGACGCGCCTACAAAT  

178700 19 - F: CAGCGTTAAATGGTCGAGGG ATe3106 

   

Putative type 4 fimbrial 

biogenesis protein PilY1 R: CGGGAGACATTAGAGCCGC  

234650 22 argJ F: TGATGAAGCAAAGCGAGATCA ATe0827 

   

Arginine biosynthesis 

bifunctional protein R: GAAGTCGCAGGTCCACACG  

222967 22 clpB F: GGGCGAGCTCAAGAACCAC ATe3122 

   

Endopeptidase Clp ATP-

binding chain B R: GATCGACGCAATGTGCTGC  

210253 22 clpP F: CAGTCTGGCCGTGGTGAAC ATe1565 

   

ATP-dependent Clp protease 

proteolytic subunit R: GATTGGCAGTCTGGTCGTTGA  

238704 22 - F: GCAACTACGGCTTCAACGC ATe0775 

   

60 kDa chaperonin (Protein 

Cpn60) (groEL protein) R: TGCAGTGCTGTACGGGTCAC  

218038 22 cysA F: ACATGACCGTGTTTGAGAACGT ATe2152 

   

Sulfate/thiosulfate import 

ATP-binding protein R: GCTGCGACGGGTAGCG  

229329 22 htpG F: TTTGAGGGCTTGAACAACGC ATe0486 

   

Heat shock protein 90 

R: TGGTCGCCTGAGAGACGG  

221194 22 - F: GCCGCACCAAGCTTCACT ATe3102 

   

Secretion pathway protein 

R: TTTATGGCTTCAGAGCGCG  

(continued on the next page)
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Gene 

ID * 

Assembly 

ID* 

Gene 

name 

Gene product Forward and reverse primer sequences  

(5' - 3') 

1.2a locus 

tag* 

221195 22 - F: GTTGATTGAGTTGCTTGTAGGGATT ATe3104 

   

Conserved hypothetical 

protein R: TTGATGCATGGTGCTGACATC  

221196 22 - F: CAAGCGACCGATTGGCA ATe3105 

   

Conserved hypothetical 

secreted protein R: AACATAGGTTTGCTGCAATACGG  

221198 22 - F: TAATTCAAGTAAACCGATGGCAAG ATe3107 

   

Secretion pathway protein 

R: GGCAATAGCCGACAAGATGC  

222055 22 - F: AAACCAGTGGTGGAGTATCAAACC ATe3101 

   

Secretion pathway protein 

R: GCTGCCCAGAGCGCAG  

217209 22 metQ F: CAGCAGGTGAAGGACCGTG ATe2188 

   

D-methionine-binding 

lipoprotein        R: TGCTTGAGGTCGTTCAGGC  

226605 22 narK F: GAGCCTGTGCTACCTACCCG ATe0411 

   

Nitrate extrusion protein 

R: GAATAGGTCTTCTCCGTGGCC  

240381 22 opdA F: CGAGGGCAAGGATGGCTA ATe2096 

   

Oligopeptidase A        

R: CAGGATTTCGTTAATCAGCGC  

227859 22 rpoC F: CCTTACGGTGCGACGCTG ATe0381 

   

DNA-directed RNA 

polymerase beta subunit R: TGGCCACTGTCAGGCCTT  

238365 22 rpoH F: GCCGCATCGTAGAGGAGC ATe1060 

   

RNA polymerase sigma 

factor R: TCGATCTGGCGAATACGCT  

- 1.2a cbiF F: AGGTTCGCTGGTCAATGAGG ATe0070 

   

Precorrin-4 C11-

methyltransferase        R: ATACAAGGCCGGGTCGC  

- 1.2a cysT F: CCCGCAGGCATTGTGATT ATe2154 

   

Sulfate ABC transporter 

permease protein     R: AGCAGTGCGGGCGTGA  

- 1.2a - F: ATGCACGGTTCGCACAAA ATe0603 

   

Hypothetical secretion 

system chaperone protein     R: CGTCCTCGAGCAGCCAGA  

- 1.2a metQ F: TGGACGTGATCGACAACCC ATe2188 

   

D-methionine-binding 

lipoprotein        R: GCCTGCGGACAGAGCG  

- 1.2a - F: GAGGGCGGCAAGGTGTT ATe0585 

   

Polyhydroxyalkanoate 

(phasin) granule-associated      R: CTCTGTGGCTGCGCTGG  

- 1.2a rplD F: GATGAACCTGCAATCGGTGA ATe0332 

   

50S ribosomal protein L4      

R: GGGTCTGCGTAACGTGGC  

- 1.2a rpoA F: CGCCAAAGTGGCTCTGGA ATe3455 

   

DNA-directed RNA 

polymerase alpha subunit     R: GTCGCTGCGTAACCCACC  

- 1.2a rpsS F: TTTGTTGACCATCACTTGCTGG ATe0335 

   

30S ribosomal protein S19     

R: TCGGGCAGAACCATGGAG  

*  Real time PCR primers were designed using gene sequences taken from the most up-to-date version of 
the genome assembly that was available at the time of the experiment. Each gene was given a different 
gene ID in each genome assembly. These genes were then matched by BLAST to obtain the locus tag of 
the equivalent gene in the v1.2a genome assembly, which has been manually curated. 

 
 
 
 
 



 50

CCHHAAPPTTEERR  33::  
DDeevveellooppmmeenntt  ooff  RRNNAA  EExxttrraaccttiioonn  &&  
PPuurriiffiiccaattiioonn  MMeetthhooddss  
 

3.1 Introduction 
Gene expression assays, such as microarray and real time quantitative PCR, rely 

absolutely on the unbiased extraction of intact RNA because the gene expression profiles 

are embedded in the relative abundances of mRNA transcripts. However, isolating intact 

RNA from bacteria is often problematic due to the labile nature of bacterial RNA (Farrell, 

2005), and the various RNA extraction challenges that can be encountered as a result of 

diverse bacterial growth characteristics. The aim of RNA extraction procedures is to 

effectively lyse bacterial cells, and to separate RNA from genomic DNA, proteins and 

other cell components in the cell lysate, while simultaneously preventing RNA 

degradation. The resulting purified RNA suspension must also be free of contaminants 

that could adversely affect subsequent enzymatic reactions.  

 

Several RNA extraction strategies have been developed, most of which rely on chaotropic 

agents such as guanidinium salts, sodium dodecyl sulphate (SDS), N-lauryl sarcosine, 

phenol, chloroform or urea to simultaneously cause cell lysis and inactivate RNases 

(Farrell, 2005; Ogram et al., 1995). Phenol-chloroform extraction is the classical method 

for RNA extraction. However, the use of organic solvents has been gradually replaced by 

lysis buffers containing guanidinium salts (Chomczynski & Sacchi, 1987). Guanidinium 

thiocyanate and guanidinium hydrochloride are some of the most effective chaotropic 

agents, proving successful for the extraction of intact RNA from RNase-rich samples 

such as pancreatic tissue (Chirgwin et al., 1979). More recently, reagents containing both 

phenol and guanidinium salts have also been formulated (Chomczynski & Sacchi, 1987), 

and are used in the guanidinium thiocyanate-phenol-chloroform RNA extraction method. 

Several variations of the guanidinium-thiocyanate reagents are now available 

commercially, including Trizol Reagent (Invitrogen), which is composed of 50% (v/v) 

phenol and 30% (w/v) guanidinium isothiocyanate (van Keulen et al., 2004). 
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RNA purification methods traditionally involved precipitation with alcohol in the 

presence of monovalent cations such as sodium or ammonium ions (Sambrook & Russell, 

2001). RNA can also be precipitated with lithium chloride, which enables the purification 

of RNA from cell lysates with minimal co-precipitation of DNA, protein and 

carbohydrate (Barlow et al., 1963). The observation that nucleic acids will bind to silica 

or glass particles in the presence of high concentrations of guanidine thiocyanate (Boom 

et al., 1990) has to led the development of more rapid RNA purification methods using 

spin columns containing a silica resin.  

 

Due to the large variety of bacterial growth characteristics, it is necessary to evaluate and 

optimise RNA isolation strategies for specific samples-of-interest and experimental goals 

(Ogram et al., 1995; Sharkey et al., 2004; van Keulen et al., 2004; Yao et al., 2002). 

Accordingly, numerous permutations of the fundamental RNA extraction and purification 

strategies have been demonstrated, with slight variations introduced to overcome 

problems that may be encountered with each organism. For example, excess 

polysaccharide is a problem commonly encountered during RNA extraction from a wide 

range of sample types, including bacterial biofilms (Cury & Koo, 2007). Excess 

exopolysaccharides can be removed by washes with solubilisation buffers prior to nucleic 

acid extraction (Cury & Koo, 2007; Jaufeerally-Fakim & Dookun, 2000). Alternatively, 

adjuvants such as cetyltrimethylammonium bromide (CTAB) and polyvinyl pyrrolidone 

(PVP) can be added during the extraction procedure to facilitate the precipitation of 

polysaccharides before the recovery of nucleic acids (Ainsworth, 1994; Chang et al., 

1993; Jaufeerally-Fakim & Dookun, 2000; Liu et al., 1998).  

 

A series of different cell lysis and homogenisation treatments have also been used to 

optimise nucleic acid yields from bacterial samples (Cury & Koo, 2007; Kuske et al., 

1998; Mangan et al., 1997; Ogram et al., 1995; Porteous et al., 1997; Tsai & Olsen, 1991; 

van Keulen et al., 2004). These lysis methods include enzymatic incubations, physical 

treatments with bead beating, sonication, high temperature incubations, and chemical 

treatments with detergent or high salt buffers. However, due to the fragility of RNA, cell 

lysis options during RNA extraction are often more limited compared to DNA extraction, 

as harsh physical treatments and prolonged enzymatic incubations can be detrimental to 

RNA integrity.  
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In addition to sample-specific challenges, bacterial RNA also presents additional 

challenges compared to eukaryotic RNA due to the lack of a 5’ cap and 3’ poly(A) tail 

(Botwell & Sambrook, 2002). Without the stability conferred by a 5’ cap, prokaryotic 

mRNA is extremely labile with an in vivo half life of just a few minutes (Arraiano, 1993; 

Selinger et al., 2003). This high turnover in bacterial mRNA is coupled with the ability to 

rapidly alter gene expression patterns in response to an ever-changing external 

environment. Therefore, sample handling and processing during RNA extraction can 

easily cause unintentional degradation of RNA transcripts, as well as artificially inducing 

gene expression changes. An important step in the RNA extraction procedure is therefore 

sample and mRNA stabilisation. 

 

Gene expression microarrays rely on the detection of mRNA transcripts, which typically 

constitute only 4% of total RNA samples (Wendisch et al., 2001). Extraction protocols 

developed for eukaryotes utilise oligo(dT) primers to differentially extract or label mRNA 

in the presence of high competing background levels of ribosomal RNA. Due to the lack 

of a 3’ poly(A) tail, prokaryotic mRNA cannot be readily separated from more abundant 

ribosomal RNA. The MicrobExpress mRNA enrichment kit (Ambion) enables bacterial 

mRNA species to be enriched by selectively removing 16S and 23S rRNA through a 

modified sandwich capture hybridisation protocol (Morrissey et al., 1989).  

 

The objective of the research presented in this chapter was to develop and optimise RNA 

extraction and purification methods that are appropriate for the wide range of growth 

characteristics exhibited by Acidovorax temperans samples. Once a suitable RNA 

extraction method was chosen, optimisation studies were performed with the aim of 

increasing RNA yield. The effects of sample stabilisation and mRNA enrichment were 

also investigated. 
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3.2 Methods 

3.2.1 Experimental strategy 
The experimental strategy used to address the research objectives in this chapter is 

outlined in Figure 3.1. Initially, several distinct RNA extraction methods were evaluated 

to select the suitable method for A. temperans samples. Modifications to the cell lysis and 

homogenisation procedures were then investigated in an attempt to optimise RNA yield 

and reliability of the selected method. In parallel, the necessity for sample stabilisation 

was determined by assessing the RNA integrity and gene expression patterns from 

stabilised and unstabilised samples. The requirement for mRNA enrichment in microarray 

experiments was also investigated by assessing the differences in gene expression 

patterns obtained from microarrays hybridised with samples generated from total RNA or 

enriched mRNA. 
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Figure 3.1. Experimental strategy used in the optimisation of RNA extraction and purification procedures 
for the A. temperans microarray platform. 
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3.2.2 Selection of RNA extraction method 
Four different RNA extraction methods were initially investigated. Total RNA was 

extracted from overnight R2A broth cultures of A. temperans CB2 (OD600 = 0.45 – 0.55) 

using the acetate/SDS method described by Rivas et al. (2001), RNeasy kit (Qiagen), 

Trizol reagent (Invitrogen) and lithium chloride method adapted from Chang et al. (1993) 

as outlined in section 2.4.2.  

 

To assess the scalability of the methods, RNA extractions from broth cultures in volumes 

of 1 – 2 ml (mini scale), 10 ml (midi scale), or 50 ml (maxi scale) were performed. For 

the RNeasy kit, the Mini, Midi or Maxi columns were selected corresponding to the 

volume of broth cultures used. Where necessary, the reagent volumes for the other three 

methods were scaled up proportionally with the larger volumes of broth cultures used.  

 

RNA yields were determined using the Nanodrop ND-1000 UV-Vis spectrophotometer. 

To standardise yields between batches of extractions, RNA yields (μg) were normalised 

according to the broth volume used (ml) and the absorbance (AU) of the cultures. 

Electropherograms generated by the Agilent 2100 Bioanalyzer were used to assess RNA 

integrity, according to methods described in Section 2.4.4.  

 

To remove residual contaminants in the RNA suspension, samples extracted using Trizol, 

acetate/SDS, and lithium chloride methods were further purified through RNeasy Mini 

columns. Extraction or purification with the RNeasy kit incorporated an on-column 

DNase treatment step.  

 

 

3.2.3 Optimisation of RNA extraction method 
To optimise the chosen RNA extraction method, a range of modifications to the 

manufacturer’s protocol were tested. This included the addition of CTAB as an adjuvant 

to investigate the feasibility of selectively precipitate polysaccharides. In addition, a 

variety of cell lysis and homogenisation methods were trialled, including the use of 

increased lysozyme concentration, SDS lysis buffer, Qiagen QIAshredder spin columns, 

bead beating and sonication. To directly assess the change in RNA yield as a result of 
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these modifications, samples processed according to the standard manufacturer’s 

instructions were included in each set of extractions for reference. 

 

In addition to measuring the RNA yield, colony counts were performed to determine the 

number of viable cells that survived treatment with RNAprotect Bacteria Reagent 

(Qiagen), lysozyme or SDS. Cells treated with RNAprotect were recovered by 

centrifugation, and serially diluted in fresh R2A broth. The diluted cell suspensions were 

then spread plated onto R2A agar, and colonies counted after incubation at 28ºC for 2 

days.  

 

To investigate the effect of SDS and lysozyme treatments on cell viability, cell pellets 

recovered by centrifugation were resuspended in 100 µl of buffer containing either 1 

mg/ml lysozyme, 1% SDS or water (no-lysis control), and the cell suspensions were then 

incubated at room temperature for 2 – 5 minutes. Cell viability was determined by colony 

counts as described above. 

 

The optimised method described in Section 2.4.2.5 was tested on a range of different A. 

temperans sample types. These included R2A broth cultures in exponential phase (OD600 

~0.35 – 0.45) and stationary phase (OD600 ~0.5 – 0.7), Terrific Broth cultures (72 h), 

bacterial colonies from R2A agar plates (48 h), and planktonic and surface attached cells 

from static biofilm cultures. 

 

 

3.2.4 Sample stabilisation 
To investigate the feasibility of storing biological samples before RNA extraction, the 

integrity of RNA extracted from stabilised and unstabilised cells after storage were 

compared. To stabilise samples, 2 ml of overnight Hpos R2A broth culture was added to 

4 ml of RNAprotect Bacteria Reagent (Qiagen). Unstabilised controls comprised of 2 ml 

samples from the same overnight R2A broth culture diluted with 4 ml of fresh R2A broth. 

Cells were recovered from stabilised and unstabilised samples by centrifugation, and the 

cell pellets were then stored at room temperature (approximately 20ºC) or -20ºC. RNA 

was subsequently extracted from paired stabilised and unstabilised samples after 1, 4, 7, 

and 14 days using the Qiagen RNeasy Mini kit with on-column DNase treatment, as 
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outlined in Section 2.4.2.4. The integrity of the RNA samples obtained was determined 

from Bioanalyzer electropherograms as described in Section 2.4.4. 

 

To investigate global gene expression changes occurring as a result of sample processing 

during RNA extraction, the gene expression profile of cells stabilised with RNAprotect 

Bacteria Reagent was compared to the expression profile of untreated cells. 10 ml 

portions of A. temperans overnight broth cultures were either treated with 20 ml of 

RNAprotect (stabilised) or diluted with 20 ml of fresh R2A broth (unstabilised). After 

recovering the cells by centrifugation, RNA was extracted using the RNeasy Midi kit with 

on-column DNase treatment according to the manufacturer’s instructions. The RNA 

samples were reverse transcribed using the SuperScript III Indirect Labeling System 

(Invitrogen), labelled using Cy3 and Cy5 dyes (Amersham Bioscience) and hybridised 

onto R. solanacearum full genome arrays. Two sets of dye swaps (4 arrays) were 

performed.  

 

 

3.2.5 mRNA enrichment 
Total RNA was extracted from overnight cultures of both A. temperans phenotypes using 

the Qiagen RNeasy Midi or Maxi kit with on-column DNase treatment according to the 

manufacturer’s instructions. The Ambion MicrobExpress kit was used to selectively 

remove rRNA and thereby enriching for mRNA. Approximately 8 μg of total RNA was 

used in each reaction. “Mock” enrichment samples were also generated, where total RNA 

was processed through the MicrobExpress procedures without the Capture Oligo Mix 

required to selectively remove rRNA.  

 

Total RNA and enriched mRNA samples were reverse transcribed using the Invitrogen 

SuperScript III Indirect cDNA Labeling System. For each reverse transcription reaction, 

mRNA from two combined enrichment reactions (1.3 – 2.0 μg of mRNA) and the 

equivalent amount of total RNA used in the two enrichment reactions (16 μg total of 

RNA) was used. The cDNA samples were labelled with either Cy3 or Cy5 monoreactive 

dyes (Amersham Bioscience) according to the experimental design (Figure 3.2), and 

hybridised onto R. solanacearum full genome array according to methods detailed in 

Section 2.6. 
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Figure 3.2. Experimental design for the comparison of microarray gene expression profiles obtained using 
total RNA and enriched mRNA samples. The boxes represent RNA samples and the arrows represent 
microarrays. The red (Cy5) and green (Cy3) arrows indicate that dye swap experiments were performed for 
each comparison (numbers above the arrows indicate the total number of arrays for each comparison). 
Differences in gene expression between Hpos and Hneg broth cultures were obtained using both total RNA 
and enriched mRNA samples. In addition, the expression profiles from total RNA and mRNA derived from 
the same Hpos sample was directly compared by co-hybridisation onto the same array. To investigate 
whether the mRNA enrichment process altered the gene expression profile, total RNA samples were co-
hybridised with mock enrichment samples, where total RNA were processed through the MicrobExpress 
procedure without the addition of Capture Oligo mix required for mRNA enrichment.  
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3.3 Results 

3.3.1 RNA extraction method 

The yield, purity, and integrity of RNA obtained using four different RNA extraction 

methods were evaluated. RNA extraction from broth cultures of both A. temperans Hpos 

and Hneg phenotypes using the acetate/SDS method and RNeasy kit showed no 

significant difference in yields between the two phenotypes (Figure 3.3). Therefore, 

subsequent analyses of RNA yields for the Trizol Reagent and lithium chloride method 

were obtained from Hpos cultures only.  

 

A comparison of yields from the four RNA extraction methods is presented in Figure 3.3. 

The acetate/SDS method gave significantly higher nucleic acid yields than the other three 

methods evaluated. Overall, the ranking of RNA extraction methods according to yield 

was acetate/SDS method > Trizol reagent > RNeasy columns > lithium chloride-based 

method (Figure 3.3). 
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Figure 3.3. Comparison of RNA yields obtained from A. temperans using four different RNA extraction 
methods. The nucleic acid yield (μg) was standardised between extractions to the culture volume used (ml) 
and the absorbance unit (AU) of each broth culture.  
 

The purity of the resulting RNA suspensions obtained varied widely between the four 

methods evaluated. Extraction using RNeasy columns, which includes several column 

washes, resulted in the elution of high quality, pure RNA. In contrast, the reagents and 

RNA extraction steps used in the other three methods meant that the RNA suspensions 
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obtained were prone to be contaminated with compounds inhibitory to subsequent 

enzymatic reactions such as phenolics, polysaccharides or detergents. For example, RNA 

obtained using the acetate/SDS method remained in a suspension containing SDS and 

acetate, while inaccurate recovery of the aqueous phase in the Trizol and lithium chloride 

methods could potentially result in the contamination of the RNA suspension with 

phenolics. In an attempt to remove these contaminants, the RNA preparations obtained 

with the acetate/SDS method, Trizol reagent and lithium chloride method were further 

purified using RNeasy Mini columns. 

 

The integrity of RNA samples obtained using each method was assessed immediately 

after extraction, as well as after purification with RNeasy Mini columns (Figure 3.4). 

RNA samples obtained using the acetate/SDS and lithium chloride methods were 

consistently degraded with a reduced 23S rRNA peak compared to the 16S rRNA peak 

and the appearance of low molecular weight peaks. Examination of the Bioanalyzer 

electropherograms also revealed that RNA preparations obtained using the acetate/SDS 

method were highly contaminated with genomic DNA (Figure 3.4). In contrast, samples 

prepared using the RNeasy kit, which incorporated an on-column DNase treatment step, 

resulted in no visible traces of genomic DNA on the electropherograms.  

 

Although no specific DNase treatment was performed as part of the RNA extraction 

procedure with Trizol reagent and the lithium chloride method, the two methods showed 

no significant traces of genomic DNA. Trizol resulted in a higher recovery of smaller 

RNAs such as 5S rRNA and tRNA (Figure 3.4). These small RNAs were then 

subsequently removed by RNeasy Mini column purification, highlighting the potential for 

two different RNA extraction methods to create different RNA abundances from the same 

biological sample. Purification using RNeasy columns resulted in a 20 – 50% decrease in 

the output RNA yield due to the removal of low molecular weight RNA species and 

contaminating DNA, as well as RNA loss through the columns during the purification 

process. Therefore, the marginally higher yields obtained using Trizol reagent compared 

to RNeasy kit became negligible after purification. 

 

Through the assessment of RNA yield, as well as the integrity and purity of RNA 

obtained from each method, the Qiagen RNeasy extraction kit was chosen as the RNA 

extraction method that is most appropriate for A. temperans samples.  
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Figure 3.4. Representative Bioanalyzer electropherograms of RNA samples extracted using four different 
RNA extraction methods. Samples extracted using the lithium chloride method, acetate/SDS method and 
Trizol Reagent were further purified with Qiagen RNeasy Mini columns. Intact RNA is represented by well 
defined 16S and 23S rRNA peaks with minimal noise at the low molecular weight end. Signs of RNA 
degradation are indicated by the appearance of low molecular weight RNA, a reduction in the height of the 
23S rRNA peak relative to the 16S rRNA, and the widening of the rRNA peaks. Samples extracted using 
the acetate/SDS method contained a large amount of genomic DNA (red arrow), which was removed after 
purification with RNeasy Mini columns. Trizol Reagent samples showed more prominent peaks 
corresponding to small tRNAs and 5S rRNA (black arrow). 
 

 

3.3.2 Optimisation of RNA extraction 

3.3.2.1 Improving cell permeabilisation efficiency 

Methods for improving the efficiency of cell permeabilisation or lysis were investigated 

with the aim of increasing RNA yields obtained using the RNeasy kit. Enzymatic 

treatment with 1 mg/ml of lysozyme for 3 – 5 minutes at room temperature is the standard 

lysis method recommended for RNA extraction from bacteria using the RNeasy kit. The 

addition of a sonication or bead beating step did not increase RNA yields when compared 

to the standard lysozyme treatment alone (data not shown). However, treatment with 1% 

SDS increased RNA yield significantly (p < 0.0001) when compared to lysozyme 

treatment (Figure 3.5b). 

 

The lower RNA yield obtained using lysozyme treatment was hypothesised to be due to 

ineffective cell permeabilisation, resulting in incomplete release of intracellular RNA. To 

investigate this, colony counts were performed after treatment of cells with TE buffer 

containing either 1 mg/ml lysozyme or 1% SDS. The permeabilisation efficiency was 

calculated as the proportion of viable cells (CFU) compared to the water no-lysis control 

(permeabilisation efficiency of 0%). As SDS and lysozyme affect the cell wall or cell 

membrane, the decrease in cell viability was assumed to be due to cell permeabilisation or 

lysis. 

 

Treatment with freshly prepared 1 mg/ml lysozyme for 5 minutes at room temperature 

resulted in a viable cell count of 1.3 × 107 CFU/ml (Figure 3.5a), equating to a 

permeabilisation efficiency of 20%. Subsequent tests using a different batch of lysozyme 

and higher lysozyme concentrations (15 mg/ml and 50 mg/ml) yielded similar results, 

where there was a 20 – 60% decrease in viable cell counts after treatment. Tests with E. 

coli instead of A. temperans also yielded similarly low permeabilisation efficiency. In 
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contrast, a similar experiment using TE buffer containing 1% SDS instead of lysozyme 

resulted in no viable cells (Figure 3.5a).  

 

3.3.2.2 Treatment with RNAprotect Bacteria Reagent 

The effect of sample stabilisation prior to RNA extraction on cell viability and RNA yield 

was also investigated. No viable cells were recovered from samples treated with 

RNAprotect Bacteria Reagent (Qiagen), even before cells were subjected to lysis 

treatment. The use of RNAprotect for sample stabilisation also affected the yields 

resulting from treatment with lysozyme and SDS (Figure 3.5b). While treatment with 

RNAprotect prior to lysozyme treatment increased the RNA yield compared to 

unstabilised samples, the treatment resulted in a decrease in RNA yield when used in 

combination with SDS lysis. Nonetheless, the RNA yield obtained using the SDS lysis 

buffer was higher when compared to lysozyme treatment, regardless of whether the 

samples were pre-treated with RNAprotect.  
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Figure 3.5. Effect of treatment with RNAprotect Bacteria Reagent followed by incubation with buffer 
containing 1 mg/ml lysozyme or 1% SDS on cell viability and RNA yield. A) The number of viable cells 
after lysis treatments compared to no-lysis control (water). A large number of viable cells remained after 
treatment with lysozyme, while no viable cells were found after treatment with a lysis buffer containing 1% 
SDS. No viable cells were detected when samples were stabilised with Qiagen RNAprotect Bacteria 
Reagent, even without lysis treatment. B) RNA yield obtained from using lysis buffer containing lysozyme 
or SDS, with or without prior stabilisation with RNAprotect.  
 

 

3.3.2.3 Addition of adjuvant during RNA extraction 

The addition of a CTAB solution containing 0.7 – 0.8 M of sodium chloride has 

previously been shown to selectively bind to polysaccharides and facilitate its separation 
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from RNA by centrifugation (Jaufeerally-Fakim & Dookun, 2000). The feasibility of 

using CTAB to remove excess polysaccharides from the cell lysate prior to loading the 

cell lysate onto RNeasy columns was investigated. White precipitates were observed 

when the lysis buffer containing Buffer RLT was mixed with the CTAB solution (1% 

CTAB, 0.7 M NaCl). Further investigation showed that the white precipitates formed 

when fresh CTAB solution was added to fresh Buffer RLT, even in a solution without 

cells. Therefore, CTAB is not directly compatible with the RNeasy RNA extraction kit.  

 

3.3.2.4 Improving sample homogenisation  

With samples containing high levels of polysaccharides, such as Terrific Broth (TB) 

cultures, there was a tendency for cell aggregates to form which could not be easily 

resuspended by lysozyme treatment and homogenisation by vortexing. These cell 

aggregates subsequently caused RNeasy columns to become clogged, resulting in sub-

optimal RNA yields and purification. Qiagen QIAshredder columns are quartz columns 

routinely used to homogenise fibrous plant tissues. To investigate the effectiveness of 

QIAshredder columns to homogenise A. temperans cell aggregates, RNA extractions 

were performed from A. temperans TB cultures with or without an additional 

QIAshredder homogenisation step. The use of QIAshredder columns significantly 

increased the RNA yield (p = 0.0107), with a mean yield of 14.4 ± 1.8 μg RNA/ml culture 

compared to 5.6 ± 1.0 μg RNA/ml culture without homogenisation using QIAshredder 

columns. 

 

3.3.3 RNA extraction from different sample types 
Optimisation studies showed that cell lysis was improved with the addition of SDS, and 

the use of QIAshredder homogenisation columns prevented clogging of RNeasy columns. 

