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Abstract 
 

Transcription initiation in bacteria requires the dissociable sub-unit σ to bind to core 

RNA polymerase (RNAP) for recognition of key promoter elements. Bacteria harbour an 

assortment of different types and numbers of σ factors that they can selectively utilize 

depending on its adaptive requirement. One such group of alternative σ factors that are 

used for transcribing genes in response to stressors from outside the cytoplasm are called 

extracytoplasmic function (ECF) σ factors that are often regulated by anti-σ factors. 

However, alternative anti-σ devoid models also exist. The opportunistic pathogen, 

Burkholderia cenocepacia, has 13 ECF σ factors, of which 11 are currently uncharacterized. 

In this study, the role of four previously uncharacterized ECF σ factors, PrtI, Ecf41Bc1, 

Ecf41Bc2 and Ecf42Bc of B. cenocepacia were investigated. Using ChIP-seq and reporter-

fusion assays PrtI was found to regulate the prtI promoter itself and the promoter of a 

putative catalase. The -10 and -35 promoter elements for PprtI were experimentally shown 

to be ‘GTC’ and ‘GGAATA’, respectively, separated by a 16 bp spacer. A predicted anti-σ 

factor encoded by the gene downstream of prtI was shown to be inhibitory to PrtI activity 

and to interact with the C-terminal domain of PrtI through its N-terminal domain.  

Ecf41Bc1 and Ecf41Bc2 were shown to regulate promoters of putative alkyl-

hydroperoxide D and LysR-type transcriptional regulator, respectively. Ecf41Bc1 and Ecf41Bc2 

lack cognate anti-σ factors, but instead, have a C-terminal extension which was 

hypothesized to be regulatory. However, based on experiments from C-terminally 

truncated derivatives of Ecf41Bc1 and Ecf41Bc2, the CTE exerting such an effect cannot be 

concluded. No phenotypes were obtained for deletion mutants of any of the above σ 

factors. 

In case of the iron-starvation ECF σ factor OrbS, in the OrbS-dependent promoter, 

‘TAAA’ and ‘CGTC’ were demonstrated to form the -35 and -10 promoter elements, 

respectively, separated by 17 bp. The length of the spacer was found to be critical. The bases 

located near the transcription start site were important for efficient promoter utilization 

when substituted in a block of three. OrbS is regulated transcriptionally by an iron regulator 

Fur and does not have an anti-σ factor. Presence of an alternative regulatory mechanism 

was investigated using a fur mutant. However, it was not possible to draw conclusions from 

these studies as the fur mutant used, unexpectedly, retained Fur activity. 
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1.1 General introduction 

Bacteria require efficient regulatory mechanisms to respond to changing 

environments and adapt themselves for survival, especially within hosts. The use of extra-

cytoplasmic function sigma (ECF σ) factors is one such mechanism employed by bacteria to 

respond to external stress signals where the ECF σ factor associates with core RNA 

polymerase (RNAP) to form a RNAP holoenzyme and recognise promoters to initiate 

transcription of stress responsive genes. Particularly, opportunistic pathogens such as 

Burkholderia cenocepacia, use a number of different strategies for infection, pathogenesis, 

survival and inter-species competition but these mechanisms are still not fully elucidated at 

the molecular level. Although B. cenocepacia harbours 13 ECF σ factors, only two are 

currently characterised: OrbS and RpoE (Agnoli et al., 2006, Flannagan and Valvano, 2008). 

Hence, there is a need to study the roles of the other ECF σ factors to develop a better 

understanding of the bacterial stress response strategies and whether they may play a role 

in infection. 

 

1.2 σ factor: structure  

σ factors are bacterial proteins that function as dissociable sub-units of the RNAP. 

They bind to core RNAP to form a RNAP holoenzyme which is capable of transcription 

initiation (Murakami, 2015). A variety of σ factors are present which are functionally and 

structurally very diverse not only across different genera but within the same micro-

organism. There are two families of σ factors based on amino acid sequence conservation 

that are termed as σ70 (or σA) and σ54 families. σ70 is the major σ factor in all bacteria and is 

encoded by rpoD in E. coli hence the E. coli protein is also referred to in some earlier 

literature as σD. It is more usually called σA or the ‘primary σ factor’ and is responsible for 

transcription initiation of most housekeeping genes, making it essential for cell growth and 

survival (Paget and Helmann, 2003). σ54 is also present in both Gram-positive and Gram-

negative bacteria but is structurally and functionally unrelated to σ70  and is also dispensable 

for survival under laboratory conditions (Wosten, 1998). 
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The primary σ factor, shown in Figure 1.1, consists of 4 domains connected by linkers 

which give it flexibility (Campbell et al., 2002). These domains are further divided into sub-

regions based on amino acid sequence conservation and function. Domain 1 (σ1 or 

sometimes referred to as σ1.1) consists of conserved region 1.1 and is auto-inhibitory in 

function (Schwartz et al., 2008). Domain 2 (σ2) is made up of 5 helices and a non-conserved 

region (NCR) consisting of multiple helices. This domain interacts strongly with the core 

RNAP and recognizes a conserved hexameric nucleotide consensus sequence (TATAAT) that 

is called the ‘-10 promoter element’ located approximately ten basepairs upstream of the 

transcription start site (+1). Conserved regions 2.3-2.4 are involved in this -10 element 

recognition (Campbell et al., 2002, Paget, 2015). One of the long helices contains region 2.4 

while region 2.3 contains aromatic residues involved in DNA melting and basic residues for 

specific DNA binding. Domain 3 (σ3) is composed of 3 helices and contains region 3.0, 

previously known as region 2.5, which is involved in recognition of the extended -10 region 

that is present in some promoters (Murakami et al., 2002). Domain 4 (σ4) is present at the 

C-terminal end of σ70 and is known to interact strongly with RNAP. The linker between σ3 

and σ4 is relatively long. σ4 is composed of 4 helices and contains conserved regions 4.1 and 

4.2. Region 4.2 recognizes a conserved hexameric nucleotide consensus sequence (TTGACA) 

located approximately 35 basepairs upstream of +1 called the ‘-35 promoter element’ 

through its helix-turn-helix motif (Campbell et al., 2003).  
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Figure 1.1. Structure of σ70 from E. coli when interacting with RNAP  

σ2, σ3 and σ4 are shown in blue, yellow and green, respectively (σ1 is absent in this crystal structure). 

This image was generated from the ‘4YG2’ file deposited on PDB and the software PyMOL® 

Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.  

 

 

1.3 σ factor: function in transcription initiation 

Bacterial core RNAP is the fundamental component required for transcription and it 

consists of five subunits: 2α, β, β’ and ω (Zhang et al., 2012, Murakami, 2015). The defining 

features of a σ factor are its ability to bind to the core RNAP, specifically recognise promoter 

elements and initial DNA unwinding/strand separation in the -10 region forming the 

transcription bubble to initiate transcription (Feklistov et al., 2014).  

 

1.3.1 Structural interaction of σ factor with RNAP in transcription initiation 

β and β’ form the two pincers of the crab-claw like structure of RNAP. When the σ 

subunit associates with the core RNAP, σ2 interacts with a coiled coil within β’. This is one 

of the largest interactions based on surface area. σ3, in contact with the wide internal 

channel of RNAP above the active catalytic site with Mg2+, simultaneously recognizes and 
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interacts with β (Young et al., 2001). The long inter-domain linker between σ3 and σ4 passes 

under the β flap and the tip of the β flap fits into the concave pocket-like structure of σ4. 

This causes a separation between σ4 and σ2 of approximately 11 Å so as to allow them to 

interact simultaneously with the -35 and -10 promoter elements (Kuznedelov et al., 2002). 

This σ-RNAP interaction consists of a series of events which takes place throughout the 

transcription initiation process causing conformational changes as extensive as the 

movement of region 1 (residue 59 in E. coli σ70) by about 20 Å relative to region 2.4 (Callaci 

et al., 1999). The cumulative result of these interactions is the formation of a RNAP 

holoenzyme with the σ factor bound across one side of the polymerase which juxtaposes 

the specific regions of the σ factor involved in DNA interaction with the two conserved 

promoter elements (Burgess and Anthony, 2001). 

The promoter search by RNAP is a very multifaceted process during transcription 

initiation. Extensive evidence suggests that RNAP holoenzyme slides along DNA by a one-

dimensional movement to scan for the promoters (Park et al., 1982, Ricchetti et al., 1988, 

Sakata-Sogawa and Shimamoto, 2004, Feklistov, 2013). However, another study argues that 

three dimensional collisions by a 3D diffusion mechanism might be the only process by 

which RNAP searches for the promoter (Wang et al., 2013). Additionally, various activators 

and repressors influence the specificity of transcription initiation by RNAP (Browning and 

Busby, 2004). 

A multi-step DNA transcription initiation model has been proposed based on 

structural, biochemical and biophysical studies that includes promoter recognition and 

melting of the -10 promoter element, transcription bubble formation and scrunching of the 

DNA as mRNA synthesis initiates. In the first step, RNAP makes contact with DNA through 

specific and non-specific interactions to first form a RNAP-promoter closed complex (RPc) 

(Chen et al., 2010). Factors like temperature, salts and solutes affect Kd (dissociation rate 

constant) during RPc formation (Saecker et al., 2011). The double stranded DNA is unwound 

with the help of the σ factor to allow it to pass through the narrow cleft of RNAP containing 

the catalytic site. This process of promoter recognition is suggested to be coupled with the 
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double strand opening step (Feklistov and Darst, 2011). Recognition of the -10 element (5’ 

T-12A-11T-10A-9A-8T-7 3’) in the non-template strand by σ is crucial because it triggers the 

promoter melting step. σ2, σ3 and β form a positively charged trough. A-11 is unstacked, in 

which amino acids T429 and W433 of σA of T. aquaticus were shown to be involved, followed 

by flipping the base into a shallow pocket in σ2 where it interacts with tyrosine residues 

such as Y430 (Karpen and deHaseth, 2015). Similarly T-7 is flipped and fits into a 

complementary positively charged pocket of σ2
 (Feklistov and Darst, 2011, Liu et al., 2011, 

Feklistov, 2013). Residues like Q437 and T440 interact with T-12 (Zhang et al., 2012). 

Recognition of the -35 promoter element occurs through interaction with residues in the 

helix turn helix motif of region 4.2 (Pabo and Sauer, 1992). Positively charged arginine 

residues interact with the bases at the -31 and -33 positions on the template strand and 

extensive interaction between region 4.2 and the phosphate backbone of the non-template 

strand takes place (Campbell et al., 2002).  

Although the -10 and -35 promoter elements are the most conserved and common 

promoter recognition motifs, other regions of the promoter are involved in contacts with 

the RNAP. In the case of E. coli σ70, region 1.2 makes direct contacts with the promoter 

discriminator element ‘GGGA’ located at positions -6 to -3 at some promoters; especially 

M102 makes contacts at the -5 position (Haugen et al., 2006, Barinova et al., 2008, Haugen 

et al., 2008b). G-6 is unstacked and flipped by region 1.2 of σ (Miropolskaya et al., 2012, 

Zhang et al., 2012). Another important interaction is carried out by region 3.0 of σ3 that 

interacts with the extended -10 element at some promoters (Mitchell et al., 2003). RNAP 

also recognizes the Z-element, located within the spacer between the -10 and -35 promoter 

elements, and the core recognition element (CRE), located at the -4 to +2 position 

(Yuzenkova et al., 2011, Zhang et al., 2012). The latter is a sequence-specific recognition in 

which RNAP unstacks and flips G at position +2 and inserts it into a pocket where it makes 

contacts with positively charged residues of the β subunit. The C-terminal domain of the α 

subunit recognizes an A+T-rich upstream promoter (UP) element of up to 20 bps located 

upstream of the -35 element (Gourse et al., 2000). 
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Figure 1.2 Structure of RNAP holoenzyme with the corresponding promoter recognition regions 
The sub-units of core RNAP, β and β’ are shown in grey, α in light blue and ω in black. The regions 

of σ are shown in purple, orange, yellow, and dark blue colour co-ordinated with the promoter 

elements they interact with directed by the dashed arrows Other interactions of the RNAP (not 

illustrated here) include promoter regions – core recognition element and Z-element (see text for 

further details). Figure credits: RUFF, E. F., RECORD, M. T. & ARTSIMOVITCH, I. 2015. Initial Events 

in Bacterial Transcription Initiation. Biomolecules, 5, 1035-1062. Copyright covered by creative 

Commons By 4.0. 

 

 

1.3.2 Kinetics of the σ factor-RNAP interaction in transcription initiation 

Recognition of these promoter elements differs in different promoters though the 

prerequisite in all instances is to fine-tune the promoter recognition process. These 

interactions cause isomerization of residues forming multiple short-lived intermediates 

(RPi), to eventually form a transcription bubble by unwinding of about 12 nucleotides to 

form RNAP-promoter open complex (RPo). An important step is the formation of the second 

intermediate RPi2 from the first intermediate RPi1 (RPi1→RPi2) and the reverse (RPi2→RPi1) 

which is a kinetically significant rate determining step (Davis et al., 2007, Ruff et al., 2015). 

Recognition of upstream promoter elements by σ4 and αCTD RNAP influences the kinetics 

of this bottleneck isomerization step. The formation of an open promoter complex by RNAP 
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occurs through use of free energy by electrostatic force between the positively charged 

RNAP and negatively charged DNA to unwind the dsDNA from -11 to +2 position, bend it 

and allow the active site cleft to grip the template DNA strand. A hypothesis based on 

structural evidence suggests that DNA strand opening occurs above the active site cleft after 

which the template strand is placed at the active site (Murakami et al., 2002, Vassylyev et 

al., 2002). However, more recent kinetic and footprinting data suggest that the dsDNA is 

actively opened by RNAP after being loaded as dsDNA into the cleft (Kontur et al., 2010, 

Gries et al., 2010). Once the bases of the template strand can be read at the active site of 

the polymerase, binding of NTPs and formation of phosphodiester bonds commences.  

 

1.3.3 σ release 

Elongation can be either productive or abortive. DNA melting downstream of the +1 

site does not take place actively and it has been proposed that the initial transcription steps 

cause ‘DNA scrunching stress’ which leads to either abortive initiation (mRNA release) or 

promoter escape and productive initiation (Kapanidis et al., 2006).  Region 1.2 along with β 

(186-433) and perhaps region 1.1 are required for this process and play key roles in 

promoter escape to ensure that abortive initiation does not occur (Revyakin et al., 2006, 

Hook-Barnard and Hinton, 2009, Pupov et al., 2010, Bochkareva and Zenkin, 2013). 

Typically, the σ factor is stochastically released from the complex after 12-15 nucleotides 

are incorporated into mRNA and the elongation phase of transcription begins. Conserved 

region 3.2 of the σ factor plays an important role in this promoter escape and has been 

proposed to be required for σ-dependent promoter proximal pausing (Pupov et al., 2014).  

Nevertheless, studies also suggest that σ factor is held along with RNAP during the 

elongation process (Bar-Nahum and Nudler, 2001, Mukhopadhyay et al., 2001, Raffaelle et 

al., 2005, Saecker et al., 2011). A summary of the isomerization steps in this process is 

depicted in Figure 1.3. 
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Figure 1.3. Transcription initiation process 

RNAP forms a closed complex with the promoter region RPc (DNA unmelted) followed by 

subsequent intermediate steps before forming an open promoter complex (RPo) to then form RPinit, 

the initiation complex where bases on the DNA strand can be read for mRNA synthesis (and may 

involve abortive initiation).Red and pink rectangles represent the clamp/jaw of the RNAP. Reprinted 

by permission from Elsivier: Journal of Molecular Biology, (Saecker et al., 2011), copyright 2017.  

 

 

1.4 Classification of σ factors 

The σ70 family consists of σ factors that possess regions of conserved amino acid 

sequence with the major σ factor σ70 (σA). This family is further divided into sub-families 

based on phylogenetic relationships (Helmann, 2002). Group 1 consists of primary σ factors 

that are orthologues of σ70 of E. coli and are involved in transcription initiation of 

housekeeping genes. Group 2 consists of σ factors closely related to σ70 but dispensable for 

growth and present in only some bacterial species. They are involved in some stress 

responses and include RpoS, the general stress response or stationary phase σ factor. Group 

3 σ factors are further divergent in sequence conservation from σ70 and are divided into 

sub-groups depending on their function which include roles in flagella formation (e.g. SigD 

of B. subtilis), response to heat shock (e.g. RpoH of Caulobacter crescentus) and sporulation 

(e.g. SigG of B. subtilis). The most distantly related sub-family is Group 4, an extensive group 

of σ factors that are also referred to as ECF σ factors (described in the next section). 
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Examples include RpoE and FecI of E. coli, SigW of B. subtilis, PvdS of Pseudomonas 

aeruginosa and OrbS of B. cenocepacia (Butcher et al., 2008). 

 

1.5 Extra-cytoplasmic function σ factors 

Since Group 4 σ factors were recognized as being involved in transcription initiation 

of genes in response to stresses sensed outside the cytoplasm they were originally termed 

extracytoplasmic function (ECF) σ factors (Lonetto, et al 1994). They consist of a very diverse 

and complex group of proteins which have multiple different modes of functioning across 

different bacteria (Helmann, 2002, Gruber and Gross, 2003, Osterberg et al., 2011, Feklistov 

et al., 2014, Paget, 2015). 

 

1.5.1 Structure 

Although an alignment of Group 1 and Group 4 σ factors shows very little sequence 

similarity, the structural conservation is surprisingly very high (Wosten, 1998, Gruber and 

Gross, 2003). ECF σ factors do not have σ1.1 and lack most of σ3, but σ2 and σ4 are similar to 

those of σ70 (Figure 1.4) and recognize the -10 and -35 promoter elements in a similar way 

to the primary σ factor which explains this maintenance of the structural conservation 

(Gruber and Gross, 2003, Busby, 2009). ECF σ factors have a linker that connects σ2 and σ4 

that follows the same path as region 3.2 which serves as the σ3-σ4 interdomain linker in σ70 

(Campbell et al., 2002).  
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Figure 1.4 Domain organisation of ECF σ factors compared to σ70 (not drawn to scale) 

(A) Structural domain organization of σ70 and (B) a typical ECF σ factor where σ1, σ2, σ3 and σ4 are 

shown in red, blue, yellow and green, respectively. The sub-regions comprising the σ factors are 

given above each domain organization.  

 

 

1.5.2 Mechanism  

The key functional distinction between σ70 and a typical ECF σ is that the former are 

required to recognize many different housekeeping genes whereas the latter are required 

for the transcription initiation of only a relatively small set of genes in response to very 

specific conditions. As a result of this difference, ECF σ factors have developed a more 

stringent recognition mechanism but has reduced efficiency in promoter melting compared 

to σ70 (Darst et al., 2014). As in σ70, σ2 and σ4 of ECF σ factors associate with RNAP and 

recognize conserved promoter elements for transcription initiation. However, as most of σ3 

is absent in ECF σ factors this indicates that recognition of extended -10 promoter element 

does not take place.  
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A mutational analysis performed on the P. aeruginosa ECF σ factor PvdS revealed 

that region 2.1 and 2.2 interacts with core RNAP as in Group 1 σ factors. Highly conserved 

residues within these regions were found to massively affect binding when substituted by 

other amino acids. Unlike σ70 which has many aromatic residues in region 2.3 whose role is 

associated with DNA melting, ECF σ factors have fewer aromatic residues but one particular 

aromatic residue seemed to be specifically important. Amino acid substitutions in region 

2.4 resulted in a significant loss of the activity of the σ factor, particularly, three amino acids 

(N73, D77, R80) seemed to be important for the -10 promoter element recognition. The 

HTH motif of region 4.2 which is involved in DNA interaction during the -35 promoter 

element recognition, was shown to contain several residues that were critical for this 

interaction (Wilson and Lamont, 2006). Promoter recognition by ECF σ factors require 

relatively fewer activators compared to σ70-dependent promoters and also in contrast to 

σ70 the recognition of the -35 promoter element cannot be compensated for by recognition 

of the UP element by the α subunit C-terminal domain (Rhodius et al., 2012).  

Recent structural studies in σE show that ECF σ factors select only one base of the 

non-template strand equivalent to A-11 in the case of σ70 that is flipped within a pocket in σ2 

and there is no equivalent to the other base, T-7 that is flipped by σ70 (Figure 1.5). Moreover, 

the amino acids forming the positively charged pocket where the base is flipped are not 

conserved among different ECF σ factors, allowing for diversity in the -10 promoter element 

recognition (Campagne et al., 2014, Campagne et al., 2015). Experimental evidence derived 

from analysis of the ECF σ factor Tt-RpoE1 of Thermoanaerobacter tencongensis show that 

a ‘DXXR’ motif present in region 2.4 of σ2 interacts with CGTC (-13 to -10) bases. The 

conserved aspartic acid residue specifically was reported to be required for the recognition 

of G-12 (Liu et al., 2012). The Mycobacterium tuberculosis ECF σ factor σC, when superposed 

on the primary σ factor σA of T. aquaticus showed σ4 to be highly structurally conserved 

with a root mean square deviation (rsmd) of 1.6 Å, however, superposition of σ2 of the two 

σ factors had an rmsd of 2.97 Å. An rsmd of 1.4 Å of the corresponding domains was found 

when σC was superposed with ECF σ factor σE of E. coli (Thakur et al., 2007). Another study 
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proposed that σ4 of Group 1 and Group 4 interact with the -35 promoter element differently 

due to the differences in the residues in their HTH. σE unlike primary σ factors recognizes a 

7 bp motif, GGAACTT, at the -35 position. The ‘AA’ present at -33 and -32 positions are 

indirectly critical since their geometry allows specific binding but no direct protein-DNA 

contact occurs at these two positions. The HTH motif of σE interacts more extensively at the 

major groove as compared to that of the primary σ factor and further it is not involved in 

bending of DNA (Lane and Darst, 2006). On the other hand, in the ECF σ factor SigR of 

Streptomyces coelicolor, a methionine residue in region 4.2 was found to specifically 

recognize A-31 of the -35 promoter element (GGGAAT) (Kim et al., 2016). It has been 

suggested that in the -10, -35 and UP elements in promoter recognition, although some 

bases are preferentially recognized in the single-stranded form and some in the double-

stranded form, this recognition can be mixed and matched for effective transcription 

initiation by housekeeping as well as ECF σs (Hook-Barnard and Hinton, 2007, Guzina and 

Djordjevic, 2017). In Corynebacterium glutamicum it has been reported that certain 

promoters are capable of being recognised by both the housekeeping and the ECF σ factors 

which is an unusual phenomenon (Silar et al., 2016).  
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Figure 1.5 Promoter melting at the -10 promoter element by σ70 and an ECF σ 

σ2
 of σ70 flips two bases at the -10 promoter element (A-11) and (T-7) while σ2 of the ECF σ RpoE uses 

only one protein pocket to flip one base (in this case cytosine residue) when initiating the DNA 

unwinding step. Reprinted by permission from Nature publishing group: Nature Structural and 

Molecular Biology, (Darst et al., 2014), copyright 2017.  

 

 

Often, under inducing conditions, ECF σ factors are auto-regulated as they initiate 

transcription by recognising their own promoter (Paget and Helmann, 2003). However, a 

low-level constitutive promoter also exists as shown in Figure 1.6 to maintain a low level of 

initial ECF σ for initial response. When required under ‘stressful’ conditions, the auto-

regulatory promoter is utilized, to appropriately provide an amplified amount of ECF σ. 

 

 

 

Figure 1.6 Promoters that drive transcription of genes encoding ECF σ factors 

Often, ECF σ factors have a weak constitutive promoter represented by the blue arrow, which can 

be used for initial transcription using the ECF σ dependent promoter represented by the red arrow 

for an amplified response during inducing conditions. 
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1.5.3 Classification 

The nomenclature and classification of this diverse family of proteins is complex. 

They are named as either a four letter word, with the first three mostly being ‘Sig’/‘Rpo’ or 

σ with a superscript that may be a letter or a number signifying the molecular weight in kDa 

(Gruber and Gross, 2003, Staron et al., 2009). All ECF σ factors are included in Group 4 but 

are functionally and mechanistically very diverse (Paget and Helmann, 2003). In 2009, a 

comprehensive study of all known ECF σ factors was carried out using comparative 

genomics and phylogenetic analysis. This approach led to identification and classification of 

ECF σ factors into 43 different subgroups based on genomic context, structural similarities 

and roles  (Staron et al., 2009). This systematic classification simplifies the process of 

elucidating regulatory mechanisms of this previously ambiguous and constantly expanding 

group of proteins. However, it is still an inconsistent classification because in some cases σ 

factors belonging to the same group based on their structure/genomic context may have 

divergent roles and vice versa. This classification was further extended in another 

bioinformatics study that identified a further 8 subgroups of the ECF σ factor group (Jogler 

et al., 2012). 

 

1.5.4 Regulatory mechanisms 

ECF σ factors need to compete with primary σ factors and other alternative σ factors 

for binding to core RNAP as well as compete with regulators such as ppGpp that can bind 

the RNAP and modulate its activity (Haugen et al., 2008a). In the presence of inducing 

conditions, ECF σ factor activity is regulated by sophisticated mechanisms to increase their 

concentration and affinity towards RNAP (Osterberg et al., 2011). 

The conventional model of ECF σ factor activity regulation suggests that in the 

absence of stimuli from the external environment, the ECF σ factor remains inactive while 

bound in a stoichiometric complex to an inhibitory protein called the anti-σ factor that is 

anchored in the cytoplasmic membrane by a centrally located transmembrane domain 
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(Helmann, 1999). An external signal causes this anti-σ factor to release its cognate bound σ 

factor. However, in the past few years, experimental evidence suggests that the anti-σ 

factor may also be involved in σ activation under inducing conditions or alternative 

mechanisms exist by which ECF σ factors are regulated that do not involve anti-σ factors. 

Some mechanisms for regulating ECF σ factors are described below. 

In the presence of inducing conditions, some anti-σ factors can undergo regulated 

intra-membrane proteolysis (RIP) to release its cognate σ factor. Well studied ECF σ factors 

that are regulated by this mechanism include σE of E. coli, σV and σW of B. subtilis, RpoE or 

σE (AlgU) of P. aeruginosa and CarQ of Myxococcus xanthus  (Heinrich and Wiegert, 2009, 

Ho and Ellermeier, 2012, Hastie et al., 2013, Helmann, 2016).  RIP in σE of E. coli is further 

explained in section 1.5.5.1. Some iron-starvation ECF σ factor regulators are also auto-

proteolysed (Bastiaansen et al., 2015a). 

