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Abstract Genetic adaptation is one of the key features of

Escherichia coli (E. coli) that ensure its survival in dif-

ferent hostile environments. E. coli seems to initiate bio-

film development in response to specific environmental

cues. A number of properties inherent within bacterial

biofilms indicate that their gene expression is different

from that of planktonic bacteria. Two of the possible

important genes are rpoS and bolA. The rpoS gene has been

known as the alternative sigma (r) factor, which controls

the expression of a large number of genes, which are

involved in responses to a varied number of stresses, as

well as transition to stationary phase from exponential form

of growth. Morphogene bolA response to stress environ-

ment leads to round morphology of E. coli cells, but little is

known about its involvement in biofilms and its develop-

ment or maintenance. The purpose of this study was to

understand and analyse the responses of rpoS and bolA

gene to sudden change in the environment. In this study,

E. coli K-12 MG1655, rpoS, and bolA mutant strains were

used and gene expression was studied. Results show that

both genes contribute to the ability to respond and adapt in

response to various types of stresses. RpoS response to

various stress environments was somehow constant in both

the planktonic and biofilm phases, whereas bolA responded

well under various stress conditions, in both planktonic and

biofilm mode, up to 5–6-fold change in the expression was

noticed in the case of pH variation and hydrogen peroxide

stress (H2O2) as compared with rpoS.
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Introduction

Bacteria form biofilms as an adaptive mechanism in chal-

lenging environments. These can exist wherever surface

contact is available to bacteria in naturally occurring fluids

[1]. Biofilms are pervasive and problematic because they

are more resistant to antibiotics, hydrodynamic shear for-

ces, UV light, and chemical biocides; increased rates of

genetic exchange, altered biodegradability, and increased

secondary metabolite production than their planktonic

counterparts [2, 3]. It is difficult to understand mechanisms

of biofilm formation, as biofilms are heterogeneous in the

environment and industrial settings and are composed of

complex microbial communities [4].

It has been estimated that 65% of the infections are

biofilm-associated [5, 6]. Reduced susceptibility of the

biofilm bacteria to antimicrobial agents is a vital problem

in the treatment of chronic infections [5, 6]. Single-species

biofilm might exist in a variety of infections and on the

surfaces of indwelling medical implants. The mechanism

of biofilm formation can be better understood at the

molecular level by studying single-species biofilm under

controlled conditions.

Recently, research into the genetic control of biofilm

formation has gained importance. Various intrinsic prop-

erties within bacterial biofilms indicate that their gene

expression is different to their planktonic counterparts and

numerous genes have been proposed to be important in
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biofilm formation. Vast arrays of genes are implicated in

biofilm formation [7, 8]. Two of the possibly important

genes are rpoS (RNA polymerase sigma factor) and mor-

phogene bolA. RpoS is a sigma subunit of RNA polymerase

in E. coli that is induced and can replace vegetative sigma

factor rpoD to some extent, under several stress conditions.

Consequently, transcription of numerous rS-dependent

genes is activated [1].

Morphogene bolA was first described to be involved in

adaptation to the stationary growth phase [9]. However, its

function is still not fully understood. Its expression might

be induced by different forms of stresses that result in the

high-level expression of bolA mRNA and the formation of

biofilms. It also has a major effect on the bacterial envelope

and, therefore, may be implicated in cellular protection

under adverse growth conditions [10]. Even though the

significance of the rpoS gene in biofilm development has

been suggested, the role of rpoS and bolA gene in the

formation of biofilm and its expression under different

types of stresses has not been investigated.

Stress may be defined as any detrimental factor that

adversely affects the growth or survival of microorganisms.

Outcomes of stresses applied to microorganisms vary.

Sublethal levels of stress reduce or stop the growth of the

microorganism and do not result in viability loss [11]. In

the case of moderate stress environments, the outcome

leads to loss in cell viability and stops the growth of

microorganism. Acute or extreme stress is lethal to cells

and causes the death of the mainstream of the population.

The increase in resistance of an organism to one stress,

after application of a different and unrelated sublethal

stress, is known as cross-protection [12]. Stress responses

are extremely imperative to microorganisms as their hab-

itats are subject to continuous change [11].

In response to changes in their environment, bacteria

have the ability to regulate the expression of genes that

control their growth and physiology quickly [13]. Because

bacterial gene expression is strongly regulated at the tran-

scriptional level [14] and prokaryotic RNAs have short

half-lives [15], transcriptional profiling has been widely

used in characterization of bacterial responses to various

environmental conditions [14, 16]. Reverse transcription

followed by quantitative real-time PCR (qRT–PCR) is a

sensitive tool to quantitatively analyze RNA levels tran-

scribed from a relatively large number of genetic regions.