To demonstrate the robustness of the optimised RNA extraction method, RNA extraction 

was performed on a range of different A. temperans sample types. As the volume of 

liquid cultures could be increased as required, the starting amount of biological samples 

was not a major limiting factor for R2A and TB broth cultures. In contrast, the maximum 

RNA yield from cultures grown on agar and static biofilm cultures was limited by the 

number of cells in each culture. Planktonic cultures from static biofilms grown in 90 mm 

diameter petri dishes were limited to 22 ml per culture. R2A agar colonies were scraped 

from plates containing approximately 25 evenly-spaced colonies.  
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Figure 3.6. RNA yields from different A. temperans sample types.  A) Liquid broth cultures at three growth 
stages. B) Cells scraped from R2A agar plates. C) Planktonic cells in static biofilm at four growth stages. 
D) Surface attached static biofilm cells from the same cultures used in (C).  
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Typical RNA yields ranged from 0.39 – 16 µg/ml of broth culture, or 3.6 – 73 µg per 

extraction from samples with defined number of cells (Figure 3.6). Sufficient RNA was 

obtained for micoarray (5 – 20 μg) and subsequent validation of gene expression data real 

time quantitative PCR (1 μg) from all sample types tested, with the exception of early-

stage biofilm samples.  

 

 

3.3.4 Sample stabilisation 

3.3.4.1 RNA integrity after sample storage 

The feasibility of storing samples stabilised with RNAprotect Bacteria Reagent (Qiagen) 

at room temperature (approximately 20ºC) and at -20ºC was assessed by comparing the 

integrity of RNA extracted from stabilised and unstabilised samples after storage. RNA 

extracted from stabilised samples that were stored at -20ºC showed a consistent 

electropherogram profile (Figure 3.7), which was indicative of intact RNA, for at least 14 

days. In contrast, there was a slight deterioration in the RNA integrity of unstabilised 

samples after one day of storage at -20ºC, as indicated by the widening of 23S rRNA 

peak. The rate of RNA degradation in unstabilised samples was accelerated when samples 

were stored at room temperature, with noticeable degradation after one day (Figure 3.8).  

Stabilised samples stored at room temperature also showed signs of RNA degradation as 

indicated by a lower 23S:16S rRNA peak ratio. However, the RNA degradation in the 

stabilised sample was not as severe as unstabilised samples. 

 

3.3.4.2 Gene expression changes caused by sample processing 

Gene expression changes caused by sample processing during RNA extraction was 

determined by the hybridisation of A. temperans transcripts onto R. solanacearum arrays. 

Cells stabilised with RNAprotect Bacteria Reagent were used as the control representing 

the in vivo gene expression profile. This assumption was based on the observation that the 

reagent immediately killed bacterial cells (Figure 3.5a), eliminating the potential for the 

induction of gene expression changes during RNA extraction. A total of 111 probes were 

differentially expressed between stabilised and unstabilised samples (p < 0.05) (Table 

3.1). Among the transcripts that were more abundant in the unstablised sample, 54% were 

involved in RNA synthesis (transcription and nucleotide metabolism), protein synthesis 

(translation and protein folding, sorting and degradation) and cell repair.  
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Figure 3.7. Comparison of Bioanalyzer electropherograms for stabilised and unstabilised samples stored at 
-20ºC.  RNA was extracted from stabilised samples treated with RNAprotect Bacteria Reagent (Qiagen) and 
unstabilised samples immediately after harvesting (t = 0), as well as after storage for 1 day, 4 days, 7 days 
and 14 days at -20ºC. There were indications of minor RNA degradation from the widening at the base of 
the 23S rRNA peak (indicated by black arrow) in the unstabilised sample after one day of storage. In 
contrast, the electropherogram of the stabilised sample after 14 days of storage showed no signs of RNA 
degradation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.8. Comparison of Bioanalyzer electropherograms for stabilised and unstabilised samples stored at 
room temperature. RNA was extracted from stabilised samples treated with RNAprotect Bacteria Reagent 
(Qiagen) and unstabilised samples immediately after harvesting (t = 0), as well as after storage for 1 day at 
room temperature. The unstabilised sample showed signs of severe RNA degradation with the emergence of 
low molecular weight peaks corresponding to smaller degraded RNA (indicated by black arrows). 
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Table 3.1. Functional groups of differentially expressed genes between samples stabilised 

with RNAprotect and unstabilised samples. 

Functional group* Genes more abundant 

in unstabilised sample 

Genes less abundant  

in unstabilised sample 

Transcription 4 2 

Translation 24 1 

Protein folding, sorting 

and degradation 

4 1 

Replication and repair 2 1 

Cell growth and death 2 0 

Metabolism 18 10 

Membrane transporter & 

transmembrane proteins 

9 19 

Proteins with unknown 

function 

2 7 

Other 0 3 

Total 67 44 

*KEGG Orthology (KO) groups were used as a guide for functional group designations. 
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3.3.5 mRNA enrichment 
Application of the Ambion MicrobExpress kit to enrich mRNA from total RNA resulted 

in the elimination of the 16S and 23S rRNA peaks in samples from both phenotypes of A. 

temperans (Figure 3.9). Mock RNA samples, where total RNA was processed through the 

MicrobExpress procedure without the addition of Capture Oligo mix, showed no 

detectable signs of RNA degradation or changes in the size distribution of RNA 

components when compared to total RNA samples.  
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Figure 3.9. Bioanalyzer electropherograms of total RNA (blue and black lines) and enriched mRNA (red 
and green lines) obtained from the two phenotypes of A. temperans, as well as a mock enrichment sample 
(orange line) from the Hpos phenotype. The absence of the 16S and 23S rRNA peaks for enriched mRNA 
samples indicated the removal of ribosomal RNA using the Ambion MicrobExpress kit. In contrast, mock 
RNA samples, where total RNA extracts was processed through the MicrobExpress procedure with the 
omission of Capture Oligo mix, retained the two rRNA peaks.  
 

 

To investigate the effect of mRNA enrichment on microarray results, gene expression 

differences between Hpos and Hneg phenotypes generated using either total RNA or 

enriched mRNA samples were compared. The hybridisation of cDNA samples generated 

from total RNA extracted from Hpos and Hneg onto the R. solanacearum full genome 

array were generally similar to expression profiles obtained from the hybridisation of 

cDNA samples generated from mRNA samples from the two phenotypes. Fold 

differences in gene expression between Hpos and Hneg using the two RNA preparations 

showed a strong positive correlation (p < 0.0001 by Spearman rank correlation). Out of 
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the 10 probes yielding the greatest fold change, eight genes were common to both RNA 

preparations. Both RNA preparations gave arrays with similar quality, with no significant 

differences between mean signal-to-noise ratio of Cy3 and Cy5 (p = 0.5772). 

 

The direct comparison of expression profiles from total RNA and mRNA, which were 

derived from the same biological sample and co-hybridised onto the same array showed 

major differences in gene expression patterns. Out of a total of 5760 probes on the R. 

solanacearum array, 3818 probes were found to be differentially expressed (p < 0.05). 

The differential expression was symmetrical in both directions, with transcripts appearing 

to be more abundant in both the mRNA and total RNA samples (Figure 3.10a).  

 

To investigate whether the observed differences were caused by the mRNA enrichment 

process, total RNA samples were co-hybridised with mock enrichment samples. These 

arrays showed no differences in gene expression patterns (Figure 3.10b), indicating that 

the MicrobExpress procedure itself did not alter the gene expression patterns. 
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Figure 3.10. Effect of mRNA enrichment on microarray gene expression profiles. Plot of log2 fold 
difference between average log2 intensity (MA plot) for hybridisations between cDNA generated from Hpos 
total RNA and mRNA (A) or total RNA and mock enrichment sample (B). The co-hybridisation of total 
RNA and mRNA samples (A) resulted in vastly different gene expression patterns, as shown by the spray of 
probes with large fold changes. No significant fold changes were observed between total RNA and mock 
enrichment samples (B) processed through the MicrobExpress enrichment process without the addition of 
the Capture Oligo mix to enrich mRNA. 
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3.4 Discussion 

3.4.1 Selection of RNA extraction method 
Four RNA extraction methods were evaluated in terms of the yield, purity, and integrity 

of the RNA obtained. The aim of this experiment was to determine a RNA extraction 

method that would be appropriate for the challenges presented by A. temperans samples. 

RNA samples obtained using the acetate/SDS and lithium chloride-based extraction 

methods were found to be consistently degraded. Since RNA degradation causes bias in 

gene expression data (Auer & Lyianarachchi, 2003), the two methods were quickly 

eliminated as viable options. The lithium chloride method was also of limited utility as it 

was cumbersome and required multiple overnight incubations, which increased the risk of 

RNA degradation.  

 

The RNA extraction procedures for both the RNeasy columns and Trizol reagent were 

simple and gave comparable results in terms of RNA yield and integrity. However, RNA 

samples obtained using the Trizol extraction required subsequent purification with 

RNeasy Mini columns to remove traces of polysaccharides, and potential contaminating 

residues of alcohol and phenol that may inhibit downstream enzymatic reactions (Koonjul 

et al., 1999; Monteiro et al., 1997). This combination of Trizol extraction with RNeasy 

column purification is an approach that is commonly adopted for microbial samples 

(Boyce et al., 2004; Calevro et al., 2004; Chouikha et al., 2008; van Keulen et al., 2004; 

Vandecasteele et al., 2001). However, the additional purification step resulted in a loss of 

RNA (20 – 60%) and potentially increased the risk of RNA degradation during 

processing.  

 

Out of the four methods evaluated, only the RNeasy kit integrated DNase treatment as an 

inherent part of the RNA extraction process. Therefore, nucleic acid yields measured by 

absorbance at 260 nm for samples obtained using the other three extraction methods 

could potentially also include plasmid and genomic DNA. However, examination of 

Bioanalyzer electropherograms showed that RNA extracted using Trizol reagent and the 

lithium chloride method were highly selective for RNA, with no significant signs of 

genomic and plasmid DNA contamination. In contrast, RNA samples extracted using the 

acetate/SDS method showed significant contamination by genomic and plasmid DNA, 

which negates the significantly higher nucleic acid yields obtained using this method. 
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The RNeasy kit was therefore chosen as the RNA extraction method of choice for A. 

temperans. Other beneficial features of the RNeasy kit are that the columns are scalable 

with the availability of Mini (capacity of 1 × 109 bacteria cells), Midi (1 × 1010 bacteria 

cells) and Maxi (5 × 1010 bacteria cells) columns and the kit includes certified RNase-free 

reagents. 

 

 

3.4.2 Optimisation of RNeasy RNA extraction method 
While Qiagen RNeasy kits were found to be the most appropriate method for RNA 

extraction from A. temperans samples, the RNA yields obtained were relatively low 

compared to the 5 – 20 µg of total RNA that is typically required for each microarray 

experiment. Several modifications to the standard RNeasy procedure were investigated 

with the aim of optimising the RNA extraction method. As amplification of bacterial 

RNA was not considered to be a viable option at the time of this study, a primary focus of 

optimisation investigations was to maximise RNA yield so that sufficient RNA can be 

obtained from samples with limited availability.  

 

Incubation of bacterial cells for 2 – 5 minutes at room temperature with lysozyme, as 

recommended in the standard RNeasy extraction procedure, resulted in unsatisfactory 

RNA yields. The high cell viability after incubation with lysozyme implied that cell lysis 

or permeabilisation was ineffective, and explained the low RNA yields. This result is 

consistent with other studies which showed that lysozyme treatment is ineffective against 

Gram negative bacteria in the absence of enhancements such as high pressure, EDTA or 

low pH (Ellison & Giehl, 1991; Hughey & Johnson, 1987; Masschalck et al., 2001; 

Salton, 1957; Wecke et al., 1982). The presence of a thick capsule surrounding A. 

temperans cells could also contribute to the resistance of A. temperans to lysozyme 

(Figure 3.11). 
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Figure 3.11. Transmission electron microscopy image of A. temperans cells taken from colonies grown on 
R2A agar, showing polysaccharide capsules surrounding the cells. 
 

 

Conventional methods to enhance lysozyme activity against bacterial cell wall involve 

prolonged incubation at elevated temperatures (Baehman & Glatz, 1989; Hunter et al., 

1973; Zinder & Arndt, 1956). However, such treatments are undesirable for gene 

expression studies as the enzymatic activity of RNases is increased at elevated 

temperatures, and RNA is readily hydrolysed by heating in the presence of divalent 

cations (Butzow & Eichhorn, 1975). The short room temperature incubation used in the 

RNeasy procedure is presumably a compromise to attempt to degrade the bacterial cell 

wall, while avoiding RNA degradation.  

 

In addition, widespread gene expression changes can continue to occur in live cells during 

sample processing, leading to the detection of vastly different gene expression patterns 

between cells stabilised with the Qiagen RNAprotect Bacteria Reagent and the 

unstabilised control.  The large number of genes involved in cell repair, translation and 

transcription that were found to be more abundant in the unstabilised sample suggested 

the induction of stress responses to counteract assaults by the lysozyme treatment.  
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The replacement of lysozyme treatment with 1% SDS significantly increased RNA yields. 

More importantly, treatment with SDS resulted in complete loss of cell viability, as 

determined by colony counts, thereby reducing the possibility of unwanted gene 

expression changes being induced during sample processing. In addition to increasing the 

lysis efficiency, SDS has the advantage of acting as a chaotropic agent that inhibits 

RNase activity (Farrell, 2005; Ogram et al., 1995; Yao et al., 2002).  

 

RNA yields from samples treated with lysozyme were increased when cells were 

stabilised with RNAprotect Bacteria Reagent beforehand. The composition of 

RNAprotect Bacteria Reagent is a trademark secret, but the reagent may contain 

detergents since foaming of the reagent was observed during RNA extraction. 

Accordingly, the increased RNA yield after treatment with RNAprotect Bacteria Reagent 

was likely to be a result of increased cell permeabilisation, which is a similar effect to the 

increased RNA yields observed after treatment with SDS.  

 

RNeasy silica columns were prone to clogging when dealing with A. temperans samples 

containing high levels of polysaccharides. These samples formed aggregates that could 

not be effectively resuspended by vigorous vortexing, as recommended in the 

manufacturer’s protocol. Washes with buffer containing high salt concentrations to 

solubilise and remove exo-polysaccharides prior to nucleic acid extraction have been 

described (Jaufeerally-Fakim & Dookun, 2000), and could potentially prevent clogging of 

RNeasy columns. However, this approach was not considered as a viable option as gene 

expression changes could be induced during the wash procedures.  

 

Alternatively, a homogeneous cell lysate solution without large cell aggregates was 

obtained with the simple addition of a homogenisation step using QIAshredder columns. 

This also led to increased RNA yields. QIAshredder columns are commonly used for 

plant tissue but not for bacterial samples. While QIAshredder columns were only 

essential with problematic samples which formed cell aggregates, this step was 

subsequently included in all for all sample types to maintain consistency between 

extractions. 

 

The optimised RNeasy method involving the use of SDS to increase cell lysis, and 

QIAshredder columns to improve sample homogenisation was applied to the RNA 
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extraction from a range of different A. temperans sample types to verify the robustness of 

the method. RNA yield and method reliability are critical parameters affecting the utility 

of the method. While RNA yields could be increased by scaling up broth cultures, other 

sample types, such as early stage biofilms are less amendable to scaling. The samples 

tested also ranged from dispersed planktonic cells growing in R2A broth to cell 

aggregates surrounded by polysaccharides masses (Figure 3.12).  

 

       
Figure 3.12. Growth characteristics exhibited by A. temperans CB2. Broth cultures of A. temperans grown 
in R2A broth after 24 hours (A) and Terrific Broth after 72 hours (B). Cells in R2A broth cultures were 
evenly suspended, while Terrific Broth cultures form aggregates that become problematic during RNA 
extraction procedures. The formation of cell aggregates is indicative of high levels of polysaccharides. 
 

 

Sufficient total RNA was obtained for microarray and qPCR analyses (> 6 µg) from most 

of the sample types tested using the optimised RNeasy procedure. However, the RNA 

yields from early stage biofilms (3 hours) were below the threshold, presumably due to 

low cell density. Collectively, the optimised RNeasy procedure with the modified cell 

lysis and homogenisation steps is a robust method that could reliably obtain sufficient 

RNA from a wide range of A. temperans samples.  

 

 

 

A B 
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3.4.3 Effect of sample stabilisation on gene expression 
The fundamental objective of microarray analyses is to measure the global in vivo gene 

expression pattern of biological samples. However, factors such as RNA degradation 

(Auer & Lyianarachchi, 2003) and the induction of artificial gene expression during 

sample processing can result in significant deviations from the in vivo gene expression 

pattern. In addition, comparison of biological samples processed in different batches can 

be complicated by technical variation. This batch-to-batch variation can be reduced by 

storing samples, such as those collected over several time points, and processing all the 

samples simultaneously. Therefore, a method which prevents RNA degradation and 

artificial changes in gene expression during storage and RNA extraction can increase the 

accuracy of microarray gene expression comparisons.  

 

Comparison of the global gene expression profile between cells stabilised with Qiagen 

RNAprotect Bacteria Reagent and an unstabilised sample revealed a plethora of genes 

associated with transcription, translation and cell repair which were more highly 

expressed in the unstablised sample. Since the two RNA samples were extracted from the 

same broth culture, any differences in gene expression profiles were caused by technical, 

rather than biological factors. The two samples were also processed together throughout 

the whole microarray workflow so the gene expression changes can be attributed 

primarily to the effect of sample stabilisation. These results demonstrate that immediate 

stabilisation of biological sample is essential to prevent changes in gene expression 

during sample processing.  

 

A practical difficulty with the RNAprotect Bacteria Reagent is that two volumes of the 

reagent are required for every volume of broth culture used for RNA extraction, which 

effectively tripled the liquid volume that had to be handled. Due to the low cell density of 

A. temperans cultures when grown in R2A media, large broth volumes were required to 

obtain sufficient RNA yield without RNA amplification. To overcome this problem, the 

ethanol phenol stop solution described by Botwell et al. (2002) was considered as an 

alternative method for the stabilisation of A. temperans samples. The ethanol phenol stop 

solution contains 5% phenol solution in absolute ethanol, and only 0.1 volumes of the 

solution is required for each volume of broth culture. Therefore, the ethanol phenol stop 

solution was used to stabilise biological samples in the development of real time PCR 
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methods (Chapter 4). However, the adoption of RNA amplification in experiments 

performed on the full genome array enabled smaller amounts of biological samples to be 

harvested, and the more convenient RNAprotect Bacteria Reagent was used in these 

experiments (Chapter 5). 

 

 

3.4.4 Effects of mRNA enrichment on gene expression 
Due to the absence of a poly(A) tail, bacterial mRNA containing gene expression 

information cannot be readily separated from the more highly abundant rRNA using 

conventional oligod(T) priming. Based on a modified sandwich capture hybridisation 

protocol (Morrissey et al., 1989), the Ambion MicrobExpress kit overcomes this problem 

by selectively removing 16S and 23S rRNA using an Oligo Capture mix. Although A. 

temperans was not listed as one of the organisms known to be compatible with the kit 

(http://www.ambion.com/techlib/misc/microbe.html, accessed 18 June 2004), results 

presented in this study indicate that mRNA was successfully enriched from total RNA 

using the standard MicrobExpress module.  

 

The use of total RNA is currently the standard practice for prokaryotic microarray 

systems. To assess the effects of mRNA enrichment on the resulting gene expression 

profile, microarray results obtained using enriched mRNA was compared against results 

obtained using total RNA from the same biological samples. Hybridisation of cDNA 

generated from either total RNA or enriched mRNA resulted in similar gene expression 

profiles between Hpos and Hneg phenotypes. The mean signal-to-noise ratio was also 

similar for arrays generated from total RNA and mRNA. The lack of significant 

improvement from using enriched mRNA samples despite the high background of rRNA 

in total RNA extracts, demonstrated that mRNA enrichment was not necessary for 

microarray analysis. These results are consistent with another study performed using 

selective polyadenylation of cellular mRNAs (Wendisch et al., 2001), where the presence 

of excess rRNA in total RNA samples did not significantly affect the microarray results. 

 

In contrast, large differences in gene expression profiles were detected when cDNA 

generated from total RNA was directly compared with cDNA generated from enriched 

mRNA in a co-hybridisation study. The symmetry of the fold changes indicated that the 
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differential expression patterns detected were not due to dye effects or the different 

absolute amount of total RNA or mRNA used. These very large differential expression 

patterns were also consistent across two biological replicates and multiple mRNA 

enrichment reactions. The direct comparison of expression profiles obtained from total 

RNA and mock enrichment samples verified that the MicrobExpress procedure itself did 

not alter the gene expression patterns. The differences observed in the co-hybridisation of 

mRNA and total RNA samples could be due to differences in hybridisation kinetics 

between the two RNA preparations. 

 

Collectively, the results suggested that the high rRNA background in total RNA samples 

did have an effect on microarray hybridisation. However, these effects were balanced 

between two total RNA samples that were co-hybridised onto the same array, resulting in 

no significant differences in gene expression profiles observed when compared to the 

profiles obtained from a pair of co-hybridised enriched mRNA samples. Consistency 

must be maintained in the use of either total RNA or enriched mRNA, and comparisons 

of gene expression cannot be performed with arrays generated by a mix of total RNA and 

mRNA. 

 

 

3.4.5 Validation of experimental procedures 
The effects of experimental procedures such as sample stabilisation and mRNA 

enrichment on global microarray results could not be fully evaluated using conventional 

gene-by-gene techniques. The need for a microarray platform to investigate global gene 

expression changes caused by these experimental procedures, while in the process of 

developing methods for the A. temperans microarray platform presented a circular 

dilemma. The R. solanacearum full genome array was used to solve this dilemma by 

providing a preliminary microarray platform for the investigation of gene expression in A. 

temperans. The hybridisation of A. temperans transcripts onto the R. solanacearum 

microarray was feasible because the genome sequences of these two bacteria shared many 

similar characteristics, and R. solanacearum was the most closely related organism to A. 

temperans with a fully sequenced genome at the time of this study.  
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However, the use of the R. solanacearum array presented several limitations. The 

oligonucleotide probe sequences for this array were not available and therefore it was not 

possible to verify the specificity of R. solanacearum probes for the detection of A. 

temperans transcripts. Nevertheless, the use of the R. solanacearum array was valid for 

these experiments which aimed to elucidate changes in gene expression profiles between 

two methods, rather than the precise identification of differentially expressed genes.  

 

Although the microarray hybridisation and wash methods were not optimised for A. 

temperans transcript sequences, results obtained from the R. solanacearum microarray 

were satisfactory with a high signal-to-noise ratio. Cross-hybridisation and non-specific 

signals retained due to insufficient hybridisation and wash stringency can result in an 

underestimation of fold change (Dorris et al., 2003; Han et al., 2006). Therefore, the fold 

changes measured by the R. solanacearum arrays can be treated as conservative 

estimates, giving added emphasis to the differences that were detected between stabilised 

and unstabilised samples. Although the gene expression profiles between Hpos and Hneg 

were expected to be very similar, the potential underestimation of fold changes may 

explain the lack of probes on the R. solanacearum array that were found to be 

differentially expressed. Minor differences in gene expression between the two A. 

temperans phenotypes were also expected to be mainly confined to novel genes in the A. 

temperans genome.  
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3.5 Summary and conclusions 
After an evaluation of four distinctly different RNA extraction methods, the Qiagen 

RNeasy extraction kit was chosen as the most appropriate RNA extraction method for A. 

temperans samples. Optimisation studies found that replacing lysozyme treatment with 

SDS resulted in increased RNA yields and could potentially prevent the induction of 

unintentional changes in gene expression during sample processing. Qiagen QIAshredder 

columns also assisted in the homogenisation of cell aggregates from samples containing 

high levels of polysaccharides, increasing the reliability of RNA extraction by averting 

the occurrences of clogged silica columns.  

 

Sample stabilisation with Qiagen RNAprotect Bacteria Reagent was essential to preserve 

the true in vivo transcription profile of biological samples during RNA extraction, and to 

prevent RNA degradation in samples during storage. The Ambion MicrobExpress mRNA 

enrichment kit was shown to be effective for A. temperans sequences, resulting in the 

removal of 16S and 23S rRNA. Comparison of gene expression differences between 

Hpos and Hneg using cDNA generated from either total RNA or mRNA samples showed 

no significant differences in the array quality and expression profiles detected using the 

two RNA types, and the mRNA enrichment step was not adopted. The large unexpected 

gene expression differences detected from the co-hybridisation of total RNA and mRNA 

derived from the same sample highlighted the importance of maintaining consistent 

experimental procedures.  
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CCHHAAPPTTEERR  44::  
DDeevveellooppmmeenntt  ooff  aa  RReeaall  TTiimmee  
QQuuaannttiittaattiivvee  PPCCRR  SSyysstteemm  
 

4.1 Introduction 
Quantitative real time PCR (qPCR) is a powerful technique for the analysis of gene 

expression, offering many advantages over traditional methods such as RNase protection 

assays and Northern hybridisation (Morrison et al., 1998; Wang & Brown, 1999; Wong & 

Medrano, 2005). In addition to being a valuable stand-alone gene expression assay, qPCR 

is currently the preferred method for the validation of results from microarray studies 

(Beenken et al., 2004; Gao et al., 2004; Wang et al., 2007).  

 

Real time PCR involves the quantification of a target amplicon in the sample by 

monitoring the increase in fluorescence emitted by reporter dyes during the PCR reaction. 

The results of qPCR assays can be expressed either as an absolute template copy number, 

or as a relative fold difference between samples. Absolute quantification requires the 

inclusion of quantified templates in every qPCR run and the subsequent estimation of the 

target copy number from a standard curve (Wong & Medrano, 2005). This labour 

intensive process can be circumvented in the validation of microarray data through the 

direct calculation of fold difference between samples by relative quantification. Both 

absolute and relative quantification methods have been shown to produce comparable 

results (Peirson et al., 2003). 

 

A number of critical factors can affect the accuracy of qPCR assays. For gene expression 

analysis, the mRNA transcripts in the sample must first be reverse transcribed into cDNA 

template for amplification in qPCR reactions. The presence of genomic DNA in the 

sample can affect the accuracy of mRNA transcript quantification since residual genomic 

DNA will also be amplified during the qPCR reaction. To overcome the problem of non-

template specific amplification in eukaryotic systems, PCR primers are often designed to 

span an exon-exon boundary, which will only form an amplicon on cDNA templates 

generated from spliced mRNA (Wong & Medrano, 2005). However, this is not an option 
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for prokaryotic systems where there is an absence of the intron and exon arrangement. 

Therefore a rigorous and thorough DNase treatment routine is required during sample 

preparation. 

 

A range of fluorescent detection chemistries have been developed for the continuous 

monitoring of PCR product formation in qPCR assays. SYBR Green I (Zipper et al., 

2004) is a DNA binding reporter dye that emits fluorescence only when it is intercalated 

into double-stranded DNA. Fluorescence intensity emitted by SYBR green increases 

proportionally to the amount of double stranded PCR product accumulated with each 

PCR cycle. The fractional cycle number at which the fluorescence exceeds a threshold in 

the log-linear phase of the amplification process, termed the threshold cycle (Ct), is 

representative of the starting quantity of the target transcript. 

 

To convert raw Ct values to more experimentally-relevant gene expression levels, a 

mathematical model involving amplification efficiency (E) is required (Marino et al., 

2003). Amplification efficiency measures the increase in target PCR product after each 

PCR cycle, with an efficiency value of 2 representing perfect doubling of PCR product 

after each cycle. Although E has traditionally been assumed to be at the theoretical 

maximum of 2 (100% PCR efficiency), recent literature has presented a range of 

mathematical models for a more realistic estimation of efficiency (Bar et al., 2003; Liu & 

Saint, 2002b; Luu-The et al., 2005; Peirson et al., 2003; Pfaffl, 2001; Ramakers et al., 

2003; Wong & Medrano, 2005; Zhao & Fernald, 2005). Due to the exponential 

relationship between E and Ct values in the calculation of expression levels, even small 

discrepancies in the determination of E can result in large differences in the calculated 

fold difference (Bar et al., 2003; Marino et al., 2003; Ramakers et al., 2003).  

 

Once gene expression levels have been obtained from Ct values, normalisation of 

expression levels between samples to account for technical variations is absolutely 

necessary for biological differences in gene expression to be accurately quantified. The 

ability of relative qPCR assays to measure changes in gene expression across a wide 

range of bacterial strains and physiological states accentuates the need to normalise gene 

expression data between these disparate samples. Normalisation may be performed using 

external calibrators such as bacterial cell numbers, RNA input, cDNA copies and the 

amount of co-extracted genomic DNA (Eleaume & Jabbouri, 2004; Sue et al., 2004; 
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Vandecasteele et al., 2001). Alternatively, normalisation against transcript levels of 

reference genes within each sample offers the benefits of being able to correct for sample-

to-sample variations in the proportion of mRNA relative to total RNA (Tong et al., 2006), 

RNA integrity, and efficiencies of successive enzymatic reactions (Bustin, 2002; Nailis et 

al., 2006). These internal reference genes or endogenous controls are defined as genes 

with expression levels that remain constant across all sample types.  