Some ECF σ factors are regulated by a partner-switching mechanism. Here the σ 

factor and an ‘anti-anti σ factor’ compete with each other in order to bind to the anti-σ 

factor. Examples include σB in B. subtilis and σT in Caulobacter crescentus. NepR the anti-σ 

factor of σT involved in general stress-response, in the α-proteobacterium Caulobacter 

crescentus has an antagonist PhyR (anti-anti-σ). In addition, PhyK, a histidine kinase plays 

an important role in by phosphorylating PhyR (Francez-Charlot et al., 2009, Lourenco et al., 

2011). In another α-proteobacterium Bartonella henselae, the ECF σ factor RpoE also 

positively regulates this system in addition to PhyR (Tu et al., 2016). 

Certain ECF σ factors are reported to be bound to soluble anti-σ factors where the 

σ factor activity is regulated by conformational changes of the associated anti-σ factor. For 

example, in Streptomyces coelicolor, SigR and RsrA (σ and anti-σ) are involved in detecting 

and responding to thiol oxidative stress (Paget et al., 1998, Paget et al., 2001). RsrA, a zinc 

binding anti-σ factor (ZAS) is bound to a zinc ion and in addition SigR is bound to the 

hydrophobic core of RsrA. Thiol-induced oxidative stress conditions are detected by the 

conserved cysteine thiols of RsrA, causing the release of the bound zinc ion (Zn2+). The 

conformational change due to this formation of a disulphide bond between two cysteine 
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residues of RsrA allows the release of SigR (Li et al., 2002, Zdanowski et al., 2006, Heo et al., 

2013, Rajasekar et al., 2016). In case of the ECF σ factor CnrH of Cupriavidus metallidurans 

that responds to metal stress, the heterodimeric anti-σ factor CnrXY is anchored to the 

membrane. When it detects cobalt or nickel in the external environment, through its metal-

detecting domain CnrX, CnrY undergoes conformational changes and releases the bound σ 

to initiate transcription of genes involved in metal resistance (Trepreau et al., 2011a, 

Trepreau et al., 2011b). 

A two component system (2CS), CseBC, regulates SigE activity in Streptomyces 

coelicolor at the transcriptional level thus replacing the requirement for an anti-σ factor. 

Under stress induction, CseC auto-phosphorylates and the phosphate is then transferred to 

CseB through a two component system pathway. Phosphorylated induces CseB expression 

of the gene encoding the ECF σ factor SigE, involved in responding to cell envelope stress 

(Hong et al., 2002). Another related example includes SigP of Porphyromonas gingivalis that 

regulates secretion of pathogenically important proteins via the type IX secretion system 

where the activity of the σ factor is regulated by a two-component system consisting of 

PorX (response regulator) and PorY (histidine kinase) (Kadowaki et al., 2016).  

ECF σ factors such as those belonging to the ECF41 group lack a canonical anti-σ 

factor, but instead contain a large C-terminal extension of about 100 amino acids. A study 

by Wecke, et al., (2012) identified that the C-terminal extension acts as an auto-regulatory 

domain to increase binding affinity to RNAP and σ factor-dependent promoter activation 

thus replacing the need for an anti-σ factor. While the C-terminal extension plays both a 

positive and negative role since the full-length extension is inhibitory and a partially 

truncated extension acts as an activator, the exact mechanism of auto-regulation remains 

to be established (Wecke et al., 2012). Other examples of ECF σ factors C-terminal 

regulatory domain include CorE and CorE2 involved in regulation of copper and cadmium 

uptake in Myxococcus xanthus. They have a C-terminal extension containing a cysteine rich 

domain where the cysteine residues are required for both activation and inactivation of the 

σ factor by identifying the redox state of copper/cadmium. It was shown that Cu1+ caused 
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the inactivation and Cu2+ caused the activation of CorE, respectively. The C-terminal 

extension thus behaves as an on board fused regulator similar to the conventional anti-σ 

factor (Gomez-Santos et al., 2011, Marcos-Torres et al., 2016). Examples of ECF σ factors 

that do not have an extension include SigX and SigM from B. subtilis but are reported to be 

induced to auto-regulate by CshA (an RNA helicase) that associates with the RNA 

polymerase core enzyme in response to increased glucose concentrations. (Ogura and Asai, 

2016). 

 

 

Figure 1.7 Schematic representation of some mechanisms for regulation of ECF σ factors 

The outer (OM) and inner/cytoplasmic membranes (IM) are labelled accordingly. The external stress 

is shown in maroon, ECF σ factor in orange, RNAP core enzyme in purple, anti-σ factor in yellow and 

other proteins in green. (A) Regulated intra-membrane proteolysis where red arrows indicate 

proteolysis of the anti-σ factor to release σ factor. (B) Iron-starvation sub-class (CSS-cell surface 

signalling) where a receptor protein passes the signal for σ release where the anti-σ factor may or 

may not play a role of an activator. (C) Autoregulation where a domain of the ECF σ factor itself 
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regulates the activity. (D) Conformational changes in the cytoplasmic anti-σ factor under inducing 

conditions release the σ factor. 

 

1.5.5 Role in stress response 

Numerous studies so far show that ECF σ factors play roles in response to cell 

envelope stress, oxidative stress, iron starvation, biosynthesis of exopolysacchirides / 

antibiotics / carotenoids / fatty acids, resistance to heavy metals, induction of virulence 

factors, etc. (Bashyam and Hasnain, 2004, Kazmierczak et al., 2005, Woods and McBride, 

2017). For example, the ECF σ factor, AlgU (σE), of the opportunistic pathogen Pseudomonas 

has roles in regulating alginate (exopolysaccharide) production and hence mucoidy, 

induction of efflux pumps and β-lactamase production, anti-microbial resistance, oxidative 

stress response and countering the host immune response by regulating the transcription 

of more than 30 genes including those involved in virulence (Martin et al., 1994, Firoved et 

al., 2002, Firoved and Deretic, 2003, Balasubramanian et al., 2011, Markel et al., 2016). SigR 

from Streptomyces coelicolor has roles in antibiotic resistance in addition to responding to 

thiol-oxidative stress (Yoo et al., 2016). RpoE (σE) in Salmonella enterica serovar Typhi has 

been reported to play a role in antibiotic resistance where an increase in resistance was 

observed in rpoE mutants whereas in serovar Typhimurium a decrease was observed 

(Humphreys et al., 1999, Crouch et al., 2005, Xie et al., 2016). Thus, the use of ECF σ factors 

allows the cell to survive in a competitive niche in the environment. Since it is critical for 

pathogens to recognise, adapt and survive in the unfavourable conditions present inside 

their hosts, many ECF σ factors prove to be important virulence determinants (Raivio, 2005, 

Boor, 2006, Rowley et al., 2006). 

More recently, many unconventional ECF σ factor functions have been described. 

One such ECF σ factor is σShbA in Streptomyces griseus. Here σShbA controls transcription of 

the gene encoding the primary σ factor σHrdB and is the first of its kind to be reported. σShbA-

deficient mutants showed defects in morphology, streptomycin production, down-

regulation of many housekeeping genes and extensive loss of mycelia in the stationary 

phase. S. griseus might use its alternative σ factor to fine tune regulation of housekeeping 
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genes such as those involved in mycelial growth in response to the external environment 

(Otani et al., 2013). Another unusual example of σ factor-mediated transcription initiation 

was elucidated in a study carried out on B. subtilis. Here two independent σ subunits (SigO 

and RsoA) function as separately encoded σ2 and σ4 domains instead of being fused as in a 

conventional ECF σ factor. Under acid stress conditions, the anti-σ factor RsiO which is 

usually bound to SigO, releases it, allowing SigO to associate with RsoA and subsequently 

to bind core RNAP (MacLellan et al., 2009, Davis et al., 2016). Presently, hundreds of ECF σ 

factors and their roles are being researched which will eventually help in understanding the 

mechanism of cross-talking and non-cross-talking (orthogonal) σ factors within the same 

bacterium (Feklistov et al., 2014). 

The role and detailed molecular mechanisms of three ECF σ factors that serve as 

paradigms in the study of these proteins, σE of E. coli and FecI and PvdS of the iron-

starvation class, are described below.  

 

1.5.5.1 The cell envelope stress σ factor, σE, of E. coli 

σE (RpoE) of E. coli is involved in responding to disruption of the cell membrane due 

a variety of factors. The anti-σ factor, RseA inhibits its activity through binding between σ2 

and σ4 of σE (Campbell et al., 2003). Stresses that result in the presence of misfolded outer 

membrane proteins (OMPs) are recognized by the periplasmic protease DegS in order to 

initiate transcription of σE-dependent genes (Heinrich and Wiegert, 2009). DegS, present on 

the inner face of the outer membrane, recognizes the 3 C-terminal amino acids of 

denatured/misfolded OMPs (Walsh et al., 2003, Brooks and Buchanan, 2008). As a result, 

regulated intra-membrane proteolysis of RseA is triggered by introducing a cut by DegS at 

position 148 and 149 of RseA. This specificity is regulated by the PDZ domain of DegS that 

allosterically activates the proteolytic affinity of DegS towards RseA (Wilken et al., 2004). 

This cleavage releases a protein RseB that also responds to misfolded OMPs and protects 

RseA. A RIP protease called RseP located at the inner membrane can now cleave RseA at 

the cytosolic side because RseB, the inhibitor of RseP once cleaved can no longer be 
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effective (Grigorova et al., 2004). The cytoplasmic remnant of RseA bound to σE is then 

cleaved by ATP driven cytosolic proteases such as ClpXP and which have the capability of 

unfolding proteins (Flynn et al., 2004). RseA is subsequently degraded by energized 

proteases and σE is free to bind core RNAP and initiate transcription (Heinrich and Wiegert, 

2009). Deletion of the gene encoding this σ factor caused death of laboratory strains; 

however, some clinical isolates could persist in the absence but with a deficiency in 

efficiently resisting polymyxin B, an antibiotic that destabilises the bacterial outer 

membrane (Hayden and Ades, 2008, Kulesus et al., 2008). This mechanism is schematically 

depicted in Figure 1.8. 
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Figure 1.8. Summary of the σE system in E. coli 
(a) The carboxyl end of a misfolded OMP interacts with the PDZ domain of the DegS protease (b) 

DegS cleaves RseA on recognizing mis-folded protein. (c) RseP cleaves RseA as RseB is cleaved. 

Enzymes like (d) SspB and (e) ClpXP further cleave RseA. (f) σE can associate with core RNA 

polymerase and form a RNAP holoenzyme. (g) Transcription of ECF σ factor-dependent genes 

isinitiated. See text for further details. Reprinted by permission from Nature publishing group: 

Nature Structural and Molecular Biology, (Rowley et al., 2006), copyright 2017.  
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1.5.5.2 Role in iron regulation (FecI of E. coli and PvdS of P. aeruginosa) 

Iron is an essential micronutrient utilised by all forms of life. To carry out vital 

functional and metabolic processes such as enzymatic reactions, energy generation, DNA 

synthesis, etc. bacteria require iron; but it is not usually available in a biologically usable 

form in the environment and in plant/animal hosts (Ratledge and Dover, 2000). Although 

present in ample amounts in the environment, iron is usually in the insoluble ferric 

oxyhydroxide form due to oxidation under normal conditions (Neilands, 1995). In host 

tissues and fluids iron is bound by the transferrin and lactoferrin family proteins. Therefore, 

bacteria have developed so-called direct or indirect mechanisms for iron uptake, serving as 

an evolutionary advantage for survival in iron starved niches in natural environment as well 

as within host tissues (Schaible and Kaufmann, 2004). Lactoferrin, haem, ferritin, etc. can 

be directly sourced for iron intake or, indirectly, bacteria can secrete siderophores and 

haemophores as iron scavengers (Biville et al., 2004, Wandersman and Delepelaire, 2004, 

Choby and Skaar, 2016). Additionally, excess iron is harmful for cells due to formation of 

hydroxyl radicals via the Fenton reaction. As surplus iron cannot be excreted and as there 

is a limited capacity for iron storage this leads leading to the requirement for effective 

regulatory mechanisms for controlling iron uptake in order to maintain appropriate levels 

of intracellular iron. Transcriptional regulation of siderophore-mediated iron uptake 

systems is often facilitated through the action of ECF σ factors, two-component systems or 

AraC-type regulators (Saha et al., 2013).  

ECF σ factors of the iron starvation class regulate genes involved in the acquisition 

of iron, and in case of internally synthesized siderophores, regulate the genes involved in 

its assembly and export. Siderophores are low molecular weight (approximately 400-1000 

kDa on average), generally water soluble iron chelators that have very high affinity for ferric 

iron (Neilands, 1995). Bacteria are capable of utilising internally synthesized as well as 

externally available (xenosiderophore) forms of siderophores (Wandersman and 

Delepelaire, 2004). Siderophores largely possess bidendate catecholate, hydroxamate or 

hydroxycarboxylate iron binding groups, subject to how the oxygen ligand is coordinated 
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during iron capture (Saha et al., 2013). A smaller number of siderophores contain a 

phenolate group located adjacent to a heterocyclic ring that also serves as a bidendate 

ligand. Siderophores may contain one, two or three identical bidendate groups or they may 

contain combinations of these groups (mixed class). Siderophore structure and diffusibility 

are reported to have evolved based on the habitat of the bacterium. Less diffusible 

siderophores seem to be a characteristic of bacteria occupying unstructured environmental 

niches like sea water, whereas more diffusible siderophores might be an evolutionary 

characteristic of bacteria occupying structured niches such as soil and hosts, thus allowing 

nutrient sharing (Kummerli et al., 2014). Biosynthesis and assembly of the siderophore 

compound can be either carried out via non-ribosomal peptide synthetases (NRPSs) or 

without them (NRPS-independent synthesis, NIS) (Barry and Challis, 2009). NRPSs are multi-

domain enzyme structures primarily involved in synthesis of siderophores composed of 

amino acid constituents (Crosa and Walsh, 2002).  

Siderophores are reported to be involved in virulence since they can compete with 

lactoferrin in humans for iron capture thereby allowing colonisation of the host and are 

reported to be directly involved in biofilm formation where iron acts as the signal for 

formation of biofilms (Xiao and Kisaalita, 1997, Banin et al., 2005, Condon et al., 2014). 

Siderophores also have wide bioremediation, biotechnological and therapeutic applications 

(Miethke and Marahiel, 2007, Ahmed and Holmstrom, 2014).  

Iron-siderophore complexes are transported from outside the cells to the periplasm 

of Gram-negative bacteria via TonB-dependent receptors (TBDRs). These outer-membrane 

spanning proteins derive energy for internalisation of the ferric-siderophore complex from 

the TonB-ExbB-ExbD complex present at the inner membrane. TBDRs consist of a 22 strand 

beta-barrel structure with a globular plug/hatch domain in their centre. At the N-terminal 

end of this domain, which faces the periplasm, is located a short amino acid sequence 

known as the TonB box, which is required for recognition of the TBDR by the C-terminal 

domain of TonB (Noinaj et al., 2010). When a siderophore bound to iron is recognised by a 

TBDR, massive conformational changes influence exposure of the TonB box. At least one 
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TonB subunit with an ExbB pentamer and ExbD dimer is present in the TonB complex 

anchored at the inner membrane. Energy derived from the proton motive force is derived 

through interactions between ExbD and ExbB causing conformational changes to TonB 

(Celia et al., 2016). The TonB box forms an extended β-sheet with the TonB CTD.  

 Next, to transport the internalised Fe-siderophore complex from the periplasm  into 

the cytoplasm, cytoplasmic membrane transport systems are required. ATP-binding 

cassette transporters (ABC transporters) are one such mechanisms. The energy-driven 

transport by ATP hydrolysis is carried out through the cytosolic components of this multi-

component system. Gram-negative bacteria have one or more of the four types of ABC 

transporters classified based on the number and types of components for this transporter 

(Miethke and Marahiel, 2007). In some systems iron is released from the Fe-siderophore 

complex within the cytoplasm, often by a chemical modification of the siderophore. The 

TBDR and ABC transporter encoding genes are together regulated by the ECF σ factor which 

is in turn regulated at the transcriptional level by the global regulator of iron called Ferric 

uptake regulator (Fur).  

Fur is a conserved small low molecular weight (17 kDa in E. coli) protein which has 

affinity for Fe2+ (Escolar et al., 1998). In iron rich conditions its dimeric form negatively 

regulates transcription of target genes by recognising a consensus 19 bp inverted repeat, 

thus blocking promoter regions. In iron-starved conditions, iron dissociates from Fur, which 

then causes it to dissociate from the promoter regions thereby allowing their transcription. 

In addition to Fe2+, Fur is also capable of binding and being activated by Fe2+ and Fe3+as well 

as Zn2+, Co2+, Mn2+ (Mills and Marletta, 2005, Fillat, 2014). Fur regulates multiple genes in 

addition to those involved in iron regulation. In E. coli Fur regulates more than 90 genes 

involved in iron homeostasis, oxidative stress response, metabolism and virulence factors 

while in Pseudomonas syringae Fur has more than 300 genomic targets, including iron 

responsive genes and two component systems (Hantke, 2001, Butcher et al., 2011). In some 

Gram-positive bacteria the protein DtxR carries out the same function as Fur (Hantke, 2001).  
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Although they have similar structures, Fur has an additional N-terminal helix involved in 

specific DNA-binding (Pohl et al., 2003).   

FecI from E. coli and PvdS from P. aeruginosa are profoundly researched ECF σ 

factors involved in iron acquisition, thus serving as conventional models to study 

components of this type of signal transduction system. 

 

ECF σ factor mediated iron uptake is carried out in E. coli via the ‘Fec’ system that 

uses diferric-dicitrate as an iron source. The Fec system illustrated in Figure 1.9B consists of 

regulatory components that correspond to the σ and anti-σ factor pair FecI/FecR and a ferric 

citrate transport system that is composed of 5 proteins encoded by genes fecABCDE (Braun 

et al., 2005). FecA, an outer membrane protein that recognizes diferric dicitrate, is 

composed of a β-barrel with a plug spanning the outer membrane. FecBCDE are 

components of the ABC transporter required for ferric citrate transport across the 

cytoplasmic membrane (Braun, 2003). FecB functions as the periplasmic binding protein, 

FecC and -D as membrane spanning permeases and FecE as the inner membrane ATPase. 

fecIR are located upstream of the genes encoding fecABCDE. Furthermore, Fur regulates the 

fecI and fecA promoters depending on the availability of iron (Braun et al., 2003). Under 

iron-replete conditions, Fur associated with Fe2+ inhibits the transcription of fecIR and 

fecABCDE. Conversely, under iron starvation conditions, it dissociates from these 

promoters, allowing the transcription of these genes.  

Crystal structure studies reveal that up to 10 residues within the extra-cellular loops 

of FecA bind to external diferric dicitrate causing conformational changes in the structure 

of FecA. Two loops in its β-barrel structure shift and thus lock the ferric citrate (Ferguson et 

al., 2002). As with all siderophore receptors in Gram-negative bacteria, FecA contains a 

‘TonB box’ on its periplasmically oriented N-terminal domain which interacts with the C-

terminal region of TonB (Braun and Mahren, 2005). This further causes major 

conformational changes allowing the ferric citrate to pass through the β-barrel due to 

movement of the ‘plug/hatch’ of FecA, straight into the periplasm. FecA not only transports 
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ferric citrate but is also required for initiation of transcription of fecABCDE (Ferguson et al., 

2002). Some TBDRs such as FecA in E. coli have an additional domain of the N-terminus 

which is used in signalling (Ferguson et al., 2002). Such receptors are termed TonB 

dependent transducers (TBDTs). This additional domain located at the N-terminus of FecA 

interacts with the C-terminal periplasmic domain of the cytoplasmic membrane anchored 

protein FecR, which serves as the anti-σ factor for FecI, and passes a signal to FecR when 

bound to ferric citrate. Conformational changes as well as energy derived from the 

protonmotive force transduced by the TonB-ExbB-ExbD complex is required for this signal 

transduction. Six leucine residues (leucine zipper) in the C-terminal domain (CTD) of FecR 

are highly conserved in FecR-like regulatory proteins and are critical for this interaction. The 

cytoplasmically located N-terminal domain (NTD) of FecR (residues 1-85) interacts with the 

CTD (σ4) of FecI. This region contains three tryptophan residues which are conserved across 

different anti-σ factor homologues in the iron-starvation class and are critical for the FecI-

FecR interaction (Enz et al., 2000, Stiefel et al., 2001, Mahren et al., 2002). 

FecR is proposed to activate FecI under inducing conditions. The N-terminal domain 

of FecR is reported to be bound to FecI while the latter interacts with RNAP by formation of 

a tertiary FecR1-85-FecI-β’1-317 complex allowing FecI to interact with RNAP with higher 

affinity (Braun, 2003). Also, FecI is completely inactive in the absence of FecR and it is 

suggested that FecR might act as a chaperone to protect it from degradation. Due to this 

requirement to activate FecI, FecR is now termed ‘σ factor regulator’ rather than an ‘anti-

σ’ factor (Braun, 2003, Braun et al., 2003, Brooks and Buchanan, 2008). 

 

There are multiple ECF σ factors of P. aeruginosa that are involved in iron transport 

(Llamas et al., 2014). These are sometimes termed as cell surface signalling systems (CSS) 

(Llamas et al., 2009). One of these systems, consists of FoxA/I/R (similar to FecA/I/R of E. 

coli) utilises the xenosiderophore ferrioxamine. It has been shown that the anti-σ factor 

FoxR undergoes auto-proteolysis by a N-O acyl rearrangement for the activation of FoxI 

under inducing conditions (Bastiaansen et al., 2015b). 
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One of the most extensively studied iron-uptake ECF σ factor of P. aeruginosa is 

PvdS, which mediates iron transport through the endogenously produced siderophore 

pyoverdine. In this system, the siderophore pyoverdine bound to iron is recognized by the 

TBDT FpvA, in a TonB-dependent manner, which then passes a signal to FpvR, the anti-σ 

factor (Potvin et al., 2008). FpvR plays strictly an inhibitory role and in addition, controls the 

activity of PvdS and another ECF σ factor, FpvI. The anti-σ factor encoding gene fpvR and σ 

factor encoding genes fpvI and pvdS are not co-transcribed. Although fpvR and fpvI are 

located next to each other, they are in divergent orientations. PvdS is responsible for 

transcription of at least 26 genes involved in pyoverdine biosynthesis and utilisation, 

including ptxR, as well as virulence associated proteins such as exotoxin A and PrpL (Leoni 

et al., 2000). When PvdS forms a stable complex with RNA polymerase it recognises the 

consensus sequence TAAAT-N16/17-CGT at the promoter regions to initiate transcription 

(Ochsner et al., 2002). The TAAAT signature sequence present 33 bases upstream relative 

to the transcription start site forms the iron starvation (IS) box critical for promoter 

utilisation. PtxR is a protein that regulates transcription of the pvc genes which are involved 

in biosynthesis of the chromophore component of pyoverdine that gives it its characteristic 

property to fluoresce (Ravel and Cornelis, 2003, Visca et al., 2007, Cornelis et al., 2009). 

FpvI, is responsible for initiation of transcription of fpvA. Finally, the master regulator Fur 

negatively regulates all the above genes except fpvA under non-inducing conditions 

(Ochsner and Vasil, 1996). As a result, the combination of switching on pyoverdine 

biosynthesis and transport genes allows an elegant mechanism for P. aeruginosa to capture 

iron by employing two of its ECF σ factors as outlined in Figure 1.9A (Cornelis et al., 2009, 

Llamas et al., 2014). Other than iron regulation, pvdS expression is influenced by multiple 

factors such as those involved in sulphur regulation, oxidative stress response, biofilm 

factors, secreted factors, etc. (reviewed in (Llamas et al., 2014). Since these are beyond the 

scope of this subject they are not discussed here. 
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Figure 1.9. Summary of the Pvd and Fec iron acquisition systems 

(A) In response to a signal transduced by FpvA the TonB-dependent transducer FpvR regulates two σ factors, PvdS and FpvI, involved in switching on 

genes involved in pyoverdine biosynthesis and uptake. Fur regulates the transcription of fpvI, fpvR and pvdS. (B) The signalling cascade to switch on the 

fecABCDE genes occurs through recognition of ferric citrate by FecA passing the signal in a TonB-dependent mechanism to FecR thereby causing FecI to 

associate with the RNA polymerase core enzyme. FecR is said to be an activator for FecI (not shown in figure, see text for details). Fur negatively 

regulates fecI and fecR. The proteins and genes shown in the figure are not drawn to scale. Reprinted by permission from John Wiley and Sons: Molecular 

Microbiology, (Visca et al., 2002) copyright 2016. 
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1.6 The Burkholderia cepacia complex (Bcc) 

The Burkholderia cepacia complex (Bcc) are a group of approximately 20 

genetically related but phenotypically distinct species belonging to the Burkholderia 

genus (Sousa et al., 2017). As such they are Gram-negative, rod-shaped non-spore 

forming bacteria of the β-proteobacterium class. The ‘type’ species Burkholderia 

cepacia, initially classified with the Pseudomonads as P. cepacia, was identified as the 

cause of ‘sour skin’ in onions (onion rot disease) and later classified into the new genus 

termed Burkholderia based on its phenotypic characteristics, 16S RNA sequences, fatty 

acid composition, etc. (Burkholder, 1950, Yabuuchi et al., 1992). The criteria for 

taxonomy includes recA sequencing, DNA-DNA hybridization, biochemical profiling, etc. 

for this genus currently consisting of approximately 100 species distributed within three 

clades (Depoorter et al., 2016). More recently, a new genus called Paraburkholderia has 

been assigned for species not associated with human infections (Dobritsa and 

Samadpour, 2016). Taxonomy of the Bcc is shown in Figure 1.10. Members of the Bcc 

have relatively large, GC-rich (>66%) genomes of approximately 7 - 9 Mb consisting of 

three chromosomes and one plasmid and have relatively high genome plasticity (Holden 

et al., 2009). They are mainly known to be opportunistic pathogens in humans, animals 

and plants, and have a high innate resistance to antibiotics and disinfectants, making 

them difficult to kill (Loutet and Valvano, 2010, Sass et al., 2011). Moreover, they are 

nutritionally versatile and can utilize a variety of compounds including penicillin G as 

carbon sources (Beckman and Lessie, 1979). However, they are also beneficial to the 

environment since they can degrade toxic compounds and can biosynthesize 

antimicrobials thus having wide biotechnological and bio-remedial applications 

[reviewed in (Depoorter et al., 2016)]. The niche occupied by the Bcc and the virulence 

factors they harbour are described below, especially focusing on B. cenocepacia, the 

organism that is the host for the ECF σ factors investigated in this study. 
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Figure 1.10. Taxonomic classification of the Bcc  

The taxonomic hierarchical organisation of the currently known 21 species forming the 

Burkholderia cepacia complex is shown. 