In addition, it can quantify low-abundance RNAs and, with

slight modification, can be applied to measure all catego-

ries of RNAs [17]. Moreover, direct measurement of RNA

levels from a set of responsive genes that either get induced

or repressed under a specific environmental condition can

reveal information about bacterial responses and be critical

to understanding conditions in microenvironments around

bacteria at the time of expression profiling.

Materials and methods

Bacterial strains and growth conditions

E. coli K-12 MG1655 wild type (WT) and mutant strains

(D) have been used in this study and were kindly provided

by National Institute of Genetics, Japan. The WT strain

was E. coli K-12 MG1655 and the mutants were E. coli

K-12 MG1655 rpoS mutant (DrpoS) and E. coli K-12

MG1655 bolA mutant (DbolA). Cells were grown in

LB (Luria–Bertani) medium. Samples were taken at

OD600 = 1.0 and was considered as exponential growth

phase, whereas OD600 = 2.2 was considered to be sta-

tionary growth phase.

Inoculum preparation

A bacterial suspension was prepared by gently removing

bacteria from the solid medium using a sterile nichrome

loop to inoculate the bacteria into a 500 ml flask con-

taining 200 ml of sterile nutrient medium. This bacterial

suspension was incubated at 37�C with agitation at

120 rpm for 18 h to have bacteria in the exponential

phase of growth.

Stress response experiment

Heat shock, cold shock, pH stress, and H2O2 stress

A volume of 0.1 ml of E. coli K-12 MG1655 culture

(WT, DbolA, and DrpoS) was withdrawn at 2 min inter-

vals and plated out directly to determine the viable cell

numbers. Percentage survival was defined as the per-

centage change in the CFU counts per ml obtained after

incubation onto LB medium for 15 min following a

sudden shift from optimal growth conditions, i.e., heat

shock temperatures (42 and 46�C), cold shock tempera-

tures (5 and 20�C), pH stress levels (pH 5, 6, 8, and 9),

and different concentrations of H2O2 (3, 4, and 5 mM).

This was done to check the rapid change in expression

level of rpoS and bolA genes.

Glycogen assay

To confirm the rpoS mutant status, both E. coli WT and

DrpoS strains were streaked on LB agar plates and incu-

bated overnight at 37�C. After incubation, plates were left

at 4�C for 24 h before they were flooded with concentrated

iodine solution. Glycogen-deficient DrpoS gave a negative-

staining reaction (white colonies), whereas the WT glyco-

gen-excess strains generated a positive-staining reaction

(dark brown colonies) [18].
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Catalase activity

Cultures were also tested qualitatively for catalase activity

by applying 6% (wt/vol) H2O2 directly onto colonies on

Luria agar plates. Vigorous bubbling indicated WT rpoS

activity and positive reaction to hydrogen peroxide.

Biofilm formation assay: crystal violet staining

A biofilm formation assay was performed using a micro-

titre plate. A volume of 20 ll aliquots of an overnight

culture with OD600 of 1.0 were inoculated into 200 ll

medium in a PVC microtitre plate. After 72 h incubation,

the medium was removed from wells, which were then

washed five times with sterile distilled water, and unat-

tached cells were removed. Plates were air-dried for

45 min and each well with attached cells were stained with

1% crystal violet (CV) solution in water for 45 min. After

staining, plates were washed with sterile distilled water five

times. At this point, biofilms were visible as purple rings

formed on the side of each well. The quantitative analysis

of biofilm production was performed by adding 200 ll of

95% ethanol to destain the wells. About 100 ll from each

well was transferred to a new microtiter plate, and the level

(OD) of the crystal violet present in the destaining solution

was measured at 595 nm.

Experimental replication

Data from all experiments, including control treatments for

both the planktonic and biofilm phase, represent the aver-

ages of three or more independent experiments.

Isolation of RNA

RNA was routinely isolated using the RNeasy� ProtectTM

Bacteria Mini Kit (Qiagen Ltd., UK), which comprises two

steps: (i) immediate stabilization of bacterial RNA and (ii)

subsequent isolation and purification of total RNA.

Analysis of RNA integrity

The integrity of total RNA samples was determined by

using denaturing (formaldehyde) agarose gel electropho-

resis. RNA samples, used for RT-PCR analysis, were

routinely checked using this method for the presence of

two clear sharp bands of 16S and 23S E. coli ribosomal

RNA, which are indicative of intact RNA.

cDNA synthesis for real-time two-step RT-PCR

Messenger RNA was reverse transcribed into cDNA using

the QuantiTect� Reverse Transcription kit (Qiagen Ltd.,

UK). RNA was converted to cDNA with 15 min incubation

at 42�C and 3 min inactivation at 95�C. The cDNA was

subjected to real time PCR using ABI 7500 (Applied

Biosystems). Reactions were performed in a 12.5 ll reac-

tion volume.