 

Constitutively expressed housekeeping genes are commonly used as internal reference 

genes. However, in many instances, the expression of housekeeping genes can be highly 

variable (Desroche et al., 2005; Thellin et al., 1999; Vandecasteele et al., 2001). 

Validation studies of internal reference genes have been described for numerous bacterial 

species, such as Escherichia coli, Oenococcus oeni, Actinobacillus pleuropneumoniae, 

Staphylococcus epidermis and various strains of Pseudomonas aeruginosa, as well as 

encompassing a wide range of sample types including cultures at different growth phases 

or after stress treatments (Botteldoorn et al., 2006; Corvec et al., 2003; Desroche et al., 

2005; Eleaume & Jabbouri, 2004; Nielsen & Boye, 2005; Savli et al., 2003; Tormo et al., 

2005; Vandecasteele et al., 2001). However, there are currently few qPCR reports that 

have systematically evaluated internal reference genes for the normalisation of expression 

levels between bacterial biofilm and planktonic cultures. Furthermore, even validated 

internal reference genes shown to have stable expression can be unsuitable when used 

outside the context of the original study. For example, the level of rpoD coding for RNA 

polymerase sigma factor was demonstrated to be highly stable across different antibiotic 

resistant strains of P. aeruginosa (Savli et al., 2003), but was found to vary widely across 

different stress responses (Botteldoorn et al., 2006; Desroche et al., 2005). Therefore, the 

suitability of candidate internal reference genes must be examined within the context of 

specific experimental conditions to prevent spurious results due to differences in 

experimentally induced gene expression (Wong & Medrano, 2005).  

 

A major focus of the research presented in this thesis is the development of an array 

platform to investigate differential gene expression by biofilm and planktonic cultures. 

Biofilms are highly structured interacting microbial communities enclosed within a 

matrix that facilitates adherence to other cells, and to surfaces or interfaces (Stoodley et 

al., 2002). The adoption of a sessile lifestyle is accompanied by profound phenotypic 

differentiation when compared to planktonically-grown cells of the same species 
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(Stoodley et al., 2002). Consistent with the physical and physiological differences, gene 

expression in biofilm cultures can vary considerably from its planktonic counterparts 

(Beenken et al., 2004; Schembri et al., 2003; Waite et al., 2005; Whiteley et al., 2001).  

 

Current relative qPCR quantification of gene expression involving biofilms have used 

16S rRNA (Beloin et al., 2004; Lenz et al., 2008), 23S rRNA (Gilmore et al., 2003; 

Shemesh et al., 2007) or gyrB (Beenken et al., 2004; Oggioni et al., 2006) as internal 

reference genes. These housekeeping genes are commonly assumed to have stable 

expression, but no validation studies have been performed to empirically assess their 

expression stability across biofilm and planktonic cultures. Beenken et al. (2004) used 

gyrB as a internal reference gene in a study of Staphylococcus aureus biofilms, as gyrB 

was found to exhibit stable expression in preceding microarray experiments. Ribosomal 

genes may not be suitable internal reference genes for the measurement of mRNA 

expression because changes in the abundances of ribosomal genes often precede changes 

in mRNA expression and protein synthesis (Nomura et al., 1984; Vandecasteele et al., 

2001). In addition, the abundances of rRNA are significantly higher than mRNA 

(Wendisch et al., 2001), and must be extrapolated over several orders of magnitudes for 

the normalisation of mRNA transcripts.  

 

The objectives of the research described in this chapter were to establish experimental 

and analysis methods for qPCR investigation of gene expression. In particular, DNase 

treatment options were evaluated to ascertain a method that could satisfactorily reduce 

genomic DNA contamination to a level required for qPCR assays. Procedures for the 

appropriate estimation of E in the conversion of Ct values to transcript quantities were 

also investigated. 

 

A significant component of this work was the selection and validation of internal 

reference genes for Acidovorax temperans that would be suitable for use under a range of 

experimental conditions. Using the established experimental and analysis methods, the 

expression stability of seven candidate genes were evaluated across diverse physiological 

states represented by planktonic, biofilm and heat shock samples for two phenotypic 

variants of A. temperans CB2. The well-characterised and highly conserved heat shock 

response was then used to validate the chosen normalisation strategy. 
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4.2 Methods 

4.2.1 Experimental strategy 
The experimental strategy used to address the research objectives in this chapter is 

outlined in Figure 4.1.  
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Figure 4.1. Experimental strategy used in the development of experimental and data analysis methods for a 
real time quantitative PCR system.  
 
 
Initially, DNase treatment options were investigated to obtain a rigorous treatment 

method. Subsequently, raw Ct values from 1350 qPCR reactions generated across five 

disparate sample types were used to establish an appropriate method for the estimation of 

amplification efficiency required for the conversion of Ct values to gene expression 
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levels. These data were also used to evaluate and select internal reference genes with 

stable expression for the normalisation of gene expression levels between samples. The 

developed experimental and data analysis methods were then validated by comparing 

normalised experimental data with expected heat shock gene expression profiles. Gene 

expression differences between planktonic cells and biofilms were also identified. 

 
 

4.2.2 Elimination of genomic DNA 
To compare the effectiveness of on-column (OC) treatment with DNase I during RNA 

extraction with RNeasy columns and DNase I treatment of the RNA suspension after 

extraction (DN), four equal portions of A. temperans R2A broth cultures at exponential 

phase (OD600 = 0.35 – 0.45) were subjected to four combinations of the two DNase 

treatment options (Figure 4.2). After the cultures were stabilised with ice-cold ethanol-

phenol stop solution (5% phenol in ethanol), total RNA was extracted using RNeasy Mini 

columns (Qiagen) incorporating the SDS lysis modification and homogenisation using 

QIAshredder columns as detailed in Section 2.4.2.5. RNA extractions were performed on 

a set of Hpos and Hneg broth cultures. For +DN samples, RNA suspensions eluted from 

RNeasy columns were treated with DNase for 15 min at 37ºC using the Ambion TURBO 

DNA-free kit in a 40 μl reaction volume.  

 

Each RNA preparation was used in reverse transcription reactions using the SuperScript 

III First Strand Synthesis System for RT-PCR (Invitrogen) with or without the inclusion 

of the reverse transcriptase enzyme (+RT or –RT). Since reverse transcriptase negative (–

RT) control reactions contain no enzyme for cDNA synthesis, any amplification from the 

–RT samples during subsequent qPCR assay is a result of residual genomic DNA from 

the RNA preparation. The PCR amplified product was visualised by polyacrylamide gel 

electrophoresis. The DNA template quantity (Q) was quantified using gyrB and glyA 

primers for +RT (containing template from cDNA and residual genomic DNA) and –RT 

(containing template from residual genomic DNA only) samples to determine the level of 

genomic DNA (gDNA) contamination relative to the total template amount according to 

Equation 5.1.  
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Figure 4.2. Schematic of experimental design for the investigation of DNase treatment options. RNA was 
extracted from broth cultures with or without on-column DNase treatment (+OC/–OC), and with or without 
DNase treatment of the RNA suspension (+DN/–DN). Each RNA sample was then added to reverse 
transcription reactions with or without the reverse transcriptase enzyme (+RT/–RT) to enable the 
quantification of residual genomic DNA after each DNase treatment option. 
 
 
 

4.2.3 Selection of internal reference genes  

Seven candidate internal reference genes were selected after screening the literature for 

genes that may be maintained at a constant expression level across different physiological 

states (Table 5.1). Candidate genes were selected from different functional classes to 

ensure that observed expression stability of genes relative to each other resulted from 

stable expression levels, rather than co-regulation.  
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Table 4.1. Selected candidate internal reference genes 

Gene Gene product Function Selected references 

gapA glyceraldehyde 3-phosphate 

dehydrogenase A 

Glycolysis and 

gluconeogenesis 

Botteldoorn et al. 

(2006)  

glyA serine/glycine 

hydroxymethyltransferase A 

Glycine, serine and 

threonine metabolism 

Nielsen & Boye (2005) 

gmk guanylate kinase Purine metabolism Desroche et al. (2005); 

Tormo et al. (2005)  

gyrB DNA gyrase (topoisomerase 

II) subunit B 

Supercoiling during 

DNA replication 

Corvec et al. (2003); 

Beenken et al. (2004)  

ldhD D-lactate dehydrogenase Interconversion of 

pyruvate and lactate 

Desroche et al. (2005)  

katA catalase Reduction of hydrogen 

peroxide 

 

proC pyrroline-5-carboxylate 

reductase 

Urea cycle and 

metabolism of amino 

groups 

Savli et al. (2003)  

 

The expression levels of these seven candidate internal reference genes, and three genes 

known to be differentially expressed after heat shock treatment (atpG, dnaK, grpE) 

(MWG-Biotech, 2004; Richmond et al., 1999) were assayed across planktonic and 

biofilm cultures for each of the two phenotypes of A. temperans CB2, as well as heat 

shock response for the Hneg phenotype. Real time PCR reactions were prepared 

according to the procedures detailed in section 2.8.3 to elucidate the gene expression of 

the ten genes assayed. Each experiment was performed with three biological replicates of 

each sample type. Since reverse transcription can be a variable enzymatic reaction, three 

reverse transcription replicates were also performed for each biological sample. Real time 

PCR reactions were carried out in triplicates to account for PCR variation.  

 

Data from these qPCR reactions were used in the analysis of amplification efficiencies 

calculated by the LinRegPCR software (Ramakers et al., 2003), and to establish an 

appropriate method for the conversion of threshold cycle (Ct) values to transcript 

quantities (Q). Once the data analysis procedures had been established, gene expression 
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data from the same set of qPCR reactions were then used to evaluate the expression 

stability of the seven candidate internal reference genes using algorithms presented by the 

geNorm software (Vandesompele et al., 2002), as outlined in section 2.8.4. 

 

The normalisation strategy, which was formulated based on the expression levels of 

selected candidate genes with the most stable expression, was used to normalise the raw 

expression data for the ten genes assayed. The expression changes exhibited by atpG, 

dnaK, grpE after heat shock treatment were compared to expected results reported in the 

literature to validate the proposed normalisation strategy. Gene expression differences 

between planktonic and biofilm cultures were also determined. 
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4.3 Results 

4.3.1 Elimination of genomic DNA 
4.3.1.1 On-column DNase treatment 

The initial DNase treatment method optimised for spotted microarray experiments 

involved on-column DNase treatment during RNA extraction with RNeasy columns. 

Analysis of Bioanalyzer electropherograms for RNA preparations extracted using this 

method showed no detectable signs of genomic DNA (Figure 4.3a). However, PCR 

analysis of –RT controls generated from these RNA preparations revealed genomic DNA 

contamination (Figure 4.3b). Although the on-column DNase digestion step reduced the 

level of genomic DNA below the detection limit of Bioanalyzer assays, further 

development of the DNase treatment option was required to attain the rigorous levels of 

DNA removal necessary for the highly sensitive real time PCR assay.  

 

Initial efforts to eliminate genomic DNA contamination focused on improving the 

efficiency of on-column DNase digestion, as it was the most convenient option. A range 

of modifications were trialled without success, including: 

 the use of larger amounts of DNase and longer incubation times, 

 lower cell input for RNA extraction to decrease the amount of genomic DNA binding 

to the RNeasy columns, 

 the use of new batches of DNase enzyme , 

 increasing the number of RNeasy column washes with Buffer RW1 (Qiagen) before 

the addition of DNase to eliminate impurities that may inhibit DNase activity. 
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A                  B 

                 
 
Figure 4.3. Analysis of genomic DNA contamination in RNA preparations after on-column DNase 
treatment. A) A representative Bioanalyzer electropherogram of RNA sample extracted using the Qiagen 
RNeasy Mini kit, which incorporated an on-column DNase treatment step during RNA extraction. No peaks 
occurred in the region representing high molecular weight genomic DNA (indicated by arrow). B) End 
point PCR amplification products of the gyrB gene from real time PCR assays resolved by polyacrylamide 
gel electrophoresis. Lane LD: 50 bp ladder (Invitrogen). Lanes 1 and 2: PCR products of –RT controls 
generated from two different RNA samples. Lane 3: amplified +RT sample (positive control containing 
cDNA). Lane 4: no template control (amplification negative control). As reverse transcriptase was omitted 
from the –RT controls, there should be no cDNA template in the amplification reactions. Therefore, the 
presence of a band in the –RT lanes with similar brightness to the band in the +RT lane indicated significant 
genomic DNA carryover from the RNA preparations used for reverse transcription. The absence of a band 
in the no template control ruled out contamination from the PCR reagents. 
 
 
 
4.3.1.2 DNase treatment options 

On-column DNase treatment performed during RNA extraction failed to satisfactorily 

reduce the level of genomic DNA contamination. Therefore, the option of treating RNA 

suspensions with DNase after extraction was investigated. Four combinations of on-

column DNase treatment during RNA extraction, and DNase treatment of RNA 

suspensions after extraction were compared. Consistent with previous observations 

reported in Section 4.3.1.1, the Bioanalyzer electropherograms for all four treatment 

options, including –OC –DN samples which did not receive any form of DNase 

treatment, were similar with none showing signs of high molecular weight genomic DNA.  

 

The amount of residual genomic DNA in these RNA preparations was then quantified by 

qPCR. The –RT reactions for the three DNase-treated RNA samples (on-column and/or 

 LD    1        2      3       4 
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rRNA 
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RNA suspension) showed significantly lower amounts of genomic DNA (higher Ct) 

compared to the +RT samples (Figure 4.4). However, the Ct values of –RT and +RT 

reactions were similar for samples that did not receive any DNase treatment (–OC –DN).  
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Figure 4.4. Amplification plots of the gyrB gene for +RT and –RT samples. Triplicate PCR reactions are 
shown for each sample. A) The –OC +DN RNA preparation showed a large difference in Ct values between 
+RT samples and –RT samples. Two out of the three –RT PCR reactions had extremely low levels of 
genomic DNA contamination, indicated by fluorescence values below the threshold level in the first 40 
PCR cycles. Similar amplification plots were obtained for +OC +DN and +OC –DN samples. B) Similar Ct 
values were obtained for +RT and –RT samples generated from –OC –DN RNA preparations.  
 

 
 
DNase treatment of the RNA suspension resulted in more than ten-fold less residual 

genomic DNA than on-column DNase treatment alone (Table 4.2). Furthermore, DNase 

treatment of the RNA suspension was effective, regardless of whether prior on-column 

DNase treatment was performed. Genomic DNA was eliminated in approximately half 

the –RT samples to a level below the detection threshold. However, low levels of 

genomic DNA were still detected in several samples after DNase treatment of the RNA 

suspension. With these examples, the error from residual genomic DNA will result in an 

underestimation of the fold change between two samples by less than 0.01%. As this was 

considered to be minor, the DNase treatment of RNA suspension was chosen, and the on-

column DNase treatment step was eliminated from the RNA extraction method. 
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Table 4.2. Estimation of genomic DNA contamination after DNase treatment 

Mean ∆Ct 
b % genomic DNA contaminationc  Samplea 

gyrB glyA gyrB glyA 

Mean 

Hpos +OC +DN 13.9 15.0 0.00654% 0.00307% 0.00480% 

Hneg +OC +DN 14.5 - d 0.00438% 0% 0.00219% 

Hpos +OC –DN 7.7 8.1 0.477% 0.367% 0.422% 

Hneg +OC –DN 10.2 11.4 0.0854% 0.0362% 0.0608% 

Hpos –OC +DN 13.1 14.9 0.0117% 0.00324% 0.00748% 

Hneg –OC +DN - d - d 0% 0% 0% 

Hpos –OC –DN -0.1 -0.4 105% 129% 117% 

Hneg –OC –DN 0.0 0.2 97.9% 86.6% 92.2% 

a. RNA samples extracted from both Hpos and Hneg cultures were assayed for each DNase treatment 
option: +/- OC = samples with or without on-column DNase treatment; +/- DN = samples with or 
without DNase treatment of the RNA suspension after extraction.  

b. ∆Ct was obtained from the difference in mean Ct values between +RT and –RT reactions. A larger ∆Ct 
value indicates low levels of genomic DNA contamination in the –RT reaction when compared to the 
amount of specific amplification from the cDNA template in the +RT reaction. 

c. Genomic DNA contamination was calculated according to Equation 5.1. 
d. The –RT reactions did not reach the fluorescence threshold in the first 40 PCR cycles of the qPCR 

assay, which indicated the amount of template was below the detection limit of qPCR assay used. 
 

 

4.3.2 Amplification efficiency correction 
Preliminary estimation of amplification efficiency was performed for five genes (gapA, 

glyA, gmk, gyrB and katA) using the standard curve method (Pfaffl, 2001). The 

concentration of cDNA preparations from both planktonic and biofilm samples diluted 

over six orders of magnitude were plotted against their corresponding Ct values to 

calculate an average efficiency from the slope. The calculated E values were all close to 

or greater than the theoretical maximum value of 2 (Table 4.3).  

 

The need for serial dilutions with the standard curve method caused an inherent problem 

with low abundance transcripts as the samples could be diluted out of the range of 

detection. For example, in this study, a full standard curve over six orders of magnitudes 

could only be constructed with gmk for two out of five replicate sample sets due to the 

loss of data points at higher dilutions. Data points for the two standard curves used to 

estimate the amplification efficiency of gmk were therefore only able to be obtained for 

serial dilution over four orders of magnitudes.  
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LinRegPCR (Ramakers et al., 2003) is an alternative method for the estimation of 

amplification efficiency, where E is estimated for individual experimental samples, rather 

than from a separate standard curve. Due to the limitations encountered with the standard 

curve method, LinRegPCR was used to determine E for each qPCR reaction generated in 

the experiment to evaluate the expression stability of candidate internal reference genes. 

The calculations were performed for the seven candidate internal reference genes and 

three heat shock genes across the nine replicate sample sets (Table 4.3). The E calculated 

using LinRegPCR varied widely within the triplicate PCR reactions of identical 

templates, with an average standard deviation of 0.048 efficiency units. In comparison, 

the range in mean E values for the ten different genes assayed varied by 0.l41 units 

between 1.828 for ldhD and 1.969 for katA.  

 

Table 4.3. Mean E determined by the standard curve method and by LinRegPCR 

Gene Efficiency by standard curve

(n = 5)* 

Efficiency by LinRegPCR 

(n = 9 × 15)* 

gapA 2.037 ± 0.021 1.952 ± 0.006 

gmk 1.997 ± 0.117 1.866 ± 0.007 

gyrB 2.072 ± 0.009 1.903 ± 0.005 

ldhD - 1.824 ± 0.005 

glyA 1.986 ± 0.037  1.938 ± 0.005 

proC - 1.947 ± 0.007 

katA 2.004 ± 0.023 1.970 ± 0.004 

atpG - 1.958 ± 0.007 

dnaK - 1.949 ± 0.008 

grpE - 1.941 ± 0.006 

* The mean amplification efficiencies by standard curve method were obtained from five cDNA 
preparations, except gmk. The mean E for gmk was obtained from two biological samples, and these data 
points were only obtained over four data points. As LinRegPCR generates an amplification efficiency 
value for each PCR reaction, a mean E for each gene was calculated within each PCR run for the set of 3 
PCR replicates over the 5 different sample types. The overall mean amplification efficiency of each gene 
presented was obtained from the mean of nine replicate sample sets.  

 

Due to the large differences in E between PCR triplicates, applying individual efficiency 

correction for each reaction could introduce systematic errors (Cook et al., 2004; Peirson 

et al., 2003). However, it was important to verify that there were no significant sample-

specific differences in E values between sample types that would be neglected by using 
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mean efficiencies. E values from the large dataset generated from nine replicate sample 

sets (sample size of 1350 PCR reactions) were analysed to substantiate a robust and 

reliable procedure for the incorporation of E in the calculation of expression levels.  

 

As the dataset was shown to be normally distributed by a Shapiro-Wilks normality test (p 

= 0.2412), multi-way ANOVA was performed on the amplification efficiency data with 

gene, sample type, and replicate as separate factors. This analysis revealed statistically 

significant differences in efficiencies between genes (p < 0.0001) and between sample 

types (p = 0.0014), but no difference between replicate sample sets (p = 0.5668). 

However, the range in mean amplification efficiency between samples was 0.018 units, 

compared to 0.141 units between genes and 0.013 units between replicates. The small 

range in efficiencies between sample types demonstrated that the statistically significant 

difference in efficiencies did not translate into a practical significance. Further 

examination of the efficiencies for each sample type found consistently lower PCR 

efficiencies for biofilm samples compared to planktonic samples as confirmed by two 

sample t-test (p = 0.0032).  

 

The raw transcript quantities or expression levels (Q) were calculated using an E value 

that was estimated by three different approaches; mean E value specific to each sample 

type and gene; a gene-wide mean E value across all sample types; or the commonly 

assumed efficiency value of 2. The calculated transcript quantities showed no significant 

differences with regard to the use of an E value for each individual sample type or the 

gene average (Wilcoxon’s matched pairs nonparametric test p = 0.5394). However, the 

transcript quantities differed when using the gene-wide mean E value versus the 

theoretical maximum efficiency of 2 (p < 0.0001). As a result of these analyses, an 

efficiency correction was applied to each gene or amplicon, which was calculated from 

the mean E value of all samples across the gene. To avoid adding unnecessary 

complications and errors to these calculations, a sample-specific efficiency correction was 

not used. The established method used for the conversion of Ct values to transcript 

quantities is detailed in Section 2.8.4.  
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4.3.3 Expression stability of candidate reference genes  
The expression stability measure (M) was calculated for the seven candidate genes (gapA, 

glyA, gmk, gyrB, ldhD, katA) to evaluate their suitability as internal reference genes 

across A. temperans biofilm, planktonic and heat shock samples. The expression stability 

measure is the average pairwise variation of one particular gene compared to all the other 

candidate internal reference genes (Vandesompele et al., 2002). Stepwise exclusion of the 

least stable genes (highest M value) allowed ranking of candidate internal reference genes 

according to their expression stability. Using the mean M value obtained from nine 

replicate sample sets for ranking, the order from the most stable to the least stable gene is 

gapA > gyrB > gmk > ldhD > glyA > proC > katA (Table 4.4).  

 

Table 4.4. Expression stability* of candidate internal reference genes across planktonic, 

biofilm and heat shocked cultures.  

Candidate internal reference genes Sample 

seta gapA gyrB ldhD gmk glyA proC katA 

1A 0.083 (1) 0.083 (1) 0.350 (2) 0.631 (3)b 0.552 (4) 0.793 (5) 1.708 (6) 

1B 0.332 (2) 0.223 (1) 0.223 (1) 0.607 (3)b 0.593 (4) 0.780 (5) 1.756 (6) 

1C 0.147 (1) 0.147 (1) 0.259 (2) 0.318 (3) 0.544 (4) 0.889 (5) 1.798 (6) 

2A 0.192 (1) 0.260 (2) 0.489 (4) 0.192 (1) 0.440 (3) 0.794 (5) 1.630 (6) 

2B 0.210 (1) 0.258 (2) 0.402 (3) 0.210 (1) 0.464 (4) 0.793 (5) 1.630 (6) 

2C 0.164 (1) 0.164 (1) 0.462 (3) 0.251 (2) 0.559 (4) 0.791 (5) 1.785 (6) 

3A 0.376 (1) 0.532 (3) 0.376 (1) 0.442 (2) 0.673 (4) 1.067 (5) 1.688 (6) 

3B 0.559 (4) 0.460 (2) 0.506 (3) 0.127 (1) 0.127 (1) 1.006 (5) 1.573 (6) 

3C 0.194 (1) 0.371 (2) 0.194 (1) 0.632 (4) 0.476 (3) 0.969 (5) 1.632 (6) 

Mean M 0.251 (1) 0.278 (2) 0.362 (3) 0.379 (4) 0.492 (5) 0.876 (6) 1.689 (7) 

* The expression stability measure (M) of seven candidate internal reference genes were calculated using the 
algorithm presented by Vandesompele et al. (2002). This involved stepwise exclusion of the candidate gene 
with the greatest variation in expression level (largest M value) across the biological sample types tested 
relative to the other candidate genes. The stability measure was then recalculated for the remaining genes, and 
the stepwise exclusion process was repeated until the two most stable genes could not be resolved any further 
due to the required use of gene ratios for gene stability measurements. The M value of the least stable gene at 
each round of elimination is presented in the table. Numbers in brackets represent the stability ranking (1 = 
most stable, 6 = least stable), which was determined by the order that the gene was eliminated.  

a. The three biological replicates were designated with a sample number (1–3), while the reverse transcription 
replicates of these RNA preparations were denoted as letters (A-C). 

b. Since M was recalculated for the remaining genes after each stepwise exclusion of the least stable gene, some 
genes may produce a higher value of M than a less stably ranked gene. This occurred because the removal of 
a gene (glyA) resulted in another gene (gmk) having a relatively greater difference in gene expression pattern 
compared to the remaining genes.  
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Once the internal reference genes were ranked according to their expression stability, the 

appropriate number of genes to use for normalisation was determined. The degree of 

change to the normalisation factor (NF) introduced by the use of each additional (n+1) 

gene was assessed by the pairwise variation (Vn/n+1) (Vandesompele et al., 2002). The 

inclusion of additional candidate reference genes for the calculation of the normalisation 

factor was not required once a low Vn/n+1 was obtained, as it indicated that the additional 

gene did not have a noticeable impact on the normalised results. The addition of unstable 

genes leads to an inaccurate normalisation factor, and a corresponding large change in 

Vn/n+1. The V2/3, V3/4 and V4/5 values were all relatively low (Figure 4.5a) compared to the 

0.15 cutoff recommended by Vandesompele et al. (2002). However, the fluctuations 

between replicate sample sets were larger for V2/3 (range 0.079 – 0.152) and V3/4 (range 

0.072 – 0.152), compared to the range for V4/5 (range 0.085 – 0.116).   

 

Overall, V4/5 most consistently gave the lowest pairwise variation in normalisation factor 

between replicates. This means that the normalised data obtained from the use of four 

genes were not significantly different from when five internal reference genes were used 

(Figure 4.5b). The addition of a sixth or seventh gene increased the variation, as less 

stable genes were included in the calculation of the normalisation factor (Figure 4.5c). 

Therefore, the proposed normalisation strategy involves using the geometric mean of 

expression levels for the four most stably expressed candidate genes, gapA, gyrB, ldhD 

and gmk. These genes encompassed a dynamic range of approximately 1,000-fold 

difference in expression levels between the most abundant (gapA) and the least abundant 

(gmk) transcript.  
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Figure 4.5. Determination of the optimal number of internal reference genes required for the normalisation 
of transcript quantities between samples. A) Evaluation of the pairwise variation in normalisation factor 
(Vn/n+1) by the stepwise inclusion of additional reference genes (NFn compared to NFn+1). To illustrate the 
variability between replicates, each biological replicate (labelled 1-3) and reverse transcription replicate 
(labelled A-C) were listed separately. B) Scatterplot of normalised relative quantities with the use of four 
internal reference genes compared to five genes. C) Scatterplot of normalised relative quantities with the 
use of four internal reference genes compared to seven genes.  
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4.3.4 Validation of normalisation strategy 
Expression profiles of characterised heat shock induced (dnaK and grpE) and heat shock 

repressed (atpG) genes were used to examine the performance of the four selected 

internal reference genes. The expression levels of dnaK, grpE and atpG were normalised 

using the geometric mean expression level of gapA, gyrB, ldhD and gmk. The expression 

of dnaK and grpE increased 68-fold and 62-fold (p < 0.0001) respectively after heat 

shock (Figure 4.6). The transcript level of atpG was 2.9-fold lower after heat shock (p = 

0.0043). 

 

The analysis of gene expression levels also provided data on genes that were 

differentially expressed during biofilm growth compared to planktonic cultures (Figure 

4.6). The expression of atpG was 2.7 to 4.5-fold lower in biofilms compared to planktonic 

cultures of the two A. temperans phenotypes (p < 0.05). Biofilm cultures exhibited a 

higher expression of proC (2.8-fold for Hpos, 1.6-fold for Hneg) and katA (14.5-fold for 

Hpos, 9.2-fold for Hneg) compared to their planktonic counterparts. The abundance of 

atpG, proC and katA transcripts were approximately 1.7-fold more abundant in Hpos 

biofilms compared to Hneg biofilms. This differential gene expression between biofilm 

cultures of the two phenotypes was in contrast to planktonic cultures, where there were no 

significant differences in gene expression between the two phenotypes.  