 

 

1.6.1 Interaction with the environment/host  

Members of the Bcc are naturally found in soil, water and in association with 

plants, particularly in the rhizosphere, forming a symbiotic relationship, as some of them 

are capable of fixing nitrogen (Coenye and Vandamme, 2003). In humans, they do not 

cause infections in healthy individuals although maybe carried by them. These bacteria 

are associated with lung infections in immunocompromised patients. Cystic fibrosis (CF) 

patients have defective alleles of the cystic fibrosis transmembrane conductance 

regulator (CFTR) encoding gene. CFTR which is involved in secretion of fluids, sweat and 

mucous, when defective, causes these secretions to thicken and increases susceptibility 

to infections (Isles et al., 1984, Goldmann and Klinger, 1986). Bcc members are also 
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present in infections in individuals with the genetic disorder chronic granulomatous 

disease where the immune system of these individuals have a reduced capacity of 

reactive oxygen species production to kill pathogens (Johnston, 2001). B. cenocepacia 

and B. multivorans are the predominant Burkholderia species (70% of total Bcc 

infections) in cystic fibrosis infections (LiPuma, 2010). The B. cenocepacia epidemic 

strain ET-12 was reported to be more dominant in the UK and Canada (Johnson et al., 

1994) while the PHDC strain was more dominant in Mid-west USA (Pitt et al., 1996). Bcc 

infections in CF patients are mainly caused by hospital based transmissions including 

patient-patient transmission as well as directly from the environment (Horsley et al., 

2016). In some cases B. cenocepacia significantly contributes to morbidity and mortality 

resulting from a rapid decline of the immune system known as ‘cepacia’ syndrome which 

is characterized by necrotizing pneumonia and septicaemia (Isles et al., 1984). An 

abundant amount of mucus formation in lungs is a hallmark feature of cystic fibrosis in 

which opportunistic pathogens from different genera can thrive. Bacteria belonging to 

the Pseudomonas species can form mixed biofilms with the members of the Bcc (Tomlin 

et al., 2001). However, another study suggests that Bcc bacteria inhibit the formation of 

biofilms by Pseudomonas aeruginosa in vivo and are prevalent in late stage CF more 

often as single cells in macrophages rather than as biofilms (Schwab et al., 2014). During 

the course of lung infections, these bacteria undergo multiple mutations commonly in 

genes required for iron uptake, cell-membrane constituents and antibiotic resistance, 

although these mutations do not tend to fix in the population within the same patient 

(Lieberman et al., 2014). Patient segregation, strict use of disinfectants for equipment 

and treatments consisting of a combination of antibiotics are employed to keep 

transmission under control. But as the Bcc bacteria can mutate to develop antibiotic 

resistance in addition to their intrinsic antibiotic resistance and recurrent infections by 

different strains, there is no straightforward treatment in the current clinical practice 

(Horsley et al., 2016). Therefore, it is important to study their molecular mechanisms of 

infection and survival within the host which yet remain to be fully understood. Although 

several virulence determinants have been identified, most have been experimentally 
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verified in only one or two host models and the significance of each of these factors is 

found to be strain dependent (Loutet and Valvano, 2010).  

 

1.6.2 Virulence determinants  

Despite the host immune response imposing oxidative stress and the presence 

of iron starvation conditions, pathogens use multiple virulence factors to adapt to these 

conditions for colonisation and infection. One of the virulence determinants includes 

formation of biofilms that are multi-cell communities on solid surfaces. Biofilm 

formation has been reported to be required for resistance to antibiotics and for 

responding to host immune cells (Caraher et al., 2007, Fazli et al., 2013, Van Acker et al., 

2013, Messiaen et al., 2014, Murphy and Caraher, 2015). Transcriptomic based studies 

revealed that multiple genes involved in biofilm formation were upregulated during the 

infection process (Peeters et al., 2010, Van Acker et al., 2014, Sass et al., 2015). However, 

it has also been shown that in some cases biofilm formation by bacteria does not 

necessarily improve the ability to respond to antibiotics as compared to non-biofilm 

forming bacteria (Peeters et al., 2009). Production of exopolysaccharide (EPS) that gives 

the appearance of mucoidy to bacterial colonies is involved in biofilm formation (Cunha 

et al., 2004, Herasimenka et al., 2007). The EPS cepacian has been reported to be 

involved in countering the ROS induced stress generated by neutrophils, metal ion stress 

and desiccation, as well as increased persistence in infections (Conway et al., 2004, 

Bylund et al., 2006, Sousa et al., 2007, Ferreira et al., 2010). However, EPS producing 

strains (mucoidy) are not necessarily associated with virulence as some clinical isolates 

of B. cenocepacia are non-mucoid (Zlosnik et al., 2008).  

A robust oxidative stress response is likely to be a key virulence determinant as 

production of reactive oxygen species (ROS) is prevalent in the airway epithelia of cystic 

fibrosis patients (Galli et al., 2012). B. cenocepacia harbours at least one monofunctional 

catalase, two bifunctional catalase-peroxidases and a superoxide dismutase (Holden et 

al., 2009). A B. cenocepacia superoxide dismutase (sodC) mutant was reported to be 

more susceptible to macrophage mediated killing and this was shown to be 

complementable in trans (Keith and Valvano, 2007). The two bifunctional catalase-
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peroxidase enzymes KatA and KatB have been experimentally shown to exhibit catalase 

activity (Lefebre et al., 2005, Charalabous et al., 2007). In addition to these, a 

pyomelanin pigment in B. cenocepacia C2454 was shown to be protective against 

oxidative stress (Keith et al., 2007).  

High affinity iron uptake systems allow Bcc pathogen to grow in low iron 

conditions present inside the host’s lungs thus indirectly contributing to virulence 

(Mahenthiralingam et al., 2005). Members of the Bcc produce combinations of the 

siderophores ornibactin, pyochelin, cepabactin and cepaciachelin (Darling et al., 1998, 

Thomas, 2007). Based on infection studies ornibactin and pyochelin are reported to be 

significant players in the pathogenicity of B. cenocepacia, where ornibactin was found 

to be more important (Visser et al., 2004, Uehlinger et al., 2009). B. cenocepacia can also 

utilise xenosiderophores ferrichrome and ferrioxamine B as well as alternate iron 

sources ferritin and haem (Whitby et al., 2006, Thomas, 2007). B. cenocepacia can 

competitively capture iron by using a combination of siderophore based uptake and 

alternate iron uptake (Tyrrell et al., 2015). Moreover, B. cenocepacia is capable of 

surviving under iron limiting conditions through a siderophore-independent mechanism 

of iron acquisition, involving the FtrABCD system that has also been reported in 

Bordetella and Brucella species (Brickman and Armstrong, 2012, Ahmed and Holmstrom, 

2014, Mathew et al., 2014). 

Quorum sensing, as originally proposed, is a mechanism used for intercellular 

communication where the external concentration of an autoinducer secreted by the cell 

itself, when beyond a specific threshold, causes the regulation of certain genes by a 

receptor. An alternative hypothesis posits that the purpose of QS is for diffusion sensing 

(Redfield, 2002). Members of the Bcc possess the CepRI system that uses N-

octanoylhomoserine lactone or N-hexanoylhomoserine lactone as the inducer produced 

by CepI, the acyl homoserine lactose (AHL) synthase, and CepR acting as the 

transcriptional regulator (Lewenza et al., 1999, Lutter et al., 2001). CepR is reported to 

control the expression of a variety of genes involved in biofilms, motility, siderophores, 

toxins, proteases, lipases, etc. and was shown to be essential for virulence based on 

experiments in multiple plant and animal models (Sokol et al., 2003, Venturi et al., 2004, 
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Eberl, 2006, Uehlinger et al., 2009, Subramoni and Sokol, 2012, Suppiger et al., 2013). In 

addition, the Burkholderia genomic island 11 harbours genes encoding CciR and CciI 

which function similar to CepR and CepI, respectively (Malott et al., 2005). CepR2 is an 

‘orphan’ regulator as it does not have an associated CepI2 and is antagonised by 

octanoylhomoserine lactone (OHL) (Malott et al., 2009, Ryan et al., 2013). It is also 

proposed that cis-2-dodecenoic acid/Burkholderia diffusible signal factor (BDSF) acts as 

a QS mechanism (Deng et al., 2009, Deng et al., 2010).  

Detecting stress and regulating specific responsive genes allows the bacterium 

to adapt for survival within host tissues. Alternative σ factors often control the 

expression of virulence determinants thus being important for pathogenicity 

themselves. Inactivation of rpoE (encoding σE) in B. cenocepacia K56-2 caused defects in 

the outer-membrane protein profile, reduced the ability to delay phagolysosomal fusion 

within macrophages in addition to reducing the capacity of the bacterial cells to survive 

under elevated temperatures and high osmotic environments (Flannagan and Valvano, 

2008). These effects were complementable in trans.  Another alternative σ factor, RpoN 

(σ54), also showed a role in delaying phagolysosomal fusion in macrophages in addition 

to biofilm formation and motility (Saldias et al., 2008).  In B. cenocepacia H111, σ54 was 

shown to regulate genes involved in nitrogen starvation as well as upregulate EPS 

production and increase the accumulation of the polymer polyhydroxybutyrate (Lardi et 

al., 2015). A transcriptomics study on biofilm-grown B. cenocepacia J2315 exposed to 

oxidative stress by hydrogen peroxide and sodium hypochlorite showed that the 

alternative σ factors BCAL3478 (ECF σ PrtI-like) and BCAL0787 (σ32) and two iron-

starvation class of ECF σ factors BCAL1688 (OrbS) and BCAL1369 (FecI-like)  were 

upregulated (Peeters et al., 2010). 

B. cenocepacia is proposed to cause a delay in macrophages to clear pathogens 

by surviving within vacuoles inside macrophages thus forming B. cenocepacia containing 

vacuoles (BcCV) and delaying phagosomal NADPH oxidase complex recruitment (Keith 

et al., 2009).  

Recently, an effector of the type-six secretion system has been identified, TecA, 

that has deamidation activity that disrupts host actin cytoskeleton and through 
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modification of Rho-GTPases activates Pyrin inflammasome leading to host cell death 

(Aubert et al., 2016). 

Other potential virulence factors of the Bcc include flagella (motility) and pili, 

lipopolysaccharide (cell surface presenting antigens), protein secretion systems, 

secretion of hydrolytic enzymes (zinc metalloproteases and lipases), toxin-anti-toxin 

systems and haemolysin production amongst others. Studies on the experimental 

evidence on the molecular regulation of the known Bcc virulence factors and their effect 

on the host-pathogen relationship during infections are described and reviewed 

extensively in (Mahenthiralingam et al., 2005, Loutet and Valvano, 2010, Drevinek and 

Mahenthiralingam, 2010, Sousa et al., 2017). 

 

1.6.3 ECF σ factors of B. cenocepacia 

Burkholderia cenocepacia has a genome of 8.06 Mb consisting of three circular 

chromosomes and a plasmid. Chromosome 2, an accessory chromosome, encodes one 

of the two copies of the primary σ factor which is an unusual phenomenon (Holden et 

al., 2009). B. cenocepacia is predicted to encode 13 ECF σ factors, only three of which 

have been investigated (Menard et al., 2007, M. Thomas, unpublished). One of them is 

homologous to RpoE (σE) of E.coli, the cell-envelope stress response σ factor, but it might 

also play a role in contributing to the pathogenicity of B. cenocepacia (Flannagan and 

Valvano, 2008). The other two ECF σ factors are OrbS (BCAL1688 in B. cenocepacia 

J2315) and FlrS (BCAL1369 in B. cenocepacia J2315), both belonging to the iron 

starvation type of σ factors. FlrS is predicted to be regulated by the anti-σ factor, FlrR, 

and regulates transcription of a gene encoding a putative TBDT, FlrA. However, unlike 

the Fec system in E. coli, ABC transporter genes are absent downstream of flrA. 

Importantly, the absence of genes that encode synthesis of a siderophore that might be 

transported by this system suggests utilization of an external siderophore 

(xenosiderophore) by this system (M. Thomas, unpublished).  The other iron starvation 

σ factor, OrbS, was subject to a previous investigation (Agnoli et al., 2006). Four 

currently uncharacterised B. cenocepacia ECF σ factors together with OrbS are the 

subject of study in this project and are described below. 
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 1.6.3.1 I35_RS16290 (PrtI) 

I35_ RS16290 in B. cenocepacia H111 is a putative ECF σ factor based on its amino 

acid sequence that includes regions homologous to σ2 and σ4 of other ECF σ factors. I35_ 

RS16290 belongs to the ECF26 group based on the current classification of ECF σ factors 

(Staron et al., 2009). ECF26 σ factors are mainly found in Proteobacteria and some in 

Acidobacteria. ECF26 σ factors encoding genes tend to appear with a cognate anti-σ 

factor encoding gene termed prtR in the current literature (Burger et al., 2000). Defined 

by their genomic context, the ecf26 and the anti-ecf26 pair are usually present in the 

vicinity of sets of genes encoding the following products – (i) cytochrome c oxidase, 

metallophosphoesterase (ii) cytochrome, catalase (iii) lipoprotein (Staron et al., 2009, 

Stockwell et al., 2012). The role of one the σ factors from this group, SigE of Starkeya 

novella, is implicated in thiosulphate oxidation (Kappler et al., 2001). The role of another 

ECF26 σ factor, PrtI, has been broadly explored in Pseudomonas species, particularly in 

P. fluorescens, a psychotrophic strain involved in food spoilage where extracellular 

enzymes play a key role (Liao and McCallus, 1998). As I35_RS16290 has >60% amino acid 

similarity with P. fluorescens PrtI, I35_RS16290 is referred to as PrtI. The first published 

study on P. fluorescens LS107d2 PrtI demonstrated that a mutation in the gene encoding 

this σ factor resulted in loss of production of an extracellular metalloprotease AprX at 

the elevated temperature of 29oC compared to the WT (Burger et al., 2000). Since this 

gene seemed to be involved in regulating protease production it was termed ‘Prt’ (Prt 

Regulator). Surprisingly, inactivation of prtR also resulted in loss of protease production 

at 29oC as compared to WT. Further, complementing each of the prtI and prtR muatnts 

with WT prtI and prtR in trans restored the WT phenotype. Moreover, ablation of these 

genes did not have an effect on protease production at 23oC, the ambient growth 

temperature (Burger et al., 2000).  

Contrastingly, Okrent and colleagues observed in P. fluorescens WH6 that while 

the prtR mutant showed a loss of protease function, the prtI mutant did not (Okrent et 

al., 2014). Further, complementing the prtR mutant with WT prtR in trans restored 

protease production but when WT prtI was introduced in trans into the prtI mutant a 

loss in protease production was obtained. This suggested that PrtI may negatively 
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regulate protease production while PrtR, by virtue of its inhibitory effect on PrtI 

regulates it positively. However, the exact regulatory mechanism by which PrtIR exert 

their effect on AprX production has not yet been established. Negative regulation by the 

σ factor suggests an indirect effect on aprX expression. PrtI was also suggested to 

negatively regulate production of the secondary metabolite germination-arrest factor 

(GAF) in P. fluorescens. However, the exact mechanism of regulation of the GAF 

biosynthetic genes by PrtIR is not known. Real time qPCR analysis with a prtR mutant 

showed that PrtR controls transcription of two genes encoding an aminotransferase and 

a formyltransferase which are involved in the biosynthesis of GAF (Halgren et al., 2013). 

Inactivation of prtI, however, did not have any effect on the transcription of these two 

genes and did not affect GAF production. The loss of GAF production in the prtR mutant 

was complemented by WT prtR. When the mutant prtI allele was introduced into the 

prtR mutant to give a double (prtIR) mutant, it restored GAF production. Nonetheless, 

when WT prtI was introduced into the double mutant in trans, the mutant failed to 

produce GAF (i.e. it behaved at a prtR mutant) and conversely when prtR was introduced 

into the double mutant GAF production was restored (i.e. it behaved as a prtI mutant). 

Also, in the double (prtIR) mutant levels of transcription of these two genes were the 

same as the WT levels but transcript levels were suppressed when WT prtI was 

introduced (Kimbrel et al., 2010, Okrent et al., 2014). These results suggest that PrtI is 

inhibitory to GAF production and is not a direct regulation of genes required for GAF 

biosynthesis. 

In Pseudomonas sp. PCL1171, PrtR positively regulated extracellular 

polysaccharide (EPS) production thereby affecting colony morphology, while PrtI 

seemed to negatively regulate EPS production (van den Broek, 2005). In 2006, a study 

on Pseudomonas entomophila revealed that PrtI-PrtR regulate the aprA-inh-aprDEF 

operon. aprA is an orthologue of aprX from P. fluorescens. In this study, mutation in the 

prtR gene reduced pathogenicity of P. entomophila towards Drosophila as the protease 

AprA is proposed to degrade anti-microbial peptides produced by the host (Vodovar et 

al., 2006, Liehl et al., 2006). 
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In P. fluorescens HC1-07, PrtR was found to have a role in regulation of protease 

production as seen previously in P. fluorescens LS107d2. However, it was found to be 

temperature independent. In addition, it was shown to have a role in regulation of CLP 

(cyclic lipopeptide) production and surface motility (Yang et al., 2014). The prtR mutant 

produced significantly less CLP compared to WT, and was therefore defective in forming 

biofilms and motility as CLP is required for both (Raaijmakers et al., 2006, D'Aes et al., 

2010). These effects were complementable when prtR was introduced in trans  (Yang et 

al., 2014). However, this study does not elucidate the mechanism of regulation by PrtR.  

PrtR was also reported to be involved in regulation of cyclic lipopeptide 

(massetolide) biosynthesis and extracellular protease production in P. fluorescens SS01. 

RT-qPCR studies showed a decrease in transcription of 3 massetolide biosynthesis genes 

(massABC) and 2 luxR-type regulatory genes (massAR, massBCR) in a prtR mutant (Song 

et al., 2014). 

Burger and colleagues proposed that (i) PrtR is a transmembrane activator rather 

than an inhibitory anti-σ factor, (ii) elevated temperature might be a stress signal 

recognised by PrtR and (iii) PrtR may regulate multiple σ factors, although none of these 

proposals have been experimentally evidenced (Burger et al., 2000).  

Overall, studies so far described above have shown that mutating this σ/anti-σ 

factor pair affected one or more of the following phenotypes: temperature-dependent 

or -independent protease (aprX/aprA) production, EPS production, GAF production, 

cyclic lipopeptide production, biofilm formation, surface motility and lipase production. 

Moreover, PrtI appears to exert a negative, and therefore possibly indirect effect on 

their expression. It was suggested that enzymes like proteases and lipases play a role in 

phytopathogenesis (Burger et al., 2000). GAF from P. fluorescens has anti-microbial and 

herbicidal properties (Halgren et al., 2013). EPS production (mucoidy) contributes to 

biofilm formation while cyclic lipopeptide (CLP)/massetolide has anti-microbial 

properties and has functions in surface motility and biofilm formation (Raaijmakers et 

al., 2006, de Bruijn et al., 2007, D'Aes et al., 2010). Biofilm formation and surface motility 

both form important aspects of bacterial infection (Yang et al., 2014, Olsen, 2015). The 

metalloprotease AprA is a virulence factor, providing protection against the host 
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immune response (Liehl et al., 2006, Vallet-Gely et al., 2010). Since PrtI regulates genes 

that affect production of such proteins involved in pathogenesis it can be speculated 

that PrtI might indirectly be a virulence determinant.  

PrtR functions along with the two component system ‘GacA/GacS’ in its roles in 

regulation of aprA in P. entomophila to escape anti-microbial peptide activity (Liehl et 

al., 2006) and regulation of lipopeptide biosynthesis in P. fluorescens SS01 (Song et al., 

2014). In addition to GacA/GacS, PrtI-PrtR also co-functions with the ECF σ factor RpoS 

in the regulation of ‘phase changes’, i.e. colony morphology, in Pseudomonas PCL1171 

(van den Broek, 2005).  

Despite these extensive observations, none of the above studies outlines the 

exact mechanism as to how PrtI and PrtR function together to cause the phenotypic 

changes that were observed. Even though some qPCR studies show that transcription of 

certain genes changed based on mutating prtI/prtR, additional experiments are required 

to address the questions of what promoters are actually targeted by PrtI and how it 

functions at the molecular level. 

Okrent and colleagues proposed that the prtR promoter lies 108 bps upstream 

of prtR, within the prtI gene while the prtI promoter lies 163 bps upstream of its ATG 

start codon. It was also suggested that prtI and prtR can be transcribed independently 

and also as a single transcript in P. fluorescens WH6, suggesting that there might be 

more than one way of regulating prtI/R transcription initiation (Okrent et al., 2014).  

It was suggested that the aprX promoter might be regulated by PrtI although 

no experimental evidence was provided to support this. The sequence shown in Figure 

1.11  was suggested to be the aprX promoter (Burger et al., 2000). However, this was 

not experimentally tested. In addition, even though this might well be the aprX 

promoter with its defined promoter elements there is no published evidence that PrtI 

recognises it and directs transcription from this sequence.  

 

PaprX: ACTGTAGACGAAAGATTTCAAGTTGTGTCAGTTTTCTTACGCCTTCAAAA 

Figure 1.11. Predicted PrtI-dependent promoter PaprX 

The predicted -35 and -10 promoter elements are highlighted in yellow and blue, respectively. 

The predicted transcription start site (+1) ‘A’ is highlighted in green (Burger et al., 2000).  
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While the direct or indirect role of PrtI on expression of certain genes has been 

ascertained by studying the phenotypic effects and transcription of such genes upon 

inactivation of prtI or prtR, so far, no studies have been reported where the location or 

sequence of PrtI-dependent promoters have been experimentally determined. Hence, 

the exact genes targeted by PrtI remain unresolved.  

Perhaps, PrtI regulates one or more regulatory genes that are involved in 

different processes in different species and strains of Pseudomonas, explaining the many 

different observed phenotypes. In contrast, PrtI may have different roles in different 

species/strains, although this is difficult to explain from a bioinformatics and 

evolutionary perspective. Further, the regulation of PrtI by PrtR needs to be specifically 

investigated to identify the exact mode of regulation. Additionally, aprX/aprA –like 

genes are not present in Burkholderia. Therefore, PrtI may play a different role in this 

genus. Since there is no protease in the proximity of prtI/R in B. cenocepacia, perhaps 

they are involved in the regulation of protein families other than proteases (Martinez-

Bueno et al., 2002, Menard et al., 2007). 

 

1.6.3.2 I35_RS16330 (Ecf41Bc1) and I35_RS29600 (Ecf41Bc2)  

Based on their amino acid sequences, I35_RS16330 and I35_RS29600 from B. 

cenocepacia H111 appear to belong to the ECF41 group of σ factors and therefore are 

addressed in this thesis as ‘Ecf41Bc1’ and ‘Ecf41Bc2’, respectively. ECF41 σ factors do not 

seem to be regulated by a conventional anti-σ factor. Also, they contain a C-terminal 

extension of about 100 amino acids that is not present in other ECF σ factors. It has been 

reported that ECF41 σ factors are distributed across 10 phyla and are predominantly 

present in Actinobacteria and Proteobacteria. It has also been observed that genes 

encoding ECF41 σ factors are often present in the vicinity of genes that encode one or 

more proteins belonging to the carboxymuconolactone decarboxylase, oxidoreductase 

or epimerase/NmrA family of proteins (COE) (Staron et al., 2009). 

Carboxymuconolactone decarboxylases are reported to be involved in protection 

against oxidative damage (Bryk et al., 2002, Koshkin et al., 2003). Oxidoreductases are a 

large group of enzymes that are NAD+-dependent and include members with anti-
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oxidant activity. Epimerases are isomerising enzymes while NmrA is similar to 

reductases and dehydrogenases and is involved in nitrogen metabolism (Wecke et al., 

2012). Out of the 373 ECF σ factor genes analysed, approximately 30% did not appear 

to be associated with genes encoding the above proteins. Instead they were located 

close to genes encoding a hypothetical protein or cupin (dioxygenase) (Wecke et al., 

2012). 

One ECF41 member, SigJ from Mycobacterium tuberculosis, has been proposed 

to be involved in oxidative stress response where the sigJ mutant was found to be more 

sensitive to hydrogen peroxide compared to WT and this phenotype was 

complementable in trans (Hu et al., 2004). However, this mutant was as competent as 

the WT in causing infections. The precise role of SigJ in oxidative stress tolerance is 

currently not known as the SigJ-dependent promoters have not been identified. The 

ECF41 σ factors from Bacillus licheniformis (Ecf41Bli) and Rhodobacter sphaeroides 

(Ecf41Rsp) did not seem to have a role in oxidative stress response based on mutational 

analysis of their respective genes (Wecke et al., 2012). A phenotypic screen that tested 

over 900 conditions for these σ factor deletion mutants did not reveal any phenotypic 

differences compared to WT and the role of these σ factors still remains unknown. 

However, it was found they drive the transcription of the respective 

carboxymuconolactone decarboxylase encoding genes present next to them. DNA 

fragments (approximately 100 bp) containing the Ecf41Bli-dependent promoter or the 

Ecf41Rsp-dependent promoter were experimentally shown to be regulated by the 

respective σ factor. A manual bioformatic analysis using WEBLOGO was carried out to 

predict that a TGTCACA motif formed the -35 promoter element followed by a spacer of 

16 bp and a CGTC motif formed the -10 promoter element. A larger bioinformatic scan 

using a virtual footprint algorithm in other species involving a total of 285 sequences 

showed the conservation of these promoter motifs with a 16±1 bp spacer present 

upstream of COE encoding genes and in some cases upstream of the ECF σ factor itself 

(Wecke et al., 2012).  

Studies on the regulation of these two σ factors show that the C-terminal 

extension behaves as a fused on-board regulatory domain, where a DGGG motif within 
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the domain is critical for activity and the extension plays a dual role of an inhibitor and 

an activator. The exact molecular mechanism of this regulation is yet to be ascertained 

(Wecke et al., 2012). 