Primer designing

Specific primers for rpoS, bolA, and 16S rRNA (house-

keeping gene) were designed using Primer 3 software

(http://www.genome.wi.mit.edu/cgi-bin/primer/primer3_

www.cgi) (Table 1). Primers were ordered from Invitro-

genTM life technologies, UK. On receipts, all primers were

rehydrated in nuclease-free water and dispensed into 10

lM aliquots of working stock solution before storage at

-20�C.

Optimization of the PCR

Optimal PCR conditions were determined using Veriti

Thermal Cycler (Applied Biosystems). The optimum con-

centrations of magnesium chloride and primers for both

sets of rpoS and bolA primers were found to be 1.5 mM

and 0.3 lM, respectively. These concentrations were sub-

sequently used in all real-time RT-PCR experiments to

maintain reaction stringency. The optimum annealing

temperature for the amplification of rpoS and bolA was

determined to be 60�C.

Real-time quantitative RT-PCR

QuantiTectTM SYBR� Green I PCR (Qiagen) assays were

run on ABI 7500 Real-Time PCR machine for quantitative

analysis of rpoS and bolA mRNA. Initial assays were

carried out according to the reaction conditions recom-

mended by the manufacturer in conjunction with the opti-

mum parameters determined using standard PCR.

Melting curve analysis

The identity of PCR products was confirmed by melting

curve analysis, which was performed after the amplifica-

tion stage of every experiment.

Analysis of gene expression using 2-DDCT method (relative

quantification)

The polymerase chain reaction is an exponential process

whereby the specifically amplified product ideally doubles

each cycle. As such, the measured Ct (cycle threshold)

value is a logarithmic value that needs to be converted into

a linear relative quantity [19]. The average Ct was calcu-

lated for both the target genes and 16S rRNA, and the DCt

Mol Cell Biochem (2011) 357:275–282 277

123

http://www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi
http://www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi


(delta threshold) was determined as (the mean of the trip-

licate Ct values for the target gene) minus (the mean of the

triplicate Ct values for 16S rRNA). The DDCT (delta delta

threshold) represented the difference between samples. The

expression levels of the gene of interest were normalized

by dividing it by the relative expression level for the

housekeeping gene for the same sample. The fold-change

in gene expression was calculated by dividing the nor-

malized expression level for the experimental sample by

the normalized number for the control sample.

Results

Growth curve was plotted to check the differences in the

growth rate of ?rpoS/-bolA, ?bolA/-rpoS, and WT. It

was found that E. coli with DrpoS and DbolA gene can

grow at the same rate as WT does in planktonic cells

(Fig. 1).

The analysis of integrity of RNA was routinely checked

using formaldehyde agarose gel electrophoresis (Fig. 2). The

product sizes for rpoS, bolA, and 16S rRNA were 273, 216,

and 201 bp, respectively (Fig. 3). Throughout in this study,

ribosomal gene 16S rRNA was used as a reference gene.

Preparation of DNA standards and a standard curve

for quantification using real-time PCR

Relative quantification was employed for determination of

the relative level of expression of the genes of interest and

the housekeeping gene for all experimental samples.

Absolute quantification was also performed to generate the

Ct values for relative quantification. The advantage of

absolute quantification is the quality of results, which

provide information on actual levels of a given mRNA, in

this case rpoS and bolA mRNA. Furthermore, the results

can be compared as independent results, and are not linked

to parameters specific to the experiment. The calibration

curve was obtained during the runs performed with the

DNA standards, and the original screenshot of a standard

curve generated during the experiment was taken as an

Table 1 List of primer

sequences for rpoS, bolA, and

16S rRNA (housekeeping gene)

Primer Sequence Length (bp) Annealing

temperature (�C)