 

Overall, the five different sample types formed five separate clusters based on the 

expression patterns of the ten genes assayed (Figure 4.6), indicating a distinct gene 

expression profile for each sample type. Heat shock treated samples showed vastly 

different gene expression profiles, forming a separate cluster from the biofilm samples 

and non-heat shock planktonic samples. The close grouping of reverse transcription 

replicates indicated that variation due to experimental factors did not have a significant 

impact on the expression profiles obtained.  
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Figure 4.6. Gene expression patterns of seven candidate internal reference genes and three heat shock genes 
across planktonic, heat shock and biofilm samples. The log2 fold difference in gene expression relative to 
the expression level in Hneg planktonic cultures are represented by the colour scale, where green represents 
higher expression in the specified sample. Each row in the figure represents a different replicate (rep) 
sample, while each column represents a single gene. Three reverse transcription (RT) replicates (labelled A-
C) were obtained from each of the three biological replicates (labelled 1-3). The samples were clustered 
according to their expression profile across the ten genes assayed, as shown by the dendrogram on the left. 
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4.4 Discussion 
Due to the high sensitivity of qPCR gene expression assays, the precision and accuracy of 

qPCR results can be severely compromised by technical errors introduced during 

experimental procedures or data analysis steps. The proper analysis of experimental data 

can be cumbersome, and currently there are only a few studies that have examined 

statistical methods for the analysis of qPCR data. In the current study, several essential 

experimental and data analysis steps were investigated to establish a robust qPCR system 

for the validation of gene expression profiles generated from the microarray analysis of A. 

temperans. The ideal methodology would produce RNA samples free of contamination, 

and enable accurate calculation of gene expression changes across a range of dissimilar 

biological sample types from raw qPCR data. 

 

 

4.4.1 DNase treatment options 
On-column DNase treatment during RNA extraction was able to reduce DNA 

contamination to a level that was satisfactory for the indirect labelling of cDNA samples 

for hybridisation onto spotted microarrays. With the indirect cDNA labelling system, a 

low level of genomic DNA contamination was inconsequential because only cDNA that 

had been reverse transcribed from RNA would have incorporated amino modified 

nucleotides that can be coupled to mono-reactive CyDyes. The highly selective 

adsorption of RNA to the silica membrane in RNeasy columns meant that there were no 

obvious traces of genomic DNA detected by conventional assays such as BioAnalyzer 

and gel electrophoresis, even for samples which did not receive any DNase treatment.  

 

In contrast, the higher sensitivity of qPCR assays revealed significant genomic DNA 

contamination, as exhibited by the amplification of a target-specific PCR product in the 

reverse transcriptase negative (–RT) controls. Real time PCR assays are highly sensitive, 

and are theoretically capable of detecting targets with a copy number as low as two copies 

with the Power SYBR Green master mix (Applied Biosystems, 2006). Due to the 

sensitivity of qPCR assays, it is common practice to incorporate two rounds of DNase 

treatment for RNA preparations prior to use in qPCR assays (Cury & Koo, 2007; 

Fitzmaurice et al., 2004; Hufnagel et al., 2004; Takle et al., 2007). 
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The quantification of genomic DNA contamination using qPCR highlighted the absolute 

requirement for efficient DNase treatment. While no detectable signs of genomic DNA 

were seen in BioAnalyzer electropherograms for –OC –RT samples which did not receive 

any form of DNase treatment, these samples showed the same level of qPCR signal for 

+RT samples (containing cDNA and residual genomic DNA) and –RT controls 

(containing genomic DNA only).  

 

DNase treatment of the RNA in suspension was more effective than on-column DNase 

treatment, regardless of whether prior on-column DNase treatment was performed. 

Although some RNA preparations still contained genomic DNA at a level above the 

detection limit of the qPCR assay, the residual genomic DNA contributed less than 0.01% 

error to the quantification results and was considered to be unavoidable.   

 

 

4.4.2 Conversion of Ct into gene expression levels 
The amplification efficiency (E) value is used in the correlation of Ct values obtained 

from qPCR assays to the expression level of target transcripts (Q). The amplification 

efficiency is commonly assumed to be at the theoretical maximum value of 2, which 

represents the perfect doubling of PCR product with each PCR cycle. However, perfectly 

efficient PCR reactions are rarely achieved experimentally due a large number of factors 

that can decrease amplification efficiencies (Baskaran et al., 1996; Mathieu-Daude et al., 

1996). Applying this maximum efficiency to amplifications reaction with lower 

efficiencies leads to an underestimation of actual fold changes in gene expression 

between samples. Furthermore, the efficiency of PCR amplifications can fluctuate 

between PCR reactions, sample types, or primer pairs. Due to the exponential relationship 

involving E and Ct in the calculation of transcript quantities, even small errors in E values 

can result in large differences in calculated transcript quantities.  

 

For the estimation of amplification efficiency, the LinRegPCR software (Ramakers et al., 

2003) presented several advantages over the classical standard curve method (Pfaffl, 

2001), which relies on serial dilutions. The E values estimated by the standard curve 

method in this study often exceeded the theoretical maximum value of 2. This is 

consistent with other studies, which have shown that standard curve analysis often 
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overestimates amplification efficiencies as PCR inhibitors are diluted throughout the 

serial dilution (Liu & Saint, 2002a; Ramakers et al., 2003; Wong & Medrano, 2005). 

Without the need for a separate set of standard curve samples, LinRegPCR enables faster 

implementation of qPCR assays with fewer PCR reactions, especially when assaying 

across a large number of genes. In addition, LinRegPCR estimates E directly from 

experimental data by calculating the slope of data points in the window of linearity (see 

Section 2.8.4). The direct estimation of E from experimental samples circumvents 

inappropriate inferences from a separate standard curve to experimental samples due to 

assay-to-assay variations and the dilution of inhibitors (Marino et al., 2003). 

 

In practice, E values required to calculate transcript quantities can be estimated several 

ways, depending on how the experimental data is averaged. Transcript quantities could be 

calculated from the E for each individual PCR reaction, or the mean E of triplicate PCR 

reactions of the same template, or the overall mean E across all sample types for each 

amplicon. At the time of this study, the authors of the LinRegPCR software were also 

unclear about whether the individual or averaged E values should be used (J. Ruijter, 

personal communication, 6 June 2006).  

 

The large dataset, consisting of 1350 PCR reactions generated in this study, was used to 

determine an appropriate procedure for the estimation of amplification efficiencies in the 

conversion of Ct values to transcript quantities. The large variation in E between 

essentially identical triplicate qPCR reactions (SD = 0.048 units) compared to a 

maximum variation in E between different amplicons (range = 0.141 units) suggested that 

applying individual efficiency correction for each reaction can exaggerate the difference 

in expression rather than improve accuracy (Cook et al., 2004; Peirson et al., 2003). The 

relatively large variation between individual PCR reactions and any errors in the fitting of 

window of linearity by LinRegPCR can be mitigated by using a gene-wide mean E. The 

use of the mean efficiency for each gene or amplicon is statistically a better estimate of 

the true efficiency because it is estimated from a larger sample size. However, inhibition 

of DNA amplification from sample-specific contaminants have been shown to be 

significant in certain samples (Tichopad et al., 2004). Biofilm cultures produce excess 

extracellular polymeric substances (Stoodley et al., 2002),  which can be inhibitory to 

PCR reactions (Emtiazi et al., 2004; Monteiro et al., 1997). Therefore, it was imperative 

to determine whether E varied significantly between sample types. 
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In the current study, the amplification efficiency of qPCR reactions containing template 

from biofilm samples were found to be lower, at a statistically significant level, than the 

efficiencies of reactions containing template from planktonic samples.  This difference 

could be accounted for by the presence of minute amounts of sample-specific 

contaminants, such as extracellular polymeric substances in the biofilm samples. 

However, the differences were relatively small and did not result in significant practical 

differences in the calculated transcript quantities. With a sufficiently large sample size, 

even small and biologically-inconsequential differences can be found to be statistically 

significant (Graziano & Raulin, 2006). To avoid adding unnecessary complications and 

errors to calculations, a sample-specific efficiency correction was not used.  

 

For the ten genes assayed, the average efficiency varied between genes from a mean of 

1.828 for ldhD to 1.969 for katA. The large difference in E between genes emphasised the 

need for efficiency correction between genes or amplicons. The conversion of Ct values to 

quantities using a model which incorporates an efficiency correction for each gene is also 

supported by a recent detailed evaluation of mathematical models and statistical analyses 

of qPCR data by Karlen et al. (2007). This model represented a more robust approach, 

accounting for variations in factors such as amplicon length, primer secondary structures 

and technical variations which can affect amplification efficiency. 

 

 

4.4.3 Selection & validation of internal reference genes 
The establishment of internal reference genes with stable expression is essential for the 

reliable normalisation of gene expression data across disparate biological sample types 

and experimental conditions. There is no consensus for internal reference controls in 

bacteria (Desroche et al., 2005), and a universal reference gene for all relative 

quantification applications may not exist. Therefore, there is a need to establish suitable 

internal reference genes for specific samples of interest or experimental setup.  

 

Gene expression data generated using heat shock, planktonic and biofilm samples across 

two phenotypic variants of A. temperans were used to select and validate internal 

reference genes for the normalisation of qPCR gene expression data for a wide range of 
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A. temperans sample types. There were fluctuations in the exact ranking of the five most 

stable genes (gapA, gyrB, ldhD, gmk, glyA) between replicates, which suggested similar 

expression stability among these genes. In contrast, the least stable genes were 

consistently proC followed by katA across all replicates. These two genes were 

subsequently deemed unsuitable as internal reference genes.  

 

The use of multiple reference genes is the most conservative method of data 

normalisation (Wong & Medrano, 2005). Due to the inherent variability in prokaryotic 

transcriptomes, it is unlikely that a single gene will be expressed at constant levels across 

all experimental setups. In addition, the use of a single reference gene can lead to 

erroneous normalisation because a gene with stable expression across numerous sample 

types may have significantly different gene expression patterns in a few (Vandesompele 

et al., 2002). By using multiple internal reference genes for normalisation, variation 

between replicate sample sets can be reduced because fluctuations in the expression of 

one gene can be dampened by averaging across several genes. The number of genes 

required for normalisation is a compromise between practical considerations to reduce the 

number of PCR reactions required for each assay, while still incorporating sufficient 

stably expressed genes for the accurate calculation of the normalisation factor 

(Vandesompele et al., 2002).  

 

Although the use of two or three reference genes was sufficient to keep the overall Vn/n+1 

below the recommended cutoff of 0.15 (Vandesompele et al., 2002) for the sample types 

examined, there were large variations in V2/3 and V3/4 between biological replicates. The 

use of five internal reference genes did not alter the resulting normalisation factor 

significantly when compared to using only four genes. The use of six or seven of the 

candidate internal reference genes resulted in an inaccurate normalisation factor as the 

least stable proC and katA genes were included. Therefore, this study suggests that the 

optimum number of internal reference genes to include for normalisation is four genes, 

and the proposed normalisation strategy involved the calculation of a normalisation factor 

for each sample using the geometric mean of expression levels for gapA, gmk, gyrB and 

ldhD. 

 

The proposed normalisation strategy needed to be validated by comparing normalised 

experimental data with expected gene expression profiles. The heat shock response was 
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used because it is a highly conserved stress response that has been extensively studied in 

various bacterial genera (Arsène et al., 2000; da Silva et al., 2003; Gao et al., 2004; 

Guckenberger et al., 2002; Koide et al., 2006). Both dnaK and grpE are crucial heat shock 

induced genes, forming two major chaperone systems in E. coli (Arsène et al., 2000). The 

numerous documented changes in expression levels of these two genes in response to heat 

shock varied, ranging from approximately 5- to 100-fold increase depending on the 

microorganism, assay method and experimental setup (Desroche et al., 2005; Gao et al., 

2004; Richmond et al., 1999; Vandecasteele et al., 2001). In particular, microarray 

analysis of E. coli K-12 found that a shift in temperature from 37ºC to 50ºC for 6 min 

resulted in increased expression in dnaK and grpE by 58.5- and 24.1-fold respectively 

(Richmond et al., 1999). Global transcriptome studies have found atpG and other genes 

encoding components of ATP synthase, were approximately 2- to 5-fold downregulated 

after heat shock (Gao et al., 2004; Guckenberger et al., 2002; Koide et al., 2006). These 

heat shock gene expression profiles were reflected in the gene expression changes 

exhibited by A. temperans after an increase in temperature from 28ºC to 42ºC for 7 min, 

validating the use of the chosen internal reference genes. 

 

The gene expression differences presented in this study highlight the distinct gene 

expression profiles for each sample type, and further supports the need to validate internal 

reference genes for these disparate sample types. The catalase enzyme, encoded by the 

katA gene is involved in the degradation of hydrogen peroxide, which is generated 

endogenously by cells as a result of living in any aerobic environment (Frederick et al., 

2001). Previous investigations in different bacterial species have shown that catalase 

activity can either increase (Anderl et al., 2003; Resch et al., 2005) or decrease (Frederick 

et al., 2001) in biofilms compared to planktonic cells. This study has provided more 

evidence that katA is completely unsuitable as an internal reference gene as it exhibited 

large variations in gene expression level across the different A. temperans sample types. 

The higher abundance of this oxidative stress enzyme in A. temperans does suggest that 

biofilm cells are more exposed to stress factors than cells in liquid media. The 

downregulation of atpG in biofilms is consistent with previous studies (Schembri et al., 

2003), further validating the use of the chosen internal reference genes. The consistent 

and significant differential expression of atpG, proC and katA between Hpos and Hneg 

biofilms provides a first step towards elucidating the molecular basis for the physiological 

differences between the two phenotypes. 
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4.5 Summary and conclusions 
The analysis of reverse transcriptase negative (–RT) controls generated from RNA 

samples that have undergone a combination of on-column and/or in-suspension DNase 

treatments showed that DNase treatment of RNA suspensions was approximately ten fold 

more effective than on-column DNase treatment. This led to the elimination of on-column 

DNase treatment step during RNA extraction and the adoption of DNase treatment of 

RNA suspensions after extraction.  

 

The examination of amplification efficiencies calculated with LinRegPCR software for 

1350 PCR reactions generated in this study emphasised the need to apply a between-gene 

efficiency correction for the accurate determination of relative gene expression levels. 

Evaluation of seven carefully selected candidate internal reference genes across 

planktonic, biofilm and heat shock samples found that gapA, gyrB, ldhD and gmk were 

the four most stable genes. The use of the geometric mean expression levels of these four 

genes for normalisation yielded expression patterns for three heat shock genes that were 

consistent with literature on this universal response. These validated internal reference 

genes will be suitable for other related gene expression studies of the two phenotypic 

variants of A. temperans. The qPCR analysis also provided some preliminary insights into 

gene expression differences between planktonic and biofilm samples for the ten genes 

assayed.  
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CCHHAAPPTTEERR  55::  
GGeennee  EExxpprreessssiioonn  AAnnaallyyssiiss  uussiinngg  aa  
FFuullll  GGeennoommee  MMiiccrrooaarrrraayy  
 

5.1 Introduction 
Since the description of spotted microarrays as the first full scale microarray platform 

(Schena et al., 1995), numerous alternative commercial microarray platforms such as the 

Affymetrix Genechip, Illumina Beadarray, Agilent CodeLink array and Combimatrix 

CustomArray have become available. The Combimatrix CustomArray was selected for 

the development of the Acidovorax temperans full genome array as it offers several 

advantages over the conventional spotted microarray platform (Venkatasubbarao, 2004). 

The Combimatrix platform consists of short oligonucleotides (35 – 42mer) synthesised in 

situ on a porous reaction layer on platinum electrodes using established phosphoramidite 

chemistry. The oligonucleotide synthesis occurs at thousands of sites simultaneously, and 

is controlled by a computer algorithm that activates the targeted electrodes. There are no 

large up-front costs associated with the synthesis of probes on the Combimatrix platform, 

and the in situ oligonucleotide synthesis eliminates the potential problem of well-to-well 

contamination during synthesis. Since physical photolithographic masks, mechanical 

micromirrors, or inkjet technologies are not involved in the synthesis process, probe 

sequences and layouts on the Combimatrix platform can be modified after each 

subsequent experiment without additional design costs. 

 

Despite the rapid development of new microarray platforms over the past decade, the 

amount of RNA or cDNA target required (5 – 20 µg) for standard hybridisation onto all 

microarray platforms remains relatively high. This has impeded the ability to investigate 

gene expression profiles from samples with limited availability, or from targeted cells 

within heterogeneous cell populations. For example, RNA yields from early-stage 

biofilms of A. temperans were found to be insufficient for the investigation of gene 

expression changes during the initiation of biofilm formation (Chapter 3). 
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The practice of pooling RNA from several replicate samples is often used to overcome 

this problem. However, the averaging of gene expression profiles across pooled samples 

can lead to a loss of biological information and reduced fold differences between samples 

(Shih et al., 2004). The gene expression profile of the whole RNA pool can be distorted 

by the addition of just a few outlier samples with altered gene expression (Kendziorski et 

al., 2003). RNA pooling can also lead to complications during the estimation of variance, 

and additional considerations of the experimental design are required to ensure valid 

statistical inferences can be drawn from the pooled data (Peng et al., 2003).  

 

Complex biological systems such as bacterial biofilms can contain physiologically-

differentiated cell populations within the three-dimensional structure, even within single 

species biofilms (Stoodley et al., 2002). These cell populations may be exposed to 

differing external environments due to the occurrence of steep nutrient- and oxygen-

gradients, resulting in distinct gene expression profiles (Lenz et al., 2008; Prigent-

Combaret et al., 1999). Microscale gradients occur under most growth conditions, 

including bacterial colonies grown on agar plates.  

 

Bacterial colonies consists of cells in different growth states, ranging from nutrient- and 

oxygen-starved cells in the centre of the colony to actively growing cells that are 

spreading out at the margin of the colony (Pipe & Grimson, 2008). Mechanisms of 

attachment may also differ within a single colony, where cells at the base of the colony 

are attached to the agar surface, while cells at the top of the colony exhibit cell-to-cell 

attachment. Cells in mixed broth cultures have also been shown to be heterogeneous 

(Kearns & Losick, 2005). Although cell selection techniques such as laser 

microdissection (Klitgaard et al., 2007; Lenz et al., 2008) and cell sorting (Nishimoto et 

al., 2007) enable the targeted recovery of the specific cells, microarray gene expression 

analyses of the separate cell populations without RNA pooling depends on the ability to 

amplify RNA extracted from these limited samples.  

 

RNA amplification for gene expression analysis relies absolutely on the linear 

amplification of targets to ensure that the relative abundance of targets remains unaltered. 

Linear amplification of RNA is principally based on in vitro transcription (IVT) using the 

phage T7 RNA polymerase (Eberwine et al., 1992; van Gelder et al., 1990). Generally, 

eukaryotic mRNA containing polyA tails are selectively reverse transcribed against a 
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high background of rRNA using a primer containing the oligo(dT) sequence coupled to 

the T7 promoter. After the synthesis of double stranded cDNA, the T7 RNA polymerase 

is introduced for the synthesis of antisense amplified RNA (aRNA) from the cDNA 

template. 

 

However, the selective amplification of bacterial mRNA from total RNA samples is not 

possible using these methods due to the lack of a polyA tail on bacterial mRNA. Several 

novel commercial kits have recently been developed to overcome the special challenges 

associated with the amplification of bacterial mRNA. In the Ambion system, bacterial 

mRNA is selectively enriched from total RNA using a sandwich hybridisation method 

(Morrissey et al., 1989) to remove rRNA prior to RNA amplification. Subsequently, the 

3’ end of the enriched mRNA sample is polyadenylated using the Poly(A) Polymerase 

enzyme to facilitate RNA amplification using oligo(dT) primers. In contrast, the AmpTec 

ExpressArt Bacterial mRNA amplification kit enables the selective amplification of 

bacterial mRNA using patent-pending TRInucleotide primers, without prior mRNA 

enrichment. 

 

Microarray comparisons of planktonic cells and biofilms in a range of Gram positive and 

Gram negative bacteria have led to the discovery of several groups of genes that are 

consistently found to be differentially expressed across these studies. Genes encoding 

type IV pili and attachment factors such as fimbriae, Antigen 43 and haemagglutinin 

proteins have been shown to be more highly expressed during biofilm formation (de 

Souza et al., 2004; Kjærgaard et al., 2000; Schembri et al., 2003; Shemesh et al., 2007; 

Waite et al., 2005; Whiteley et al., 2001). In particular, type IV pili and twitching motility 

have been found to be essential for biofilm establishment and development in a variety of 

Gram-negative bacteria, including P. aeruginosa and E. coli. For bacterial species such as 

P. aeruginosa and Bacillus subtilis that express flagellar genes in planktonic growth, a 

repression of these genes was associated with the adoption of a sessile lifestyle in 

biofilms (Stanley et al., 2003; Whiteley et al., 2001). The gene expression profile of 

mature E. coli biofilms have also been described as being more similar to stationary phase 

broth cultures than planktonic cells at exponential phase (Schembri et al., 2003). 

However, the expression of ribosomal genes has been found to be upregulated in biofilm 

cells when compared to stationary phase broth, suggesting that there may be active 

growth within the biofilm matrix (Schembri et al., 2003; Whiteley et al., 2001). 
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Despite obvious phenotypic differences between planktonic and biofilm cells, only a 

small number of genes have been associated with the induction and maintenance of the 

biofilm mode of growth. The identification of key factors associated with the switch from 

a planktonic to biofilm mode of growth has been complicated by the lack of a defined 

universal biofilm phenotype (Lazazzera, 2005; Mikkelsen et al., 2007). Biofilm research 

across different bacterial species has used different biofilm model systems ranging from 

static-batch systems (Moorthy & Watnick, 2005; Shemesh et al., 2007) to continuous 

flow systems (Lenz et al., 2008; Mikkelsen et al., 2007; Schembri et al., 2003). Substrates 

with a variety of physio-chemical properties have also been used for surface attachment, 

including polystyrene, nitrocellulose membrane, glass wool, silicon tubing, steel and 

teflon mesh (Palmer et al., 2007).  

 

Microarray analysis of biofilms has often been confined to comparisons of samples 

harvested at a single time point due to technical limitations and the cost of microarray 

experiments. Biofilm formation is a complex process, which involves gene expression 

changes across different phases of initial attachment, irreversible attachment,  maturation 

and detachment (O'Toole et al., 2000). The limited snapshot of gene expression provided 

by mature biofilms, coupled with the lack of a clearly defined endpoint for biofilm 

development have limited the ability of microarrays to elucidate genes that are transiently 

expressed during biofilm formation (Lazazzera, 2005). More recently, emphasis has been 

placed on the microarray analysis of biofilms across multiple time points (Domka et al., 

2007; Resch et al., 2005; Stanley et al., 2003; Waite et al., 2005), which may enable the 

identification of sequential cascades of gene expression changes and transiently expressed 

genes that are only expressed at certain phases during biofilm formation (Waite et al., 

2006). 

 

While global gene expression differences between planktonic and biofilm cells have been 

widely reported, the gene expression profiles of bacterial colonies on agar have largely 

been neglected. Mikkelson et al. reported in March 2007 that their study was the first to 

investigate the inter-relationship between planktonic cells, bacterial colonies and biofilm 

cultures using a global approach under comparable conditions (Mikkelsen et al., 2007). 

The study used two-dimensional fluorescence difference gel electrophoresis (2-D DiGE) 

to investigate relative abundances of proteins in the three different sample types. 



Chapter 5: Gene expression analysis using a full genome microarray  

 113

However, a search of literature to date has not shown any microarray comparison of gene 

expression for the three growth modes. A. temperans exhibits two different colony 

morphotypes when grown on R2A agar, and has differential capacity for biofilm 

formation, making it a useful model organism for the investigation of gene expression 

differences in bacterial colonies, biofilms and broth cultures. 

 

The aim of the research presented in this chapter was to overcome some of these technical 

challenges in the development and application of a full genome array platform for A. 

temperans. Specific research objectives were: 

i) to develop a full genome array platform for A. temperans, 

ii) to validate the use of RNA amplification for microarray gene expression 

analyses, 

iii) to apply the array platform to investigate gene expression differences 

between Hpos and Hneg biofilm cultures and bacterial colonies. To gain 

insights into gene expression changes that occur during biofilm formation, 

biofilm samples from a series of time points were also included. 
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5.2 Methods 

5.2.1 Experimental strategy 
The experimental strategy adopted to address the research objectives described in this 

chapter is outlined in Figure 5.1.  
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Figure 5.1. Experimental strategy for the development and analysis of the A. temperans full genome array. 
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In brief, probes for the full genome array were designed using gene sequences predicted 

from the A. temperans genome database. To investigate whether the RNA amplification 

process altered the relative abundances of transcripts, gene expression profile in response 

to heat shock treatment were compared across arrays prepared using unamplified total 

RNA and aRNA. The established experimental procedures were then used to obtain gene 

expression microarray data from bacterial colonies grown for 48 hours on R2A agar, and 

from surface-attached and suspended cells in static biofilms after 3, 12, 24 and 72 hours 

to determine gene expression differences between these samples. In addition, the 

microarray data were also used for the analysis of hybridisation specificity of the 

Combimatrix CustomArray platform (results presented in Appendix 1). 

 
 

5.2.2 A. temperans full genome microarray platform 
Microarray probes were designed as described in Appendix 1, and manufactured on the 

Combimatrix CustomArray platform (Table 5.1). Briefly, two sets of probes (~35mers) 

were designed, which targeted every predicted gene sequence in the A. temperans genome 

database. The first set of gene probes were designed using the Combimatrix Automated 

Probe Design Suite to target predicted open reading frames (ORFs) in Genome Assembly 

ID 4 (see Section 2.5.1 for details of genome assemblies). Subsequently, a second set of 

gene probes were designed using the ROSO software (Reymond et al., 2004) to target 

gene sequences from the more recent Genome Assembly ID 22. Technical probes with 

varying values for probe Tm, Gibb’s free energy (∆G) for hairpin and homoduplex 

formation and probe location were also designed for selected genes. In addition to probes 

targeting gene sequences, mismatch probes, negative control probes and the 

manufacturer’s quality control probes were also included on the array.  
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Table 5.1. Description of probes included on the A. temperans full genome array. 

Probe type Number of 

sequences 

Replicate Total number 

of probes 

Gene probes designed by Combimatrix 

(Genome Assembly ID 4) 

5799 1 5799 

Gene probes designed using ROSO 

(Genome Assembly ID 22) 

4854 1 4854 

Multiple probes along selected gene 311 1 311 

Probes with varying Tm 72 1 72 

Probes with varying ∆G threshold for 

hairpin formation  

95 1 95 

Probes with varying ∆G threshold for 

homoduplex formation 

112 1 112 

Selected probes printed multiple times 126 1 126 

Mismatch probes 507 1 507 

Negative controls 10 5 50 

Probes targeting external RNA controls 7 10 70 

Probe targeting GFP gene 1 1 1 

Manufacturer built-in QC probes   547 

Total   12544 

 
 
 

5.2.3 Validation of RNA amplification 
To investigate the effect of RNA amplification on gene expression results, heat shock 

gene expression profiles obtained using microarray and real time quantitative PCR 

(qPCR) from either total RNA or aRNA samples were compared according to the 

experimental schematic in Figure 5.2. The heat shock response was induced in 8 ml of 

Hpos cultures grown in R2A broth (OD600 = 0.40 – 0.45), and total RNA was extracted 

from three biological replicates of the heat shocked (HS) sample and non-heat shock 

(NHS) control according to the method described in Section 2.4.2.5. DNase treatment was 

performed using the TURBO DNA-free kit to remove residual genomic DNA in the total 

RNA preparations.  
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Figure 5.2. Experimental design to investigate differences in gene expression profiles as a result of sample 
preparation methods. Total RNA extracted from non-heat shock and heat shock samples were reversed 
transcribed to cDNA or used for RNA amplification using the ExpressArt and Ambion methods. Gene 
expression profiles were obtained for samples generated from the three different sample preparation 
methods using the microarray platform and real time quantitative PCR.  
 

 

A mix of external RNA controls (ERC), consisting of seven different Stratagene 

SpotReport Arabidopsis thaliana mRNAs was then spiked into the RNA preparations for 

the RNA amplification experiment (Table 5.2). The amount of four control RNAs (LTP4, 

LTP6, XCP2 and RCP1) were added at a fixed concentration for RNA preparation from 

both NHS and HS samples, while the amount of three other control RNAs (PRKase, TIM 

and RCA) were added in different concentrations for the two sample types.   
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Table 5.2. External RNA controls used in the RNA amplification experiment 

ERC 

name 

GeneBank 

Accession 

number 

ERC  

GC content 

(%) 

ERC probe  

GC content 

(%) 

ERC added  

(ng per 10 µg total RNA 

samples) 

LTP4 AF159801 43.4 40.5 0.5000 

LTP6 AF159803 43.8 45.7 0.0500 

XCP2 AF191028 43.3 51.4 0.0050 

RCP1 AF168390 43.6 41.7 0.0005 

PRKase X58149 44.9 48.6 0.10 (NHS) 

0.20 (HS) 

TIM AF247559 46.4 43.2 0.20 (NHS) 

0.10 (HS) 

RCA X14212 47.2 48.6 0.008 (NHS) 

0.032 (HS) 

 

Total RNA samples were processed through a conventional cDNA synthesis method 

(cDNA method), as well as two RNA amplification methods (aRNA- ExpressArt and 

Ambion methods) to generate labelled samples that were hybridised onto the full genome 

array according to methods listed in Section 2.7. Briefly, for the cDNA method, 5 µg of 

total RNA was added to reverse transcription reactions, and the resulting cDNA (~3 µg) 

was labelled and hybridised onto the micorarray at 50ºC for 16 hours. For the two aRNA 

methods, additional steps were taken to amplify the total RNA before hybridisation onto 

the microarray. For the ExpressArt (EA) method, 500 ng of total RNA was processed 

through two rounds of RNA amplification using the ExpressArt Bacterial mRNA 

amplification nano kit (AmpTec). For the Ambion (Am) method, mRNA was firstly 

enriched from 3 µg of total RNA, and 200 ng of the resulting enriched mRNA was 

amplified using the Ambion MessageAmp II-Bacteria kit. For both aRNA methods, 5 µg 

of the aRNA was labelled, fragmented and hybridised onto the microarray at 45ºC.  