 

1.6.3.3 I35_RS20320 (Ecf42Bc) 

I35_RS29320 from B. cenocepacia H111 appears to belong to the ECF42 group of 

σ factors and is therefore addressed here as ‘Ecf42Bc’. ECF42 σ factors do not seem to 

be regulated by a conventional anti-σ factor and contain a C-terminal extension of about 

200 amino acids that is not present in other ECF σ factors. Additionally, a tetra 

tricopeptide repeat (TPR) domain is present within the C-terminal extension (Staron et 

al., 2009). The TPR motif is present usually present as 3 to 16 tandem-repeats of 34 

amino acids and is involved in playing different roles within cells (D'Andrea and Regan, 

2003). TPR domains are sometimes associated with virulence in pathogens and might 

play a regulatory role through protein-protein interactions (Blatch and Lassle, 1999, 

Cerveny et al., 2013). ECF42 σ factors are distributed across Actinobacteria, 

Cyanobacteria, Planctomycetes, Acidobacteria and Proteobacteria phyla (Staron et al., 

2009). ECF42 σ factor encoding genes are often present near genes that belong to a 

family named ‘YCII-related’ (named after YCII domain) and their protein products are 

termed as ‘PhnB’ or ‘DGPF’ (Staron et al., 2009). These proteins have a highly conserved 

‘DGPF’ motif which is a part of a fairly conserved ‘DGPFAETKE’ motif (Staron et al., 2009), 

M Thomas unpublished). The role of these genes is not yet known although it is 

speculated that they have an enzymatic function (Yeats et al., 2003). In case of ecf42Bc, 

a gene encoding putative rubrerythrin is present downstream. Rubrerythrins belong to 

the oxidoreductase family of proteins and have been shown to have a protective role in 

oxidative stress response (Sztukowska et al., 2002). 

A study on a ECF 42 σ factor termed ‘ECF10’ in Pseudomonas putida KT2440 

reported it to be involved in biofilm formation and drug resistance (Tettmann et al., 

2014). Deletion of the gene encoding ECF10 increased the ability of P. putida to form 

biofilms and upregulated the expression of ttgA, encoding a component of the TtgABC 

efflux pump involved in extrusion of antibiotics, thus increasing antibiotic resistance. 
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This implies that activating ECF10 would make P. putida more susceptible to antibiotics, 

but the specific role of the σ factor in this process was not explicitly clarified. The 

molecular mechanism for the activation of ECF42, nature of its target promoters as well 

as its exact function are as yet unknown. Moreover, the role of the TPR domain in the 

regulation of ECF42 activity and the function of PhnB-type protein in this system has not 

been explored. 

 

1.6.3.4 OrbS 

A well characterised ECF σ factor of B. cenocepacia is OrbS, belonging to the iron 

starvation class of alternative σ factors. It facilitates iron acquisition via the siderophore 

ornibactin. Ornibactin is similar to malleobactin from Burkholderia pseudomallei except 

that in the orb operon two genes encoding acyltransferases are present which are 

absent in the malleobactin biosynthesis gene cluster (Franke et al., 2013). In addition to 

a role in iron transport, ornibactin is reported to have a role in protecting cells against 

toxic metals such as aluminium, copper, zinc and lead, thereby serving as a defensive 

mechanism (Mathew et al., 2016). The orb operon consists of 14 genes shown in Figure 

1.12A. OrbS regulates 3 promoters in response to iron starvation: PorbH, PorbE and PorbI 

(Agnoli et al., 2006). RT-PCR analysis showed that genes orbH to orbB are transcribed 

from PorbH, orbI to orbL are transcribed via PorbI, and PorbE is required for transcription of 

orbE only. PorbS is σ70-dependent and drives the same genes as PorbH along with orbS. A 

systematic base substitution study of the OrbS-dependent promoter PorbH revealed that 

TAAA (positions -30 to -33 with respect to TSS) and CGTC (positions -12 to -9 with respect 

to TSS) formed the -10 and -35 promoter elements separated by a 17 bp spacer that 

included a 9 bp GC-rich tract (Agnoli, 2007). However, these experiments have been 

carried out in E. coli and some unexpected contribution by bases at the A+G rich 

transcription start site were found which would not be expected to be engaged by OrbS. 

As the effect of mutating these bases is likely to reflect alterations in the core RNAP-

promoter DNA interaction, the assays need to be repeated in a B. cenocepacia host 

strain where the effect of these substitutions can be examined in the presence of B. 

cenocepacia core RNAP.  
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The ferric-ornibactin complex is transported from the outer membrane to the 

periplasmic space via OrbA, a TBDR (Sokol et al., 2000). Since it lacks the N-terminal 

signalling domain it does not function as a TBDT that engages with an anti-σ factor. The 

ferric-ornibactin is proposed to be pumped into the cytoplasm through the ABC 

transporter composed of OrbB, OrbC and OrbD, following which iron is then released 

from the siderophore by reduction by the predicted reductase, OrbF. Biosynthesis of 

ornibactin is carried out by PvdA, PvdF, OrbG, OrbK and OrbL along with the 

nonribosomal peptide synthetases OrbI and OrbJ that are involved in the assembly of 

the ornibactin tetrapeptide backbone (Thomas, 2007). As there is no anti-σ factor for 

OrbS and OrbA is not a TBDT, the regulation of OrbS activity was proposed to be carried 

out exclusively by the conventional iron regulator Fur at the transcriptional level in 

response to iron concentrations (Agnoli et al., 2006). Currently, the exact mode of post-

translational regulation of OrbS, if any, remains to be fully elucidated. 
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Figure 1.12. The Orb system in B. cenocepacia 

(A) Gene map of the orb operon. Genes are shown as blue block arrows with the name 

underneath each gene. Transcription initiation from the σ70-dependent promoter is shown as 

black bent arrow while that from the OrbS-dependent promoters are shown as red bent arrows 

where the direction of the arrow represents the direction of transcription. (B) Model for OrbS 

dependent iron acquisition through ornibactin. OrbJ, OrbI, PvdF, OrbK, OrbL, PvdA and OrbG are 

involved in the synthesis and assembly of ornibactin exported through OrbE. The ferric-

ornibactin complex is transported through the TBDR OrbA into the periplasm. Through the ABC 

transporter composed of OrbB, OrbC, OrbD and the reductase OrbF, ferric siderophore is 

transported inside the cytoplasm and iron is dissociated in a form that can be biologically 

utilised. The function of OrbH is not known. Reprinted by permission from Springer: Biometals, 

(Thomas, 2007), copyright 2016. 
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1.7 Hypotheses and aims  

Based on the current understanding of the above 5 ECF σ factors of B. 

cenocepacia, the following hypotheses and aims were developed. They have been 

sectioned below according to the chapters that describe the experiments carried out to 

address them. 

 

Chapter 3:  

Hypothesis - I35_RS16290 (PrtI) is an ECF σ factor of B. cenocepacia H111, which is 

released from its anti-σ factor I35_RS16295 (PrtR) in response to an appropriate extra-

cytoplasmic stress signal, whereupon PrtI initiates transcription of genes which are 

required to cope with the extra-cytoplasmic stress, by recognising specific promoter 

sequences located upstream of such genes. 

Aims - 

 To study the role of PrtI in B. cenocepacia by (1) identifying the PrtI-dependent 

promoters to reveal its target genes and (2) studying the effects of deleting prtI 

or prtR on stress responses of B. cenocepacia.  

 To study the specific DNA sequence requirements of PrtI for efficient promoter 

utilisation. 

 To investigate the regulation of PrtI activity by putative anti-σ factor PrtR. 

 

Chapter 4:  

Hypothesis - 

 Ecf41Bc1 and Ecf41Bc2 belong to the ECF41 group of σ factors that are activated in 

response to an extra cytoplasmic stress signal whereupon these σ factors initiate 

the transcription of genes that are required to cope with the extracytoplasmic 

stress, by recognising key sequences within the promoters present upstream of 

such genes. Ecf41Bc1 and Ecf41Bc2, like ECF41 group σ factors possess an on board 

regulatory domain in the form of a C-terminal extension. 

 Ecf42Bc belongs to the ECF42 group of σ factors that is activated in response to 

an extra cytoplasmic stress signal whereupon the sigma factor initiates the 
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transcription of genes that are required to cope with the extracytoplasmic stress, 

by recognising key sequences within the promoters present upstream of these 

genes. Ecf42Bc possesses an on board regulatory domain in the form of a C-

terminal extension. 

Aims - 

 To study the role of Ecf41Bc1, Ecf41Bc2 and Ecf42Bc in B. cenocepacia by (1) 

identifying the respective σ-dependent promoters to reveal their target genes 

(2) studying the effects of deleting each σ factor encoding gene on stress 

responses of B. cenocepacia.  

 To investigate the regulation of Ecf41Bc1, Ecf41Bc2 and Ecf42Bc activity by their 

respective C-terminal extensions. 

 

Chapter 5: 

Hypotheses -  

 At OrbS-dependent promoters, ‘TAAA’ and ‘CGTC’ form the -35 and -10 

promoter regions. 

 The length and GC richness of the spacer and the A+G richness near the 

transcription start site is important for promoter utilisation by OrbS. 

 In addition to the genes within the OrbS operon, OrbS may regulate other genes 

on the B. cenocepacia genome. 

 In addition to transcriptional regulation of orbS by Fur, an alternative post-

translational mechanism for regulation of OrbS may operate. 

Aims - 

 To test the effect of base-specific alterations in the OrbS-dependent promoter 

PorbH on promoter utilisation by Orbs in B. cenocepacia. 

 To verify novel OrbS-dependent promoters previously identified in silico  

 To investigate the post-translational regulation of OrbS in a B. cenocepacia fur 

mutant 
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Chapter 2: Materials and methods 
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Some methods and materials have been taken and adapted/modified with minor 

amendments from K. Agnoli PhD thesis, 2007, S. Haldipurkar MSc thesis, 2012 and H. 

Spiewak PhD thesis, 2016. 

 

2.1 Bacteriological techniques 

2.1.1 Bacterial strains 

All bacterial strains used in this investigation are listed in table 2.1 

Table 2.1. Bacterial strains  

Bacterial strains  Genotype or descriptiona Source or reference  

Burkholderia cenocepacia  

715j  CF isolate, prototroph (Orb+ 

Pch+)  
Darling et al., 1998  

715j-fur::Tp  715j with TpR cassette 
inserted in fur  

Han and Thomas, 
unpublished 

H111 Clinical isolate, prototroph  Römling et al, 1994 

H111ΔprtI H111 containing an in-frame 
deletion of 486 bp within 
prtI (I35_RS16290) 

This study 

H111ΔprtR H111 containing an in-frame 
deletion of 717 bp within 
prtR (I35_RS16295) 

This study 

H111Δecf41Bc1 H111 containing an in-frame 
deletion of 855 bp within 
I35_RS16330 

This study 

H111Δecf41Bc2 H111 containing an in-frame 
deletion of 870 bp within 
I35_RS16335 

This study 

H111Δecf41Bc1-Δecf41Bc2 H111 containing an in-frame 
deletion of 855 bp within 
I35_RS16330 and an in-
frame deletion of 870 bp 
within I35_RS16335 

This study 

H111Δecf42Bc H111 containing an in-frame 
deletion of 1230 bp within 
I35_RS20320 

This study 

E. coli  

JM83  F- ara Δ(lac-proAB) rpsL 
φ80dlacZΔM15 (SmR)  

Yanisch-Perron et al., 
1985 
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MC1061  hsdR araD139 Δ(ara-
leu)7697 ΔlacX74 galU galK 
rpsL (SmR)  

Casadaban and Cohen, 
1979 

SM10(λ pir)  thi-1 thr leu tonA lacY supE 
recA RP4-2-Tc::Mu (KmR) 
(λpir)  

Simon et al., 1983 

S17-1(λ pir) 
 

thi proA hsdR recA RP4-2-
tet::Mu-1 kan::Tn7 integrant 
(TpR SmR) 

Simon et al, 1983 

BTH101 F- cya-99 araD139 galE15 
galK16 hsdR2 mcrA1 mcrB1 
rpsL1 (SmR) 

Karimova et al., 1998 

BL21 (λD3) F–ompT gal dcm lon hsdSB 
(rB- mB-) (λDE3 [lacI lacUV5-
T7 gene 1 ind1 Sam7 nin5]) 

Studier & Moffatt, 
1986 

MG1655 F− wild-type Seaver & Imlay, 2004 

LC106 MG1655 ΔahpC-ahpF 
kan::ahpF, 
Δ(katG17::Tn10)1 (TetS), 
Δ(katE12::Tn10)1 

Seaver & Imlay, 2004 

a:  Orb+, ornibactin-positive phenotype; Pch+, pyochelin-positive phenotype; TpR, 
trimethoprim resistance; SmR, streptomycin resistance; KmR, kanamycin resistance; 
TetS, tetracycline sensitive. 
 
 

2.1.2 Bacteriological media and supplements 

2.1.2.1 Bacteriological media 

To make agar plates, agar (VWR) was added to liquid media at a final concentration of 

1.5% and autoclaved at 120oC for 20 minutes at 15 psi (standard procedure). After 

cooling the medium to approximately 50oC, required antibiotics and other supplements 

were added and approximately 25 ml agar was poured into each sterile Petri dish and 

was kept at room temperature to solidify before use. 

 

2.1.2.1.1 LB medium  

To prepare LB broth tryptone, yeast extract and NaCl were added to ddH2O to final 

concentration of 1%, 0.5% and 1% respectively and autoclaved as standard procedure 
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and stored at room temperature. To prepare LB agar, agar was added to a final 

concentration of 1.5%. 

2.1.2.1.2 M9 glucose medium 

Glucose was added to ddH2O to a final concentration of 0.5% and autoclaved as standard 

procedure. After cooling the medium to approximately 50oC, x10 M9 salts was added to 

a final concentration of 10%. Then 1 ml each of 1 mM MgSO4 and 0.1M CaCl2 per litre of 

medium were added. To make M9 agar, agar was added to a final concentration of 1.5%.  

X10 M9 salts: 60 g Na2HPO4, 30 g KH2PO4, 5 g NaCl and 10 g NH4Cl were added to 1000 

ml deionized H2O and autoclaved at 120oC for 20 minutes at 15 psi and stored at room 

temperature.      

1M MgSO4:  24.6 g MgSO4·7H2O was dissolved in 100 ml ddH2O, filter sterilized and 

stored at room temperature. 

0.1M CaCl2: 15 g CaCl2·2H2O was dissolved in 100 ml ddH2O, filter sterilized and stored 

at room temperature. 

 

2.1.2.1.3 M9-CAA medium 

Cas-amino acids (BD Difco) to final concentration of 0.1-1% as required was added to 

M9 minimal glucose medium  

 

2.1.2.1.4 M9 glycerol CAA-X-gal-IPTG medium 

M9 CAA (1%) agar was made as described above without glucose. The following 

components with final concentrations of 0.5% glycerol, 0.0005% thiamine freshly 

prepared in ddH2O, 100 μM CaCl2, 1 mM MgSO4, IPTG 100 μM and X-gal 40 μg/mL were 

then added. Any required antibiotics were also added before pouring into sterile Petri 

dishes. 

 

2.1.2.1.5 0.1% chlorophenylalanine medium 

4-Chloro-DL-phenylalanine (Sigma-Aldrich) to final concentration of 0.1 was added to 

M9 minimal glucose medium.  
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2.1.2.1.6 EPS (Y-glutamate-glycerol) medium 

To make Exopolysacchiride (EPS) producing media the following components to the final 

concentrations of 0.169 % glutamic acid (sodium salt), 0.3 % Tris base, 0.1 ml 

MgSO4.7H2O (10 % w/v), 0.1 ml CaCl2.6H2O (22 % w/v), 0.1 ml K2HPO4.3H2O (22 % w/v) 

were added to ddH2O. After adjusting the pH to 6.8 (or 6.0), the final volume was 

adjusted to 99 ml.  A final concentration of 1.5 % agar (Oxoid) was added prior to 

autoclaving. 50% sterile glycerol solution was added to a final concentration of 1% to 

the medium and poured into sterile Petri dishes.  

 

2.1.2.1.7 IST medium 

Iso-Sensitest broth (Oxoid) was added to ddH2O at a final concentration of 23.4% and 

autoclaved as standard procedure and stored at room temperature. To prepare IST agar, 

a final concentration of 1.5% agar was added. 

 

2.1.2.1.8 Lennox medium 

To prepare Lennox broth tryptone, yeast extract and NaCl were added to ddH2O to final 

concentration of 1%, 0.5% and 0.5% respectively and autoclaved as standard procedure 

and stored at room temperature. To prepare Lennox agar, a final concentration of 1.5% 

agar was added. 

 

2.1.2.1.9 BHI medium  

Brain heart infusion (BD Difco) powder to a final concentration of 3.7% was added to 

ddH2O and autoclaved as standard procedure. To make BHI agar a final concentration of 

1.5 % agar was added.  

 

2.1.2.1.10 Protease agar  

Protease agar was made by combining dialysed BHI (D-BHI) agar with skimmed milk. 

D-BHI (100 ml) was prepared by mixing 1.85 g in 5 ml ddH2O, transferred to a 12000-

14000 MWCO dialysis tube and dialysed against 100 ml ddH2O overnight at 4oC thus 
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giving half strength BHI. Agar was added to a final concentration of 3% and autoclaved 

as standard procedure.  

An equal quantity (100 ml) of 3% (w/v) skimmed milk powder (Sigma) in ddH2O was 

separately autoclaved for 5 minutes, at 120oC for 20 minutes at 15 psi.  

The dialysed BHI agar and skimmed milk solution were then combined and poured in 

sterile Petri dishes, hence giving final concentrations of quarter strength BHI and 1.5% 

agar. 

 

2.1.2.1.11 Maltose MacConkey agar  

MacConkey agar (BD Difco) was dissolved in ddH2O to give a final concentration of 4% 

and autoclaved as standard procedure. After cooling the medium to approximately 50oC, 

1% glucose-free maltose and appropriate antibiotics were added and poured in sterile 

Petri dishes.  

 

2.1.2.1.12 CAS (chrome azurol S) agar  

(Taken from K. Agnoli PhD thesis, 2007, with minor amendments) 

CAS agar was prepared by adding CAS mix to Y minimal agar. 

CAS mix was prepared by combining 10 ml of 1 mM FeCl3.6H2O (dissolved in 10mM HCl) 

and 60.5 mg CAS powder in 50 ml ddH2O.  72.9 mg hexadecyltrimethylammonium 

bromide (HDTMA) was dissolved in 40 ml ddH2O, which was then added to the CAS/FeCl3 

mixture with constant stirring.  CAS mix was stored at room temperature in the dark. 

Y minimal agar  was prepared by adding the following components to the final 

concentrations of 0.169 % glutamic acid (sodium salt), 0.3 % Tris base, 0.1 ml 

MgSO4.7H2O (10 % w/v), 0.1 ml CaCl2.6H2O (22 % w/v), 0.1 ml K2HPO4.3H2O (22 % w/v) 

were added to ddH2O. After adjusting the pH to 6.8, the final volume was adjusted to 90 

ml.  A final concentration of 1.5 % agar (Oxoid) was added prior to autoclaving. 

CAS mix and Y minimal agar were prepared and autoclaved separately.  Following 

cooling to approximately 55oC, 10 ml CAS mix was slowly poured into 90 ml Y minimal 

agar, and mixed thoroughly but slowly until homogeneous. On combining the CAS mix 
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with Y minimal agar, the resultant CAS agar contained 10 μM FeCl3.  For iron-rich CAS 

agar, CAS mix containing 50 μM additional FeCl3.6H2O was added to the medium prior 

to pouring, to give a final concentration of 60 μM Fe3+. 

 

2.1.2.1.13 Motility and swarming agar 

Motility agar was made by adding tryptone, NaCl and agar at final concentrations of 1%, 

0.5% and 0.25% to ddH2O, autoclaved and poured in sterile Petri dishes as standard 

procedure. Swarming agar was made by adding nutrient broth (BD Difco), NaCl and Eiken 

agar at final concentrations of 0.8%, 0.5% and 0.6% to tap water and autoclaved and 

poured in sterile Petri dishes as standard procedure. 

 

2.1.2.2 Bacteriological media supplements 

2.1.2.2.1 Antibiotics 

Stock solutions of antibiotics used for making selective media are listed below. They 

were stored in polypropylene universal bottles at -20oC. When ddH2O was used as a 

solvent the stocks were filter sterilized using a 0.22 µm syringe filter. 

 

Table 2.2: Concentration of antibiotics used in selective media  

 

 

 

 

 

Antibiotic Stock concentration (mg/ml) Final concentration (µg/ml) 

E. coli B. cenocepacia 

Ampicillin 100 in ddH2O 100 n/a 

Chloramphenicol 25 in 100% ethanol 25 50 

Kanamycin 50 in ddH2O 25-50 50 

Tetracycline 10 in 50% ethanol 10 200 

Trimethoprim 25 in DMSO 25 25 

Gentamycin 25 in ddH2O 25 n/a 
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2.1.2.2.2 Other media supplements 

Stock solutions of other supplements added to bacteriological media are listed below.  

Table 2.3: Concentration of supplements used in selective media 

Supplement Stock Concentration 

E. coli B. cenocepacia 

2,2’-dipyridyl 0.1 M in 100% 
ethanol 

175 µM 100 µM (M9), 200 µM 
(LB) 

FeCl3 0.1 M in 10 mM 
HCl 

n/a 50 µM 

IPTG 0.1M in ddH2O 0.2mM n/a 

X-gal 25 mg/ml in 
DMSO 

40 µg/ml 40 µg/ml 

Thiamine 10 mg/ml in 
ddH2O 

0.005 mg/ml 0.005 mg/ml 

DL-4-Chlorophenylalanine 
(cPhe) 

n/a 1 mg/ml 1 mg/ml 

Glycerol solution 50% (v/v) in 
ddH2O 

0.5 % (v/v) 0.5 % (v/v) 

 

2.1.3 Bacterial storage glycerol stocks 

For long term storage of bacterial cultures, 0.7 ml of a broth culture grown overnight 

was mixed with 0.3 ml of 50% glycerol, vortexed and stored at -80oC in sterile cryogenic 

vials. 

 

2.1.4 Determination of bacterial growth rate 

(Taken from K. Agnoli PhD thesis, 2007, with minor amendments). 

In order to determine the growth rate of bacterial strains in liquid medium, the strains 

to be analysed were grown overnight at 37oC with shaking.  The overnight cultures were 

then diluted in the same medium to an OD600 of 0.5.  Growth was monitored by taking 1 

ml samples immediately following inoculation and at 30-60 minutes’ intervals 

thereafter, while the cultures were incubated at 37oC with shaking.  The OD600 of each 

sample was determined at the time of sampling.  Experiments were carried out in 

biological triplicates and experimental replicates. 
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Growth curves were plotted using Microsoft Excel from the data obtained, using a 

logarithmic scale for the optical density measurements, and a line of best fit calculated 

using the ‘exponential trendline’ facility for the exponential growth phase (characterised 

by a linear progression).  The equation of each line of best fit was used in conjunction 

with the following equations to determine growth rate. 

The equation of each line was in the following format: 

 

The elements of this equation were inserted into the following: 

 

 

Where Tn = time (hours) at which the culture reached an OD600 of n 

And T2n = time (hours) taken for the OD600 to double at Tn 

Growth rate (doublings per hour) was calculated as: 

 

 

 

2.1.5 Efficiency of plating (EOP) 

The required strain of bacterium was grown overnight in nutrient rich broth medium 

(LB/BHI) for approximately 16 hours at 37oC with shaking. Then, the OD600 of each 

sample (1 ml) was adjusted to 0.500 by diluting in sterile saline (0.85% NaCl in ddH2O). 