16S rRNA (forward) AGGCCTTCGGGTTGTAAAGT 20 55

16S rRNA (reverse) CGGGGATTTCACATCTGACT 20 55

rpoS (forward) GATGACGTCAGCCGTATGCTT 21 59

rpoS (reverse) GAGGCCAATTTCACGACCTAC 21 59

bolA (forward) CCGTATTCCTCGAAGTAGTGG 21 59

bolA (reverse) GCAACCCTTCCCACTCCTTAA 21 59

Fig. 1 Planktonic growth curve of wild type (WT), rpoS mutant

(filled square, rpoS), and bolA mutant (filled diamond, bolA) strains in

LB media. Optical density was measured at A600. OD600 = 1.0

(exponential growth phase) and OD600 = 2.2 (stationary growth

phase). The data used are an average of three individual experiments

Fig. 2 The analysis of the integrity of RNA by formaldehyde agarose

(1.5% w/v) gel electrophoresis, from the total RNA samples extracted

from exponentially growing E. coli K-12 MG1655 cells. The size of

16S rRNA and 23S rRNA was 1.5 and 2.9 kbp, respectively
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example (Fig. 4). The PCR amplification efficiency can be

determined from the slope of the calibration curve. A slope

equal to -3.3 indicates 100% efficiency. It should be noted

that absolute quantities of each template are calculated

based on individual calibration curves generated during

individual PCR runs. The optimal baseline and threshold

setting for each experiment was set to manual Ct (i.e.,

threshold 0.02). Ct values were generated for preparation

of standard curve for each standard using seven indepen-

dent experiments.

The melting temperature of the specific product ampli-

fied from the initial 16S rRNA, rpoS, and bolA mRNA

template had a predicted melting temperature of 83, 84,

and 80�C (Fig. 5). From the melting curve plot, it could be

deduced that no primer dimers or secondary products were

formed because only one peak was seen, which corre-

sponds to the desired product. The products of all real-time

PCR experiments presented in this report were confirmed

using melting curve analysis and by agarose gel electro-

phoresis analysis.

Analysis of rpoS and bolA gene expression using

the relative quantification method under heat, cold, pH,

and oxidative stress

A noticeable difference in gene expression of rpoS and

bolA gene under various stress-induced environments in

both the planktonic and biofilm phases was seen. In this

study, the data are presented as the fold change in target

gene expression in various stress-induced environments

normalized to the internal control gene (16S rRNA) and

relative to the normal control. The N-fold differential

expression in the target gene of a stress-induced samples

compared with the normal sample counterpart was

expressed as 2-DDCT in this study. The rpoS and bolA gene

expression level was seen higher in biofilms than the

exponential planktonic cells. Expression analysis of mRNA

of rpoS and bolA genes under various stress environments

was performed using relative quantification method.

Results showed the N-fold change in the expression of both

rpoS (Fig. 6) and bolA (Fig. 7) genes under heat shock

temperatures (42 and 46�C), cold shock temperatures (5

and 20�C), pH stress levels (pH 5, 6, 8, and 9), and dif-

ferent concentrations of H2O2 (3, 4, and 5 mM).

Discussion

Earlier studies on rpoS and bolA genes have investigated

long-term stress conditions and biofilm formation under

several forms of stress, including nutrient starvation at

stationary phase, where the increased level of expression

has been seen. This study assessed whether rpoS and bolA

Fig. 3 Agarose gel showing optimised primers for rpoS and bolA
genes at different temperatures with a product size of 273 and 216 bp

Fig. 4 Illustrated example of the calibration curve generated from the

average Ct values, for each standard, obtained from all real-time RT-

PCR determinations performed for analysis of rpoS and bolA mRNA

transcription

Fig. 5 The graph illustrates data from a typical real-time RT-PCR

experiment with melting curve analysis. Two-step RT-PCR was

carried out according to the optimised protocol. It illustrates the

calculated plot of fluorescence against temperature. Using this plot,

the melting temperature of the amplification product can be deter-

mined, which in this case is 83, 84, and 80�C for 16S rRNA, rpoS, and

bolA. The data collected also include no template control
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gene could express under suddenly changing stress condi-

tions, i.e., 15 min intervals from optimal condition to the

various stress-induced conditions (i.e., heat, cold, pH

fluctuation, and oxidative stress) in both planktonic and

biofilm phase. Morphogene bolA is known to express in the

stationary phase. Its expression in the biofilm phase at

exponential level of growth and the possible role of bolA

gene under sudden change in environment was therefore

investigated.

E. coli frequently encounters various types of stresses in

natural and man-made environments. In this study, real-

time RT-PCR was performed to investigate the expression

profiles of rpoS and bolA genes in response to similar

stresses. The stress-induced conditions used in this study

were chosen to represent some scenarios that this bacte-

rium may encounter during natural shifts. These results

indicate that the bolA and rpoS respond to different con-

ditions quite distinctly, and have distinct expression pat-

terns under various stress conditions.

RpoS is a conserved stress regulator that plays a sig-

nificant role in survival under stress conditions in E. coli.