 

To compare heat shock gene expression profiles obtained using the three different sample 

preparation methods by quantitative real time PCR (qPCR), 1 µg of total RNA or aRNA 

were reverse transcribed using the SuperScript III First Strand Synthesis System for RT-

PCR (Invitrogen). Quantitative PCR assays were performed as described in section 2.8. 
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5.2.4 Gene expression analysis of bacterial colonies, 
biofilms, and planktonic cells 

For the gene expression analysis of bacterial colonies, 1 µl of cell suspension containing 

approximately 103 CFU/ml of either Hpos or Hneg cells were spotted onto R2A agar 

plates in an evenly spaced pattern (~25 spots) with the aim of achieving colonies grown 

under uniform conditions. Agar plates were incubated at 28ºC for 48 hours, and 

differences in the margin of Hpos and Hneg colonies were examined under the 

microscope. RNA was extracted from three replicate plates of bacterial colonies for each 

colony morphotype according to methods described in Section 2.4.2.5.  

 

Three biological replicates of Hpos and Hneg broth cultures grown with constant shaking 

at 28ºC for 24 hours (OD600 ≈ 0.50 for Hpos, OD600 ≈ 0.75 for Hneg) were equilibrated to 

OD600 of 0.10 and used to inoculate static biofilm cultures in 90 mm polystyrene petri 

dishes. A set of eight static biofilm cultures was prepared for each biological replicate. 

Samples for gene expression analyses were collected from the broth inoculum (time point 

0, BR0), as well as suspended and surface attached biofilm cells after 3, 12, 24 and 72 

hours of growth at 28ºC (Figure 5.3). At each of the four time points, one static biofilm 

sample was used for RNA extraction, while another was used for optical density 

measurement of suspended cells in the supernatant fraction (SN) and crystal violet assay 

of the surface attached biofilm (BF). Negative controls containing R2A broth with no 

inoculum were included for all sample sets. To harvest planktonic cells in the broth 

culture and supernatant fraction of the biofilms, one volume of the liquid culture was 

mixed with two volumes of Qiagen RNAprotect Bacteria Reagent. Once the liquid media 

containing suspended cells had been removed from the biofilm cultures, the surface 

attached cells were resuspended with 2 ml of stabilisation solution containing 

RNAprotect Bacteria Reagent.  

Stationary phase 
planktonic cells 

(BR0) 

Suspended cells 
in supernatant 
fraction (SN) 

Static biofilm 
harvested after 3, 12, 
24 and 72 h of growth Surface attached 

biofilm cells (BF)  
Figure 5.3. Collection of planktonic cells from stationary phase broth culture (BR0), as well as suspended 
cells in the supernatant fraction (SN) and surface attached biofilm cells (BF) for the gene expression 
analysis of Hpos and Hneg static biofilms. Suspended and biofilm cells were collected from static biofilm 
cultures after 3, 12, 24 and 72 hours of growth. 
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RNA extraction and DNase treatment of samples were performed according to the 

methods described in Section 2.4.2.5. Total RNA samples were amplified using the 

ExpressArt bacterial mRNA amplification kit. Combimatrix arrays were hybridised with 

5 µg of aRNA labelled with biotin using the Kreatech ULS-Biotin Labeling kit. 

 

 

5.2.5 Microarray hybridisation, wash and scanning 
Microarray hybridisation, post-hybridisation labelling, microarray wash and image 

acquisition for all Combimatrix arrays were performed according to procedures detailed 

in Section 2.7. Due to the large number of samples involved in the biofilm experiment, 

hybridisations were performed in a randomised order so that experimental biases were not 

compounded across any specific set of samples. 

 
 
 

5.2.6 Data normalisation and analysis 
Statistical analyses were performed using the R software package. Microarray data 

processing included two-dimensional spatial loess correction and global mean 

normalisation as described in Section 2.7.5. The arrays within the RNA amplification 

validation experiment and the gene expression profiling experiments were then quantile 

normalised to enable comparisons of intensities between arrays (Figure 5.4). Differential 

gene expression was determined using the limma package. The experimental design, raw 

microarray data and normalised microarray data are included in Appendix 2.  

 

Due to the large variation in the signal intensities of replicate probes targeting the same 

gene (see analysis in Appendix 1), these probes were treated independently throughout 

the normalisation and analysis procedures to obtain a list of probes exhibiting differential 

expression.  To compile a table of differentially expressed genes, the mean fold change of 

differentially expressed probes that targeted the same gene was calculated, as fold 

changes were more consistent across probe targeting the same gene (Appendix 1). 

 

Probes designed using gene sequences from Genome Assembly ID 4 and 22 were 

matched by BLAST analysis to equivalent genes in v1.2a of the A. temperans genome 

database, which had been manually curated. Genes were grouped into functional 
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categories according to the Clusters of Orthologous Groups of proteins (COG) 

classifications (www.ncbi.nlm.nih.gov/COG) (Tatusov et al., 2001). A number of probes 

on the microarray, which were designed to target predicted ORFs in Genome Assembly 

ID 4 and 22 did not give hits to any of the 3842 predicted genes in the newly annotated 

genome database (v1.2a). The probe sequences were found to match regions of the 

genome outside any predicted ORFs, or the probe sequences were in the opposite 

orientation compared to the orientation of the predicted genes. These probes were 

included in the analysis of differential gene expression and were treated as representing 

genes coding for hypothetical proteins. 

 

Static biofilm time series samples  
(54 arrays) 

Colonies 
grown on 
R2A agar  
(6 arrays) 

HS vs NHS 
Invitrogen 

cDNA  
(6 arrays) 

HS vs NHS 
ExpressArt 

aRNA  
(6 arrays) 

HS vs NHS 
Ambion  
aRNA 

(6 arrays) 

RNA amplification 
validation  Gene expression experiments 

 
Figure 5.4. Summary of microarray datasets and the quantile normalisation scheme. For the RNA 
amplification validation experiment, gene expression profiles from heat shocked (HS) and non-heat shock 
(NHS) samples obtained from arrays prepared using three different sample processing methods (Invitrogen 
cDNA, Ambion aRNA, ExpressArt aRNA) were quantile normalised to enable comparison between the 
datasets. With the adoption of the ExpressArt kit for RNA amplification in subsequent gene expression 
experiments, heat shock gene expression data obtained from the six arrays hybridised with ExpressArt 
aRNA were combined with microarray data for bacterial colonies grown on R2A agar and static biofilm 
samples.  
 

 

5.2.7 Verification of microarray results 
Differential gene expression detected from microarray assays were independently verified 

by real time quantitative PCR, according to methods described in Section 2.8. 
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5.3 Results 

5.3.1 Effect of RNA amplification on gene expression 
profiles 

Before implementing RNA amplification as a standard procedure for the processing of 

samples for the full genome array platform, the heat shock response was used to 

investigate changes to gene expression that may be introduced as a result of the RNA 

amplification process. Microarray results obtained from the hybridisation of cDNA 

samples generated from unamplified total RNA were compared to results obtained from 

the hybridisation of aRNA samples generated using either the ExpressArt (EA) kit or 

Ambion (Am) system. There were 10 probes (representing 8 different genes) that were 

found to be differentially expressed at a statistically significant level (p < 0.05) for cDNA 

arrays, compared to 126 probes (representing 54 genes) for ExpressArt aRNA and 648 

probes (representing 365 genes) for Ambion aRNA. The comparatively lower number of 

differentially expressed genes from arrays hybridised with cDNA reflected the generally 

lower fold changes observed, where there were 194 probes with greater than two-fold 

change between HS and NHS samples. In comparison, the number of probes showing 

more than two-fold difference between HS and NHS samples was 545 and 811 for the 

ExpressArt and Ambion methods, respectively. 

 

To determine the concordance between the lists of differentially expressed probes across 

the three methods, probes were ranked by significance (p-value) and the first 648 probes 

were compared. This corresponded to the number of probes showing significance (p < 

0.05) for the Ambion system. The comparison found that 28.1% of these probes were 

common to all three methods (Figure 5.5a). When this comparison was repeated with the 

top 25, 50, 100, 250 and 500 genes ranked according to significance, the overlap between 

the three methods was relatively constant, in the range of 28% to 36%. In addition, 38% 

to 53% of probes were exclusive to one method only. When the probes were related to 

specific genes, the 648 probes represented 464, 402 or 365 genes for cDNA, ExpressArt 

aRNA or Ambion aRNA arrays, respectively. There were also a large proportion of genes 

that were represented by one method only (Figure 5.5b). 
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A B 
        Probes with highest statistical 

significance 
    Genes represented by the most 

significant probes 

343  
(52.9%) 

182 
(28.1%) 

272 
(42.0%) 

323  
(49.8%) 

87 
(13.4%) 

107 
(16.5%) 

36  
(5.6%) 

cDNA  
(648 probes) 

ExpressArt aRNA 
(648 probes) 

Ambion aRNA  
(648 most significant probes) 

 

297 
(64%) 

78 
 

165 
(45%) 

227  
(56%) 

57 
 

65 
 

32 
 

cDNA  
(464 genes) 

ExpressArt aRNA 
(402 genes) 

Ambion aRNA  
(365 genes) 

 
Figure 5.5. Comparison of differential expression between three sample preparation methods using the 648 
probes with the most statistically significant differential expression (A), and the genes that were represented 
by these probes (B). This corresponded to the number of probes showing significance (p < 0.05) for the 
Ambion system. 
 

Despite large differences in the ranking of genes based on significance, the genes that 

were common to the three methods included many genes coding for known heat shock 

proteins. These genes were found to be differentially expressed at a statistically 

significant level by both the Ambion and ExpressArt aRNA methods. The eight genes 

found to be differentially expressed using the cDNA method also coded for known heat 

shock proteins. In general, expression profiles generated using the two aRNA methods 

were more similar to each other than to the expression profiles generated using the cDNA 

method. This greater degree of concordance between the two aRNA methods was also 

evident in the correlation of probe intensities and HS/NHS expression ratios across the 

three methods (Table 5.3) 

 

Table 5.3. Pearson correlation coefficients between sample preparation methods  
 Comparison 

 cDNA vs 

ExpressArt aRNA 

cDNA vs  

Ambion aRNA 

ExpressArt aRNA 

vs Ambion aRNA 

Probe intensities 0.5139 0.4456 0.6529 

Expression ratios  0.4993 0.5662 0.7014 
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To independently verify the microarray results, qPCR analysis was performed on genes 

that were found to be the most significant (lowest p-values) by all three methods, as well 

as some genes that were detected by only one or two sample preparation methods (Table 

5.4). In contrast to the microarray results, qPCR data obtained from the three sample 

preparation methods showed a high degree of similarity (Figure 5.6). The microarray and 

qPCR data also showed a high level of correlation between fold changes. The Pearson 

correlation coefficient between microarray and qPCR data was 0.81 for cDNA samples 

compared to 0.88 for EA aRNA and 0.93 for Am aRNA samples.  
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Table 5.4. Genes selected for the verification of microarray results by qPCR. 
Differential expressiona Gene 

name 

Gene product 

cDNA EA Am 

dnaK* Heat shock protein Hsp70 S S S 

grpE* Molecular chaperone GrpE family protein     S S S 

htpG* Heat shock protein 90 S S S 

ATe0775* 60 kDa chaperonin (groEL protein) NS S S 

metQ D-methionine-binding lipoprotein        NS S S 

clpB* Endopeptidase Clp ATP-binding chain B NS S S 

clpP* ATP-dependent Clp protease proteolytic 

subunit 

S S S 

rpoH* RNA polymerase sigma factor NS NS S 

opdA* Oligopeptidase A        NS S S 

narK Nitrate extrusion protein NS S S 

pilG Twitching motility protein NS NS S 

cysA Sulphate/thiosulphate import ATP-binding 

protein 

NS NR S 

katA Catalase         NR NS NR 

rpoC DNA-directed RNA polymerase beta subunit NS NR NR 

argJ Arginine biosynthesis bifunctional protein NR NS NR 

gmk Guanylate kinase        NS NR NR 

ldhD D-lactate dehydrogenase        NR NR NR 

gyrB DNA gyrase subunit B      NS NS NR 

gapA Glyceraldehyde-3-phosphate dehydrogenase NS NS S 

a. (S) Probes targeting the gene were found to be differentially expressed between NHS and HS samples 
to a statistically significance level (p < 0.05) by the specified method; (NS) Probes targeting the gene 
were found in the top 648 probes ranked by significance but it was not found to be differentially 
expressed between NHS and HS to a statistically significant level; (NR) Probes targeting the gene were 
not found in the top 648 probes ranked by significance. 

*  Genes coding for proteins previously shown to be part of the heat shock stimulon (Richmond et al, 
1999) 
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Figure 5.6. Comparison of gene expression profiles measured by microarray and qPCR assays for cDNA, 
ExpressArt (EA) aRNA and Ambion (Am) aRNA samples.  Expression profiles were obtained for genes 
that were found to have significant differential expression (p-value) by all three methods, as well as other 
genes that were detected by only one or two sample preparation methods. Relative levels of gene expression 
in response to heat shock treatment are represented by the colour key, where green represents increased 
expression in heat shocked samples. Three replicate pairs of samples were included in the analysis, 
designated 1-3.  
 

 

Although the correlation between microarray and qPCR data for cDNA samples was 

relatively high, the microarray data showed severe fold compression with fold changes on 

cDNA arrays being three times less than the fold changes detected by qPCR assays. For 

genes that were not common to the three methods, the differences in statistical 

significance level were caused by differences in the magnitude of the fold changes, rather 

than a contradiction of fold change direction. While three out of the four internal 

reference genes were among the top genes ranked by significance, and gapA was found to 

show statistically significant differential expression using the Ambion method, the 

magnitude of fold differences between HS and NHS samples for all four internal 

reference genes was very low (Figure 5.6).  
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Mismatch and control probes on the array were analysed to assess differences in 

hybridisation kinetics between samples generated using the three sample preparation 

methods. The normalised fluorescent intensities of negative control probes on 

micorarrays hybridised with cDNA samples were significantly higher than the negative 

control probe intensities on arrays hybridised with aRNA samples (Figure 5.7). The 

intensities of mismatch (MM) probes compared to their perfect match (PM) counterparts 

revealed that hybridisation with aRNA samples resulted in greater specificity, with a 

faster rate of decay in probe intensity as the number of mismatched nucleotides increased 

(Figure 5.8).  
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Figure 5.7. The mean quantile normalised intensity of negative control probes on microarrays hybridised 
with cDNA (red), ExpressArt aRNA (blue) and Ambion aRNA (green) samples. The dashed lines indicate 
the median intensity across all the negative control probes for each method.  
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Figure 5.8. Relationship between probe intensity and the number of mismatched nucleotides in the probe 
sequence. The intensities of mismatch (MM) probes in each probe set were standardised to the intensity of 
the corresponding perfect match (PM) probe (log2(MM/PM)). The hybridisation specificity is indicated by 
the initial slope of the curves, where greater hybridisation specificity is indicated by a greater rate of decay 
in intensity as the number of mismatches increases. The background probe fluorescence levels, represented 
by the median intensity of negative control (NC) probes are indicated by the dashed lines.  
 

 

After assessing the effects of RNA amplification on gene expression results, RNA 

amplification using the ExpressArt bacterial mRNA amplification kit was incorporated 

into the experimental procedures used for subsequent gene expression microarray 

experiments.  
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5.3.2 Addition of external RNA controls 
Various concentrations of seven Arabidopsis thaliana mRNAs were spiked into samples 

as external RNA controls (ERC) for the RNA amplification validation experiment to 

assess the dynamic range and detection limit of the array platform. Although there was a 

general increase in probe intensity with increasing amount of ERC added to the sample, 

there was no clear relationship between the concentrations of controls added and probe 

intensity (Figure 5.9). Further analysis showed that GC content of the RNA controls, and 

their corresponding probe sequences recommended by the manufacturer were 

approximately 45% (Table 5.2), while the mean GC content of A. temperans gene 

sequences was 62%. As Tm is proportional to GC content, the hybridisation and wash 

conditions used for A. temperans were considered to be too stringent for the low GC 

control RNA sequences. The commercially available Arabidosis thaliana ERC were 

therefore not compatible with A. temperans samples, and were not used for subsequent 

gene expression experiments. 
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Figure 5.9. Relationship between normalised probe intensities and the amount of external RNA controls 
added to total RNA samples. Microarrays were hybridised with cDNA samples generated from unamplified 
total RNA, or aRNA samples generated using either the ExpressArt kit or Ambion system. 
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5.3.3 Gene expression profiles of bacterial colonies 
The gene expression differences between the two colony morphotypes of A. temperans 

CB2 were investigated to determine the molecular mechanisms that may be involved in 

the initiation of halo formation. The phenotypic differences between Hpos and Hneg 

colonies were apparent after 7 days of growth on R2A agar, where Hpos colonies showed 

a prominent halo with a lattice-like network of cells at the outer edge of the colony 

(Figure 5.10). In contrast, Hneg colonies showed a defined entire margin. To investigate 

gene expression differences during halo formation, 48-hour Hpos and Hneg bacterial 

colonies were used, which is the stage when a small front of cells could be seen emerging 

from the margin of Hpos colonies.   
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Figure 5.10. The margin of Hpos and Hneg bacterial colonies grown on R2A agar after 48 hours or 7 days. 
A) After 48 hours of growth, the initiation of halo formation can be seen in Hpos colonies as an advancing 
front at the colony margin. The halo is clearly present after 7 days of growth. B) In contrast, Hneg colonies 
exhibited an entire margin after 48 hours and 7 days of growth. 
 
 
 
Microarray comparison of gene expression Hpos and Hneg colonies grown on R2A agar 

for 48 hours revealed 76 probes that were differentially expressed (p < 0.05), representing 

23 genes that were more highly expressed in Hpos and 25 genes that were more highly 
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expressed in Hneg (Supplementary Table A3.1). Among the genes that were more highly 

expressed in Hpos colonies were response regulators (ATe0031, ATe3602) and a 

transcriptional regulator (ATe1523). Genes coding for GGDEF-domain containing 

proteins were found to be more highly expressed in Hpos (ATe1228) and Hneg 

(ATe1555) colonies. Noticeably, a cluster of genes (ATe3101 to ATe3107), involved in 

pili assembly and the secretion pathway, was found to be significantly more highly 

expressed in Hneg colonies (Figure 5.11). 
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Figure 5.11. The gene cluster found to be more highly expressed in Hneg colonies compared to Hpos 
colonies. The presence of genes coding for secretion proteins and pilus assembly proteins suggests that this 
cluster of genes is involved in pili assembly.  
 

 

Based on COG classifications, 48% of the genes that were more highly expressed in Hpos 

coded for proteins involved in metabolic functions, compared to 32% of genes that were 

more highly expressed in Hneg. Hpos colonies exhibited higher expression of genes 

involved in energy conversion, and carbohydrate metabolism, while genes involved in 

lipid metabolism were more highly expressed in Hneg colonies.  

 

To independently verify the gene expression differences obtained using microarray, the 

expression level of a subset of the differentially expressed genes, particularly the gene 

cluster, were assayed by qPCR. The gene expression differences between Hpos and Hneg 

obtained from qPCR correlated well with microarray fold changes (Figure 5.12).  
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Figure 5.12. Comparison of differential expression between 48-hour Hpos and Hneg bacterial colonies 
obtained using microarray and real time PCR assays. 
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5.3.4 Gene expression profiles of A. temperans biofilms 
Microarray analysis of surface attached biofilm cells (BF) and suspended cells in the 

supernatant fraction (SN) of static biofilm cultures at 3, 12, 24 and 72 hours of growth was 

performed to investigate gene expression changes during biofilm formation, as well as gene 

expression differences in Hpos and Hneg biofilms. The expression profiles of planktonic 

cells in R2A broth culture (BR0) used to generate the biofilm cultures were also 

determined.  

 

5.3.4.1 Cell growth and surface attachment during biofilm formation 

To enable gene expression changes to be correlated to experimental observations of biofilm 

structure, quantitative measurements of suspended cell density and crystal violet assays of 

surface-attached cells were performed. Generally, Hpos cells showed the ability to attach 

strongly to the hydrophobic polystyrene surface, resulting in the formation of confluent 

biofilms (Figure 5.13). In contrast, Hneg cells attached weakly to the surface, with the 

formation of sparse biofilms that were readily detached during the biofilm staining 

procedure. The difference in the amount of surface attached cells between Hpos and Hneg 

cultures was not due to cell growth as the lower density of Hneg biofilms were 

compensated with higher concentration of suspended cells in the supernatant fraction 

(Figure 5.14).  

 
Hpos and Hneg biofilms also exhibited differing developmental patterns over time. After 3 

hours of growth, there was evidence for initial cell attachment and the formation of a 

conditioning film on the surface for both Hpos and Hneg cultures (Figure 5.13). The 

transition from 3- to 12-hour old biofilm cultures was associated with a significant increase 

in the OD600 of liquid supernatant fraction of the biofilm cultures, and a slight increase in 

surface attachment (Figure 5.14). At the 24 hour time point, there was a dramatic increase 

in the density of Hpos biofilm as the biofilm mature, and a decrease in the cell density of 

the supernatant fraction of Hpos cultures. While the density of Hneg biofilm also increased 

at the 24 hour time point, the degree of surface attachment was lower, and there was no 

decrease in the cell density of the supernatant fraction. The cell density of the supernatant 

and surface-attached fractions reached a plateau after 24 hours of growth for both Hpos and 

Hneg, with a gradual increase in cell density from 24 to 72 hours.  



Chapter 5: Gene expression analysis using a full genome microarray  

 134

400X 400X 100X 100X 

400X 400X 100X 100X 

A 

Hpos 

3 hours 

Hpos 

Hneg 

Negative 
control 

B 

C 

Hneg 

24 hours 12 hours 72 hours 

400X  
 
Figure 5.13. Crystal violet assay of Hpos and Hneg static biofilm cultures grown over 3, 12, 24 and 72 hours. 
The red squares on the photo images (A) indicate the areas that are represented by the microscope images (B). 
Photo and microscope image of a negative control (C). The negative control showed no bacterial growth but 
microscopic examination revealed sparse coverage of the surface with salt crystals from the wash buffers 
(indicated by red arrows). After 3 hours of growth, the static biofilm cultures showed a small number of 
surface attached cells. A conditioning film had also formed, which resulted in an increased retention of salt 
crystals by the surface. By 12 hours, the surface was densely covered by Hpos biofilm, and further increase in 
surface coverage was observed at 24 and 72 hours. The surface coverage was lower for Hneg static biofilm 
cultures. The Hneg biofilms attached weakly to the surface, and layers of the Hneg biofilm readily lifted off 
the surface. Similar images were obtained for the three biological replicates examined.  
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Figure 5.14. Comparison of cell densities in supernatants and biofilms as determined by optical density 
(OD600) and crystal violet staining assay (OD560), respectively. Assays were performed on Hpos and Hneg 
static biofilm cultures after 3, 12, 24 and 72 hours of growth.  
 

 

5.3.4.2 Gene expression changes during biofilm development 

There were major changes in gene expression associated with the transition from free-

living planktonic cells (BR0) to the adoption of a static biofilm mode of growth, which 

included the initial biofilm attachment (3 h), growth (12 h), maturation (24 h) and nutrient 

limitation (72 h) stages. For Hpos planktonic cells in the supernatant fraction, there were 

136 genes that showed a significant difference in expression in at least one of the 

developmental stages, while there were 371 differentially expressed genes for Hpos surface 

attached cells. In comparison, there were 251 differentially expressed genes for Hneg 

planktonic cells, and 667 differentially expressed genes in surface-attached Hneg cells. In 

total, 901 genes were found to be differentially expressed across the four sets of samples 

(Supplementary Table A3.2), which represented a change in expression for 21% of 

predicted genes in the genome. 

 

The function of these differentially expressed genes was examined using COG 

classifications (Figure 5.15). Compared to surface attached cells, planktonic cells exhibited 

more changes in the expression of genes involved in translation, transcription, cell 

replication, and energy production, while there was a reduction in the differential 
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expression of genes involved in nucleotide metabolism. Surface attached cells exhibited 

greater changes in expression of genes involved in cell cycle control and signal 

transduction mechanisms. In general, Hpos samples showed fewer changes in 

posttranslational modification proteins and inorganic ion metabolism over time. For all 

samples, 30 – 40% of the differentially expressed genes had no known function, and were 

annotated as coding for hypothetical proteins or were assigned predicted general functions 

based on protein sequence motifs.  

 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Hneg BF
(667 genes)

Hneg SN
(251 genes)

Hpos BF
(371 genes)

Hpos SN
(136 genes)

S
a

m
p

le
 t

yp
e

%  of differentially expressed genes

Translation, ribosomal structure and biogenesis Transcription 

Replication, recombination and repair Chromatin structure and dynamics 

Cell cycle control, cell division, chromosome partitioning Defense mechanisms 

Signal transduction mechanisms Cell wall/membrane/envelope biogenesis 

Cell motility Intracellular trafficking, secretion, and vesicular transport 

Posttranslational modification, protein turnover, chaperones Energy production and conversion 

Carbohydrate transport and metabolism Amino acid transport and metabolism 

Nucleotide transport and metabolism Coenzyme transport and metabolism 

Lipid transport and metabolism Inorganic ion transport and metabolism 

Secondary metabolites biosynthesis, transport and catabolism General function prediction only 

Function unknown No COG

Unidentified hit
 

Figure 5.15. Functional designation of genes that were found to be differentially expressed during biofilm 
development according to COG classifications.  
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Figure 5.16. Hierarchical cluster analysis of differentially expressed genes that showed more than two-fold 
change in expression during biofilm formation. The samples represented by each column included planktonic 
cells in broth cultures (BR0), as well as surface attached biofilm cells (BF) and suspended cells in the 
supernatant fraction (SN) of static biofilm cultures after 3, 12, 24 and 72 hours of growth. The mean log2 fold 
difference in gene expression for each sample relative to the Hpos broth culture (Hpos BR0) are indicated by 
the colour scale, where green represents increased expression in the specified sample. The genes were 
clustered according to their temporal expression profile using the complete linkage method. This resulted in 
six groups of genes exhibiting distinct expression profiles over time. 
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A full analysis of the 901 genes was not possible within the scope of this study, and 

therefore, the decision was made to focus on the genes exhibiting the largest fold changes 

in expression. To achieve this, the 901 genes that were found to be differentially expressed 

during biofilm formation were filtered to retain 374 genes that showed more than two-fold 

difference in expression during biofilm formation. Hierarchical clustering of the filtered 

genes list according to fold differences, relative to the Hpos broth culture (BR0), resulted in 

six groups of genes with distinct expression profiles over time (Figure 5.16).  

 

A majority (56%) of the filtered differentially expressed genes were clustered into Groups 

1, 2 and 5, which showed increased levels of expression during early biofilm development 

(3 – 12 h), followed by a decrease in expression after 24 hours of growth. The groups 

contained a large number of genes coding for proteins involved in translation, cell cycle 

control, and energy production and metabolism (Figure 5.17). This included 42 ribosomal 

proteins, six subunits of NADH-quinone oxireductase (nuoB, nuoH, nuoI, nuoK, nuoL, 

nuoM), and four genes required for cell division (ftsB, ftsZ, minD, ATe1442). In addition, 

genes coding for an ATP synthase protein (ATe0355) and six out of the eight subunits of 

ATP synthase (atpC, atpD, atpE, atpF, atpG, atpH) were found in Groups 1 and 2, while a 

seventh subunit (atpB) was found in Group 6. Four genes coding for enzymes involved in 

the aerobic coenzyme B12 biosynthesis pathway (ATe0077, cbiF, cbiH, cobI) were also 

found in Groups 1 and 5.  