This was further subjected to ten-fold serial dilutions serially diluted in sterile saline and 

0.1 ml amounts from the dilutions were spread out on required agar plates and 

incubated at 37oC overnight. Alternatively, 5 µl aliquots of the dilutions were spotted on 

required agar plates and incubated at 37oC overnight. The number of colonies were 

counted the next day to determine number of colony forming units per ml of bacterial 

culture (CFU/ml). Experiments were carried out in biological triplicates and experimental 

replicates. 
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2.2 Recombinant DNA techniques 

2.2.1 Plasmids 

The plasmids used in this study are listed in table 2.4 

Table 2.4: Plasmids  

Plasmids  Description a Source or 
reference  

pBBR1MCS (pBBR) Broad host range cloning vector, (CmR) Kovach et 
al., 1994 

pBBR-fur2 pBBR carrying fur in opposite orientation to 
lacZ promoter cloned between sites SmaI 
and BamHI (CmR) 

Haldipurkar 
and 
Thomas, 
unpublishe
d 

pBBR-I35_RS16285-
FLAG 

pBBR containing I35_RS16285 modified to 
encode a C-terminal FLAG epitope cloned 
between sites HindIII and XbaI (CmR) 

This study 

pBBR1MCS2 (pBBR2) Mobilisable broad host-range cloning vector 
(KmR)  

Kovach et 
al. 1995 

pBBR2-fur3 pBBR2 containing fur cloned between sites 
HindIII and BamHI (KmR) 

Agnoli et 
al., 2006 

pBBR2-orbS pBBR2 containing orbS cloned between sites 
HindIII and BamHI (KmR) 

Agnoli et 
al., 2006 

pBBR2-Ecf41Bc1 pBBR2 containing full length I35_ RS16330 
cloned between sites HindIII and BamHI 
(KmR) 

This study 

pBBR2-Ecf41Bc1-213 pBBR2 containing first 213 amino acids of  
I35_RS16330  cloned between sites HindIII 
and BamHI (KmR) 

This study 

pBBR2-Ecf41Bc1-201 pBBR2 containing first 201 amino acids of 
I35_RS16330  cloned between sites HindIII 
and BamHI (KmR) 

This study 

pBBR2-Ecf41Bc1-176 pBBR2 containing first 176 amino acids of 
I35_RS16330  cloned between sites HindIII 
and BamHI (KmR) 

This study 

pBBR2-Ecf41Bc2 pBBR2 containing full length I35_RS29600 
cloned between sites HindIII and BamHI 
(KmR) 

This study 

pBBR2-Ecf41Bc2-215 pBBR2 containing first 215 amino acids of 
I35_RS29600 cloned between sites HindIII 
and BamHI (KmR) 

This study 
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pBBR2-Ecf41Bc2-198 pBBR2 containing first 198 amino acids of 
I35_RS29600 cloned between sites HindIII 
and BamHI (KmR) 

This study 

pBBR2-Ecf41Bc2-175 pBBR2 containing first 175 amino acids of 
I35_RS29600 cloned between sites HindIII 
and BamHI (KmR) 

This study 

pBBR2-PrtI pBBR2 containing prtI cloned between sites 
HindIII and BamHI (KmR) 

This study 

pBBR2-PrtI(b) pBBR2 containing prtI with an improved 
Shine Dalgarno sequence before the 
promoter cloned between sites HindIII and 
BamHI (KmR) 

This study 

pBBR2-PrtIR pBBR2 containing full length prtIR cloned 
between sites HindIII and XbaI (KmR) 

This study 

pBBR2-Ecf42Bc pBBR2 containing full length I35_RS20320 
cloned between sites HindIII and SacI (KmR) 

This study 

pBBR2- Ecf42Bc-175 pBBR2 containing first 525 amino acids of 
I35_RS20320 cloned between sites HindIII 
and BamHI (KmR) 

This study 

pBBR1MCS5 Mobilisable broad host-range cloning vector. 
IncP- and ColE1-compatible (GmR) 

Kovach et 
al., 1995 

pBBR-5-orbS pBBR1MCS-5 containing orbS cloned 
between HindIII and BamHI (GmR) 

K. Agnoli, 
2007 

pKAGd4  Broad host-range lacZ transcriptional fusion 
vector (CmR, ApR)  

Agnoli et 
al., 2006 

pKAGd4-PorbH pKAGd4 containing PorbHfl-lacZ fusion cloned 
between sites HindIII and BamHI (CmR, ApR) 

Agnoli et 
al., 2006 

pKAGd4-PorbHds (1-51) pKAGd4 containing PorbH promoter-lacZ 
fusions, containing corresponding ds 
oligonucleotide cloned between sites HindIII 
and BamHI (see Appendix for sequences) 
(CmR, ApR) 

K. Agnoli, 
2007 

pKAGd4-Ptac pKAGd4 bearing Ptac-lacZ fusion cloned 
between sites HindIII and BamHI (CmR, ApR) 

K. Agnoli, 
2007 

pKAGd4-Ptac2 pKAGd4 bearing minimal version of Ptac-lacZ 
fusion cloned between sites HindIII and 
BamHI (CmR, ApR) 

This study 

pKAGd4-PcysI pKAGd4 bearing B. cenocepacia PcysI-lacZ 
fusion cloned between sites HindIII and 
BamHI (CmR, ApR) 

K. Agnoli, 
2007 

pKAGd4-Pbfd pKAGd4 bearing B. cenocepacia Pbfd-lacZ 
fusion cloned between sites HindIII and 
BamHI (CmR, ApR) 

A. Asghar, 
2002 
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pKAGd4-PflrS pKAGd4 bearing B. cenocepacia PflrS-lacZ 
fusion cloned between sites HindIII and 
BamHI (CmR, ApR) 

J. Mohanlal 
and M. 
Thomas, 
unpublishe
d 

pKAGd4-PorbS pKAGd4 containing PorbS full length-lacZ 
fusion cloned between sites HindIII and 
BamHI (CmR, ApR) 

Agnoli et 
al., 2006 

pKAGd4-PorbEds1 pKAGd4 containing PorbE-lacZ fusion cloned 
between sites HindIII and BamHI (CmR, ApR) 

Agnoli et 
al., 2006 

pKAGd4-PorbIds1 pKAGd4 containing PorbI-lacZ fusion cloned 
between sites HindIII and BamHI (CmR, ApR) 

Agnoli et 
al., 2006 

pKAGd4-PorbS-69 pKAGd4 containing PorbS with upstream 
endpoint at -69 relative to orbS start codon 
cloned between sites HindIII and BamHI 
(CmR, ApR) 

Agnoli et 
al., 2006 

pKAGd4-PorbS-40 pKAGd4 containing PorbS with upstream 
endpoint at -40 relative to orbS start codon 
cloned between sites HindIII and BamHI 
(CmR, ApR) 

Agnoli et 
al., 2006 

pKAGd4-PorbS+5 pKAGd4 containing PorbS with upstream 
endpoint at +5 relative to orbS start codon 
cloned between HindIII and BamHI (CmR, 
ApR) 

Agnoli et 
al., 2006 

pKAGd4-Pfpr pKAGd4 containing Pfpr cloned between sites 
HindIII and BamHI (CmR, ApR) 

This study 

pKAGd4-PureA pKAGd4 containing PureA cloned between 
sites HindIII and BamHI (CmR, ApR) 

 

pKAGd4- PprtI (1-15) pKAGd4 containing PprtI promoter-lacZ 
fusions, containing corresponding ds 
oligonucleotide cloned between sites HindIII 
and BamHI (see table 2.5) (CmR, ApR) 

This study 

pKAGd4-PaphD pKAGd4 bearing PahpD-lacZ fusion cloned 
between sites HindIII and BamHI (CmR, ApR) 

This study 

pKAGd4-PlysR pKAGd4 bearing PlysR-lacZ fusion cloned 
between sites HindIII and BamHI (CmR, ApR) 

This study 

pKAGd4-PphnB2 pKAGd4 bearing PphnB2-lacZ fusion cloned 
between sites HindIII and BamHI (CmR, ApR) 

This study 

pKAGd4-Pprtifl pKAGd4 containing PprtI promoter-lacZ 
fusion, consisting of the full length prtI 
promoter cloned between sites HindIII and 
BamHI (CmR, ApR) 

This study 

pKAGd4-Pprti-43 pKAGd4 containing PprtI promoter-lacZ 
fusion – 43 bases relative to putative prtI 

This study 
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start codon, cloned between sites HindIII 
and BamHI (CmR, ApR) 

pKAGd4-Pcat pKAGd4 containing PI35_ RS16285 promoter-lacZ 
fusion cloned between sites HindIII and 
BamHI (CmR, ApR) 

This study 

pSRK-Km Broad host-range expression vector (KmR)  

pSRK-Km-PrtI-FLAG pSRK-Km containing full length prtI modified 
to encode a C-terminal FLAG epitope cloned 
between sites NdeI and XbaI (KmR) 

This study 

pETDuet-1 E. coli specific vector for high-level 
expression of cloned genes. Contains two T7 
promoters and multiple cloning sites (ApR) 

Novagen 

pETDuet-1-I35_ 

RS16285His6 
pETDuet-1 containing RS16285 between 
BamHI and HindIII sites of MCS1, 
incorporating an N-terminal His tag. (ApR) 

This study 

pHLS16 pETDuet-1 containing BCAS0667.CTD (C-
terminal 258 codons) cloned into sites 
BamHI and SalI sites, incorporating an N-
terminal His tag. 

H. Spiewak, 
2015 
 

pEX18TpTer-pheS Derivative of allelic replacement vector 
pEX18Tp-pheS with dfrB2 gene replaced by a 
version fused to the rrnBT1T2 terminators. 
ColE1- derived replicon, oriT+, mob+ and 
mutated α-subunit of phenylalanyl tRNA 
synthase, pheS, for cPhe counterselection. 
(TpR) 

H. Spiewak, 
2015 
 

pEX18TpTer-pheS-
ΔprtI 

pEX18Tp-pheS containing a ΔprtI allele 
cloned between sites BamHI and HindIII. 
(TpR) 

This study 

pEX18TpTer-pheS-
ΔEcf41Bc1 

pEX18Tp-pheS containing a ΔI35_RS16330 
allele cloned between sites BamHI and 
HindIII. (TpR)  

This study 

pEX18TpTer-pheS-
ISceI 

pEX18TpTer-pheS with an I-SceI site (TpR)  H. Spiewak 
and M. 
Thomas, 
unpublishe
d 

pEX18TpTer-pheS-
ISceI-ΔPrtI 

pEX18Tp-pheS-ISceI containing a ΔprtI allele 
cloned between sites cloned between sites 
BamHI and HindIII. (TpR) 

This study 

pEX18TpTer-pheS-
ISce1-ΔEcf41Bc2 

pEX18Tp-pheS-ISceI containing a 
ΔI35_RS29600 allele cloned between sites 
BamHI and HindIII. (TpR) 

This study 
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pEX18TpTer-pheS-
ISce1-ΔEcf42Bc 

pEX18Tp-pheS-ISceI containing a 
ΔI35_RS20320 allele cloned between sites 
XbaI and HindIII. (TpR)  

This study 

pEX18TpTer-pheS-
ISceI-Cm 

pEX18TpTer-pheS-ISceI with a 
chloramphenicol resistance gene (TpR, CmR) 

H. Spiewak 
and M. 
Thomas, 
unpublishe
d 

pEX18TpTer-pheS-
ISceI-Cm-ΔEcf41Bc1 

pEX18Tp-pheS-ISce1-Cm containing a 
ΔI35_RS16330 allele cloned between sites 
BamHI and HindIII. (TpR, CmR) 

This study 

pEX18TpTer-pheS-
ISceI-Cm-ΔprtR 

pEX18Tp-pheS-ISce1-Cm containing a ΔprtR 
allele cloned between sites BamHI and 
HindIII. (TpR) 

This study 

pUT18 
 

High copy number BACTH vector, allows in-
frame fusion of gene to N-terminal coding 
sequence of T18 (ApR) 

EUROMEDE
X 

pUT18-PrtICTD pUT18 containing PrtICTD coding sequence 
cloned between sites XbaI and Acc65I (ApR) 

This study 

pUT18-PrtRNTD pUT18 containing PrtRNTD coding sequence 
cloned between sites XbaI and Acc65I (ApR) 

This study 

pUT18C 
 

High copy number BACTH vector, allows in-
frame fusion of gene to C-terminal coding 
sequence of T18 adenylate cyclase domain 
(ApR) 

EUROMEDE
X 

pUT18C-PrtICTD pUT18C containing PrtICTD coding sequence 
cloned between sites XbaI and Acc65I (ApR) 

This study 

pUT18C-PrtRNTD pUT18 containing PrtRNTD coding sequence 
cloned between sites XbaI and Acc65I (ApR) 

This study 

pKT25 Low copy number BACTH vector, allows in-
frame fusion of gene to C-terminal coding 
sequence of T25 adenylate cyclase domain 
(KmR) 

EUROMEDE
X 

pKT25-PrtICTD pKT25 containing PrtICTD coding sequence 
cloned between sites XbaI and Acc65I (KmR) 

This study 

pKT25-PrtRNTD pKT25 containing PrtRNTD coding sequence 
cloned between sites XbaI and Acc65I (KmR) 

This study 

pKNT25  
 

Low copy number BACTH vector, allows in-
frame fusion of gene to N-terminal coding 
sequence of T25 adenylate cyclase domain 
(KmR) 

EUROMEDE
X 

pKNT25-PrtICTD pKNT25 containing PrtICTD coding sequence 
cloned between sites XbaI and Acc65I (KmR) 

This study 

pKNT25-PrtRNTD pKNT25 containing PrtRNTD coding sequence 
cloned between sites XbaI and Acc65I (KmR) 

This study 
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a:  TpR, trimethoprim resistance; SmR, streptomycin resistance; KmR, kanamycin 
resistance; CmR, chloramphenicol resistance; ApR, ampicilin resistance; GmR, gentamycin 
resistance 
 

2.2.2 Primers and oligonucleotides: 

Table 2.5: Primers and oligonucleotides used in this study 

Primer/oligonucleotide 
name 

Sequence (5’ to 3’) Restrict
ion site 
(underli
ned) 

Primers for Screening/Sequencing 

M13 Forward  TGTAAAACGACGGCCAGT  

M13 Reverse CAGGAAACAGCTATGACC  

M13revBACTH GTGTGGAATTGTGAGCGGAT  

pETDuet-T7-1for ATGCGTCCGGCGTAGA  

pACYCDuet-T7-1rev GATTATGCGGCCGTGTACAA  

pEX18Tpfor GAAGCCAGTTACCTTCGGA  

pEX18Tprev TTGTCGGTGAACGCTCTCCT-  

AP10 GAACGCTCTCCTGAGTA  

AP11 CCTCTATAGTGAGTCGG  

Primers for cloning required to carry out ChIP-seq/ PCR validation of ChIP-seq 
samples 

FurFLAGa GCGCGGATCCTCGATGTCGGCCAGCAGGTC BamHI 

FurFLAGb TCATTTATCATCGTCGTCTTTATAATCGTGCTTGCG
GTGCGGGCAGT 

 

FurFLAGc GATTATAAAGACGACGATGATAAATGAAGCGCGC
CACCCGCGCA 

 

FurFLAGd GCGCTCTAGACGCGCGGCATTTCCCGATCA XbaI 

RpoEFLAGFor GCGCCATATGAGTGAAAAAGAAATCGATCA NdeI 

RpoEFLAGRev GCGCTCTAGATTATTTATCATCGTCGTCTTTATAAT
CCCAGCGCTTGCCTTCGG 

XbaI 

BCAL3486FLAGFor GCGCCATATGCCGAGCCTCGACCCGGCCA NdeI 

BCAL3486FLAGRev GCGCTCTAGATTATTTATCATCGTCGTCTTTATAAT
CGCTTGCCGCCGCCGTCGGAAT 

XbaI 

BCAM2748FLAGFor GCGCCATATGACCGACGACGCACAAACCTT NdeI 

BCAM2748FLAGRev GCGCTCTAGATTATTTATCATCGTCGTCTTTATAAT
CGAAGCTCTGGACGTGGCCGC 

XbaI 

OrbSFLAGFor GCGCCATATGGCGGAAGTGCTCGACCGACC NdeI 

OrbSFLAGRev(A) GCGCTCTAGATTATTTATCATCGTCGTCTTTATAAT
CGGCGTCTGCGTGCTCTTCCTCCCAGGAACACCGG
GCAGGCG 

XbaI 
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OrbSFLAGRev(B) GCGCTCTAGATTATTTATCATCGTCGTCTTTATAAT
CCCGCCGCCGCGCGCGGC 

XbaI 

PrtIFLAGFor GCGCCATATGCCCTCCAACGCCCTCGA NdeI 

PrtIFLAGRev GCGCTCTAGATTATTTATCATCGTCGTCTTTATAAT
CTTTCTTCATCAGCCGCAAGG 

XbaI 

Bcam0849flagfor GCGCCATATGACGCATGAGGCCACGCATCG NdeI 

Bcam0849flagrev GCGCTCTAGATTATTTATCATCGTCGTCTTTATAAT
CCGCATCCATCGCGCGCTTGA 

XbaI 

pIOTVfor GCGCAAGCTTGTAGCGAATCATGGACGATC HindIII 

pIOTVrev GCGCGGATCCACCGGCGCGTGAGTTTTAAA BamHI 

pFlrSfor2 CGCAAGCTTATGTGATAACCGAACGGGGC HindIII 

pFlrSrev CGCGGATCCGACAGCTTGTCAGCGGACAT BamHI 

Primers for construction of in-frame deletion mutants 

PrtIdelA GCGCGGATCCTGTCCGGCGCGTACGGATTT BamHI 

PrtIdelB GTTCATTTCTTCATCAGCCGGAGGGCGTTGGAGGG
CATGG 

 

PrtIdelC CCATGCCCTCCAACGCCCTCCGGCTGATGAAGAAA
TGAAC 

 

PrtIdelD GCGCAAGCTTCCCGCTGTCCGTCGTGAACAA HindIII 

PrtIout-for GCGAGCGTCTGCTCGTAGAA  

PrtIout-rev CCCGCGTCATCCTGATAGAG  

PrtIinfor CCCGATCGTCAGATCATTGT  

PrtIinrev CATCTGATAAGCCTTGACCG  

PrtIoutfor2 TTCAATGCGAGGCTTCGGAT  

PrtIoutrev2 TAGCAGCCGATGTTCCGATT  

prtRdelA GCGCGGATCCAAGCATTGCGCGAACTCATC BamHI 

prtRdelB CTCCGCTTCAAGTCTGCTGAAGGTCGTGTTCGTTC
GGA 

 

prtRdelC TCCGAACGAACACGACCTTCAGCAGACTTGAAGCG
GAG 

 

prtRdelD GCGCAAGCTTTGAAACCCTGTGCATCCGAT HindIII 

prtRoutfor GCTGGAGGGAATAATCGATG  

prtRoutrev AATGCAAATCGGCTCGGGAA  

3486delA GCGCGGATCCGGGGCTCGCTCGTCATATCA BamHI 

3486delB GCGCGCCGCCTTCAGTGCAGCGGGTCGAGGCTCG
GCATCA 

 

3486delC TGATGCCGAGCCTCGACCCGCTGCACTGAAGGCG
GCGCGC 

 

3486delD GCGCAAGCTTTACGTCGGCAAGAACGCCGC HindIII 

3486out-for CCCGCTTCGGCGGTCCAAAA  

3486out-rev GCTGCATCGCCTGCGAGCAA  

2748delA GCGCGGATCCTCGATCGTGCTGCGCACGAA BamHI 

2748delB GCGATCCGGGCGAGCTTCTCTGCGTCGTCGGTCAT
GACGG 
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2748delC CCGTCATGACCGACGACGCAGAGAAGCTCGCCCG
GATCGC 

 

2748delD GCGCAAGCTTTTTTCCGAGAGCTGGCCGCG HindIII 

2748out-for TGATCTCGGACGGCGACGAC  

2748out-rev ACCGAAGGCCTTGTCGGACG  

BCAM2748outfor2 ATGGAAGCTGATGCGGGAAA  

BCAM2748outrev2 GAACGTCAGGTCCGACAATT  

BCAM2748infor GCTGTTTCCGCAGAAAACCA  

BCAM2748inrev TCATCTTAGGAGTGTGCACC  

TPRdelA GCGCTCTAGACGCCGAACTCGACTGCGAGA XbaI 

TPRdelB CACGCATCCATCGCGCGCTTCGTGGCCTCATGCGT
CACGA 

 

TPRdelC TCGTGACGCATGAGGCCACGAAGCGCGCGATGGA
TGCGTG 

 

TPRdelD GCGCAAGCTTGGTCTTCGCCATGCCCGGAT HindIII 

TPRout-for CGCCGGCTATACGCTGATCC  

TPRout-rev GCCTTCGTGTAGCGGTTCGC  

BCAM0849outfor2 GCCGAAACGAAGGAACTGAT  

BCAM0849outrev2 CGATTTCGTCGAAACCTTCG  

BCAM0849infor TTTTCCAGACCTTCACCGAC  

BCAM0849inrev CGATCAGATATGTGGGGAAC  

Primers for OrbS 

fpr_in_fwd GTCAGCCCGAACTACGAGGAGC  

fpr_in_rv ATGTCGCCCAGGTACTCGTGGC  

Primers for I35_RS16330 (BCAL3486 in J2135) and I35_RS29600 (BCAM2748 in 
J2315) 

BCAL3486for GCGCAAGCTTAGTCGACCCGGCCGATGCGAA HindIII 

BCAL3486rev GCGCGGATCCGCATGCGCACGCCGCCTTCA BamHI 

Bcal3486.bam.213.rev GCGCGGATCCTTAGCGCTTGCCGCCACCGTCGGA BamHI 

Bcal3486.bam.201.rev GCGCGGATCCTTACTCGGCGAGCATCGCGCCGA BamHI 

Bcal3486.bam.176.rev GCGCGGATCCTTACCCGCGCTGCTTCTCGACAT BamHI 

BCAM2748for GCGCAAGCTTACGCGGAGTGTGGCCGTCATGA HindIII 

BCAM2748.bam.rev GCGCGGATCCTGCACCAATCCGGGCTCGGC BamHI 

bcam2748.bam.215.rev GCGCGGATCCTTAGAAGCTCTGGACGTGGCCGC BamHI 

bcam2748.bam.198.rev GCGCGGATCCTTATTCGGCGAGCAACGCCTGGA BamHI 

bcam2748.bam.175.rev GCGCGGATCCTTACCGGCGATGCGTTTCATGCG BamHI 

Primers for I35_RS20320 (BCAM0849 in J2315) 

BCAM0849For GCGCAAGCTTGATGGCCATGCCGCTGGATG HindIII 

BCAM0849Rev(full) GCGCGAGCTCTCACGCATCCATCGCGCGCT SacI 

BCAM0849w/oCTDRev GCGCGGATCCCGCGAGCGTGCGTTTCGCGC BamHI 

Primers for PrtI  

prtIproForPCR GCGCAAGCTTTCAATGCACTCCCGATCGTC HindIII 

prtIproRevPCR GCGCGGATCCTGGCCGGGCCGGTTGCCGAAA BamHI 

PrtIforA GCGCAAGCTTATGATCCACGACCCTTTCGGCAA HindIII 
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PrtIforB GCGCAAGCTTATGAAAAGGAGATATACCATGCCCT
CCAACGCCCTCGA 

HindIII 

PrtIrev GCGCGGATCCTCATTTCTTCATCAGCCGCA BamHI 

Catduetfor GCGCTCTAGACCCGGCGCGTCTGACCCC XbaI 

Catduetrev GCGCAAGCTTTCATCGTCCCTCCCCACTC HindIII 

PrtRrev GCGCTCTAGATCAAGTCTGCTGATCGAGCG XbaI 

Cat-compFor GCGCAAGCTTCTGACGCGCGTTCGACAATGATC HindIII 

Cat-compRevflag GCGCTCTAGATCATTTATCATCGTCGTCTTTATAAT
CTCGTCCCTCCCCACTCAGT 

XbaI 

PrtRfor GCGCAAGCTTATGAACTTCCTGCTCCTTCCTTG HindIII 

Primers for RT-PCR 

Cat-cytFor2 GCCGCGACGTGAATTACGA  

Cat-cytFor ACGCGTTCTATTTCGTCGAC  

Cat-cytRev AAACAGCATCGCGACAACCA  

PrtIRfor AGGGCTTCACCTATCAGGAA  

PrtIRRev TGCCATTGCTTCACCTGTTC  

Primers for two-hybrid assay 

PrtICTDfor GCGCTCTAGAGGCCGAACGCGAATTCGCG XbaI 

PrtICTDrev GCGCGGTACCTCATTTCTTCATCAGCCGCAA Acc65I 

PrtICTDrev2 GCGCGGTACCCGTTTCTTCATCAGCCGCAAGG Acc65I 

PrtRNTDfor GCGCTCTAGAGATGAACACGCCTCCGAACGA XbaI 

PrtRNTDrev GCGCGGTACCTCACCGCATCCGCGAGCGTTC Acc65I 

PrtRNTDrev2 GCGCGGTACCCGCCGCATCCGCGAGCGTTC Acc65I 

Self-complimentary oligonucleotides for cloning 

PBCAM0847For AGCTTACGTCGCGACTCGGTATTTACCCTGATTTGT
CGTGGCGCATGTCGATCGGGCCATCTTCC 

HindIII 

PBCAM0847For2 GCCCGTCGTCCGGATAAGGCGCCGCGGAACGGGC
GCCGCCTTCCACCGACGACAAGGAGTAAACGG 

BamHI 

PBCAM0847Rev TTATCCGGACGACGGGCGGAAGATGGCCCGATCG
ACATGCGCCACGACAAATCAGGGTAAATACCGAG
TCGCGACGTA 

HindIII 

PBCAM0847Rev2 GATCCCGTTTACTCCTTGTCGTCGGTGGAAGGCGG
CGCCCGTTCCGCGGCGCC 

BamHI 

PBCAM2751for AGCTTCCGGCTCGCACGCCGCCGCGCCCTTTTTTTG
AAAAAATGCGGCGGGCGG 

HindIII 

pBCAM2751for2 TGTCACAGGCGGCAGCGCTGAACCGTCTAGTCGC
ATACGGACACCACGATTCCAGG 

BamHI 

pBCAM2751rev2 GATCCCTGGAATCGTGGTGTCCGTATGCGACTAGA
CGGTT 

BamHI 

PBCAM2751rev CAGCGCTGCCGCCTGTGACACCGCCCGCCGCATTT
TTTCAAAAAAAGGGCGCGGCGGCGTGCGAGCCGG
A 

HindIII 

pBCAL3487for AGCTTCCGCTTCGGCGGTCCAAAAATTTTTTGCATC
GA 

HindIII 
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PBCAL3487for2 TGTCACACACGCGGGGCGCTCGCTCGTCATATCAG
CGGAACCCACACGAAAGG 

BamHI 

PBCAL3487rev AGCGCCCCGCGTGTGTGACATCGATGCAAAAAATT
TTTGGACCGCCGAAGCGGA 

HindIII 

PBCAL3487rev2 GATCCCTTTCGTGTGGGTTCCGCTGATATGACGAG
CG 

BamHI 

Pfprds1For AGCTTAGGGTAAAATAACGAGTTCCTCAAACGTCT
GTCATCGAGAAGG 

HindIII 

Pfprds1Rev GATCCCTTCTCGATGACAGACGTTTGAGGAACTCG
TTATTTTACCCTA 

BamHI 

prtIproFor2 AGCTTGGAGGGAATAATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

prtIproRev2 GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATTATTCCCTCCA 

BamHI 

prtIproFor AGCTTGTTTTTTCGTATGCTGGAGGGAATAATCGA
TGCCGGCCGGCGTCCTACGCGGCATCCACGACCG 

HindIII 

prtIproRev GATCCGGTCGTGGATGCCGCGTAGGACGCCGGCC
GGCATCGATTATTCCCTCCAGCATACGAAAAAACA 

BamHI 

PcatFor AGCTTCGAAAAAACTTTTCGTGGAATAAAGCGGCG
CGGGCGGCGTCCTACGCGCGTTCGACAATGATG 

HindIII 

PcatRev GATCCATCATTGTCGAACGCGCGTAGGACGCCGCC
CGCGCCGCTTTATTCCACGAAAAGTTTTTTCGA 

BamHI 

Ptacfor GTACCCCGTTCTGGATAATGTTTTTTGCGCCGACAT
CATAACGGTTCTGGCAAATATTCTGAAA 

HindIII 

Ptacrev ATTAATTGTCAACAGCTCATTTCAGAATATTTGCCA
GAACCGTTATGATGTCGGCGCAAAAAACATTATCC
AGAACGGG 

HindIII 

Ptacfor2 TGAGCTGTTGACAATTAATCATCGGCTCGTATAAT
GTGTGGAATTGTGAGCGGATAACAATTTCACACAC 

BamHI 

Ptacrev2 TCGAGTGTGTGAAATTGTTATCCGCTCACAATTCCA
CACATTATACGAGCCGATG 

BamHI 

Ptacshortfor GTACCGAAATGAGCTGTTGACAATTAATCATCGGC
TCGTATAATGTGTGGAATTGC 

HindIII 

Ptacshortrev TCGAGCAATTCCACACATTATACGAGCCGATGATT
AATTGTCAACAGCTCATTTCG 

BamHI 

PprtiDs1for AGCTTGGATGGAATAATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs1rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATTATTCCATCCA 

BamHI 

PprtiDs2for AGCTTGGAGTGAATAATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs2rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATTATTCACTCCA 

BamHI 

PprtiDs3for AGCTTGGAGGTAATAATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 
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PprtiDs3rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATTATTACCTCCA 

BamHI 

PprtiDs4for AGCTTGGAGGGCATAATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs4rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATTATGCCCTCCA 

BamHI 

PprtiDs5for AGCTTGGAGGGACTAATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs5rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATTAGTCCCTCCA 

BamHI 

PprtiDs6for AGCTTGGAGGGAAGAATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs6rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATTCTTCCCTCCA 

BamHI 

PprtiDs7for AGCTTGGAGGGAATCATCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs7rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGATGATTCCCTCCA 

BamHI 

PprtiDs8for AGCTTGGAGGGAATACTCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs8rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGAGTATTCCCTCCA 

BamHI 

PprtiDs9for AGCTTGGAGGGAATAAGCGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs9rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CGCTTATTCCCTCCA 

BamHI 

PprtiDs9.1for AGCTTGGAGGGAATAATAGATGCCGGCCGGCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs9.1rev GATCCTGGATGCCGCGTAGGACGCCGGCCGGCAT
CTATTATTCCCTCCA 

BamHI 

PprtiDs10for AGCTTGGAGGGAATAATCGATGCCGGCCGTCGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs10rev GATCCTGGATGCCGCGTAGGACGACGGCCGGCAT
CGATTATTCCCTCCA 

BamHI 

PprtiDs11for AGCTTGGAGGGAATAATCGATGCCGGCCGGAGTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs11rev GATCCTGGATGCCGCGTAGGACTCCGGCCGGCAT
CGATTATTCCCTCCA 

BamHI 

PprtiDs12for AGCTTGGAGGGAATAATCGATGCCGGCCGGCTTC
CTACGCGGCATCCAG 

HindIII 

PprtiDs12rev GATCCTGGATGCCGCGTAGGAAGCCGGCCGGCAT
CGATTATTCCCTCCA 

BamHI 

PprtiDs13for AGCTTGGAGGGAATAATCGATGCCGGCCGGCGGC
CTACGCGGCATCCAG 

HindIII 
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PprtiDs13rev GATCCTGGATGCCGCGTAGGCCGCCGGCCGGCAT
CGATTATTCCCTCCA 

BamHI 

PprtiDs14for AGCTTGGAGGGAATAATCGATGCCGGCCGGCGTA
CTACGCGGCATCCAG 

HindIII 

PprtiDs14rev GATCCTGGATGCCGCGTAGTACGCCGGCCGGCAT
CGATTATTCCCTCCA 

BamHI 

PprtiDs15for AGCTTGGAGGGAATAATCGATGCCGGCCGGCGTC
ATACGCGGCATCCAG 

HindIII 

PprtiDs15rev GATCCTGGATGCCGCGTATGACGCCGGCCGGCAT
CGATTATTCCCTCCA 

BamHI 

 

 

2.2.3 Plasmid extraction using a nucleic acid isolation kit 

GeneJet plasmid mini prep kit (Thermo Scientific) was used according to the 

manufacturer’s instructions. When the DNA was required to be sequenced, a sample of 

10 µl (100 ng/µl) plasmid per primer was sent to the Core Genomics Facility, University 

of Sheffield.  