The rpoS mutation had a pronounced effect on gene

expression in stationary phase, and more than 1,000 genes

were differentially expressed. Even in exponential phase

when rpoS is expressed at low levels, mutation in rpoS

affects the expression of a large set of genes [20]. On the

other hand, bolA expression is also confined to stationary

phase. Its involvement in biofilm formation and expression

under stationary phase is two different events, which are

related to stress. So the purpose here was to analyse the

expression of rpoS and its dependent gene bolA under

biofilm mode of growth, as a sudden response to stress.

Fig. 6 Bar graph represents the

expression of rpoS gene under

various stress conditions in

planktonic and biofilm phase.

The cultures were grown

overnight in LB at 37�C and

percent survival was calculated.

The values shown are the means

of three independent

experiments and the error bars
indicate the range. Increased

mRNA expression was defined

as N-fold [ 1.0, ‘‘normal’’

expression (control) was an N-

fold = 1, and decreased mRNA

expression was N-fold \ 1.0

Fig. 7 Bar graph represents the

expression of bolA gene under

various stress conditions in

planktonic and biofilm phase.

The cultures were grown

overnight in LB at 37�C and

percent survival was calculated.

The values shown are the means

of three independent

experiments and the error bars
indicate the range. Increased

mRNA expression was defined

as N-fold [ 1.0, ‘‘normal’’

expression was an N-fold = 1

(control), and decreased mRNA

expression was N-fold \ 1.0
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Expression of rpoS and bolA in various stress

conditions

No activity of rpoS was found under oxidative stress,

which suggests that cells in mature biofilms do not require

expression of the rpoS gene under oxidative stress in either

the planktonic or in biofilm phases (Fig. 6). RpoS might be

able to respond in later stages/higher concentration (H2O2)

to oxidative stress but not suddenly (in this study). An

interesting result was seen in the case of bolA, which

showed a 5–6-fold increase in expression under oxidative

stress in the planktonic phase when compared with rpoS

expression. Decreased expression of bolA in the biofilm

phase is seen under oxidative stress when compared with

the planktonic phase, which shows that cells can respond

well in the planktonic phase in presence of bolA but not in

biofilms, whereas rpoS cannot respond in either phase. The

data indicate that gene expression within biofilm is dif-

ferent from that observed in standard planktonic growth

cultures. Nearly, 1.6-fold increase in the expression of rpoS

and 2.2-fold increase in the expression of bolA were seen

after 15 min of heat stress, i.e., shift from 37 to 46�C, under

the biofilm mode of growth. In the planktonic phase, a

minor change was seen after the shift to 42 and 46�C from

37�C (Fig. 6). Sudden decrease in the expression of rpoS

and bolA both under cold shock condition suggests that low

temperature does not induce the expression of both genes,

or it can be said that rpoS and bolA cannot respond sud-

denly to the cold shock condition, whereas on the other

hand, variation in the pH change induces the expression of

rpoS and bolA up to 3.5- and 5.5-fold increase under bio-

film mode of growth, which in turn shows the necessity for

both genes when the pH is changed. It also hypothesizes

that cells in biofilms were in stress conditions and requires

the expression of rpoS and bolA as a sudden response to

environmental change.

Overall, results from this study suggest a new phenotype

for the bolA and rpoS gene. In addition to its ability to

produce round cell morphology, bolA is implicated in

biofilm development [21]. The fact that bolA is expressed

under unfavorable conditions (i.e., stress and stationary

phase) suggests that biofilm formation is a mode of action

by which the bacteria protect themselves against the

environment. The expression of bolA is under the tran-

scriptional control of rS (encoded by rpoS). The presence

or absence of rS has an impact on biofilms [22]. In rpoS

mutant strains, the biofilm cell density is reduced by 50%,

and there are differences in biofilm structure [23]. Inter-

estingly, deletion of bolA also reduces biofilm formation by

E. coli K-12 MG1655. Considering the fact that the levels

of bolA depend on rS, we can still hypothesize that bolA

may facilitate the biofilm development. As the expression

level of bolA was higher than that of rpoS alone shows that

the sudden change in environment could increase the

expression of bolA. This might indicate that rS may act

through bolA to facilitate biofilm development.

The study showed that both rpoS and bolA genes can

respond and express under sudden change in environment.

Change in pH suggests the importance of rpoS and bolA

and their response to the pH fluctuation is constructive,

which may lead to increased bolA and rpoS mRNA levels

resulting in biofilm formation and development. In general,

the study demonstrated that temperature, pH, and hydrogen

peroxide have a dramatic effect on gene expression, sig-

nifying that adaptation to various environmental change

conditions requires a coordinated multifunctional response.

This study concludes that rpoS gene and its coordinated

expression with bolA gene possibly play a major role in

biofilm development.
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