 

Compared to Hpos BR0 cultures, genes in Group 3 showed no change in expression during 

the initial attachment stages but were transiently more highly expressed in BF12, as well as 

both SN24 and BF24. Genes in Group 4 also exhibited similar expression profiles to Group 

3, but these genes were slightly more highly expressed than Hpos BR0 at the earlier growth 

stages. Group 3 contained a large number of genes involved in signal transduction and lipid 

metabolism, while Group 4 contained a large number of genes involved in cell motility and 

amino acid metabolism (Figure 5.17). In particular, genes coding for transcriptional 

regulators (ATe3448, ATe0197, ATe1584, ATe0748, ATe2355), a response regulator of 

the two component system (ATe3757) and GGDEF domain-containing proteins (ATe1063, 

ATe0928) were found in Group 3. There were also eight genes involved in nitrogen 

metabolism and transport in Group 3, including genes in an operon (ATe0409 to ATe0415) 
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Figure 5.17. COG functional classification of differentially expressed genes in each gene group created by 
hierarchical clustering. A) Classification of genes according to general COG categories. B) Breakdown of the 
“Cellular processes and signalling”, and “Metabolism” categories into sub-categories. 
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coding for nitrate reductase (Figure 5.18). More than 50% of the differentially expressed 

genes in Groups 3 and 4 had no known function, which is a larger proportion compared to 

the other groups (Figure 5.17). 
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transporter 
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Figure 5.18. Genes in the operon coding for membrane bound nitrate reductase that were differentially 
expressed during biofilm formation. Dark green arrows represent differentially expressed genes that showed 
more than two-fold change in expression during biofilm development. Yellow arrow represents a 
differentially expressed gene that showed less than two-fold change in expression during biofilm formation. 
Grey arrow represents a gene that was not found to be differentially expressed according to the microarray 
data. 
 

A majority of genes in Group 6 showed reduced expression in all biofilm samples when 

compared to Hpos broth cultures, with greater magnitudes of repression in BF24, SN72 and 

BF72. Group 6 showed an over-representation of genes involved in translation, post-

translational modification, as well as inorganic ion and amino acid metabolism (Figure 

5.17). This included genes coding for four out of five components of the CysAPTW-Sbp 

sulphate ABC transporter (cysP, cysT, cysW, sbp).  

 

Genes coding for proteins involved in cell motility were scattered throughout the various 

groups, including secretion pathway proteins in Groups 1 and 5 (ATe0592, ATe0596, 

ATe0716), methyl-accepting chemotaxis proteins in Groups 1, 3 and 4 (ATe1346, 

ATe2113, ATe3262), and proteins involved in type IV pili assembly and twitching motility 

in Groups 3, 5 and 6 (pilA, pilB, pilO, pilQ, ATe3106). In addition, pilT and pilT1 were 

among the list of 901 differentially expressed genes, but exhibited less than two-fold 

change in expression during biofilm formation and were therefore filtered out of the gene 

list that was used for hierarchical clustering. 

 

A range of stress proteins involved in DNA repair (recO, recN) and heat shock response 

(ATe2419, dnaJ, ATe3072, clpB, ATe0387, htpG, grpE) were also found to be more highly 

expressed in mature and nutrient limited biofilms (24 – 72 h). In addition, a protein 

containing the universal stress protein (UspA) domain was found to be more highly 

expressed in mature biofilm. 
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5.3.4.3 Gene expression changes during initial attachment (BR0 to 3 h) 

To examine gene expression changes that occurred during the initial attachment phase of 

biofilm formation, the expression profiles of Hpos and Hneg broth cultures (BR0) were 

compared to the supernatant fraction (SN3) and surface attached cells (BF3) in static 

biofilm cultures after 3 hours of growth. Compared to the other growth stages, this 

transition from free-living planktonic cells grown with constant agitation to the more 

structured static biofilm mode of growth resulted in the greatest number of differentially 

expressed genes. For Hpos cultures, there were 50 genes that were differentially expressed 

in SN3 when compared to BR0, and the comparison of BF3 to BR0 revealed 227 

differentially expressed genes. For Hneg cultures, the transition to SN3 resulted in 61 genes 

that were differentially expressed, while the transition to BF3 resulted in 127 differentially 

expressed genes. Collectively, 8.2% of predicted genes in the genome were found to be 

differentially expressed between stationary phase planktonic cells and static biofilms in the 

initial attachment phase. 

 

The genes that showed differential expression between BR0 and SN3 as well as between 

BR0 and BF3 were hypothesised to be associated with general cell growth corresponding to 

the transfer of planktonic cells at stationary phase to fresh media in the static biofilm 

(Figure 5.19). When comparing the proportion of genes that were categorised to each COG 

category, there was an approximately three-fold overrepresentation of genes involved in 

translation, energy production and metabolism, and cell replication that showed increased 

expression in both BF3 and SN3, relative to BR0.  

 

Genes that were differentially expressed between BR0 and BF3 were hypothesised to 

represent attachment-related differences. Genes that were found to be more highly 

expressed in surface attached cells in both Hpos and Hneg biofilms included genes 

involved in cell replication and metabolism (five ribosmal proteins, ftsz, infB, gyrB, cbiH, 

ATe0077, nuoI) and a general secretion pathway protein (ATe0602). In addition, the 

antitoxin module (ATe0190) of a toxin-antitoxin (TA) gene cassette was also more highly 

expressed in surface attached biofilm cells, while the toxin module was not differentially 

expressed.  

 



Chapter 5: Gene expression analysis using a full genome microarray  

 142

SN3 vs BR0 
(50 genes) 

BF3 vs BR0 
(277 genes) 

2  
genes 

48 
genes 229  

genes 

Hpos Hneg 

SN3 vs BR0 
(61 genes) 

BF3 vs BR0 
(127 genes) 

10  
genes 

51 
genes 76 

genes 

 
Figure 5.19. Gene expression differences associated with the transition from planktonic cells in stationary 
phase broth cultures (BR0) to surface attached biofilm cells (BF3) and suspended cells in the supernatant 
fraction (SN3) of Hpos and Hneg 3-hour static biofilm cultures. Genes that were found to be differentially 
expressed between SN3 vs BR0 and BF3 vs BR0 were hypothesised to be due to growth (intersection 
indicated by orange border). Genes that were differentially expressed between BF3 vs BR0 only were 
hypothesised to represent attachment-related factors (shaded purple).  
 

 

Cells undergoing initial attachment in Hpos biofilms showed significantly more changes in 

gene expression than cells in Hneg biofilms. Genes that were more highly expressed in 

Hpos BF3 only included stress-related genes (htpG, groEL, ATe0776, dnaJ, dnaK, recD), 

and genes coding for hypothetical secreted proteins (ATe0066, ATe0067) and hypothetical 

transmembrane proteins (ATe0299, ATe0781, ATe1549, ATe2217, ATe2654, ATe3516). 

 

In order to verify the microarray results, the expression profiles for a subset of genes that 

were differentially expressed between BR0 and 3 hour static biofilms were examined by 

qPCR. The gene expression of Hpos broth cultures were compared to the gene expression 

of suspended (Hpos BR0 vs SN3) and surface attached (Hpos BR0 vs BF3) cells. 

Microarray analyses had shown large expression changes in these samples. In addition, 

comparisons were also made between Hpos and Hneg biofilms (Hpos BF3 vs Hneg BF3), 

and between suspended and surface attached cells (Hpos SN3 vs Hpos BF3), which showed 

minor gene expression differences. The gene expression differences obtained using qPCR 

were consistent with those from microarray experiments (Figure 5.20) 
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Figure 5.20. Correlation of gene expression differences obtained by microarray and qPCR. Fold differences 
in transcript abundances were obtained across four pairs of samples. Gene expression differences detected by 
microarray and qPCR were consistent across all pairs of samples. 
 

5.3.4.4 Gene expression differences between Hpos and Hneg biofilms  

There were no statistically significant differences in gene expression between Hpos and 

Hneg samples within the same developmental stages. Nonetheless, there were 230 genes 

that showed more than two-fold difference between Hpos and Hneg in at least one of the 

growth stages (Supplementary Table A3.3). Of these, 52 genes were represented by probes 

that targeted the antisense sequence of the predicted gene sequence in the most current 

version of the genome assembly, with 51 of these genes showing higher expression in Hpos 

compared to Hneg.  

 

The two phenotypes showed minor differences in gene expression during initial attachment 

(3 h), but the number of genes with more than two-fold difference between Hpos and Hneg 

increased substantially in subsequent growth stages (Figure 5.21).  Overall, there was less 

differential gene expression between suspended cells of the two phenotypes compared to 

surface attached cells.  

 

Genes found to be more highly expressed in Hneg biofilm included those involved in type 

IV pili assembly and twitching motility (pilG, pilB, pilN, pilA), as well as the gene cluster 

(ATe3101 to ATe3107) that was previously shown to be more highly expressed in Hneg 
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bacterial colonies. In addition, genes coding for two Sec-independent protein translocases 

(tatA/E and tatB) were also more highly expressed in Hneg biofilms. 

 

In contrast, Hpos biofilms exhibited higher expression of genes coding for transcriptional 

regulators (ATe0467a, ATe0517a, ATe1809, ATe2384, ATe2531a, ATe2672), 

hypothetical transmembrane proteins (ATe1628a, ATe2491, ATe2690a, ATe2926a, 

ATe0171a, ATe0489), ABC transporters (ATe0475a, ATe0734), and GGDEF domain-

containing proteins (ATe0023a, ATe1665a).  
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Figure 5.21. Number of genes with more than two-fold difference in expression between Hpos and Hneg 
static biofilms (suspended and surface attached cells) at four growth stages. The top stacks represent the 
number of genes that were more highly expressed in Hpos cultures, while the bottom stacks represent the 
number of genes that were more highly expressed in Hneg cultures. 
 

 

The increased expression of genes that had previously been shown to be involved in cell 

motility and biofilm formation in Hneg was surprising. To investigate this further, the 

expression profiles of genes classified by COG as being involved in cell motility were 

examined across colonies, planktonic cells in broth cultures and biofilm samples of the two 

A. temperans phenotypes (Figure 5.22a). Out of 68 genes in the A. temperans genome that 

were assigned cell motility functions, 9 genes showed increased expression in Hpos while 

23 genes showed increased expression in Hneg across the sample types tested (p < 0.05 

paired sample t-test).  
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(Figure caption on next page) 
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Figure 5.22. Comparison of expression profiles for genes involved in cell motility (A) and genes represented 
by the mini-Tn5 biofilm deficient mutant library (B) across Hpos and Hneg samples. The samples represented 
by each column include planktonic cells in broth cultures (BR0), colonies grown on R2A agar (Col), and 
surface attached biofilm cells (BF) and suspended cells in the supernatant fraction (SN) of static biofilm 
cultures after 3, 12, 24 and 72 hours of growth. Hierarchical clustering of genes across the sample types was 
performed for Euclidean distances using the complete linkage method, based on log2 fold differences relative 
to the Hpos BR0 sample. Blue branches on the dendrogram indicate genes that were found to be more highly 
expressed in Hneg, while black branches represent genes that were more highly expressed in Hpos relative to 
Hneg (p < 0.05 paired sample t-test).  
 

 

 
A collection of A. temperans biofilm deficient mini-Tn5 mutants had been created in a 

parallel study within the A. temperans research program (Q. Liang, personal 

communication, 2008). The expression profiles of genes represented by the biofilm 

deficient mutant library were also investigated across the different Hpos and Hneg samples 

(Figure 5.22b). Out of 76 genes represented in the mutant library, 27 genes were more 

highly expressed in Hneg, while 15 genes were more highly expressed in Hneg across all 

the sample types tested (p < 0.05 paired sample t-test). Collectively, a larger proportion of  

genes involved in cell motility, and genes that were represented by the biofilm deficient 

mutant library were more highly expressed in Hneg samples than Hpos samples.  
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5.4 Discussion 

5.4.1 Effect of RNA amplification on gene expression 
assays 

RNA amplification methods were investigated to facilitate the application of microarray 

technology to samples with limited availability. Although RNA amplification methods for 

the gene expression analysis of eukaryotic systems have been shown to give linear 

amplification and reproducible microarray results (King et al., 2005; Klur et al., 2004; 

Singh et al., 2005; Wilson et al., 2004), several studies have also described difficulties in 

maintaining the true abundances of transcripts due to a 3’ bias (Dumur et al., 2004; Li et 

al., 2005; McClintick et al., 2003), and the synthesis of non-template artefacts (Baugh et 

al., 2001). To evaluate the effect of bacterial mRNA amplification on gene expression 

profiles, the microarray results obtained using cDNA generated from 5 µg of unamplified 

total RNA was compared to those obtained from aRNA generated from either 500 ng of 

total RNA or 200 ng of enriched mRNA samples, using the ExpressArt and Ambion RNA 

amplification kits, respectively.  

 

Despite being generated from the same initial pool of total RNA samples, arrays hybridised 

with cDNA and aRNA exhibited clear differences in probe intensities, the magnitude of 

fold changes, and the ranking of differentially expressed genes according to statistical 

significance. This suggested that technical differences caused by RNA amplification and 

microarray hybridisation with either cDNA or aRNA were more pronounced than the 

biologically-distinct gene expression profiles between heat shock samples and non heat 

shock controls being assayed.  

 

The ranking of genes based on statistical significance may have contributed to the 

discrepancies in the lists of differentially expressed genes obtained using the three methods. 

In addition to differential expression between samples, measures of statistical significance 

are also influenced by variance in the data, which can fluctuate between experiments. The 

common practice of selecting differentially expressed genes based solely on stringent 

statistical significance threshold has recently been shown to account for the lack of 

reproducibility reported in many cross-platform comparison studies (Shi et al., 2008).  
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In contrast, selection of differentially expressed genes based on fold change ranking was 

shown to generate more reproducible results between experiments (Guo et al., 2006; Shi et 

al., 2006). In terms of fold change, all three methods detected differential expression for 

genes coding for known heat shock proteins such as DnaK, GrpE, chaperones and Clp 

proteases (Blaszczak et al., 1995; Richmond et al., 1999), which exhibited expected large 

increases in expression after heat shock treatment. Furthermore, the two aRNA methods 

were able to accurately detect differential expression by known heat shock genes at a 

statistically significant level. 

 

In contrast to microarray results, qPCR analyses demonstrated a high level of correlation 

between gene expression profiles obtained from samples generated using the three different 

methods. This suggested that the RNA amplification process did not significantly alter the 

gene expression profile, but differences in the kinetics of hybridisation by cDNA and 

fragmented aRNA contributed to the observed discrepancies from microarray analyses. 

Therefore, the observed differences in gene expression obtained using microarray may 

have resulted from a culmination of all technical variation encountered during the 

experimental procedure, including sample preparation, hybridisation kinetics and statistical 

analysis (Table 5.5). While care was taken during experimental design to maintain a 

consistent set of experimental procedures for all three hybridised targets being compared, 

there were inherent differences that resulted from the different sample preparation methods. 

These differences showed that even data generated on the same microarray platform are not 

directly comparable if different experimental procedures are used, and emphasises the need 

to maintain a consistent set of microarray standard operating procedures (Forster et al., 

2003).  
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Table 5.5. Summary of differences between the sample processing procedures for cDNA, 
aRNA (ExpressArt) and aRNA (Ambion) 
 cDNA aRNA (ExpressArt) aRNA (Ambion) 

Sample 

source 

cDNA generated from 

5 µg of total RNA 

RNA amplified from 

500 ng of total RNA 

RNA amplified from 

200 ng of enriched 

mRNA, generated 

from 2 µg of total 

RNA 

Hybridised 

target 

2.5 – 3.5 µg of long 

cDNA with 

approximately 5% 

generated from mRNA 

5 µg of fragmented 

aRNA (60 – 200 

nucleotides) 

selectively amplified 

from mRNA 

5 µg of fragmented 

aRNA (60 – 200 

nucleotides) generated 

from enriched mRNA 

Hybridisation 

conditions 

50ºC for 16 hours with 

hybridisation buffer 

containing no 

formamide 

45ºC for 16 hours with 

hybridisation buffer 

containing 25% 

formamide 

45ºC for 16 hours with 

hybridisation buffer 

containing 25% 

formamide 

 

 

The total RNA samples were intrinsically expected to give the most accurate in vivo gene 

expression profile, as the samples had undergone the least amount of processing compared 

to aRNA samples. However, the arrays hybridised with cDNA in this study gave low fold 

change magnitudes and identified very few genes with significant differential expression, 

which is usually symptomatic of high levels of non-specific hybridisation (Han et al., 

2006). The analysis of negative control and mismatch probes also showed that the 

hybridisation with fragmented aRNA samples, according to the specified Combimatrix 

CustomArray procedures, yielded more specific signals than hybridisations with cDNA. 

This is in contrast to other studies on the Affymetrix GeneChip platform that have 

demonstrated increased hybridisation specificity for fragmented cDNA targets to DNA 

probes (Barker et al., 2005; Eklund et al., 2006) because DNA-DNA duplexes with single 

mismatches are less stable than the equivalent RNA-DNA duplexes (Allawi & SantaLucia, 

1998a, 1998b; Sugimoto et al., 2000). 
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However, the higher hybridisation specificity obtained using fragmented aRNA samples in 

this study was perhaps not surprising as the specified Combimatrix CustomArray 

hybridisation and wash procedures were optimised for fragmented aRNA. The random 

priming of total RNA to generate cDNA also produced a high rRNA background, while 

aRNA samples were selectively amplified from mRNA sequences. In addition, RNA 

fragmentation generated a uniform pool of short RNA fragments (60 – 200 nucleotides) 

that can provide greater hybridisation specificities compared to full length cDNA targets 

(Eklund et al., 2006; Liu et al., 2007).  

 

In summary, microarray analysis detected differences in gene expression profiles obtained 

using either unamplified total RNA or amplified RNA. However, real time PCR analysis 

showed good correlation across the three methods investigated, and indicated that the RNA 

amplification process did not significantly alter the gene expression profile when compared 

to cDNA generated from unprocessed total RNA. The analysis of negative control and 

mismatch probes showed that the use of aRNA samples on the Combimatrix CustomArray 

platform actually yielded more specific signals than cDNA, supporting the use of RNA 

amplification for the A. temperans microarray platform. The ExpressArt bacterial mRNA 

amplification kit required less starting material (500 ng of total RNA) than the Ambion 

mRNA enrichment and amplification system (2 µg of total RNA), and was therefore 

selected for the amplification of RNA samples used in subsequent microarray experiments. 

 

 

5.4.2 Establishment of experimental and data analysis 
procedures  

5.4.2.1 Hybridisation specificity 

Mismatch probes on the full genome array were used to evaluate the hybridisation 

specificity, and therefore determine the reliability of gene expression data obtained from 

the array platform. The hybridisation of fragmented aRNA generated using the AmpTec 

ExpressArt bacterial mRNA amplification kit onto the Combimatrix CustomArray platform 

resulted in high hybridisation specificity, as indicated by a steep decrease in signal intensity 

as the number of mismatched nucleotides on the probe increased (Appendix 1). These 

results suggested that no further optimisation of the experimental procedures was required 

for A. temperans samples. 
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Mismatch probe sets on the array consisted of probes with mismatched nucleotides 

introduced randomly throughout the length of the probe, as well as contiguous mismatches 

introduced at the ends or centre of the probes. Mismatches placed at the centre of the probe 

and mismatches scattered randomly throughout the probe had the greatest impact on probe 

signal intensities. These mismatches reduced the length of contiguous base pairing between 

the probe and target aRNA, and resulted in reduced thermodynamic stability of the 

duplexes (Fish et al., 2007). The failure to resolve terminal mismatches introduced to the 3’ 

end of the probes indicated steric hindrance by the array surface. The addition of linkers to 

the 3’ end, where probes are attached to the array surface, could potentially improve 

hybridisation specificity and sensitivity (Oh et al., 2005; Southern et al., 1999). However, 

empirical testing will be required to determine whether such modifications will improve the 

quality or outcome of microarray experiments. 

 

5.4.2.2 Addition of external RNA controls 

The implementation of external RNA controls (ERC) in microarray experiments has been 

recommended for the assessment of microarray performance (Tong et al., 2006). However, 

probes targeting seven Arabidopsis thaliana mRNA species (Strategene) that were spiked 

into A. temperans total RNA samples used in the RNA amplification validation experiment 

showed no significant correlation between signal intensities and the amount of ERC added 

to the samples. The Arabidopsis thaliana ERC sequences had low GC content (40 – 50%), 

and may not have hybridised efficiently to microarray probes under the stringent 

hybridisation and wash procedures that had been optimised for A. temperans gene 

sequences with high GC content (62%). The Arabidopsis thaliana ERC were therefore not 

compatible with A. temperans samples, and were not used for subsequent gene expression 

experiments.  

 

The implementation of ERC with high GC content will be useful for assessing the 

performance of future microarray experiments. However, RNA controls with high GC 

content are not readily available, and may need to be produced in-house. The ability to 

change array layout and probe sequences on the Combimatrix CustomArray platform 

means that probes for new ERC could be added in the future without additional design 

costs. 
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5.4.2.3 Analysis of multiple probes targeting the same gene 

Microarray data from the RNA validation experiment were used to establish appropriate 

methods for the analysis of data obtained from multiple probes designed to target the same 

gene (Appendix 1). Probes with differing sequences that targeted the same gene showed a 

large variation in signal intensities. In contrast, signal intensities of replicate probes with 

identical sequences were more consistent, suggesting a sequence-dependent effect on probe 

signal intensities. Probe sets with differing sequences have been shown to be one of the 

major factors that contributed to the lack of concordance between microarray results 

obtained from different platforms (Kothapalli et al., 2002; Mah et al., 2004; Rogojina et al., 

2003; Tan et al., 2003), as sequence-matched probe sets gave more consistent gene 

expression measurements (Kuo et al., 2006; Mecham et al., 2004). The large variation in 

signal intensities obtained from multiple probes targeting the same gene highlighted that 

the detection of expression changes is critically dependent on probe design. To overcome 

this problem, multiple probes may be required for each gene, although this ultimately adds 

to the cost and complexity of the array. 

 

The full genome array consisted of probes designed using two different versions of the 

draft A. temperans genome assembly, and multiple probes were designed for several 

selected genes (Appendix 1). The probes targeting the same transcript provided a level of 

technical replication and provide additional data that can be used in the analysis of gene 

expression. However, due to the large variation in probe intensities between replicate 

probes, a simple averaging of quantile normalised intensities was determined to be 

inappropriate.  

 

Preliminary analyses were performed with weighted mean intensities calculated using the 

one-step Tukey’s Biweight algorithm (Hoaglin et al., 2000), which is the approach used for 

the processing of replicate probe sets on the Affymetrix platform (Affymetrix Inc., 2004). 

The use of the weighted mean intensity values resulted in significantly less differentially 

expressed genes due to averaging across potentially sub-optimal probes. Therefore, probes 

were treated independently for the determination of differential expression. In contrast to 

signal intensities, the fold differences detected by probes targeting the same gene were 

found to be more consistent. Accordingly, mean fold differences from probes exhibiting 
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significant differential expression were calculated for each gene, and listed in the tables of 

differentially expressed genes.  
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5.4.3 Gene expression analysis 
5.4.3.1 Gene expression differences between Hpos and Hneg colonies 

Gene expression differences between Hpos and Hneg colonies grown on R2A agar for 48 

hours were investigated to gain insights into the genetic mechanisms regulating halo 

formation. To minimise the effect of variations in nutrient availability and growth 

conditions on gene expression, diluted cell suspensions were spotted onto R2A agar in a 

regular pattern so that replicate plates with evenly spaced single colonies could be 

obtained. The increased expression of genes coding for metabolic enzymes involved in 

energy conversion and carbohydrate metabolism by Hpos colonies correlated with the 

increased dispersal of Hpos cells at the colony margin to access nutrients. 

 

Phenotypic variants that exhibit differential colony morphologies have been described for a 

range of bacteria, including P. aeruginosa (D'Argenio et al., 2002), P. fluorescens (Rainey 

& Travisano, 1998) and Vibrio cholerae (White, 1938). The differential colony 

morphologies were attributed to the production of proteins that affect cell surface 

adhesiveness, which are regulated by the second messenger cyclic-di-GMP (c-di-GMP) 

(Beyhan & Yildiz, 2007; D'Argenio & Miller, 2004). In addition, c-di-GMP signalling has 

also been implicated in other cellular processes, including biofilm formation, cell motility 

and the production of extracellular matrix components (Beyhan et al., 2006; Hoffman et al., 

2005; Huang et al., 2003; Simm et al., 2004). The levels of c-di-GMP can be modulated by 

proteins containing the GGDEF domain, which are often coupled to the EAL and PAS 

domains. Proteins with GGDEF domains function as diguanylate cyclases which synthesise 

c-di-GMP, while the EAL domain encodes the c-di-GMP degrading phosphodiesterase 

(Galperin et al., 2001). The PAS domain is hypothesised to be an oxygen sensory domain 

(Galperin et al., 2001).  

 

Hpos colonies of A. temperans showed increased expression of a gene encoding a 

PAS:GGDEF:EAL-domain containing sensory protein, but another PAS:GGDEF-domain 

containing protein was also found to be more highly expressed in Hneg colonies. 

Therefore, the regulatory mechanism underlying the morphological differences between 

Hpos and Hneg colonies remains unclear. The response regulator and transcriptional 

regulator genes that were more highly expressed in Hpos colonies may play a role in the 

regulation of halo formation, and are potential candidates for further investigations. 
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Twitching motility facilitated by type IV pili has been shown to be involved in cell 

movement across agar surfaces in P. aeruginosa (Heydorn et al., 2002) and Neisseria 

gonorrhoeae (Wolfgang et al., 1998). In P. aeruginosa, mutants incapable of twitching 

motility form smooth colonies on agar plates, while a twitching zone consisting of a thin 

layer of cells can be seen on the edges of wild type colonies (Semmler et al., 1999). In A. 

temperans, transmission electron microscopy (TEM) has revealed a large number of type 

IV-like pili on cells taken from the edge of Hpos colonies, while these pili were only seen 

occasionally on cells taken from Hneg colonies or the centre of Hpos colonies (B. Heijstra, 

personal communication, 2008). While pili have been seen in both Hpos and Hneg, only 

Hpos cells have been shown to exhibit twitching motility. Therefore, it was intriguing that 

a gene cluster coding for proteins related to pili assembly was found to be more highly 

expressed in non-halo forming Hneg colonies. This could reflect a blockage in pathways 

influencing twitching motility in Hneg cells, and the upregulation of genes in the cluster 

could be an attempt by cells to compensate for the lack of pili function. Further studies will 

be required to empirically test this hypothesis.  

 

5.4.3.2 Gene expression changes during biofilm formation 

Biofilm formation is a developmental process, where bacterial cells undergo a series of 

profound phenotypic changes (O'Toole et al., 2000). In the current study, microarray 

analysis was performed to investigate the gene expression changes that occurred in 

suspended and surface attached biofilm cells of A. temperans after 3, 12, 24 and 72 h of 

growth in a static system, using hydrophobic polystyrene as the adhesion surface. Cell 

density measurements of suspended cells in the supernatant fraction and crystal violet assay 

of surface attached biofilm cells suggested that the four time points assayed represented 

stages of initial attachment, cell proliferation, biofilm maturation and nutrient limitation, 

respectively.  

 

The obvious phenotypic changes that occurred in the transition from planktonic cells to the 

more structured static biofilms corresponded with major changes in gene expression, where 

21% of genes in the A. temperans genome were found to be differentially expressed across 

the four stages of biofilm formation. In particular, the greatest differential expression 

between planktonic and static biofilm cells occurred during the initial attachment phase, 
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where 8.2% of genes in the genome were found to be differentially expressed. In 

comparison, initial gene fusion studies in E. coli suggested that up to 38% of the genome 

may be differentially expressed by cells within the biofilm (Prigent-Combaret et al., 1999). 

However, more recent microarray studies have shown that the differential expression 

between biofilm and planktonic cells can range from as little as 1% (Whiteley et al., 2001) 

to approximately 15% of the genes in the genome (Beloin et al., 2004; Ren et al., 2004; 

Schembri et al., 2003; Stanley et al., 2003; Waite et al., 2005). 

 

Distinct gene expression profiles associated with the different stages of biofilm formation 

have been identified through temporal microarray analysis in P. aeruginosa (Waite et al., 

2006), E. coli (Domka et al., 2007) and B. subtilis (Stanley et al., 2003). Proteomic analysis 

of Streptococcus pneumoniae biofilms has also revealed specific changes in protein 

production at each stage of biofilm formation (Allegrucci et al., 2006). Hierarchical 

clustering of genes that were differentially expressed during the development of A. 

temperans biofilms presented six groups of genes that were clustered together according to 

similar expression profiles over time. An examination of the function of genes in each 

group supported the assignment of the four biofilm developmental stages based on 

observed phenotypic data.  

 

Differentially expressed genes that clustered into Groups 1, 2 and 5 were mainly involved 

in translation, cell cycle control and energy metabolism, and were shown to be more highly 

expressed at 3, 12 and 24 hours, followed by the downregulation of these genes at 72 hours. 

This reflected active cell growth and proliferation at the early stages of biofilm formation 

as cells were transferred from broth culture in stationary phase to fresh media during the 

inoculation of static biofilm cultures, and the subsequent decrease in growth rate as nutrient 

became limited after 72 hours of growth in the static-batch system.  