 

 

 

2.2.4 DNA electrophoresis 

Depending on the size of DNA samples to be electrophoresed, an 0.8-1.5% agarose gel 

was prepared in X1 TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0). The 

mixture was boiled in a microwave oven until the agarose was completely melted. 

Midori Green dye (Nippon Genetics Europe GmbH) was added to the gel at a final 

concentration of 0.005% and dissolved which was then poured into a cast to set. The 

DNA samples were combined with an equal volume of 2X DNA loading dye (4.2 mg/ml 

bromophenol blue, 5.5% (v/v) glycerol) and loaded on the gel. For plasmid DNA, 1 µl 

Supercoiled DNA ladder (Biolabs) and for linear DNA pre-stained DNA ladder mix 

(Thermo Scientific) was used. As an alternative to using Midori Green, the gel was 

stained in an ethidium bromide solution (5 µg/ml in ddH2O) for 30 minutes with gentle 

shaking following electrophoresis. The gel was then washed in H2O to remove excess 
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ethidium bromide. DNA was visualized on a UV transilluminator and the gel image was 

captured using U:Geneius3 (Syngene). 

 

2.2.5 Restriction digestion 

Promega/New England Biolabs restriction enzyme and buffers were used according to 

manufacturers’ instructions. Plasmid DNA/PCR product (> 200 ng) along with the 

appropriate buffer, one or more restriction enzymes, BSA (0.1 mg/ml) and ddH2O were 

mixed in a final reaction volume of 50 µl. Restriction digestion was carried out at the 

recommended temperature for ≤ 2 hours after which the sample was purified if required 

for a subsequent digestion. For two restriction enzymes working optimally in different 

buffers, digestion was carried out using one of the enzymes in its optimal buffer, 

followed by purification and then a digestion using the second enzyme in its optimal 

buffer.  

 

2.2.6 Ligation 

Promega ligation buffer and enzyme was used according to manufacturers’ instructions 

where the DNA to be inserted and plasmid DNA were mixed in a 5:1 molar ratio along 

with T4 ligase buffer, ligase enzyme and ddH2O in a final reaction mix of 30 µl. As a vector 

control to assess whether the plasmid has been completely cut, DNA to be inserted and 

ligase enzyme were not added. As a ligation control to assess self-ligation of the plasmid 

and whether the ligation conditions were appropriate, DNA to be inserted was not 

added. Ligation and control samples were incubated at room temperature for 

approximately 16 hours. Competent E. coli cells were transformed with ligation samples 

as described in Section 2.2.12.  

 

2.2.7 Phosphatase treatment  

In some cases, to prevent re-circulation or re-ligation of plasmid cut with restriction 

enzymes, calf intestinal alkaline phosphatase (Promega) treatment to remove 

phosphate groups from both 5’ ends of the vector was carried out. At least 10 pmol 
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plasmid DNA cut with restriction enzyme(s) was combined with alkaline phosphatase 

buffer and 0.01 units of alkaline phosphatase as per the manufacturer’s instructions. 

This was incubated at 37oC for 30 minutes after which another aliquot of alkaline 

phosphatase was added and the sample was incubated for a further for 30 minutes at 

37oC. It was then purified and used for further cloning procedures. 

 

2.2.8 Annealing of complementary oligonucleotides  

45μl of each of two oligonucleotides (100 μM each) or 22.5µl of each of four 

oligonucleotides (100 µM each) and 10 μl of x10 annealing buffer [10 mM Tris-HCl (pH 

7.5), 50 mM NaCl, 1 mM EDTA] were combined in a PCR tube and incubated at 90oC for 

10 minutes. After cooling the mixture at room temperature for one hour to anneal the 

oligonucleotides, the tube was stored at -20oC until use. 

 

2.2.9 DNA purification  

2.2.9.1 Spin column  

Qiagen/Thermo Scientific DNA purification kits were used according to manufacturer’s 

instructions to inactivate the enzyme and remove of unwanted reagents/buffer 

components from DNA after restriction digestion or PCR amplification for downstream 

steps.  

 

2.2.9.2 Gel extraction 

To purify DNA fragments from an agarose gel, the required DNA fragment was visualized 

by placing the agarose gel on a UV transilluminator on low power and a gel slice 

containing the DNA fragment was cut using a clean scalpel quickly enough to minimize 

damage of the DNA due to UV radiation. The required DNA fragment was purified from 

the gel slice using Qiagen/Macherey-Nagel gel extraction kit according to the 

manufacturer’s instructions. 
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2.2.10 Amplification of DNA by the polymerase chain reaction 

2.2.10.1 Standard PCR for cloning 

For PCR amplification where the resulting amplified product was to be cloned into a 

vector, KOD polymerase or Q5 polymerase was used since they have proofreading 

activity. To prepare template DNA, one CFU of the required strain was re-suspended in 

200 µl TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). This was boiled for 10 minutes 

followed by centrifugation at 14,000 rpm for 5 minutes. The supernatant was 

transferred to another tube and used as template DNA. To amplify the required region 

of DNA, the components added to the PCR are given in Table 2.6 

 

Table 2.6: Components added in PCR amplification 

Component Volume (µl) 
(KOD) 

Volume (µl) 
(Q5) 

Template DNA (colony 
lysate) 

3  3 

x10 reaction buffer 5 5-10 

DMSO 2.5 0 

25 mM MgSO4   4 0 

GC enhancer 0 10 

10 µM Forward primer 3 2.5 

10 µM Reverse primer 3 2.5 

2mM each dNTPs 
(dNTP mix) 

5 5 

KOD/Q5 polymerase 0.5 (2 
units/ml) 

0.5 (2 
units/ml) 

Sterile ddH2O To make up 
final volume 
to 49.5 

To make up 
final volume 
to 49.5 

Total:   50 50 

 

The DNA was subjected to PCR amplification using the thermocycler ‘Expand High 

Fidelity PCR System’ by Roche or the ‘T100 thermal cycler’ by Bio-rad. The programme 

was initiated using a 2 minute at 95oC step to heat the lid. This was followed by 30 cycles 
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of reaction where each cycle consisted of denaturation/separation of primers (95oC for 

30 seconds), annealing of DNA strands (for a period of 30 seconds and at an appropriate 

temperature) and elongation at 70oC for a duration of 30 seconds per 500 bases of DNA 

for KOD polymerase or at 72oC for 30 seconds per 1000 bases of DNA for Q5 polymerase. 

Calculation of annealing temperature: 

Annealing temperature of primer = [4(G+C) + 2(A+T)] – 5oC 

where,  

G+C = Total number of guanine and cytosine bases in the complementary region of the 

primer 

A+T = Total number of adenine and thymidine bases in the complementary region of the 

primer 

After completion of the PCR, 5µl of the PCR product was electrophoresed in an agarose 

gel. 

 

2.2.10.2 PCR mutagenesis - Splice overlap extension 

In order to construct markerless in-frame deletion mutants allelic replacement was 

carried out. Regions upstream (AB) and downstream (CD) of the region to be deleted 

were separately amplified using a high-fidelity DNA polymerase in the first PCR step 

(section 2.2.10.1). The primers B and C were designed such that they had 

complementary 5’ tails so that in the second PCR step when the two amplified products 

were used as template in equimolar concentration, using primers A and D, the final 

product consisted of the deleted gene as shown in Figure 2.1. The product was 

electrophoresed in an agarose gel and passed through a clean-up column prior to 

ligation into a suitable plasmid. 
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Figure 2.1 Principle of SOE PCR deletion mutagenesis 
Fragment AB was generated using primers A and B while fragment CD was generated using 
primers C and D. Products AB and CD were used as template in a subsequent PCR, PCR3, using 
primers A and D resulting in the gene lacking the central portion because primers B and C were 
designed such that they had overlapping complementary bases indicated by red and blue 
colours. 

 

 

2.2.10.3 Screening for recombinant plasmids or genomic mutants using colony PCR  

When screening for the presence of the required recombinant plasmid among 

transformants or replacement of chromosomal genes by mutant copies, the PCR 

product was not to be used further. Hence there was no requirement for a thermostable 

DNA polymerase with proofreading activity. A sterile toothpick was touched to the 

colony to be screened and smeared on the inside of a PCR tube. The components added 

in order to set up a PCR reaction are given in Table 2.7 

 

 

 

 

 

AB CD 
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Table 2.7: Components added to colony screening PCR  

Component Volume (µl) 

x10 Taq buffer 2.5 

DMSO 1.25 

50 mM MgSO4 1 

10 µM Forward primer 1.5 

10 µM Reverse primer 1.5 

2.5 mM each dNTPs 
(dNTPs mix) 

0.5 

ddH2O 16.5 

Taq DNA polymerase 0.25 

Total: 25 

                                                                      

The DNA was subjected to PCR amplification by using the thermocycler ‘Expand High 

Fidelity PCR System’ by Roche or the ‘T100 thermal cycler’ by Bio-rad. The programme 

was initiated using an “Initial denaturation” step for 5 minutes at 95oC to heat the lid. 

This was followed by 30 cycles of amplification. Each cycle consisted of 

denaturation/separation of DNA strands at 95oC for 30 seconds, annealing of DNA 

strands for a period of 30 seconds at a temperature appropriate for the polymerisation 

of primers and elongation at 72oC for duration of 30 seconds per 500 bases of DNA. After 

completion of the PCR, 10 µl of the PCR product was electrophoresed on an agarose gel. 

 

2.2.10.4 Reverse transcriptase (RT)-PCR 

RT-PCR was used to determine whether two adjacent genes were co-transcribed. The 

bacterial strains of interest were grown overnight at 37oC in LB broth containing 

appropriate antibiotics. The following day the OD600 was measured and an amount of 

culture containing approximately 109 bacterial CFU assuming OD600 of 1.0 = 8 x 108 

cells/ml. was used to extract mRNA using an mRNA extraction kit (Machery-Nagel) 

according to the manufacturer’s instructions. cDNA was prepared by combining 5 μl 

mRNA with 0.5 μl 10 µM reverse primer. The tubes were incubated at 70oC for 5 minutes 

and quickly cooled on ice for 5 minutes. Then, using the Promega MLV RT enzyme kit, 

buffer, dNTPS, enzyme and DMSO were added according to the manufacturer’s 
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instructions and incubated at room temperature for 10 minutes followed by 55oC for 

one hour. The tubes were further incubated at 70oC for 15 minutes to inactivate the 

reaction. The resultant cDNA (5 μl) was used as template to carry out a standard PCR as 

described in section 2.2.10.1. PCR using mRNA template as a control was carried out to 

check for DNA contamination.  

 

2.2.11 Techniques for plasmid transfer 

2.2.11.1 Competent cell preparation (Hanahan’s method) 

The required E. coli strain was inoculated from a fresh colony in 5ml of LB medium 

supplemented with the appropriate concentration of antibiotic. This was incubated 

overnight at 37oC with shaking so that the cells were grown to stationary phase. The 

following day, 0.5 ml of the overnight culture was inoculated to 50 ml LB broth and 

incubated in a 37°C shaker incubator until the cells reached exponential phase (OD600 = 

0.3-0.5).  The culture was then chilled on ice for 15 minutes. The cells were harvested 

by centrifugation at 4,000 rpm for 10 minutes at 4°C in a refrigerated bench top 

centrifuge whereupon the supernatant was discarded and the cell pellets re-suspended 

by moderate vortexing in 16 ml ice cold RF1 solution.  The cells were then incubated on 

ice for 30 minutes followed by centrifugation for 10 minutes at 4,000 rpm at 4°C.  The 

supernatant was discarded and the cell pellets were carefully re-suspended in 4 ml RF2 

solution and chilled on ice for 15 minutes.  The competent cells were then aliquoted in 

225 μl or 425 μl volumes into Eppendorf tubes and stored frozen at - 80 °C until use. 

RF1: 7.46 g KCl, 9.90 g MnCl2.4H2O, 2.94 g potassium acetate, 1.50 g CaCl2.2H2O and 150 

ml glycerol were dissolved in ~750 ml ddH2O, and the resultant solution was adjusted to 

pH 5.8 using 0.2 M acetic acid (glacial acetic acid is 17.4 M).  The final volume was then 

made up to 1000 ml by adding ddH2O. The solution was filter sterilized through a 0.22 

μm membrane, and stored at 4oC. 

RF2: Solution A: 0.5 M MOPS, pH 6.8 

         Solution B: 10 mM KCl, 75 mM CaCl2.2H2O and 15% (w/v) glycerol. 
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Both solutions A and B were made up in deionised H2O, and stored at 4oC.  RF2 was 

prepared by combining RF2A and RF2B in a 2:98 ratio. 

2.2.11.2 Transformation 

Plasmid DNA or ligation reactions to be transformed were mixed with 100 µl ice-cold 

competent cells and chilled on ice for 30 minutes, flicking the micro-centrifuge tubes 

every few minutes to avoid settling of cells to the bottom of the tube. A tube containing 

only competent cells was used as a control. The cells were given a heat shock at 42oC for 

a period of 150 seconds by placing the tubes in a water bath. The tubes were 

subsequently transferred to ice for 5-6 minutes and then 1 ml LB broth was added to 

each tube. The transformation mixtures were incubated at 37oC for one hour to allow 

expression of the antibiotic resistance gene contained in the plasmid. 100 µl of the 

transformed cells was spread on selective media. The plates were inverted and 

incubated overnight at 37oC for colonies to form. 

 

2.2.11.3 Conjugation 

Day1: A single bacterial colony of the donor strain or the recipient strain were inoculated 

into separate universals containing 5 ml LB supplemented with appropriate antibiotics 

and the cultures were grown overnight in a shaker incubator at 37oC.  

Day 2: 1 ml of each overnight culture was centrifuged at 13,500 rpm for 2 minutes. The 

supernatant was discarded and the cell pellets were each re-suspended in 120 µl 0.85 % 

(w/v) sterile saline. Using sterile forceps, 0.22 μm nitrocellulose membrane filters were 

placed on LB agar (one per plate).  As controls, 25 μl of the donor and recipient cultures 

were separately mixed with 25 µl sterile saline each and for the conjugation, 25 μl of 

donor strain and 25 μl of recipient strain were mixed together.  Each of the cell 

suspensions were pipetted directly onto the filters and spread over the membrane using 

a pipette tip. When the filters had dried, the plates were inverted and incubated at 37°C 

for 8-16 hours.   

Day 3: Using sterile forceps, the filters with bacterial growth were transferred to sterile 

universal bottles containing 3 ml sterile saline, and the bottles were vortexed to re-
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suspend the bacteria.  10-1, 10-2 and 10-3 dilutions of the resultant cell suspension were 

spread onto selective media and incubated at 37oC for 48 to 72 hours. 

Day 5/6: When individual colonies had attained a large enough size, a number of them 

were either patched onto selective media or streaked to give single colonies. 

 

2.3 Recombinant protein overproduction and purification techniques: 

(Taken from Helena Spiewak, PhD thesis, 2016, with minor amendments)  

2.3.1 Protein induction protocol (small scale)  

A single bacterial colony per strain was used to prepare an overnight culture. The 

following day, 8 – 10 ml of LB broth was inoculated with 80-100 µl of the bacterial culture 

including appropriate antibiotics and grown at 37oC until the OD600 reached 0.3-0.5. A 1 

ml aliquot was removed as an un-induced control. To the remaining bacterial culture 

1μl/ml of 1 M IPTG was added and the culture was allowed to grow at 37oC for 3 hours. 

The cultures were then kept on ice and the OD600 of the induced culture was measured. 

An appropriate volume of induced culture equivalent to the OD600 value of the un-

induced sample was centrifuged at 13,000 rpm for 3 mins to harvest the bacteria. The 

supernatant was discarded and the cell pellet re-suspended in 50 μl of 2x Laemmli buffer 

(125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol 0.004% bromophenol blue, 10% β-

mercaptoethanol). The samples were boiled at 100oC in a heat block for 10 mins and 

then centrifuged at 13,000 rpm for 10 mins to remove cell debris. Samples thus prepared 

were visualised following electrophoresis in a SDS PA-gel. 

 

2.3.2 Determination of overproduced protein solubility 

A single bacterial colony per strain was used to prepare an overnight culture. The 

following day, two sterile flasks per strain were used to inoculate 25 ml of LB broth with 

250 µl of the bacterial culture including appropriate antibiotics and grown at 37oC until 

OD600 reached 0.3-0.5. IPTG was added to the final concentration of 1 mM to one of the 

flasks (induced culture) and the other flask was un-induced. The cultures were allowed 

to grow for a further 3 hours at 30oC/37oC. The cells were harvested at 12,500 rpm for 



97 
 

20 minutes at 4oC and then washed with 20 ml/g bacterial cells of wash buffer (25 mM 

Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA). The cells were re-suspended in 5 ml/g 

bacterial cells of cell resuspension buffer (50 mM Tris-HCl (pH 8), 200 mM NaCl, 2 mM 

EDTA, 5% glycerol). 50 µl of culture was set aside as ‘whole cell sample’. Lysozyme was 

then added to a final concentration of 200 µg/ml and the suspension was gently mixed 

at 4oC for 30 minutes on a roller. PMSF and sodium deoxycholate were then added at 

final concentrations of 25 µg/ml and 500 µg/ml respectively and the suspension was 

gently mixed at 4oC for 30 minutes on a roller. The remainder was sonicated for 30 

seconds (20% amplitude) with 2 minute intervals until the cell suspension was clear 

using a Sonics Vibracell VCX750 Ultrasonic Cell Disrupter with a microtip probe. 50 µl 

was set aside as ‘crude lysate’ and remainder of the lysate was centrifuged at 12,500 

rpm for 30 minutes at 4oC to remove insoluble material. The ‘supernatant’, containing 

soluble proteins, was retained and the pellet was discarded. An equal volume of 2X 

Laemlli buffer was to the ‘whole cell sample’, ‘crude lysate’ and ‘supernatant’ from both 

induced and un-induced cultures and proteins were visualised following electrophoresis 

in a SDS PA gel. If the protein of interest was soluble, it was observed in the induced 

‘whole cell sample’, ‘crude lysate’ and ‘supernatant’. If the protein of interest was 

insoluble, it was present only in the induced ‘whole cell sample’ and ‘crude lysate’. 

 

2.3.3 Purification of His-tagged proteins by nickel affinity chromatography column 

using FPLC 

A single bacterial colony per strain was used to prepare an overnight culture. The 

following day, 200 ml of LB broth was inoculated with 2 ml of the bacterial culture 

including appropriate antibiotics as needed and grown at 37oC until an OD600 of 0.3-0.5. 

IPTG was added at a final concentration of 1 mM to induce the cultures and were grown 

for 3 hours at 30oC/37oC. The cells were harvested at 12,500 rpm for 20 minutes at 4oC 

and then washed with 20ml/g bacterial cells of wash buffer (25 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 2 mM EDTA). The cells were re-suspended in 5 ml/g bacterial cells of low-

imidazole buffer (50 mM Tris-HCl (pH 8), 200 mM NaCl, 10 mM imidazole, 5% glycerol). 

Lysozyme was then added to a final concentration of 200 µg/ml and the suspension was 
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gently mixed at 4oC for 30 minutes on a roller. PMSF and sodium deoxycholate were 

then added at final concentrations of 25 µg/ml and 500 µg/ml respectively and the 

suspension was gently mixed at 4oC for 30 minutes on a roller. The suspension was 

sonicated for 30 seconds (20% amplitude) with 2 minute intervals until clear using a 

Sonics Vibracell VCX750 Ultrasonic Cell Disrupter with a microtip probe. The cell 

suspension was centrifuged at 12,500 rpm for 30 minutes at 4oC to remove insoluble 

material. The ‘supernatant’ was retained and the pellet was discarded. A 1 ml HisTrap 

HP pre-packed nickel sepharose column (GE healthcare) was washed with 10 ml of 

ddH2O and then equilibrated with 10 ml of low imidazole buffer at the rate of 1ml per 

minute using an ÄKTA purifier 10 FPLC purification system (GE Healthcare) controlled by 

UNICORN control software (GE Healthcare). The ‘supernatant’ containing His-tagged 

protein was manually loaded onto the nickel column using a syringe driven 0.22 µM filter 

and 50 µl of the ‘flow through’ was kept aside. The column was then washed with 10-13 

ml of low imidazole buffer at the rate of 1 ml per minute to remove non-specifically 

bound and unbound proteins and 50 µl of eluate was kept aside (‘wash’). The protein of 

interest was then eluted from the column using high imidazole buffer (50 mM Tris-HCl 

(pH 8), 200 mM NaCl, 500 mM imidazole, 5% glycerol) in 1 ml ‘fractions’ at a rate of 1 ml 

per minute over 10-15 minutes using a Frac-950 fraction collector (GE Healthcare). The 

absorbance at 280 nm was monitored using the Monitor UV-900 (GE healthcare) to 

identify a peak that indicated in which fractions the protein had eluted. 2X Laemlli buffer 

was added in an equal concentration with the ‘supernatant’, ‘flow through’, ‘wash’ and 

‘eluted fractions’ and proteins were visualised following electrophoresis in a SDS PA gel. 

The concentration of purified protein was determined using a Bradford’s assay (2.4.3). 

 

2.3.4 Protein storage 

For long term storage, eluted protein was dialysed against storage buffer (50 mM Na 

HEPES (pH 7.8), 5% glycerol, 0.1 mM EDTA, 0.1 mM DTT, 50 mM NaCl). An appropriate 

length of 3000 MWCO dialysis tube was cut and washed in ddH2O. Protein fractions were 

transferred to the tube secured with dialysis clips and dialysed in a volume of storage 
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buffer that was 250 times larger than the protein fraction, overnight at 4oC with 

continuous stirring.  

 

2.4 Protein separation and quantification techniques: 

(Taken from Helena Spiewak, PhD thesis, 2016, with minor amendments)  

2.4.1 SDS PAGE 

A 12-15% SDS-PA gel (components described in Table was cast as standard protocol 

(Laemmli, 1970) using Tetra Cell system (Bio-rad). The resolving gel was poured into the 

cast, allowed to set followed by adding the stacking gel where a comb was inserted such 

that no bubbles formed. Once the gel was set, the comb was removed and samples in 

Laemmli buffer, in a 1:1 ratio, were loaded onto the gel, including 6 μl E.Z-Run pre-

stained Rec protein ladder (Fisher). The gel was electrophoresed at 120 V for 1 hour in 

Tris-glycine SDS-PAGE running buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS, pH=8.3) 

 

Table 2.8 SDS-Polyacrylamide gel ingredients 

10% Resolving Gel 
(x4)  

12% Resolving Gel 
(x4)  

15% Resolving Gel 
(x4)  

5% Stacking Gel 
(x4)  

ddH2O  8.6  7.1  6.3  

40% acrylamide: 
bis-acrylamide 
37.5:1  

6  7.5  1.25  

1.5 M Tris-HCl (pH 
8.8) 

5 5 - 

1 M Tris-HCl (pH 
6.8)  

-  -  1.25  

10% (w/v) SDS  0.2  0.2  0.1  

10% (w/v) 
ammonium 
persulfate  

0.2  0.2  0.1  

TEMED  0.01  0.01  0.005  

 

To visualise proteins, coomassie blue solution (50% (v/v) methanol, 10% (v/v) acetic 

acid, 2.5g/lL Coomassie Brilliant Blue R-250) was added to the gels, heated on full power 

for 30 seconds in the microwave and stained for 15 minutes by gently shaking. The gels 
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were destained with destain solution (40% (v/v) methanol, 10% (v/v) acetic acid) to 

reveal bands of protein. 

 

2.4.2 Western blotting 

After SDS-PA gel electrophoresis was completed, the gel was electro-blotted onto a 0.45 

μm PVDF membrane (Millipore), using a Mini-trans blot cell (Bio-Rad), at 100 V for 1 

hour according to the manufacturer’s instructions. Membranes were blocked by 

incubation with 5% (w/v) skimmed milk powder (Sigma) in Tris-buffered saline (TBS) 

(8g/l NaCl, 0.2g/l KCl and 3g/l Tris base, pH =7.5) + 0.05% Tween-20 (Fisher) blocking 

solution for 1 hour at room temperature. They were then incubated with primary 

antibody diluted in blocking solution at 4oC overnight on a rolling mixer in a plastic tube. 

Membranes were subjected to four 10 minute washes in TBS + 0.05% Tween-20, then 

incubated for 1 hour at room temperature with HRP conjugated secondary antibody 

diluted in blocking solution, followed by four more 10 minute washes in TBS + 0.05% 

Tween-20, and a final wash in TBS. Fluorescence was then detected using EZ-ECL 

(Biological Industries) with a ChemiDoc XRS+ System Imager and Image Lab software 

(Bio-rad).  

 

Antibodies:  

Primary antibody Secondary antibody 

Polyclonal rabbit anti-FLAG (Sigma) at 
1:5000 dilution 

HRP labelled goat anti-rabbit IgG 
(Vector) at 1:6000 dilution 

Monoclonal mouse anti-hexa-histidine 
tag (Berkeley antibody company) at 
1:1000 dilution 

HRP labelled rabbit anti-mouse IgG 
(Thermo Fisher) at 1:4000 dilution 

 

2.4.3 Protein quantification assay 

To determine protein concentration after purification the Bradford assay was used 

employing the ‘Bio-Rad protein assay kit-I’. Protein assay dye reagent concentrate (Bio-

Rad) was diluted 4 fold in ddH2O and filter sterilised using a 0.22 µM syringe drive filter 

unit before performing the assay. Protein standards of 0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml 
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were prepared in Tris buffer (50 mM Tris-HCl pH 8.0) using a stock BSA solution of 10 

mg/ml (Promega). The sample of unknown protein concentration was diluted 1:1 and 

1:3 in a final volume of 50 µl. 20 µl of protein standard/sample was added to 1 ml protein 

assay dye reagent in a disposable cuvette (Fisher), mixed and incubated at room 

temperature for 5 minutes in technical duplicates. The optical density (OD) of the sample 

at 595 nm was measured using a spectrophotometer blanked with protein assay dye 

reagent and solvent without protein. A standard curve was plotted of protein 

concentration standards against OD595 using which the concentration of the unknown 

protein solution was calculated. 

 

2.5 Enzyme assays 

2.5.1 β-galactosidase assay 

(Taken from K. Agnoli PhD thesis, 2007, with minor amendments)  

Each bacterial strain to be assayed was inoculated from a fresh colony in 3 ml of liquid 

medium supplemented with the appropriate antibiotics in biological triplicates. These 

were incubated overnight at 37oC with shaking so that the cells were grown to stationary 

phase. The following day, 50 µl of the overnight bacterial culture was added to 5 ml (i.e. 

1:100 dilution) fresh liquid medium containing appropriate antibiotics and media 

supplements. The cultures were incubated at 37oC with shaking until cells reached 

exponential phase, i.e. OD600 = 0.35-0.6 where sterile medium was used as blank. The 

tubes were transferred to ice for at least 30 minutes before carrying out the assay and 

OD600 of each culture was recorded. Depending upon the promoter activity of the 

plasmids to be assayed, 25-100 µl of the culture was used for the assay. Z buffer 

containing β-mercaptoethanol (1 ml – volume of culture added) was added to a clean 

13 ml glass tube such that each biological replicate was done in technical duplicates 

(therefore, each strain = 6 tubes). 30 µl chloroform was added directly on to the surface 

of the buffer carefully to make a dome at the bottom of the tube, avoiding the 

evaporation of chloroform. 30 µl 0.1% SDS was added to each tube carefully from the 

side and then appropriate amount of culture was added carefully from the side of the 



102 
 

tube to prevent the disturbance of the chloroform bubble. The tubes were vortexed for 

10 seconds for permeabilization of cells. The tubes were immersed in a 30oC water bath 

for a period of 15 minutes to allow the contents to equilibrate to this temperature 

before starting the assay. 200 µl of 4 mg/ml ONPG was added to a tube which was then 

vortexed for 1 second to initiate the reaction. This was repeated at 30 second intervals 

for each tube of the same strain. When the appropriate yellow colour was achieved 

(OD420 = 0.2-0.8) the reaction was stopped by adding 500 µl of 1 M Na2CO3. Reactions of 

the same strain-plasmid combination were stopped in intervals of 30 seconds so that 

each biological replicate was assayed for the same length of time. A control tube 

containing sterile medium and appropriate media supplements was also treated the 

same way. The absorbance of each reaction was recorded at wavelengths 420 nm and 

550 nm. The control tubes were used to set the blank for each of these two ODs. 

  

Calculation of β-galactosidase activity: 

              1 Miller Unit = 1000 x                                  Abs420 – (1.75 x Abs550) 

                                                                  Time (minutes) x Volume of cells (ml) x Abs600 

where,  

Abs420: Absorbance of the yellow ortho-nitrophenol 

Abs550: Light scattering factor for the contribution of the cells to the Abs420 value. 

Time: Reaction time (stopping time – starting time) in minutes 

Volume of cells: Volume of culture assayed in ml 

Abs600: Cell density 

 

An average value was obtained from technical duplicates for each biological replicate 

assayed. The mean of the biological triplicate values was calculated for each strain. Each 

experiment was carried out in experimental replicates. 

 

Z buffer: 16.1 g Na2HPO4.7H2O or 8.53 g Na2HPO4 anhydrous, 5.5 g NaH2PO4.H2O, 0.75 g 

KCl and 0.246 g MgSO4.7H2O were dissolved in a final volume of 1000 ml deionized H2O 
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and stored at 4oC. 0.27ml β-mercaptoethanol was added per 100 ml of Z buffer on the 

day the assay was performed. 

1M Na2CO3: 10.6 g sodium carbonate was dissolved in 100 ml of ddH2O and stored at 

room temperature.  

4 mg/ml ONPG: 40 mg ONPG was added to 10 ml Z buffer containing β-mercaptoethanol 

and vortexed until it was completely dissolved. This was made fresh on the day of the 

assay. 

 

2.5.2 Catalase assay  

The standard catalase assay (Sigma) was followed where the final reaction volume of 3 

ml contained 2.90 ml of hydrogen peroxide solution [0.036% (w/w) prepared in 

phosphate buffer by adding 30% (w/w) hydrogen peroxide], to which 0.1 ml of test 

enzyme solution (in PBS) was added and immediately mixed. Using phosphate buffer (50 

mM potassium phosphate, dibasic, trihydrate pH 7.0) as blank, the time required for the 

A240 to decrease from 0.45 to 0.40 was measured. As a positive control, commercially 

available catalase (Sigma) was used. The activity was calculated using the formula: 

Units/ml enzyme = (3.45) (dilution factor)/(time) (0.1) 

Where, 3.45 = decomposition of 3.45 µM of hydrogen peroxide in a 3.0 ml reaction 

mixture that causes a decrease of A240 from 0.45 to 0.40. 

Time = number of minutes required for the decrease of A240 from 0.45 to 0.40 

0.1 = Amount of enzyme solution added to the final reaction in ml. 

 

2.6 Interaction studies: 

2.6.1 BACTH assay (protein-protein interaction) 

(Taken from Sayali Haldipurkar, MSc. Thesis, 2012, with minor amendments)  

Principle: Interaction between two proteins of interest in vivo can be studied using the 

bacterial two hybrid system by cloning genes encoding the proteins of interest into 

BACTH vectors pUT18C, pUT18, pKT25 and pKNT25. pUT18C and pUT18 encode the T18 

fragment, and pKT25 and pKNT25 encode the T25 fragment which are catalytic domains 
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of the Bordetella pertussis cyaA, an adenylate cyclase effector. When physically separate 

they are not active, but if the proteins to which they are fused are able to interact, it 

brings them into close proximity leading to functional complementation. As a result, 

cAMP is synthesized and interacts with E. coli CRP, switching on catabolic genes such as 

those of mal and lac37 operons (Figure 2.2). This property is used for identification on 

selective media such as MacConkey media to give maroon colonies in cases where the 

test proteins interact and white colonies where there is no interaction.  

Method: The DNA region for making the test gene-cyaA fusions was amplified by PCR as 

described in section 2.2.10.1 by using appropriate primers and cloned into the BACTH 

vectors so that it was in the same reading frame as the cyaA fragment. For fusions to 

the N-terminus of T18 and T25, the stop codon was omitted from the test gene. BTH101 

competent cells were co-transformed with complementing plasmids (pKNT25 or pKT25 

derivative in combination with a pUT18 or pUT18C derivative) as shown in Table 2.9 and 

spread on MacConkey agar containing ampicillin and kanamycin. The plates were 

inverted and incubated for 72 hours at 30oC. 
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Table 2.9: Combinations of plasmids used in a BACTH study of the interaction 
between two proteins A and B. 
 

 pKT25 pKT25-A pKT25-B pKNT25 pKNT25-A pKNT25-B 

pUT18 Control Control Control Control Control Control 

pUT18-A Control Self 
interaction 

A-B 
interaction 

Control Self 
interaction 

A-B 
interaction 

pUT18-B Control A-B 
interaction 

Self 
interaction 

Control A-B 
interaction 

Self 
interaction 

pUT18C Control Control Control Control Control Control 

pUT18C-A Control Self 
interaction 

A-B 
interaction 

Control Self 
interaction 

A-B 
interaction 

pUT18C-B Control A-B 
interaction 

Self 
interaction 

Control A-B 
interaction 

Self 
interaction 
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Figure 2.2 Principle of BACTH assay 
(A) Functional complementation of the two domains T18 and T25 of adenylate cyclase (CyaA) 
allows formation of cAMP from ATP. (B) When two interacting proteins X and Y are fused to 
these two domains, this allows them to be brought in close proximity thus causing formation of 
cAMP. cAMP can combine with catabolite activator protein (CAP) and switch on the CAP-cAMP-
dependent promoter such as the one belonging to the mal gene. Thus, cells harbouring these 
can utilise maltose which gives rise to dark maroon colonies on MacConkeys’ agar showing a 
positive phenotype. (C) In the case where the two fused proteins, X and Z do not interact, T18 
and T25 are not brought in close proximity and therefore the cAMP-dependent promoter cannot 
be switched on as no cAMP is produced. As a result such colonies appear white on MacConkeys’ 
agar representing a negative phenotype.  

 

 

 

 

 

A 

B C 
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2.6.2 Chromatin immunoprecipitation and deep sequencing (DNA-protein 

interaction)  

The required bacterial strains were grown overnight at 37oC in LB broth containing 

appropriate antibiotics. The following day, 50 ml sterile LB was inoculated with the 

overnight culture, such that the starting OD600 was 0.05. When the cultures reached log 

phase, (OD600 = 0.3–0.5), IPTG was added to a final concentration of 1 mM to the cultures 

to induce expression of the plasmid-encoded σ factor and the cultures were grown at 

37oC with shaking for a further 3 hours. Formaldehyde was then added at a final 

concentration of 1% to allow crosslinking to occur and incubation at 37oC was continued 

with gentle swirling for 30 minutes. To quench the reaction, glycine was added to a final 

concentration of 0.36 M and incubated at room temperature for 2 minutes. Cells were 

then harvested by centrifugation at 4500 rpm for 10 minutes, washed once with 10 ml/g 

bacterial cells of ice-cold Tris-buffered saline - TBS (10 mM Tris, 150 mM NaCl, pH = 7.4). 

Cells were washed with 1 ml lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% 

Triton-X100) and lysozyme to a final concentration of 0.2 mg/ml  was added and 

incubated at room temperature for 30 minutes with gentle agitation. Then, 

phenylmethylsulfonyl fluoride (PMSF) was added at a final concentration of 25 µg/ml 

and incubated on ice for 15 minutes. Lysed cells were sonicated using the Jencons 

Scientific Vibracell sonicator at 10 µm amplitude at 50% power for 30 seconds, with 30 

second intervals on ice until the solution turned clear yellow. This sheared the 

chromosomal DNA to fragments of 300–800 bps. Insoluble material was removed by 

centrifugation. The remaining supernatant was applied to 60 µl anti-FLAG M2 affinity 

gel (Sigma-Aldrich), which had been washed three times with TBS as described by the 

manufacturer. The supernatant–anti-FLAG suspension was incubated at 4oC for 2 hours 

with gentle agitation on a rotating wheel. Resin was collected by centrifugation at 5,000 

x g for 30 seconds at 4oC, and the supernatant was carefully removed and discarded. 

The resin was re-suspended in 1000 µl of ice-cold TBS, and collected by centrifugation 

at 3,000 x g for 30 seconds. The resin was then washed an additional two times with ice-

cold TBS. Bound material was eluted from the resin by incubation with 100 µl TBS 

containing 150 ng/µl FLAG peptide (Sigma-Aldrich) for 30 min at 4oC with gentle 
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agitation on a rotating wheel. The supernatant was collected without disturbing the 

resin and transferred to a fresh tube. RNA from the supernatent was removed by 

treatment with RNase at approximately 4 µg/ml final concentration (ThermoFisher) at 

65oC for 6 hours. Protein moieties of the cross-linked complexes were removed by the 

addition of proteinase K (Sigma-Aldrich) to a final concentration of 200 µg/ml and 

incubating at 37oC for 2 hours. Released DNA was passed through a clean-up column 

(section 2.12.9) and eluted in 40 µl of elution buffer provided by the manufacturer. 

Purified DNA was subjected to library preparation using the Next Ultra II DNA library 

prep kit (New England Biolabs) as per manufacturers instructions followed by high-

throughput sequencing at the ‘Microarray and Next Generation Sequencing Core 

Facility’, SiTran, University of Sheffield. 

 

2.7 Phenotypic studies: 

2.7.1 CAS assay 

One colony of required bacteria was picked using a sterile loop and streaked out on CAS 

agar. The plates were incubated at 37oC for ~12 hours to allow diffusion of siderophores. 

 

2.7.2 Motility and swarming assays 

A single colony was used to inoculate 2 ml of LB and grown overnight aerobically at 37oC. 

The following day, 5 µl of the overnight culture (OD600 adjusted to 1) was spotted on to 

motility agar or swarming agar plates. The plates were incubated upright at 37oC and 

the zone of swimming/swarming was measured and photographed the following day. 

Experiments were carried out in biological, technical and experimental replicates. 

 

2.7.3 Protease assay 

The required bacterial strain was aerobically grown overnight in nutrient rich broth 

(LB/BHI) at 37oC. Then, the OD600 was adjusted to 1 and 5 μl of culture was spotted on 

protease agar. After allowing the droplet to dry the agar plates were incubated 

overnight at the required temperature and the clear halos surrounding the bacterial 
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spot were measured the following day. Experiments were carried out in biological and 

experimental replicates.  

 

2.7.4 Biofilm formation 

A single colony was used to inoculate 3 ml of BHI and grown overnight aerobically at 

37oC. The following day, 10 µl of the overnight culture (OD600 = 1) was added to 990 µl 

BHI in a sterile borosilicate glass tube covered with sterile aluminium foil and placed 

back in the 37oC shaker incubator. After 24 hours the culture was discarded, the tube 

washed with ddH2O twice and 1.3 ml 0.5% crystal violet (CV) was added. This was 

incubated at room temperature for 15 minutes followed by three ddH2O washes. The 

biofilm formed was photographed. As a control, medium without bacterial culture was 

used. To quantify the formation of biofilm, 1.3 ml of ethanol was added to the tube and 

incubated for 10 minutes at room temperature. The optical density (OD) of the sample 

at 570 nm was measured using a spectrophotometer blanked with control sample. 

Similarly, biofilm formation was photographed and quantified at 48 hours. Each 

experiment was carried out in biological and experimental replicates. 

 

2.8 Peroxide sensitivity stress tests: 

2.8.1 Peroxide sensitivity test in liquid media (survival following 20 minute exposure) 

A single colony was used to inoculate 2 ml of LB and grown overnight aerobically at 37oC. 

The following day, the overnight culture was sub-cultured in the same medium and 

grown to log phase. 1 ml of the log phase culture that had been adjusted to OD600 0.5 

was transferred to a sterile eppendorf tube and H2O2 to a final concentration of 10 mM 

was added. The tube was returned to the 37oC shaker incubator for 20 minutes, and 

then centrifuged for 3 minutes following which the medium was removed. The bacterial 

cells were re-suspended in 1 ml fresh LB. The culture was serially diluted and plated on 

LB agar to measure CFU/ml. Each experiment was carried out in experimental triplicates. 
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2.8.2 Peroxide sensitivity test in liquid media (monitoring survival time) 

A single colony was used to inoculate 2 ml of LB and grown overnight aerobically 37oC. 

The following day, the overnight culture was sub-cultured in the same medium and 

grown to log phase. 1 ml of log phase culture that was adjusted to an OD600 of 0.5 was 

removed in a sterile Eppendorf tube and H2O2 was added to a final concentration of 7.5 

or 10 mM. The tube was returned back to the 37oC shaker incubator and every 5 minutes 

an aliquot of 10 µl was taken out, serially diluted and 100 µl amounts were plated on LB 

agar to measure CFU/ml. Each experiment was carried out in experimental triplicates. 

 

2.8.3 Peroxide sensitivity test on solid culture medium (CFU assay) 

LB agar was autoclaved and before pouring into Petri dishes, oxidants hydrogen 

peroxide (1 mM) or sodium hypochlorite (1 mM) or methyl viologen (500 µM) were 

added. These concentrations were first empirically determined. After the agar solidified 

and dried, cultures (OD600 =1) were serially diluted (10-1 to 10-12) and spotted on to the 

agar and allowed to dry. LB agar without oxidants was used as a control. Each 

experiment was carried out in three biological and experimental replicates. 

 

2.8.4 Zone inhibition assay to test peroxide sensitivity 

5 ml of 0.7% LB agar (soft agar) was autoclaved, allowed to cool to approximately 50oC 

to which 0.1 ml of overnight culture (OD600 = 1) was added and overlaid on LB agar. After 

the soft agar was set and dry, a sterile 6 mm Whatman filter paper disc soaked in 10 µl 

of 1M hydrogen peroxide or 2M sodium hypochlorite or 250 mM methyl viologen or 100 

mM of t-butyl hydoperoxide was placed on top of the soft agar. The concentrations of 

oxidants used were first empirically determined. As a control, a sterile 6 mm filter disc 

soaked in 10 µl ddH2O was used. The plates were incubated at 37oC and the diameter of 

zone of inhibition was measured the following day. Each experiment was carried out in 

biological triplicates and over three experimental replicates. 
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Chapter 3. Investigation of the role 
of the ECF σ factor I35_RS16290 
(PrtI) 
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3.1 Introduction 

I35_RS16290 from B. cenocepacia (H111) appears to encode an ECF σ factor. 

Orthologues of this gene referred to as prtI in Pseudomonas fluorescens are distributed 

across the Burkholderia, Bordetella, Enterobacter, Lysobacter and the Pseudomonas 

genera in the Proteobacteria phylum with more than 60% similarity; although, some 

species within this genera such as P. aeruginosa lack this σ factor. Figure 3.1 shows the 

gene organisation of the prtI-homologous locus in representative species. prtI always 

appears to be located upstream of a gene that is predicted to encode a trans-membrane 

anti-σ factor. The P. fluorescens orthologue of the anti-σ factor has been referred to as 

PrtR. Also, the pair of genes predicted to encode cytochromeB561 and catalase appears 

as a divergently orientated transcriptional unit upstream of prtI. These features are 

conserved and other genes located upstream and downstream of this four-gene cluster 

seem to vary among different species. 

PrtI along with PrtR are reported to have roles in regulating the production of 

either one or more of the following – protease, cyclic lipopeptide, EPS (and colony 

morphology factors), lipase and secondary metabolite (GAF) in pseudomonads, as 

described in section 1.6.3.1. (Burger et al., 2000, Liehl et al., 2006, Vodovar et al., 2006, 

Kimbrel et al., 2010, Okrent et al., 2014, Song et al., 2014, Yang et al., 2014, van den 

Broek, 2005). Based on the genomic context conservation it is predicted that PrtI has a 

role in regulation of thiosulphate oxidation (Staron et al., 2009). Current literature 

suggests that PrtI might be a virulence factor since it appears to regulate genes that form 

important aspects of pathogenicity. Nevertheless, the environmental signal to which it 

responds, the target genes, promoter requirements and role of PrtR in the regulation of 

PrtI remain to be elucidated. The PrtI-regulated proteases present in Pseudomonas are 

not encoded by the Burkholderia genome, although these species occupy similar niches. 

Moreover, there is no current literature investigating the role of PrtI in Burkholderia. 

To test the hypothesis and to address the aims described in section 1.7, the 

following experiments were designed: 

(1) To study the role of PrtI by identifying its promoters, two complementary 

approaches were to be employed: (i) a genome wide scan using chromatin 
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immunoprecipitation and deep sequencing (ChIP-seq) and (ii) bioinformatics 

analysis of the non-coding region located upstream of the prtI gene. 

(2) The promoters identified were to be validated by reporter-fusion 

analysis. 

(3) The DNA sequence requirements for effective promoter utilisation by PrtI 

were to be studied by carrying out a systematic single base-pair substitution analysis 

of the identified promoter regions. 

(4) A marker-less deletion mutant for the predicted σ factor gene prtI and 

for the anti-σ factor gene prtR were to be constructed and their phenotypic effects, 

particularly in relation to stress response, were to be studied. 

(5) The target genes of PrtI were to be studied by mutation studies and/or 

by analysis of their protein products to further ascertain the role of PrtI. 

(6) The interaction between PrtI and PrtR in vivo and in vitro were to be 

investigated. The mode of regulation by PrtR was to be studied using a marker-less 

deletion mutant in B. cenocepacia or by expressing the genes in E. coli.  

(7) The PrtI operon and target operons was to be defined by undertaking a 

RT-PCR study. 
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Figure  3.1. Genes present at the prtI locus in a variety of Gram-negative bacteria 
Gene organisation at the prtI locus of B. cenocepacia H111 compared to the corresponding locus 
in other species. Genes that are conserved at the same locus are shown in the same colour 
represented in the key at the bottom with the predicted proteins encoded by the genes. Genes 
that are not conserved are shown in grey and their predicted gene products are shown above 
the corresponding arrow. Each gene locus number is shown below each arrow representing the 
gene. HP = hypothetical protein. 
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Xanthomonas      1 --MDALDDDQLRAMLPALRRFARSLSGDPASADDLVQATLERALRRWRTRHTADALQPWL 

Lysobacter       1 MPA-HELDTALREQLPSLRRFARWLARDPHAADDLVQAALERAITRWHSRHDDQALRPWL 

Enterobacter     1 MPPDDAESTQLRELIPGLRRFALWLTRDAHEADDLVQTTLERALDKWTTRRPDASLKSWL 

Burkholderia     1 MPSNALDDEALRELIPRLRRFALWLARDVHAADDLVQSTLERALSRWTSRRDDASLRSWL 

Bordetella       1 MSSF-DLDDQLRELIPRLRRFALWLTRDVHAADDLVQSTLERALSHWASRREEDALRSWL 

Pseudomonas      1 ---MHELDEQLRELIPRLRRFAVSLTRNASSADDLVQSTLERAIISWADKRVEGDLRAWL 

Achromobacter    1 MPAEELSDAVLRQILPRLRRFALRLTRDAVAADDLVQSTLERALTRWRGRRPQGDVRAWL 

                 1 ..     ...**...*.*****..*... ..******..****...* ... .. .. ** 

 

 

Xanthomonas     59 FAILYRQFLDGQRRVARWQRVVGLFAPQQPSQSASAEQVHDGRAMLARLALLPPEQRALL 

Lysobacter      60 FAIVYRQFLDAQRRSQRYAGLLSRLGLAGNEHQPSAEREFVARSALEAMQRLPVEQRSLL 

Enterobacter    61 FTILYREFLIEKRRTKRYWGLLSRMKSDDNPAWPSAEQEIATQSMLEAFGRLTPEQRSLL 

Burkholderia    61 FTILYRQFLDGKRSAKRYSWLLGRVRDDDEAHWPSAEREFAARATLEAFGRLSDEQRSLL 

Bordetella      60 FTILYRRFLDSQRSAKRYAWLLGRLHEPGEPHWPSAEDVAVVRGTLEAFGHLPEPQRTLL 

Pseudomonas     58 FSILYRQFLDAHRRTRRYARMLEFFTGR-DDAQPSVERTVIAQSTLQAFDQLNTEQRALL 

Achromobacter   61 FTILYRQFLDAQRRSRRYARLLSWFAGS-DAAAPSAEREVIARSSLDVFERLPEAQRTLL 

                61 *.*.**.**...*...*.. .. ..    .   .*.*.. .....*.....*. .**.** 

 

 

Xanthomonas    119 LLVSVEGFSDRQVADTLGIPISTVISRLSRARERLRAVNEGHVNHAPASRILK- 

Lysobacter     120 LWVSVEGLSYQDVADILEVPIGTVMSRLSRARQALRRLSEGETP-GPALRLLK- 

Enterobacter   121 ILITIEGLSYQEVAHVMDIPIGTVMSRLSRARQALHRLGEGETP-QPILRLMK- 

Burkholderia   121 LLIAVEGFTYQEAADLLEVPIGTVMSRLSRARQALRQLSDGELP-APSLRLMKK 

Bordetella     120 LLVAVEGYSYQEVSDLLGIPIGTVMSRLSRARAALRQLDNGKRA-APLLRVMK- 

Pseudomonas    117 LWVSVEGLSYKEIAEILEVPIGTVMSRLSRARQALRLLSDGEIA-SPSLRILK- 

Achromobacter  120 WLISVEGMSYKAVADVLDVPLGTVMSRLSRARSALRELHEGQAG-EARLRILK- 

               121 .....**............*..**.*******..*. . .*.   .. .*..*  

 

 

 

 

 

Figure 3.2. Amino acid sequence alignment of PrtI from B. cenocepacia with the corresponding 
protein in other Gram-negative species 
PrtI amino acid sequence from Burkholderia cenocepacia was aligned with homologous genes 
from Lactobacter capsici, Enterobacter cloacae, Bordetella ansporii, Pseudomonas fluorescens 
and Achromobacter xylosoxidans using Clustal Omega and shaded using BOXSHADE. Amino acids 
which are identical at the corresponding position in ≥50% of sequences are shown in white font 
with black highlighting while amino acids which are similar at the corresponding position are 
shown in white font with grey highlighting. σ2 and σ4 are underlined in red and blue, respectively. 
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3.2 Investigation of the role of PrtI by identification of PrtI dependent promoters 

using ChIP-seq and experimental verification of identified promoters   

To study the role of PrtI in stress response of B. cenocepacia, the first approach 

was to identify its target promoter. This would reveal its target genes which in turn 

would potentially suggest the ‘stress’ to which PrtI might respond. Hence, a Burkholderia 

genome wide study using chromatin immunoprecipitation and deep sequencing was 

carried out, where the σ factor PrtI was allowed to interact with its target promoters. 