 

Groups 3 and 4 contained a large number of genes involved in cell motility and signal 

transduction mechanisms. These genes were transiently upregulated at 12 – 24 hours, and 

coincided with the dramatic increase in biofilm density. The increase in the expression of 

genes involved in signal transduction mechanisms is indicative of the highly coordinated 

nature of biofilm formation (Hall-Stoodley & Stoodley, 2002). For example, a range of 

transcriptional regulators have been shown to control the expression of genes required for 
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biofilm formation (Blumer et al., 2005; Casper-Lindley & Yildiz, 2004; Vallet et al., 2004). 

At least five transcriptional regulators were identified as being more highly expressed in 

mature A. temperans biofilms. Furthermore, a mini-Tn5 transposon mutant of the helix-

turn-helix-type (HTH-type) transcriptional regulator (ATe2355) exhibited reduced capacity 

for biofilm formation by Hpos cells (Q. Liang, personal communication, 2008). The greater 

proportion of genes in Groups 3 and 4 with unknown function suggests that there are still 

many unidentified genes involved in biofilm formation, and presents hypothetical proteins 

as targets for future investigations. 

 

It is interesting that nar genes belonging to an operon that codes for components of the 

membrane-bound nitrate reductase, as well as several nir genes coding for nitrite reductase 

(Berks et al., 1995) were found to be more highly expressed in mature A. temperans 

biofilms. These genes were clustered into Group 3. This is in contrast to a majority of 

genes coding for other metabolic enzymes, such as those involved in energy production, 

carbohydrate and nucleotide metabolism, which were most highly expressed in early-stage 

biofilms and were clustered into Groups 1, 2 and 5. As the sequential reduction of nitrate to 

nitrite and dinitrogen gas is typically described as an anaerobic process, the upregulation of 

these genes could coincide with the growth in biofilm density and the emergence of an 

increasingly anaerobic microenvironment.  

 

However, genes involved in nitrate metabolism have also been associated with biofilm 

formation. Nitrate reductase mutants (∆narGH) have been shown to result in reduced 

capacity for biofilm formation and swarming motility in P. aeruginosa (Van Alst et al., 

2007), but deletion of the narG gene resulted in increased biofilm formation in E. coli 

(Domka et al., 2007). Therefore, the role of nitrate sensing and metabolism in biofilm 

formation remains unclear, but it may be a determining factor in the regulation of biofilm 

formation in A. temperans. This will have important implications in the development of 

new microbially-mediated strategies to improve the reliability of wastewater treatment, as 

reduction of nitrates from influent sewage is a key objective of most treatment processes.  

 

Stress-induced pathways have been shown to be activated in E. coli, P. aeruginosa, B. 

subtilis and Listeria monocytogenes biofilms, resulting in the increased production of heat 

shock proteins, chaperones, proteases, sigma factors and proteins involved in DNA repair 
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(Beloin et al., 2004; Helloin et al., 2003; Ren et al., 2004; Stanley et al., 2003; Tremoulet et 

al., 2002). The development of stress responses is a genetic signature of the biofilm 

lifestyle, and is perhaps not surprising as bacteria within biofilms encounter greater oxygen 

limitations, more extreme osmolarity conditions and higher cell densities when compared 

to planktonic cells in liquid media (Prigent-Combaret et al., 1999). Genes encoding stress 

proteins, including a universal stress protein (UspA), were more highly expressed in A. 

temperans biofilms, especially during the stages of maturation and nutrient-limitation (24 – 

72 h).  

 

UspA is required for cell survival in response to stasis, and is one of the most abundant 

protein in non-replicating E. coli cells (Nystrom & Neidhardt, 1994). The increased 

expression of UspA correlated with the reduced growth of A. temperans biofilms cells after 

24 hours, and is also consistent with the expression profile observed in mature P. 

aeruginosa biofilms (Waite et al., 2006). In addition to being involved in stress responses, 

UspA deficient mutants have also been shown to result in reduced cell-to-cell aggregation 

and impaired flagella-mediated cell motility in E. coli (Nachin et al., 2005).   

 

Group 6 contained genes that were downregulated in all biofilm samples relative to Hpos 

planktonic cells. In particular, four out of five genes coding for components of the 

CysPTWA-Sbp sulphate ABC transporter (Sirko et al., 1990) were found to be 

downregulated throughout all stages of biofilm development. This is consistent with 

previous studies in E. coli, where cysP and cysW deletion mutants exhibited enhanced 

biofilm formation when grown in Luria-Bertani medium supplemented with glucose 

(Domka et al., 2007). Microarray results suggest that changes in sulphate transport and 

metabolism occur during the formation of A. temperans biofilms, but the biological 

significance of this change remains unclear. 

 

The transition from free-living planktonic cells to a sessile lifestyle is often associated with 

changes in cell motility. Flagella-mediated motility has been shown to be required for the 

initial attachment to surfaces by P. aeruginosa and E. coli (O'Toole & Kolter, 1998; Pratt 

& Kolter, 1998). However, several microarray studies have also shown no significant 

differential expression of flagellar genes in comparisons between planktonic and biofilm 

cells (Beloin et al., 2004; Schembri et al., 2003). Microarray results in the current study 
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also showed no significant changes in the expression of flagellar genes during biofilm 

formation. The A. temperans CB2 genome contains a limited number of genes with 

homology to flagellar genes from other bacterial genomes and functional flagella have not 

been observed in A. temperans CB2.  The microarray results are consistent with these 

observations, and support the notion that the flagellar motility pathway in A. temperans is 

incomplete. 

 

Twitching motility mediated by type IV pili is a way for bacterial communities to rapidly 

colonise surfaces, and has been shown to be required for biofilm formation (Kang et al., 

2002; Liu et al., 2001; O'Toole & Kolter, 1998). Temporal gene expression analysis of P. 

aeruginosa and E. coli biofilms showed the increased expression of pili and fimbriae genes, 

respectively, during early and maturation stages of biofilm development. These genes were 

then subsequently repressed, suggesting that type IV pili may not be required for the 

maintenance of mature biofilms (Domka et al., 2007; Heydorn et al., 2002; Waite et al., 

2006; Whiteley et al., 2001). Consistent with these observations, a range of genes involved 

in type IV pili biogenesis, assembly and function were found to be more highly expressed 

in young and developing A. temperans biofilms but were repressed after 24 to 72 hours. 

 

 

5.4.3.3 Gene expression differences between planktonic cells and early-

stage biofilms 

The greatest difference in gene expression between planktonic and biofilm cells occurred 

during the initial attachment phase (3 h). Genes that were differentially expressed in both 

the supernatant fraction (SN3) and surface attached cells (BF3) of 3-hour static biofilm 

cultures relative to planktonic cells in broth cultures (BR0) were hypothesised to be related 

to growth, as a result of planktonic cells in stationary phase being transferred to fresh 

media during the inoculation of static biofilm cultures. The large number of genes involved 

in translation, cell replication, energy production and metabolism that were found to be 

more highly expressed in both SN3 and BF3 supported this hypothesis. 

 

Similarly, genes that were differentially expressed between BR0 and surface attached cells 

in Hpos and Hneg biofilms were hypothesised to be associated with initial colonisation of 

surfaces. The antitoxin module of a toxin-antitoxin (TA) gene cassette (Hayes, 2003) was 
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found to be more highly expressed in surface attached cells of both Hpos and Hneg early-

stage biofilms. The expression level of the antitoxin gene decreased in subsequent stages of 

biofilm formation and was no longer found to be differentially expressed relative to 

planktonic cells.  

 

The products of TA gene cassettes are a mechanism for plasmid maintenance (Gerdes et 

al., 1986; Jaffe et al., 1985; Keren et al., 2004), but the gene cassettes have also been found 

in the chromosome of a wide range of bacteria and archaea (Arcus et al., 2005; Gronlund & 

Gerdes, 1999; Mittenhuber, 1999; Pandey & Gerdes, 2005), including one TA module in A. 

temperans CB2. The toxin protein is highly stable, while the antitoxin is labile and 

susceptible to degradation by specific proteases (Van Melderen et al., 1994). One model for 

the action of the TA system proposes that an imbalance between the amount of toxin and 

antitoxin proteins induces reversible stasis that enables the cell to survive extreme stresses 

such as nutrient limitation and antibiotic treatment (Lewis, 2005). Another model has 

associated TA systems with programmed cell death and lysis (Gross et al., 2006; Sat et al., 

2001). The former model may help to explain the microarray data, where the initial 

upregulation of the antitoxin gene module in A. temperans may ensure that cells in young 

biofilms are able to proliferate by attenuating the effect of the toxin protein. The 

subsequent decrease in expression of the antitoxin module potentially results in a 

proportion of cells in mature biofilms transitioning into stasis. This is also consistent with 

the observed activation of stress response pathways in mature biofilms. 

 

A majority of the differentially expressed genes between BR0 and surface attached cells 

were seen in Hpos biofilms, which suggests that the greater capacity for surface attachment 

by Hpos cells is a result of major changes in cell physiology. The upregulation of genes 

involved in translation and transcription indicated that there is active growth amongst the 

surface attached cells in the young Hpos biofilm. The range of genes coding for 

hypothetical transmembrane and secreted proteins that were more highly expressed in Hpos 

biofilms relative to BR0 may represent novel molecular mechanisms that mediate cell-to-

surface or cell-to-cell attachment, and are candidate genes for future investigations. 

 

Gene expression changes obtained from microarray experiments for the initial attachment 

phase of biofilm formation were consistent with results obtained using qPCR. Both 
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methods verified the major gene expression changes associated with the transition from 

planktonic cultures to suspended and surface attached cells in static biofilms. The two 

methods also verified the minor gene expression differences between suspended and 

surface attached cells within the same culture, and Hpos and Hneg cells at the same 

developmental stage.  

 

5.4.3.4 Gene expression differences between Hpos and Hneg biofilms 

Since there was no significant differential gene expression between Hpos and Hneg 

biofilms, a two-fold expression difference cutoff was used to investigate less consistent 

differences in gene expression between the two phenotypic variants. Collectively, 4.5% of 

predicted genes in the A. temperans genome showed more than two-fold difference 

between either suspended or surface attached cells in Hpos and Hneg biofilms in at least 

one of the four developmental stages assayed. 

 

The small number of genes with more than two-fold difference between Hpos and Hneg 

biofilms after 3 hours of growth reflected the similar densities of suspended and surface 

attached cells for the two phenotypic variants during this initial attachment phase. The 

expression profiles of Hpos and Hneg cells in static biofilms diverged after 12 hours of 

growth, which also correlated with differences in growth rates of suspended cells and the 

degree of surface attachment. The larger number of genes that differed in expression 

between surface-attached cells of mature Hpos and Hneg biofilms is consistent with the 

major phenotypic differences in the biofilm architecture of the two variants. In contrast, 

there were fewer gene expression differences between suspended cells in the supernatant 

fraction of Hpos and Hneg static biofilms.  

 

It is surprising that Hneg biofilms exhibited increased expression of genes that have been 

shown to enhance biofilm formation. This included genes classified in COG as being 

involved in cell motility, genes that were represented in the mini-Tn5 biofilm deficient 

mutant library genes, and the gene cluster involved in pili assembly that had been found to 

be more highly expressed in Hneg colonies. In addition, Hneg biofilms also exhibited 

greater expression of genes coding for Sec-independent protein translocases involved in the 

twin arginine translocase (Tat) system, which mediates the export of folded precursor 

proteins across the bacterial plasma membrane (Gohlke et al., 2005). Microarray studies 
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have previously found that tatA and tatB were upregulated in P. aeruginosa biofilms 

(Whiteley et al., 2001), while tatC and tatE were shown to be required for the formation of 

biofilms by E. coli and P. aeruginosa (Beloin et al., 2004; Harrison et al., 2005; Ochsner et 

al., 2002).  

 

The increased expression of genes involved in cell motility by Hneg biofilms contradicts 

TEM observations, where type IV-like pili are rarely seen on Hneg cells (B. Heijstra, 

personal communication, 2008). This suggests that there may be a blockage of pathways 

required for pili assembly. The transcriptional regulators and GGDEF domain-containing 

proteins that were found to be more highly expressed in Hpos biofilms may represent 

signalling mechanisms that are critical for the regulation of pili assembly and biofilm 

formation. Alternatively, these genes could represent regulatory responses to differences in 

nutrient access as a result of dissimilarities in the architecture of Hpos and Hneg biofilms. 

In addition, the genes coding for hypothetical transmembrane proteins that were more 

highly expressed in Hpos biofilms may mediate surface attachment in Hpos biofilms.  

 

The reduced capacity for surface attachment by Hneg cells despite increased expression of 

genes shown to be required for biofilm formation could also indicate post-transcriptional 

differences between Hpos and Hneg, such as post-translational modification of proteins or 

genetic differences resulting in the production of a defective protein. A single nucleotide 

difference in the vpvC gene has previously been shown to result in rugose and smooth 

colony morphotype variation in V. cholerae (Beyhan & Yildiz, 2007). Furthermore, the two 

phenotypic variants of V. cholerae also exhibited differential capacity for biofilm formation 

(Yildiz & Schoolnik, 1999). Additional insights into the genetic mechanisms underlying 

the phenotypic differences between Hpos and Hneg may be gained by the sequencing of 

the Hneg genome. The current Hpos genome sequence may be used to construct tiling 

arrays for comparative genomic hybridisations (Gresham et al., 2008), or as a scaffold for 

454 sequencing (Ronaghi et al., 1996) to rapidly identify genetic differences in the Hneg 

genome. 

 

The lack of statistically significant differential expression between Hpos and Hneg biofilms 

within each developmental stage could be a result of large biological and experimental 

variations between replicates. Differences between arrays could have contributed to 
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variability between replicates and reduced statistical significance. In addition, biofilms are 

dynamic structures consisting of physiologically differentiated populations that can vary 

widely between replicates (Lenz et al., 2008). Future investigations using laser 

microdissection to isolate cells from phenotypically-dissimilar regions of Hpos and Hneg 

biofilms may be required.  

 

5.4.3.5 Differential expression of genes with no known function 

The lists of differentially expressed genes selected based on statistical significance or fold 

differences contained a large number of genes with unknown functions, or had been 

assigned general predicted functions based solely on conserved protein motifs. In several 

comparisons, the proportion of differentially expressed genes with unknown functions 

significantly exceeded the overall percentage of such genes in the A. temperans CB2 

genome (38%). For example, more than 50% of the differentially expressed genes that were 

clustered into Groups 3 and 4 according to their expression profile during biofilm 

formation had unknown functions. These could correspond to molecular mechanisms 

related to biofilms that are currently unrecognised. 

 

It is interesting that the sequence of several differentially expressed probes did not match 

any of the 3842 predicted genes in the current version of the A. temperans genome 

database. Probes for the full genome array were designed using two previous versions of 

the draft genome assembly. Due to differences in gene prediction between the genome 

assemblies, the probes matched regions of the genome outside currently predicted genes or 

were in the opposite orientation to the predicted gene.  

 

The differential expression represented by these antisense probes could be due to spurious 

hybridisation. However, it could also indicate errors in the prediction of start/stop sites or 

gene orientation, especially as some of these probes also exhibited high signal intensities. 

Inaccurate start site prediction is a problem commonly encountered with high GC genomes 

(Delcher et al., 2007), and hypothetical genes can be predicted on the wrong strand of the 

chromosome (Xiao et al., 2005; S. Leahy, personal communication, Jun 2008). Therefore, 

microarray data could help correct errors in gene prediction. In addition, 51 out of the 52 

antisense probes that showed more than two-fold difference between Hpos and Hneg 
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biofilm cultures were more highly expressed in Hpos, which indicates potential differences 

in the genomes of the two variants. 

 

The detection of differential expression for genes with unknown function highlights the 

discovery nature of microarray experiments. In addition, microarray data can also be used 

to infer functions for these hypothetical or conserved hypothetical proteins by examining 

associations with other genes with similar expression profile, in a concept called guilt-by-

profiling (Hughes et al., 2000; Stolovitzky, 2003). For example, two hypothetical genes in 

the gene cluster (ATe3101 to ATe3107) that was found to be more highly expressed in 

Hneg colonies were predicted to be involved in pili assembly based on the function of the 

other genes in the cluster that exhibited the same expression profile. 

 

5.4.3.6 Future directions 

The current study has generated extensive microarray data that have not been fully 

interrogated. For example, no significant differential expression was detected between 

suspended and surface attached cells in the same developmental phase of biofilm 

formation, and therefore no further analyses of gene expression between these two sample 

types have been performed. The microarray data will also enable the comparison of gene 

expression profiles across planktonic cells, biofilms and colonies.  An in-depth analysis of 

every gene that was found to be differentially expressed is also beyond the scope of this 

thesis. Microarray data generated in this study will be available for future analyses, as 

required.  

 

Nonetheless, analyses presented in the current study have yielded new insights into the 

gene expression changes that occur during the formation of A. temperans biofilms, and 

gene expression differences between Hpos and Hneg colonies. A gene expression 

microarray experiment is often a first step to rapidly screen the genome for the 

identification of candidate genes for more in-depth analyses. Microarray profiling will need 

to be combined with other technologies such as proteomics, mutagenesis and genome 

sequencing to gain a more comprehensive picture of the genetic mechanisms involved in 

halo formation and biofilm formation in A. temperans CB2. 
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5.5 Summary and conclusions 
The A. temperans full genome array, consisting of 12544 probes, was produced on the 

Combimatrix CustomArray platform.  

 

The comparison of microarray gene expression profiles obtained from unamplified total 

RNA against aRNA generated using two bacterial RNA amplification kits revealed vastly 

different gene expression profiles. However, expression profiles determined using qPCR 

analysis showed high concordance across the three methods investigated, and indicated that 

the differences detected using microarray were due to variations in hybridisation kinetics, 

and the RNA amplification process did not significantly alter the gene expression profile. 

Therefore, RNA amplification using the ExpressArt bacterial mRNA amplification kit was 

adopted for subsequent gene expression experiments.  

 

In the comparison of gene expression between 48-hour bacterial colonies grown on R2A 

agar, 23 genes were more highly expressed in Hpos colonies, while 25 genes were more 

highly expressed in Hneg colonies. In particular, a cluster of genes involved in pili 

assembly was found to be more highly expressed in Hneg colonies. The analysis of 

suspended and surface attached cells in static biofilm cultures after 3, 12, 24 and 72 hours 

of growth revealed major gene expression changes during biofilm formation with the 

differential expression of 21% of genes in the genome. Gene expression signatures that 

were found to be associated with the biofilm lifestyle included the upregulation of genes 

encoding nitrate reductase, stress proteins and type IV pili. There were no genes that were 

found to be significantly differentially expressed between Hpos and Hneg biofilms in the 

same developmental stage, but 4.5% of predicted genes in the genome showed more than 

two-fold difference between Hpos and Hneg biofilms. The gene cluster that was more 

highly expressed in Hneg colonies was also found to be more highly expressed Hneg 

biofilms.  

 

Microarray analyses suggested that the phenotypic difference between Hpos and Hneg 

could be due to blockage of pathways influencing pili assembly or twitching motility. The 

global comparison of gene expression patterns in Hpos and Hneg biofilms have led to the 

identification of genes involved in signalling mechanisms and transmembrane proteins  that 
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may be candidates for more in-depth future studies. In addition, microarray data may 

enable the identification of gene prediction errors, and can help in genome annotation by 

inferring functions to hypothetical proteins based on guilt-by-profiling.  

 

In conclusion, microarray analyses have provided new insights into molecular mechanisms 

involved in the formation of A. temperans static biofilms. This includes changes in the 

expression of genes coding for type IV pili, stress proteins, transcriptional regulators, 

nitrate reductase, the antitoxin module of a toxin-antitoxin gene cassette, and numerous 

hypothetical proteins. Further analyses using other approaches such as proteomics, 

mutagenesis and in vitro expression techniques will be required to empirically investigate 

the hypotheses and candidate genes identified in this study.  
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CCHHAAPPTTEERR  66::  
CCoonncclluuddiinngg  DDiissccuussssiioonn  
 

6.1 Introduction 
The research described in this thesis forms part of a bacterial eco-genomics research 

program that aims to integrate microbial ecology with functional genomics technologies 

to support the development of new products and processes for the wastewater treatment 

industry. This study was focussed on the microarray component of the research program, 

with the specific objectives of developing a gene expression microarray platform for 

Acidovorax temperans, and utilising the optimised platform to investigate gene 

expression changes relevant to key processes in wastewater treatment. The results from 

the method development process and gene expression analyses are presented in Chapters 

Three, Four, and Five. The purpose of this chapter is to provide a synthesis of 

conclusions, and discuss potential future work that will expand on these results.  

 

 

6.2 Development and optimisation of 
experimental methods 

Microarray analysis is a complex multi-step process that encompasses a collection of 

techniques, with numerous methodological alternatives available at each step (van Bakel 

& Holstege, 2004). The reliability and significance of microarray results is dependent on 

every step in the microarray workflow being performed accurately and consistently. With 

numerous technical and technological variables to consider, it is absolutely imperative to 

implement microarray standard operating procedures (Forster et al., 2003) to achieve a 

robust microarray platform that is reproducible, and compliant with the Minimum 

Information About a Microarray Experiment (MIAME) guidelines (Brazma et al., 2001). 

Therefore, experimental methods involved in the microarray workflow were investigated 

to develop and optimise a set of microarray standard operating procedures for the A. 

temperans microarray platform. 
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6.2.1 RNA extraction method 
Four fundamentally distinct RNA extraction methods were evaluated in terms of RNA 

yield, integrity and purity to establish a suitable RNA extraction method for A. temperans 

samples. Comparison of the RNeasy (Qiagen), Trizol (Invitrogen), acetate/SDS (Rivas et 

al., 2001) and lithium chloride-based (modified from Chang et al., 1993) methods showed 

that the RNeasy extraction kit was the most suitable method for A. temperans samples. 

The RNeasy RNA extraction method was a simple and scalable method that gave clean 

and intact RNA. However, RNA yields obtained using the RNeasy kit were relatively low 

when compared the amount of total RNA (5 – 20 µg) required for microarray 

experiments. In addition, the RNeasy columns were prone to clogging by cell aggregates, 

resulting in low RNA yields. To overcome these problems, several modifications to the 

standard RNeasy procedure were investigated.  

 

The replacement of the lysozyme treatment specified in the standard RNeasy procedure 

with a SDS lysis step significantly increased RNA yields. The investigation of cell 

viability after lysozyme treatment determined that 40 – 80% of the treated cells remained 

viable, while no viable cells were obtained after treatment with 1% SDS. These results 

suggested that the low RNA yields obtained after 2 – 5 minutes of incubation with 

lysozyme at room temperature, as specified by the manufacturer, was due to the 

incomplete release of intracellular RNA. A. temperans is a Gram negative bacteria, and 

numerous studies have shown that lysozyme treatment is not effective against the cell 

wall of Gram negative bacteria (Ellison & Giehl, 1991; Hughey & Johnson, 1987; 

Masschalck et al., 2001; Salton, 1957; Wecke et al., 1982). For biological samples 

containing high levels of polysaccharides, the addition of a homogenisation step with 

Qiagen QIAshredder columns after cell lysis treatment increased RNA yields, as well as 

reducing incidences of extraction failures caused by clogging of the RNeasy silica 

columns by cell aggregates.  

 

The incorporation of the SDS lysis and QIAshredder column homogenisation steps 

resulted in significant improvements to the standard RNeasy procedure that was specified 

by the manufacturer. Consequently, it was possible to gain adequate RNA yields from 

cells in R2A broth, Terrific Broth, mature static biofilms and colonies for microarray 

analysis and subsequent qPCR validation. These results indicated that a robust RNA 
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extraction method has been achieved, and the optimised method could be used to reliably 

extract intact RNA from a range of A. temperans sample types. 

 

 

6.2.2 Sample stabilisation 
The likelihood of unintentional gene expression changes being introduced during the 

RNA extraction process is increased for bacterial samples due to the lability of 

prokaryotic mRNA (Arraiano, 1993; Selinger et al., 2003) and the ability for bacteria to 

rapidly alter gene expression patterns in response to external stimuli. Stabilisation of cells 

with RNAprotect Bacteria Reagent (Qiagen) enabled the storage of biological samples for 

at least 14 days at -20ºC or one day at room temperature without resulting in visible signs 

of RNA degradation, as indicated by Bioanalyzer electropherograms. The hybridisation of 

transcripts from stabilised and unstabilised cells onto R. solanacearum full genome arrays 

revealed a major increase in the expression of genes involved in transcription, translation 

and metabolism in the unstabilised samples. These results highlighted the crucial need for 

sample stabilisation to preserve the true in vivo gene expression pattern and to prevent 

RNA degradation during sample storage. In addition, the ability to store stabilised 

samples that might be collected at different time points facilitates the subsequent 

processing of samples concurrently to reduce technical variation. 

 

 

6.2.3 mRNA enrichment 
The Ambion MicrobExpress bacterial mRNA enrichment kit employs a modified 

sandwich capture hybridisation protocol (Morrissey et al., 1989), where Capture Oligos 

supplied in the kit bind to complementary sequences on rRNA to facilitate the subsequent 

selective removal of these rRNA molecules. Although A. temperans was not listed as one 

of the organisms known to be compatible with the kit, results presented in this study have 

verified that the Capture Oligo mix supplied in the MicrobExpress Standard Module is 

compatible with A. temperans rRNA sequences.  

 

To investigate the effect of mRNA enrichment on the quality of microarray results and 

the detected expression profiles, gene expression differences between Hpos and Hneg 

phenotypes generated using either total RNA or enriched mRNA samples were compared. 
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The hybridisation of cDNA samples generated from total RNA or mRNA samples on R. 

solanacearum arrays gave similar signal-to-noise ratio and gene expression profiles.  

 

However, the direct comparison of expression profiles from total RNA and mRNA that 

were derived from the same biological sample, and co-hybridised onto the same array 

showed major differences in gene expression patterns. To investigate whether the 

observed differences were caused by the mRNA enrichment process, total RNA samples 

were co-hybridised with mock enrichment samples, in which the total RNA was 

processed through the MicrobExpress procedure without the addition of the Capture 

Oligo mix. The similarities between expression profiles obtained from total RNA and 

mock enrichment samples indicated that the MicrobExpress procedure itself did not alter 

the gene expression patterns.  

 

Overall, these results suggest that the removal of the rRNA background did not 

significantly improve the sensitivity of microarray hybridisations. In addition, the results 

also illustrated the need to maintain consistency in the methods used, and that gene 

expression comparisons cannot be performed with arrays generated by a mix of total 

RNA and mRNA.  

 

 

6.2.4 DNase treatment method 
To obtain a rigorous DNase treatment method able to reduce DNA contamination to a 

satisfactory level for qPCR and RNA amplification reactions, DNase treatment during 

RNA extraction and DNase treatment of RNA in suspension after extraction were 

compared. DNase treatment of the RNA suspension resulted in more than ten-fold less 

residual genomic DNA than on-column DNase treatment alone, regardless of whether 

prior on-column DNase treatment was performed. Therefore, the on-column DNase 

treatment step was eliminated in favour of a DNase treatment of the RNA preparation 

after extraction, using the Ambion TURBO DNA-free kit. 
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6.2.5 Real time quantitative PCR system 
In addition to the microarray platform, a qPCR system was also established as an 

independent method to validate microarray results. The expression stability of seven 

housekeeping genes (gapA, glyA, gmk, gyrB, ldhD, katA, proC) were evaluated across 

five dissimilar sample types, represented by exponential phase broth cultures and mature 

static biofilm for each of the two A. temperans phenotypes, as well as heat shocked Hneg 

cells. Methods for the appropriate estimation of amplification efficiency (E) in the 

conversion of threshold cycle (Ct) values to expression levels were investigated using data 

from 1350 qPCR reactions generated in the experiment. 

 

The mean amplification efficiencies of the genes assayed, as calculated using the 

LinRegPCR software (Ramakers et al., 2003), ranged from 1.828 to 1.969, and were 

significantly lower than the commonly assumed value of 2 (Livak & Schmittgen, 2001; 

Marino et al., 2003). Due to the exponential relationship between E and Ct values in the 

calculation of expression levels, even small differences in E can result in large differences 

in the calculated fold difference (Bar et al., 2003; Marino et al., 2003; Ramakers et al., 

2003). These results emphasised the need to apply a between-gene efficiency correction 

to account for factors that can affect amplification efficiency, including amplicon length, 

primer secondary structures and technical variations. 

 

Once the expression levels were calculated, the ranking of the candidate reference genes 

according to their mean expression stability (Vandesompele et al., 2002) was determined 

to be gapA > gyrB > gmk > ldhD > glyA > proC > katA (most stable to the least stable). 

The gene expression data showed that optimum normalisation was achieved through the 

use of the four reference genes with the most stable expression. This represented a 

compromise between practical considerations to reduce the number of PCR reactions 

required for each assay, while still incorporating sufficient stably expressed genes for the 

accurate calculation of the normalisation factor. The proposed normalisation strategy, 

using the geometric mean of expression levels of gapA, gyrB, ldhD and gmk, was 

validated through the gene expression analysis of heat shocked samples. The observed 

expression profiles were consistent with other studies of the heat shock response in other 

bacteria (da Silva et al., 2003; Gao et al., 2004; Guckenberger et al., 2002; Koide et al., 
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2006; Richmond et al., 1999), where heat shock genes, dnaK and grpE were upregulated, 

while atpG was downregulated after heat shock.  

 

 

6.2.6 Validation of experimental procedures 
A recurring problem encountered over the course of the research presented in this thesis 

was the cyclical dilemma of requiring expected gene expression results to validate 

experimental procedures, while an optimised microarray or qPCR platform was required 

to generate the gene expression results. Two strategies were employed to overcome this 

challenge. Firstly, the R. solanacaerum full genome array was used as a preliminary 

microarray platform to detect genome-wide gene expression changes caused by 

experimental methods such as sample stabilisation and mRNA enrichment. R. 

solanacearum was the most closely related bacteria to A. temperans with a fully 

sequenced genome (Salanoubat et al., 2002) at the time of this study, and the two 

genomes shared similar characteristics such gene sequences with high GC content. 

Although it was not possible to verify the specificity of R. solanacearum probes against 

A. temperans transcripts, experiments using the R. solanacearum arrays aimed to 

elucidate differences in gene expression profiles as a result of two different methods, 

rather than the precise identification of differentially expressed genes.  

 

In addition, the classical heat shock response was used as a reference experiment to 

validate gene expression results obtained using newly established methods, such as in the 

validation of RNA amplification and methods developed for the test array and qPCR 

system. The well characterised heat shock response provided expected gene expression 

changes based on studies in other bacteria, which could be compared to the actual 

experimental results obtained from A. temperans.  

 

 

6.2.7 Summary 
Through the systematic evaluation of various experimental steps in the microarray 

workflow, a series of optimal RNA extraction and qPCR methods have been established 

for A. temperans. The optimised methods obtained from these studies are described in 

Chapter 2.  
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6.3 A. temperans full genome microarray  
Prior to the development of the A. temperans full genome array, a small scale spotted 

oligonucleotide test array consisting of 670 probe sequences (70mers) was created (data 

not shown). A probe design strategy using the ROSO software was optimised for A. 

temperans gene sequences, and the test array was used to assess the hybridisation 

specificity of 70mer spotted oligonucleotides.  

 

The Combimatrix 12K CustomArray platform became commercially available at the end 

of 2004 (Venkatasubbarao, 2004), and was subsequently chosen as the platform for the A. 

temperans full genome array. The platform offered several advantages over spotted 

oligonucleotide arrays, including higher throughput, in situ oligo synthesis, more uniform 

spot configuration and the ability to revise probe sequences without additional design 

costs. Microarray probes for the full genome array were designed for all predicted genes 

in the A. temperans genome using the ROSO software (Reymond et al., 2004), as well as 

using the Combimatrix Automated Probe Design Suite (http://www.combimatrix.com).  

 

 

6.3.1 Validation of RNA amplification  
Before RNA amplification was adopted for experiments performed using the full genome 

array, a heat shock experiment was performed to determine whether RNA amplification 

of A. temperans transcripts using two novel bacterial mRNA amplification kits introduced 

technical errors by altering relative transcript abundances. Gene expression differences 

obtained from unamplified total RNA samples were compared to expression profiles 

obtained from amplified RNA (aRNA) generated using the AmpTec ExpressArt bacterial 

mRNA amplification kit, or the Ambion system consisting of MicrobExpress mRNA 

enrichment followed by MessageAmp-II Bacteria kit. Microarray results obtained across 

the three sample preparation methods showed clear differences in probe intensities, the 

magnitude of fold changes, and the ranking of differentially expressed genes according to 

statistical significance. Arrays hybridised with cDNA reverse transcribed from total RNA 

exhibited compressed fold changes and only 8 differentially expressed genes, compared 

to 54 genes for arrays hybridised with aRNA generated using the ExpressArt kit, and 365 

genes for aRNA generated using the Ambion system.  
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However, qPCR data generated from the three sets of samples showed very similar fold 

changes, suggesting that RNA amplification did not alter transcript abundances 

significantly and the discrepancies in microarray results generated across the three sample 

preparation methods were caused by differences in hybridisation kinetics. Analysis of 

mismatch probes also suggested that aRNA arrays gave more specific hybridisation. 

Similar to the conclusions obtained from mRNA enrichment experiment, the assessment 

of RNA amplification highlighted the need to maintain consistent experimental 

procedures. Taken together, these two experiments suggest that microarray hybridisation 

kinetics is complex and can be significantly influenced by the type of target present in the 

hybridisation solution. However, the relatively similar profiles obtained by qPCR for the 

three different methods suggested that it may not be as crucial to maintain consistency for 

qPCR analyses. The ExpressArt RNA amplification method was selected for subsequent 

gene expression experiments because the method required the least amount of starting 

RNA, requiring less than 500 ng of total RNA.  

 

 
 

6.4 Gene expression analysis 
Microrray technology has been used to investigate global gene expression differences 

between biofilms and planktonic cells, especially in P. aeruginosa and E. coli (Beloin et 

al., 2004; Domka et al., 2007; Ren et al., 2004; Schembri et al., 2003; Whiteley et al., 

2001). The common factors that were found to be differentially expressed in these 

comparisons included genes involved in metabolism, cell motility, and the stress 

response, as well as many genes with unknown function (An & Parsek, 2007; Beloin & 

Ghigo, 2005; Lazazzera, 2005). In the current study, the A. temperans full genome array 

platform was used to investigate gene expression changes that occurred during biofilm 

formation, and genetic mechanisms underlying the major phenotypic differences between 

Hpos and Hneg. Gene expression results were obtained for planktonic broth cultures, 

static biofilm cultures (suspended and surface attached cells after 3, 12, 24 and 72 h of 

growth) and bacterial colonies grown on R2A agar (48 h). 
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6.4.1 Gene expression changes during A. temperans 
biofilm formation 

The adoption of a sessile lifestyle by A. temperans was associated with major changes in 

gene expression, where 21% of genes in the genome were found to be differentially 

expressed across the four stages of biofilm formation. Consistent with microarray studies 

in E. coli and P. aeruginosa, the comparison between A. temperans planktonic cells and 

biofilms also revealed differential expression for genes encoding type IV pili and stress 

responses.  

 

Genes involved in stress responses were found to be more highly expressed in A. 

temperans biofilm during the initial attachment phase, and the expression of these genes 

increased further in mature and nutrient-limited biofilms. The development of stress 

responses is perhaps not surprising as bacteria within biofilms encounter more extreme 

oxygen and nutrient gradients than planktonic cells in liquid media (Prigent-Combaret et 

al., 1999).  

 

Genes involved in type IV pili biogenesis, assembly and function were found to be more 

highly expressed in young biofilms (3 – 12 h) but were repressed after either 24 or 72 h. 

This is consistent with studies in P. aeruginosa, which showed that twitching motility 

mediated by type IV pili is required for initial attachment and microcolony formation 

(Kang et al., 2002; Liu et al., 2001; O'Toole & Kolter, 1998), but may have limited roles 

in the maintenance of mature biofilms (Domka et al., 2007; Heydorn et al., 2002; Waite et 

al., 2006; Whiteley et al., 2001). 

 

The microarray results did not indicate any changes the expression of genes involved in 

flagellar motility and quorum sensing in A. temperans. While some studies have 

suggested a role for flagellar motility during initial attachment (O'Toole & Kolter, 1998; 

Pratt & Kolter, 1998) and quorum sensing for the co-ordination of biofilm formation 

(Davies et al., 1998; Shirtliff et al., 2002; Singh et al., 2000) in P. aeruginosa, studies in 

other bacterial systems have not always shown differential expression for these genes. 

Furthermore, flagellar structures have not been observed in A. temperans cells.  
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Several intriguing classes of genes, such as transcriptional regulators, toxin-antitoxin gene 

cassette, and nitrate metabolism have also been found to be differentially expressed 

during the formation of A. temperans biofilm. The antitoxin module of a toxin-antitoxin 

(TA) gene cassette was found to be more highly expressed in early stage biofilms than 

planktonic cells, but the expression subsequently decreased in mature biofilms. At least 

five transcriptional regulators were identified as being more highly expressed in mature 

biofilms, including a helix-turn-helix-type (HTH-type) transcriptional regulator, which 

was represented in the A. temperans biofilm deficient mini-Tn5 mutant library. The 

increased expression of a series of genes belonging to an operon that codes for nitrate 

reductase suggest that nitrate sensing and metabolism may also be a determining factor in 

the regulation of cell motility and biofilm formation in A. temperans. This may have 

important implications as nitrate reduction is a major objective in wastewater treatment 

processes. 

 
 

6.4.2 Gene expression differences between Hpos and 
Hneg colonies and biofilms 

In the comparison of gene expression between 48-hour bacterial colonies grown on R2A 

agar, 23 genes were more highly expressed in Hpos colonies, while 25 genes were more 

highly expressed in Hneg colonies. In particular, a cluster of genes involved in pilus 

assembly was found to be more highly expressed in Hneg colonies. 

 

While Hpos and Hneg biofilms within each developmental stage did not display any 

statistically significant differences in gene expression, 4.5% of the genes in the genome 

were found to show more than two-fold difference in expression. It was surprising that 

Hneg biofilms, which showed reduced capacity for surface attachment, exhibited 

increased expression of several groups of genes that have previously been shown to be 

involved in biofilm formation. These included genes encoding type IV pili and Sec-

independent protein translocase (Ochsner et al., 2002), as well as the gene cluster that was 

more highly expressed in Hneg colonies. In addition, a number of genes assigned cell 

motility functions by COG, and genes represented in the mini-Tn5 biofilm deficient 

mutant library were also found to be more highly in Hneg colonies and biofilms than in 

Hpos samples. The upregulation of these genes in Hneg, which do not form halos and 
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have reduced surface attachment capacity, suggests a blockage in pathways influencing 

twitching motility or surface attachment. 

 

The direct mechanism causing the phenotypic differences in halo formation and surface 

attachment by the two morphotypes of A. temperans remains unclear from microarray 

gene expression studies. Genes encoding response regulators, GGDEF-domain containing 

proteins, transcriptional regulators and hypothetical transmembrane proteins were found 

to be more highly expressed in Hpos biofilms and colonies compared to Hneg samples. 

These genes may represent the signalling and surface attachment mechanisms that are 

defective in Hneg, and are candidates for further in-depth investigations using other 

experimental techniques. In addition, the phenotypic differences between Hpos and Hneg 

could also be due to gene mutations, resulting in the production of a defective protein 

required for pili assembly in Hneg. 

 

 

6.5 Significance of research and future 
directions 

While high throughput microarray technology was first described over a decade ago 

(Schena et al., 1995), research in microbiology had been slow to adopt the technology 

(Lucchini et al., 2001). However, microarray technology for microbial systems has grown 

exponentially over the last few years, and has been used for gene expression analyses of 

numerous microorganisms. In particular, microarrays have been embraced for the 

comparison of global gene expression patterns in planktonic and biofilm cells (An & 

Parsek, 2007; Beloin & Ghigo, 2005; Lazazzera, 2005). In this context, microarrays 

offered a discovery-driven technique to gain substantial insights into molecular and 

genetic mechanisms regulating the complex process of biofilm formation, which was 

poorly understood (Lazazzera, 2005). The work presented in this thesis has contributed to 

the development of microbial microarray tools through the creation of a full genome array 

platform for A. temperans CB2, and the acquisition of gene expression data across 

planktonic cells, biofilms over four developmental stages and bacterial colonies. 
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6.5.1 A. temperans full genome array as a functional 
genomics tool 

A full genome array platform and associated experimental procedures have been 

developed for A. temperans CB2.  Beyond the scope of this thesis, the microarray 

platform is available to other researchers who are part of the bacterial eco-genomics 

research program. In addition, the array platform may also be used to investigate gene 

expression differences in closely related species with similar gene sequences to A. 

temperans CB2. Bacteria classified as A. temperans have been isolated from a wide range 

of environments, and the genome of three bacteria that are closely related to A. temperans 

CB2 have been sequenced recently (Acidovorax sp. JS42, A. avenae subsp. citrulli, and 

Verminephrobacter eiseniae).  

 
The methods development process detailed in this thesis may also provide transferable 

information that is applicable to the development of a microarray platform for other 

newly sequenced organisms.  

 

 

6.5.2 Gene expression analyses 
Microarray analyses presented in this thesis have provided some insights into the gene 

expression changes that occur during the development of A. temperans biofilms. Biofilm 

formation is a ubiquitous process that has important implications in a wide range of 

environmental, industrial, and medical applications (Chicurel, 2000; Danese, 2002; 

Palmer et al., 2007). Gene expression of biofilm cultures and bacterial colonies from the 

two phenotypic variants led to the development of a hypothesis that there is a defect in the 

pathways influencing pili assembly or cell motility. The identification of genes coding for 

signalling mechanisms and transmembrane proteins provide a list of candidate genes for 

more in-depth analysis in the future.  

 

A large proportion of the differentially expressed genes currently do not have any known 

functions. Microarray results have enabled the association of these cryptic genes with 

other genes with known functions, which can help infer functions to these cryptic genes. 

Furthermore, there were numerous probes targeting open reading frames (ORF) that did 

not match any gene sequences in the most current version of the genome assembly. The 

probes were found to be in the wrong orientation, or targeted an ORF in a previous 
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version of the genome assembly which is no longer recognised as a gene in the current 

genome assembly. These intriguing results warrant further analyses and may help to 

refine gene prediction.  

 

 

6.5.3 Limitations and future directions 
The current study described the averaged gene expression profiles obtained from whole 

biofilms, without distinguishing unique gene expression patterns exhibited by distinct 

functional subpopulation of cells in the biofilm. However, the implementation of RNA 

amplification procedures that have been validated in this study will enable the gene 

expression analysis of targeted cell populations to be performed in the future. The 

adoption of RNA amplification as part of the full genome array platform has already 

enabled the investigation of gene expression differences during the initial attachment 

phase of biofilm formation, which exhibited the greatest number of differentially 

expressed genes when compared to planktonic cells. Since the input total RNA required 

for the ExpressArt bacterial Nano mRNA amplification kit can be as low as 1 ng, 

sufficient RNA can be obtained from virtually any sample type, including subpopulation 

of cells within biological samples. 

 

Biological inferences from microarray results are based on the assumption that the 

phenotype is determined solely by the transcriptome. However, recent evidence has 

shown a range of other factors, such as post-transcriptional regulation and post-

translational protein modification can also have a major impact on the state of the cell. In 

addition, the phenotypic differences between Hpos and Hneg may be caused by mutations 

resulting in the production of defective proteins involved in pilus assembly. Therefore, 

sequencing of the Hneg genome may also be required to determine genetic differences 

between Hpos and Hneg.  

 

Compared to conventional single-gene assays, microarray technology offers an 

unprecedented ability to rapidly detect global gene expression changes to identify key 

molecular mechanisms underlying complex cellular processes. However, the hypotheses 

and candidate genes identified using microarray experiments will require further 

confirmation using other approaches such as proteomic, mutagenesis and in vitro 
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expression techniques. The incorporation of microarray technology with other functional 

genomics techniques will potentially lead to an improved understanding of crucial 

processes in wastewater treatment, using A. temperans as the model organism. 

 

 

6.6 Final conclusion 
This thesis set out to develop a full genome gene expression microarray for A. temperans 

CB2, and to use this microarray platform to investigate major differences in gene 

expression between the Hpos and Hneg phenotypic variants. An optimised gene 

expression microarray platform has been established through a rigorous assessment of 

steps in the microarray workflow, including RNA extraction, RNA amplification, 

microarray probe design, and qPCR. This work has led to the development of a robust set 

of optimised protocols that can also be used for future studies.  

 

Using the microarray platform, gene expression comparisons were obtained for 

planktonic broth cultures, static biofilms and bacterial colonies. Gene expression analyses 

of these samples have provided insights into the complex developmental processes 

involved in the transition from planktonic cells to stages of initial attachment, cell 

proliferation, maturation and nutrient limitation during the formation of A. temperans 

biofilms. The specific molecular mechanism associated with the phenotypic differences 

between Hpos and Hneg could not be categorically identified based solely on microarray 

results. However, there is evidence to suggest defects may be present in pathways 

influencing pili assembly or twitching motility in Hneg cells. The signalling mechanisms 

and transmembrane proteins that were identified as being more highly expressed in Hpos 

biofilms provide a key starting point for the verification of this hypothesis.  

 

In addition to the results presented in this thesis, the established microarray platform 

provides a functional genomics tool for the interrogation of gene expression changes 

involved in other processes that are crucial in wastewater treatment, such as flocculation 

and biodegradation. A better understanding of the molecular mechanisms underlying 

these complex processes will provide a scientific basis to improve the reliability of 

current wastewater treatment strategies and for the development of new treatment 

technologies. 
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AAPPPPEENNDDIIXX  11::  
DDeevveellooppmmeenntt  aanndd  AAnnaallyyssiiss  ooff  tthhee  
AA..  tteemmppeerraannss  FFuullll  GGeennoommee  AArrrraayy  
 
 

Probe design 
The A. temperans full genome array was manufactured on the Combimatrix CustomArray 

platform. The array contained 12544 probes, which consisted of probes targeting genes in 

the A. temperans genome, as well as mismatch probes for the evaluation of hybridisation 

specificity, technical probes with varying thermodynamic characteristics, negative control 

probes and quality control probes included by the manufacturer. The microarray probe 

annotation and layout is presented in Appendix 2. 

 
 

Gene probes 
Probes for the full genome array were designed to target gene sequences from two 

versions of the Acidovorax temperans CB2 genome assembly. Initially, probes were 

designed using the Combimatrix Automated Probe Design Suite to target predicted genes 

in Genome Assembly ID 4 and the A. temperans cryptic plasmid, pAT1. These genes 

include sequences with BLAST (Altschul et al., 1990) matches to genes in other bacterial 

genomes, as well as hypothetical open reading frames (ORFs) predicted by the Glimmer 

software (Delcher et al., 1999).  

 

A second set of probes was subsequently designed to target gene sequences from the 

more recent Genome Assembly ID22 using the ROSO software (Reymond et al., 2004). 

The thermodynamic characteristics (Tm, and Gibb’s free energy ∆G for hairpin and 

homoduplex formation) of the initial probe set designed using the Combimatrix 

Automated Probe Design Suite were analysed to obtain an equivalent set of settings for 

subsequent probe design using ROSO. Based on the outcome of this analysis, an iterative 

probe design strategy was formulated. Stringent probe design settings were used in the 

first iteration, and the probe design settings were relaxed in subsequent iterations to 

maximise the probe coverage rate. 
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The iterative design strategy was used in the design of probes targeting ORF sequences in 

Genome Assembly ID 22 (Table A1.1). Input ORF sequences that could not be 

represented by a specific probe and sequences represented by non-specific probes with 

more than 80% sequence identity to other input sequences were subjected to the 

subsequent probe design iterations. At the end of the four design iterations, probes had 

been found for all 4854 input ORF sequences, with 99.8% of these sequences being 

targeted by specific probes. 

 

Table A1.1. Settings used in the design of probes for the full genome array 

Design parameter First 

iteration 

Second 

iteration 

Third 

iteration 

Fourth 

iteration 

Probe length 35 35 35 35 

Tm (ºC) 83 – 87  

(4ºC range) 

82 – 89  

(7ºC range) 

82 – 89  

(7ºC range) 

81 – 92  

(11ºC range) 

Min ∆G Hairpin (kcal/mol) -2 -4 -4 -7 

Min ∆G Homoduplex 

(kcal/mol) 

-8 -10 -10 -11 

Probes with string of 4 

identical bases allowed? 

No No Yes Yes 

Probe design results     

Number of specific probes 

designed 

4698  120 13 7 

Cumulative specific probe 

coverage rate (out of 4854 

input ORF sequences) 

96.8% 99.3% 99.6% 99.8% 

Non-specific probes 23 17 13 12 

Sequences with no probe 133 19 6 0 
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Mismatch probes 
The sequence of thirteen perfect match (PM) probes targeting A. temperans transcripts 

were used to design mismatch (MM) probes through the deliberate introduction of 

random or contiguous mismatches to the probe sequence (Table A1.2). Five types of 

mismatch probe sets containing 1, 3, 5, 7, 10, 15, 20, and 25 mismatched nucleotides 

were generated (Figure A1.1). 

 

Table A1.2. Perfect match probes used in the design of mismatch probes  
Perfect match 

probe name 

Target 

gene 

Target gene product 

437759_CM_167 pilC Type IV fimbrial assembly protein pilC    

419921_CM_942 phbC Poly-beta-hydroxybutyrate polymerase        

438044_CM_2006 htpG Chaperone protein htpG       

437797_CM_785 rho Transcriptional termination factor Rho      

437972_CM_1394 rpoC DNA-directed RNA polymerase beta_ chain     

437018_CM_722 dnaA Chromosomal replication initiator protein      

437434_CM_707 katA Catalase         

437083_CM_1322 fumC Fumarate hydratase class II      

409533_CM_1942 opdA Oligopeptidase A 

227377_OR_273F gyrB DNA gyrase subunit B      

230570_OR_441F recA RecA protein        

226532_OR_291F atpG ATP synthase gamma chain      

236731_OR_624F dnaJ Chaperone protein dnaJ       

 

 
Figure A1.1. Four different types of mismatch probe sets were included on the test array. Random 
mismatch probes were generated by introducing mismatches to random positions throughout the perfect 
match probe sequence. Contiguous mismatches were introduced to either the centre of the probe, the 5’ and 
3’ end of the probe, and both ends of the probe.  
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The mismatch base introduced was determined randomly from any one of the other three 

bases. For example, if the original base on the perfect match probe was the base T, it 

could be changed to either A, G, or C. Multiple mismatch probes were generated, and 

probes which had the most similar probe characteristics (Tm, ∆G for homoduplex and 

hairpin formation) to the perfect match probes were selected for inclusion on the 

microarray. All selected mismatch probe sequences were checked by BLAST against the 

A. temperans genome database to ensure that the mismatches did not introduce potential 

regions of cross-hybridisation to other sequences in the genome.  

 

Negative control probes 
Negative control probes with no significant sequence similarity to A. temperans gene 

sequences were included on the array to assess the level of background non-specific 

hybridsiation. Two negative control probes were designed to each of these Rattus 

norvegicus genes:  

 mitogen activated protein kinase 3 (Mapk3),  

 keratin complex 1, acidic,  

 gene 18 (Krt1-18),  

 thyroid hormone responsive protein (Thrsp),  

 caveolin 2 (Cav2), angiotensinogen (Agt).  

 
 

Probes targeting external RNA controls 
Probes targeting seven external RNA controls (Stratagene) that were recommended for 

the Combimatrix platform were included on the A. temperans full genome array. These 

probe sequences were obtained from the manufacturer of the Combimatrix CustomArray 

(http://www.combimatrix.com/support_faq.htm#spikingcontrols, retrieved 10 August 

2006). 
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Analysis of the full genome array platform 
Microarray data obtained from the RNA amplification (Section 5.3.1) and gene 

expression experiments (Section 5.3.3 and 5.3.4) were analysed to investigate properties 

of probe-target hybridisation on the Combimatrix CustomArray platform, such as 

hybridisation specificity and the effect of probe characteristics on probe intensity.  

 

Multiple probes targeting the same transcript 
As the full genome array consisted of probes designed to target gene sequences from two 

assemblies of the A. temperans genome, a majority of genes were targeted by two 

different sets of probes. In addition, multiple probes were also deliberately designed to 

target a subset of selected genes to investigate the effect of probe characteristics on 

microarray results. Data from microarrays that were hybridised in the RNA amplification 

experiment was examined to evaluate the variability in the intensities of probes targeting 

the same transcript, and to establish a method for the analysis of these replicate probes.  

 

Generally, similar signal intensities were obtained from replicate probes with the same 

sequence (Figure A1.2). However, probes with different sequences that targeted the same 

transcript exhibited a high degree of variation in signal intensities, where the range in the 

intensities of multiple probes targeting the same transcript can often be larger than the 

difference in intensities of each individual probe across different biological samples. The 

effect of probe sequence on signal intensities highlighted the need to treat data from each 

probe independently, so that outliers did not contribute to error in the gene expression 

analyses. In contrast, the trend in signal intensities for each probe was consistent across 

replicate samples and sample preparation methods, resulting in similar fold changes for 

majority of probes in the probe set. Therefore, the data suggest that the mean fold 

difference between biological samples and treatments could be used to consolidate data 

obtained from probe sets targeting the same transcript. 
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Figure A1.2. Quantile normalised intensities of multiple probes designed to target selected housekeeping 
genes (gapA, gyrB) and heat shock genes (dnaK, htpG) showing patterns observed across treatment and 
replicates. Arrays were hybridised with three replicates of heat shock (HS, dashed lines) and non-heat shock 
(NHS, solid lines) samples generated from either cDNA, aRNA obtained using the ExpressArt kit, or aRNA 
obtained using the Ambion system. The data for each replicate was plotted separately to illustrate the 
consistent differences in intensities for each probe observed across different replicate samples, sample 
preparation methods, and within each sample type. The multiple probes targeting each gene were sorted 
according to their location from the 5’ end of the gene sequence, and assigned an arbitrary probe number. 
The probe numbers of replicate probes with exactly the same probe sequence were indicated with a black 
box. Missing data points due to saturation or the presence of artefacts on the arrays were not plotted. 
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Figure A1.3. Mean fold change between heat shocked (HS) and non heat shock (NHS) control detected by 
multiple probes designed to target selected housekeeping genes (gapA, gyrB) and heat shock genes (dnaK, 
htpG). Arrays were hybridised with cDNA, aRNA obtained using the ExpressArt kit, or aRNA obtained 
using the Ambion system. The multiple probes targeting each gene were arranged according to their 
location from the 5’ end of the gene sequence, and assigned an arbitrary probe number. The probe numbers 
of replicate probes with exactly the same probe sequence were indicated with a black box. Errors bars 
represent standard error of fold difference between HS and NHS samples across three biological replicates 
for each sample preparation method. 
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Hybridisation specificity 
The hybridisation specificity of the full genome array platform was evaluated by 

examining the decay in fluorescence signal intensity of mismatch probes compared to the 

intensity of the perfect match probe, using data obtained from the 66 arrays used for gene 

expression profiling of bacterial colonies, biofilms and planktonic cells. Overall, the 

signal intensities of mismatch probes decreased as the number of mismatches increased, 

and the background intensity level was reached with the introduction of less than 10 

mismatched nucleotides (Figure A1.4). For mismatch nucleotides placed at the 3’ end of 

the probe, there was negligible decrease in intensity for the first 10 mismatch nucleotides. 

This suggest some steric hindrance for target to access the probe as the probes were 

attached to the array surface at the 3’ end (www.combimatrix.com), and the first few 

nucleotides at the 3’ end of the probe did not significantly determine hybridisation 

specificity. 
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Mismatches at both ends of the probe
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Figure A1.4. The relationship between mean probe intensity and the number of mismatched nucleotides for 
thirteen mismatch probe sets. Mismatch probe intensities were standardised to the intensity of the perfect 
match probe log2(MM/PM). Initial slope give rate of decrease in intensity as mismatch bases were 
introduced, which represented the effect of each type of mismatch type has on hybridisation kinetics. A 
greater the slope indicates a higher level of sequence discrimination between probe and target hybridisation, 
as the fluorescence intensity was decreased more significantly with the introduction of each mismatched 
nucleotide. 
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AAPPPPEENNDDIIXX  22::  
MMiinniimmuumm  IInnffoorrmmaattiioonn  AAbboouutt  aa  
MMiiccrrooaarrrraayy  EExxppeerriimmeenntt  ((MMIIAAMMEE))  
 

A2.1. Microarray probes and layout for the Ralstonia solanacearum full genome array 
[on CD-ROM] 
 
 
A2.2 Schematic of experimental design and microarray data files generated in the sample 
stablisation experiment [on CD-ROM] 
 
 
A2.3. Schematic of experimental design and microarray data files generated in the mRNA 
enrichment experiment [on CD-ROM] 
 
 
A2.4. Microarray probes and layout for the A. temperans full genome array [on CD-
ROM] 
 
 
A2.5. Schematic of experimental design and microarray data files generated in the 
validation of RNA amplification experiment [on CD-ROM] 
 
 
A2.6. Schematic of experimental design and microarray data files generated in the gene 
expression analysis of A. temperans colonies and biofilms [on CD-ROM] 
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AAPPPPEENNDDIIXX  TTHHRREEEE::  
SSuupppplleemmeennttaarryy  ddaattaa  
 
 
Table A3.1. Differentially expressed genes between 48-hour Hpos and Hneg colonies 
grown on R2A agar [on CD-ROM] 
 
 
Table A3.2. Genes that were differentially expressed during biofilm formation [on CD-
ROM] 
 
 
Table A3.3. Genes exhibiting more than two-fold difference in gene expression between 
Hpos and Hneg static biofilms [on CD-ROM] 
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