Once the promoters were identified, they were to be verified by carrying out reporter-

fusion enzyme assays.  

 

3.2.1 Construction of plasmid to express FLAG-tagged PrtI 

During normal growth ECF σ factors within cells are generally inactive, as they 

need an appropriate stress signal for activation. Therefore, it was required to use an 

inducible broad host-range plasmid such as pSRK-Km that expressed PrtI. Moreover, to 

facilitate immunoprecipitation of PrtI a FLAG tag was added to the C-terminus. The prtI 

gene (522 bases) ORF was amplified from B. cenocepacia strain H111 boiled lysate using 

KOD polymerase with primers PrtIFLAGFor and PrtIFLAGRev and ligated between NdeI 

and XbaI sites of pSRK-Km. The primers PrtIFLAGFor and PrtIFLAGRev were designed 

such that the C-terminal coding sequence of prtI had an additional 24 bases that 

encoded a FLAG epitope tag (DYKDDDDK) before the stop codon. JM83 cells were 

transformed with the ligations and using a blue/white selection, white colonies were 

PCR screened using insert specific primers to identify the 6.322 kbp plasmid (Figure 3.3). 

The DNA sequence integrity of the clone pSRK-Km-PrtI-FLAG #6 was confirmed by 

nucleotide sequencing.   
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Figure 3.3 Construction of pSRK-Km-PrtI-FLAG  
Agarose gel showing (A) PCR screen of clones #1-#13 using vector primers M13for and 
M13revBACTH to identify pSRK-Km-PrtI-FLAG candidates. Clone 6 gives rise to product of 725 
bp consistent with the presence of prtI-FLAG; L = GeneRuler DNA mix ladder; NC = pBBR1MCS2. 
(B) Miniprep of positive clone (6.322 kbps); L = Supercoiled ladder 
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3.2.2 Validation of antibody specificity 

The gene encoding σ factor PrtI was cloned incorporating a FLAG epitope tag at 

the C-terminal end which would act as bait to immunoprecipate PrtI in the ChIP-seq 

experiment. To assess if the protein was being produced, E. coli and B. cenocepacia 

cultures containing pSRK-Km-PrtI-FLAG or pSRK-Km were induced and total protein 

content was visualised on a SDS-PA gel. As shown in Figure 3.4 (A) a protein migrating 

with an estimated molecular weight of approximately 21 kDa appeared in induced E. coli 

cultures which was the predicted size of PrtI-FLAG. However, in the B. cenocepacia lanes, 

very faint indistinguishable protein bands were observed around 21 kDa. In order to 

validate that the epitope tag could be recognised when the PrtI protein was expressed, 

western blotting was carried out (section 2.4.2) using anti-FLAG primary antibody (raised 

in rabbit) and an anti-rabbit secondary antibody (raised in goat). A protein migrating 

with a molecular weight consistent with PrtI-FLAG (approximately 21 kDa) was observed 

for induced cultures of B. cenocepacia and E. coli while no proteins were observed in 

control cultures (Figure 3.4B). This confirmed that PrtI-FLAG was expressed from pSRK-

Km-PrtI-FLAG under inducing conditions. It was noticeable that the amount of PrtI-FLAG 

produced in B. cenocepacia was substantially less than that produced in E. coli. 
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Figure 3.4: Production of PrtI-FLAG in cells containing pSRK-Km-PrtI-FLAG  
E. coli MC1061 and B. cenocepacia H111 containing pSRK-Km-PrtI-FLAG or pSRK-Km were grown 
in LB at 37oC and the lacZ promoter contained on pSRK-Km was induced by addition of IPTG. (A) 
Comassie blue stained SDS polyacrylamide gel used to separate total protein from E. coli and B. 
cenocepacia containing the indicated plasmids, under non-induced and induced conditions, - = 
non-induced, + = Induced, L = ladder (EZ-runp). Red arrow corresponds to PrtI-FLAG. (B) Western 
blot of the same samples from SDS polyacrylamide gel shown in (A) using anti-FLAG antibody, L 
= ladder (EZ-run pre-stained). Blue and green arrows correspond to PrtI-FLAG in E. coli and B. 
cenocepacia, respectively.  

A 

B 
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3.2.3 Validation of ChIP-seq experimental design by reporter fusion assay: Analysis of 

putative PrtI regulated promoter activity under induced and non-induced conditions 

The ChIP-seq experimental design consisted of cells harbouring the pSRK-Km-

PrtI-FLAG plasmid, which when induced by IPTG would express PrtI-FLAG. PrtI-FLAG 

would be cross-linked with the genomic DNA using formaldehyde, at sites where it binds 

to its target promoters and would then be immunoprecipitated using an anti-FLAG 

antibody following purification of genomic DNA. Since incorporation of a FLAG tag might 

affect the activity of the σ factor, it was necessary to demonstrate that PrtI-FLAG was 

functional in vivo. Often σ factors drive their own promoter and hence it was decided to 

study the activity of the modified σ factor at the predicted prtI promoter using a reporter 

fusion enzyme assay.  

 

3.2.4 Construction of pKAGd4-PprtIfull 

The intergenic region between prtI and the gene upstream, I35_RS16285, was 

predicted to contain the prtI promoter (PprtIfull) and therefore this region of 160 bp was 

amplified using primers prtIproForPCR and prtIproRevPCR with KOD polymerase and 

ligated into the pKAGd4 reporter plasmid between the HindIII and BamHI sites. MC1061 

cells were transformed with the products of ligation reactions and resultant 

transformant colonies were PCR screened using vector specific primers AP10 and AP11 

(Figure 3.5). The sequence of positive clones (pKAGd4-PprtIfull) was confirmed by 

nucleotide sequencing.  

 

3.2.5 Analysis of the activity of PrtI-FLAG at the  PprtIfull promoter  

pKAGd4-PprtIfull and pSRK-Km-PrtI-FLAG or pSRK-Km were transferred to E. coli 

MC1061 cells and the promoter activity was measured under induced and non-induced 

conditions using the β-galactosidase assay. As shown in Figure 3.6, the region upstream 

of prtI contained a PrtI-dependent promoter since there was very high β-galactosidase 

activity in cells containing pSRK-Km-PrtI-FLAG growing under inducing conditions. The 

activity of this promoter was much lower, although not completely abolished, under 
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non-inducing conditions in the presence of PrtI-FLAG. Further, no activity was observed 

in the absence of the σ factor showing that the promoter activity observed was due to 

the presence of PrtI-FLAG. These results provided validation that PrtI is active under this 

experimental design and the FLAG epitope tag does not affect its activity. The presence 

of a promoter in the PrtI dependent I35_RS16285-prtI intergenic region also provides a 

means of validating the ChIP-seq output. 

 

 

 

 

 

 

 

 

 
Figure 3.5 Construction of pKAGd4-PprtIfull  
Agarose gel of (A) PCR screen of clones #1-#7 using primers AP10 and AP11 to identify pKAGd4-
Pprtifull; L = GeneRuler DNA mix ladder; NC = pKAGd4 (282 bp amplicon). All seven candidates gave 
rise to the expected 442 bp amplicon (B) Miniprep of positive clones #3 and #7 (9.762 kbp); L = 
Supercoiled ladder 
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Figure 3.6. Activity of the prtI promoter in the presence of PrtI-FLAG 
pKAGd4-PprtIfull was transferred to E. coli MC1061 along with either pSRK-Km or pSRK-Km-PrtI-
FLAG as indicated and the promoter activity was measured using the β-galactosidase assay 
where cultures were grown in LB with kanamycin and chloramphenicol under IPTG induced and 
non-induced conditions. Activities shown have been obtained by subtracting the activity of same 
strain with pKAGd4 carried out under same conditions (background activity). Statistical 
significance was determined by performing a students’ t-test, **** = p<0.0001, (n=6). 
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3.2.6 Optimisation of conditions for chromatin immunoprecipitation  

ChIP-seq is a technique used to investigate protein-DNA interactions on a 

genomic scale, including studying histone modifications and transcription factor targets 

during different growth conditions. This technique was employed in this study to identify 

target promoters recognised by σ factor PrtI. Ideally, cells grown under conditions that 

allow transcription of PrtI should be used to identify its target promoters. However, the 

exact signal required for PrtI activation is not known as its role remains unknown. Hence, 

a protocol suitable for identification of the PrtI-dependent promoters was designed by 

combining methodologies from previous similar studies on ECF σ factors (Markel et al., 

2013, Blanka et al., 2014, Giacani et al., 2013).  

A ChIP-seq protocol consists of the following main steps as outlined in the 

schematic representation in Figure 3.7. These are: (1) expressing the protein under 

suitable conditions such that it can bind to the genome, (2) cross-linking the protein to 

the genomic DNA, (3) lysing cells and shearing genomic DNA to the appropriate fragment 

size (approximately 500 bp), (4) immunoprecipitating the protein of interest along with 

genomic DNA fragments with minimal background noise, (5) isolation of the DNA from 

the bound protein, and contaminating RNA, (6) library preparation which includes 

adding adaptors, end correction and DNA amplification, (7) high through-put sequencing 

using NGS platform, (8) retrieving data, analysing the quality of output, (9) transforming 

the data output to a suitable format such that it can be used in analysis softwares such 

as GALAXY and IGV to align sequences back to the B. cenocepacia genome and (10) 

MACS based peak calling and Motif analysis for point source factors.  

In addition, it is important to note that since it was decided to use a multicopy 

plasmid expressing PrtI, the prtI ORF will cause a spike in the background noise in the 

final DNA analysis step and therefore must be ignored while identifying enrichment 

areas. Along with these main steps to carry out the procedure, ChIP-seq data is 

acceptable when the antibody is validated and the DNA obtained in step 5 before library 

preparation is validated for appropriate enrichment as well as purity (Landt et al., 2012). 

As described in sections 3.2.2 and 3.2.5, the antibody expression was validated by 
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carrying out a western blotting experiment as well as this experimental design validated 

by carrying out a reporter fusion enzyme assay.  

For the ChIP-seq procedure, genomic DNA shearing by sonication was to be 

optimised next. To do this two different protocols were tested. Protocol 1 followed the 

same method as described in Section 2.6.2. In Protocol 2 the lysis buffer was replaced 

by a lysis-sucrose buffer (10 mM Tris, 50 mM NaCl, 10 mM EDTA, 25 mM sucrose), 

lysozyme was excluded, TBS buffer was excluded but used IP buffer (50 mM Tris HCl, 

150 mM NaCl, 1 mM EDTA, 1 tablet protease inhibitor solution per 50 ml buffer, 0.1% 

Triton-X-100 solution, 0.1% sodium deoxycholate) where before sonication bacterial 

cells were resuspended and incubated. In both protocols the growth conditions and 

crosslinking conditions were the same. As shown in Figure 3.8A, more abundant 

amounts of DNA recovered after sonication were observed using Protocol 1. Also, 

interference from RNA was observed using both protocols. Therefore, in the next 

optimisation step, using protocol 1, after sonication, RNA was digested and DNA-protein 

un-crosslinking was carried out. For this, 2.5 µl of 4 mg/ml RNase was added per 500 µl 

sonicated cell lysate and incubated at 65oC for 6 hours. DNA samples were analysed 

following different periods of total sonication time and it appeared that up to 30 minutes 

of sonication allowed most amounts of fragmented DNA to be recovered. The frequency 

of sonication was then increased by sonicating for 30 seconds followed by 30 second 

intervals on ice instead of one minute intervals, which seemed to give a higher yield of 

sheared DNA, largely in the 400 - 900 bp size range which lies towards the upper limit of 

the commonly accepted range for this technique (Figure 3.8C). Also, the effect of 

different number of wash steps was tested during immunoprecipitation using the 

commercial anti-FLAG affinity gel and three washes were found to be optimal (data not 

shown). Thus, the final protocol was standardised, described in detail in section 2.6.2. 

As a control for this experiment, strain H111 containing empty plasmid pSRK-Km was 

used, which would act as a background control (termed CONTROL). This is also referred 

to as ‘INPUT’ in some studies. H111 harbouring pSRK-Km-PrtI-FLAG   was the ‘test’ or 

commonly called IP sample for this experiment. The ChIP-seq experiment was carried 

out over three experimental replicates which also served as biological replicates thus 
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giving a total of 6 samples.  It is usually acceptable to have at least two experimental 

replicates.   
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Figure 3.7. ChIP-seq work flow for identification of PrtI binding sites 
ChIP-seq is carried out generally by following the steps – (1) Cells are grown to log phase and the protein is expressed, (2) the protein of interest is 
crosslinked to genomic DNA by adding formaldehyde. The reaction is quenched using glycine, (3) cells are harvested by centrifugation, washed, lysed 
and DNA is sheared by sonication. (4) Immunoprecipitation is carried out using antibody against the DNA binding protein. (5) The co-precipitated DNA 
was purified and (6) libraries are prepared, (7) sequenced, (8) checked for their quality. (9) The sequences are finally matched back to the genome to 
reveal where the protein had bound on the genome. 
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Figure 3.8. Optimisation of cell lysis and shearing genomic DNA by sonication 
(A) Testing two different cell lysis protocols: 5 or 15 µl lysed cell suspension obtained using protocol 1 or protocol 2 were electrophoresed in a 0.8% 
agarose gel (B) Optimisation of sonication period in protocol 1: 20 µl lysed cell suspension obtained by multiple 30 second bursts of sonication with one 
minute intervals on ice for the indicated total time duration were electrophoresed in a 0.8% agarose gel. (C) Optimisation of sonication period in protocol 
1 with decreased intervals: 20 µl lysed cell suspension obtained by multiple 30 second sonication bursts with 30 second intervals on ice for the indicated 
total time duration were electrophoresed in a 0.8% agarose gel.  
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3.2.7 PCR validation of ChIP efficiency 

After immunoprecipitating FLAG-tagged protein bound to DNA, the DNA-protein 

complex was un-crosslinked. The protein was digested using proteinase K and the 

contaminating RNA was also removed from the samples by RNAse treatment. The DNA 

was further purified using a PCR purification kit (Thermo) and the purity of the DNA 

sample was checked by measuring the absorbance using a nanodrop (260/280 =1.8-2.2). 

The concentration was found to be between 6-8 ng/µl.  

To validate for appropriate DNA enrichment in the IP sample as compared to the 

CONTROL, a standard PCR was carried out using primers prtIproForPCR and 

prtIproRevPCR (These are positive control primers. The term control should not be 

confused with CONTROL sample). They are used for amplifying PprtIfull as explained in 

section 3.2.4 where DNA obtained from the IP sample or the control sample was used 

as the template. The rationale for this experimental design was that if the DNA 

enrichment took place in this region, one can assume that the ChIP-seq experiment has 

successfully worked since PrtI has recognised its own promoter, as demonstrated earlier 

in section 3.2.5. One can also assume that it might have enriched other unknown 

promoters, which was the aim of undertaking a genome wide analysis.  

As negative controls for this experiment two pairs of primers were employed: 

pFlrSfor and pFlrSrev amplified a product of 193 bp, the promoter region of a putative 

iron starvation ECF σ factor FlrS (J. Mohanlal and M. Thomas, unpublished results). 

pIOTVfor and pIOTVrev amplified a product of 388 bp, the experimentally determined 

divergent highly active σ70-dependent tssJ and tagM promoters, involved in expression 

of the type VI secretion system (S. Shastri, 2011). Since PrtI should not bind to regions 

amplified by these two pairs of primers, no or little amplification should be obtained 

when the IP sample is used as template; these negative control primers should not be 

confused with the CONTROL sample. Little or no amplification was expected to be 

obtained when using CONTROL sample as a template with any of the above pairs of 

primers. 

Approximately 8 µl was removed from the PCR after every 9 cycles to observe 

rate of PCR amplification. As observed in Figure 3.9A, with primer pair prtIproForPCR 
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and prtIproRevPCR, the PCR product from the IP template was more abundant after 18 

cycles as compared to that from the CONTROL template. However, using pFlrSfor and 

pFlrSrev and pIOTVfor and pIOTVrev negative control primer pairs, even though there 

was amplification, the product yield obtained using IP or CONTROL as template was 

similar. This suggested the amplification occurred from low level contaminating DNA 

that was non-specifically removed in the IP step. It is important to also compare the yield 

of PCR products produced by all three primer pairs at cycle no. 18 using IP DNA template. 

There is a greater amount of product generated by the positive control primers as 

compared to the negative control primers. However, comparing PCR products among all 

three primer pairs for cycle no. 18 using control DNA template, it is obvious that as the 

yields appear to be similar, it must be due to the presence of DNA that non-specifically 

bound to the anti-FLAG resin. This background is accounted for in the future data 

analysis steps.  

To test if the primer pairs had similar amplification efficiency, making it valid to 

compare products between primer pairs, a PCR was carried out as described above 

including an additional positive template control of boiled H111 lysate. As shown in 

Figure 3.10, primer pairs prtIproForPCR and prtIproRevPCR, and pIOTVfor and pIOTVrev 

generate products with a similar efficiency when using H111 DNA as template. However, 

DNA from the IP sample using negative control primers pIOTVfor and pIOTVrev gave a 

poor yield of product, like the CONTROL template. However, positive control primers 

prtIproForPCR and prtIproRevPCR used with IP DNA as template gave a more abundant 

product like the H111 template, suggesting an enrichment of the expected DNA region 

as well as providing evidence that amplification by the negative control primer pairs 

must be due to contaminating genomic DNA arising from non-specific binding to the 

anti-FLAG resin.  

The enrichment of PrtI-specific DNA could be verified by carrying out qPCR 

(quantitative PCR) using a housekeeping gene as a control. However, as the results 

obtained using the standard PCR were very convincing it was decided to go ahead with 

the next step of library preparation. 
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Figure 3.9. Validation of IP and CONTROL samples using PCR  
(A) Agarose gel containing samples taken after 9, 18 or 27 cycles of PCR using either no template, 
IP template or CONTROL template with either positive control primers prtIproForPCR and 
prtIproRevPCR (160 bp product) or negative control primers pIOTfor and pIOTrev (388 bp 
product) as indicated. (B) Agarose gel containing samples taken after 9, 18 or 27 cycles of PCR 
using either no template, IP template or CONTROL template with negative control primers 
pFlrSfor and pFlrSrev (193 bp product). 
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Figure 3.10. Validation of IP and CONTROL samples using PCR with additional positive control  
(A) Agarose gel containing samples taken after 9, 18 or 27 cycles of PCR using either no template, 
H111 boiled lysate, IP template or CONTROL template with positive control primers 
prtIproForPCR and prtIproRevPCR (160 bp product). (B) Agarose gel containing samples taken 
after 9, 18 or 27 cycles of PCR using either no template, H111 boiled lysate, IP template or 
CONTROL template with negative control primers pIOTfor and pIOTrev (388 bp product). 

 

B 
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3.2.8 Quality control of DNA samples library preparation  

The DNA fragment size distribution and quality following sonication and ChIP was 

assessed using the Agilent high sensitivity bioanalyser with the 2100 Expert software, 

version 1.03. As shown in Figure 3.11A most DNA fragments are concentrated between 

600-1000 bp. All pairs of IP and CONTROL samples have a similar distribution, suggesting 

that the experiment was carried out with in a consistent manner. Also, the number of 

washes was increased in the second and third pair of experimental replicates, so the 

samples are less concentrated. A representative image of a detailed sample assessment 

has been shown for one of the samples (Figure 3.11B). Range of DNA fragments size is 

200-1000 bp with average size being 559 bp. The total DNA concentration was 4252.99 

pg/μl. 

For sequencing the samples, they needed to be modified to enable them to be 

read by the sequencing platform. This was carried out in the DNA library preparation 

procedure and employed the NEB UltraII DNA library kit for the Illumina Solexa platform. 

The steps involved in this protocol included end repair by phosphorylation of 5’ ends 

and dA tailing. After this, adaptor ligation and ‘U excision’ was carried out. Each sample 

had a unique index number which was used to recognise the readings from the 

sequencing reaction. A size selection step then followed which selected DNA fragments 

of appropriate size (average 500 bp) to be amplified by PCR to concentrate the product. 

A final purification step was carried out after which samples were again checked for their 

concentration and size using the Agilent high sensitivity DNA bioanalyser with the 2100 

Expert software, version 1.03. After DNA library preparation, all samples were found to 

have a normal distribution of DNA fragments with an average size of 500 bps (Figure 

3.12).  
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Figure 3.11. Quality assessment of samples before library preparation 
(A) Agarose gel electrophoresis run summary showing distribution of DNA fragments: L, ladder 
(sizes shown in bp); lanes 1 and 2, CONTROL and IP samples from experiment 1; 3 and 4, 
CONTROL and IP samples from experiment 2; 5 and 6, CONTROL and IP samples from experiment 
3. (B) Size distribution of DNA fragments: CONTROL1 and IP1 = CONTROL and IP samples from 
experiment 1, CONTROL and IP = CONTROL and IP samples from experiment 2, CONTROL and IP 
= CONTROL and IP samples from experiment 3. (C) Electropherogram showing detailed sample 
analysis summary of CONTROL sample from experiment 1, main parameters being concentration 
and average size of DNA fragments. X-axis shows DNA size in bp, Y-axis shows signal intensity. 
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Figure 3.12. Quality assessment of samples after library preparation 
(A) Agarose gel electrophoresis run summary showing distribution of DNA fragments: L, ladder; 
lanes 1 and 2, CONTROL and IP samples from experiment 1; 3 and 4, CONTROL and IP samples 
from experiment 2; 5 and 6, CONTROL and IP samples from experiment 3. (B) Size distribution 
of DNA fragments: sample 1 and sample 2 = CONTROL and IP samples from experiment 1, sample 
3 and sample 4 = CONTROL and IP samples from experiment 2, sample 5 and sample 6 = 
CONTROL and IP samples from experiment 3. (C) Electropherogram showing detailed sample 
analysis summary of CONTROL sample from experiment 1, main parameters being concentration 
and average size of DNA fragments. X-axis shows time in seconds, Y-axis shows signal intensity. 
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3.2.9 Data analysis of ChIP-seq output: Quality assessment of sequencing output 

Sequencing of the DNA library was carried out using an Illumina HiScan SQ at the 

Microarray and Next Generation Sequencing Core Facility in SITraN, University of 

Sheffield. The technician retrieved the data and converted it to a format which could be 

used for downstream processes. Using the software Sequence Analysis Viewer (SAV), 

the data files were analysed to check their quality. In Figure 3.13, the left hand panel 

showing vertical coloured bars that represent the ‘flow cell chart’ with colour coded 

quality metrics of the samples that were loaded on to the sequencer. The bar with 

numbers to its right represents the indicated colours in these tiles.  

‘Data by cycle’ shows the quality of metrics of 4 (A, T, G, C) nucleotides in that 

sample during the run, i.e. in each ‘cycle’ of a sequencing reaction. ‘Data by lane’ shows 

quality metrics per lane where one lane contained 6 samples. The Q-score distribution 

plots help in identifying the number of reads based on a pre-determined quality score. 

Only reads up to a certain quality score threshold (30) are included in the final analysis 

(green bars). A Q-score heat map shows the Q-score distribution based on the cycles. 

‘Reads mapped to index ID’ allows one to check how much quantity of each sample has 

been read. This is carried out by the sequencer – therefore, some samples get more 

reads than the other, although this is an unbiased random experimental occurrence. 

Here 6 indexes correspond to 6 samples, for example ‘ATCACG’ is the unique adaptor 

for sample no 1 as shown in Figure 3.14. The dots on the plot indicate that each sample 

has been read. Various features on SAV allow the investigator to study quality metrics 

like signal to noise ratio, error rate, % phasing, outliers, etc. based on tiles, clusters and 

lanes. However, detailed explanations on these will not be given here since it is beyond 

the scope of this project. Therefore, only relevant plots have been shown in this thesis. 

Overall, with the assistance of the trained technician at the Microarray and Next 

Generation Sequencing Core Facility I was able to confirm that all sequences were read 

appropriately and were found to be of acceptable quality for data analysis. 

 

 



136 
 

 
Figure 3.13. Quality metrics of reads from sequencer using SAV 
The panel on the left represents the flow cell chart showing colour coded intensity (concentration) of all samples. Top left graph shows sequencing data 
by cycle plot. Bottom left plot shows sequencing data by lane. Top right plot show Q-score distribution (quality threshold) of samples from lane 1 (6 
samples), with the blue bars representing the outliers which were excluded in the final data analysis. Green bars represent data up to the quality 
threshold, which were accepted in the final data analysis. 
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Figure 3.14. Quality metrics of reads mapped to index using SAV 

Plot of number of reads identified per index where each index is associated with one sample. 
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As there were six samples (IP and CONTROL, 3 experimental repeats), which 

were read in forward and reverse orientation by the sequencer, there were a total of 12 

data files. The quality analysis for each of these files was found to be acceptable based 

on the SAV analysis. Next these files (FASTQ format) were loaded on to the open source 

data analysis software GALAXY. The function ‘fastQC’ on GALAXY allows one to test the 

quality of their files based on some pre-determined parameters. Although SAV was used, 

the quality control parameters were also checked on GALAXY. Though all samples 

passed most of the quality control checkpoints on GALAXY, some parameters were not 

up to the mark. However, it must be noted that these are pre-determined by the 

programme and they may not necessarily match the requirements of all experimental 

designs. To choose only best quality data for further sequence analysis, the function 

called ‘Fastgroomer’ on GALAXY can be used. Data was corrected by ‘groomer’ by 

filtering out those sequences that did not meet the expected quality metrics. Figures 

3.15 to 3.20 shows representative images of only one data file – forward run of 

CONTROL sample from experiment no. 1. The quality control data for other samples are 

shown in Appendix II. A green tick at the title of the parameter suggests it meets the 

expected quality, a yellow exclamation mark suggests that it may not fully meet the 

quality requirements and a red cross represents an error.   

Firstly, basic statistics gives an overview of the file including information such as 

GC content, length, file name and type and total sequences. Per base sequence quality 

gives a box and whisper plot showing the quality of sequences for each base. Like the Q-

score distribution using SAV, this has to meet a minimum threshold, where it was 20 for 

GALAXY and 30 for SAV. Next one can also look at Per sequence quality scores, where 

the distribution of means of quality scores of all sequences based on means of each base 

quality is shown. As seen in Figure 3.15, most of this data was universally of high quality. 

Per base sequence content shows distribution of the 4 bases – A, T, G, and C. In Figure 

3.16 it can be seen that for this parameter a yellow exclamation mark was received. This 

is due to the Burkholderia cenocepacia genome being very GC rich (approximately 67% 

GC content), the sequences tend to have a higher GC content compared to sequences 

from many other genomes. However, it is important that these lines are mostly parallel 
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to the X-axis since this suggests it is an unbiased library sample. Per sequence GC 

content across all sequences should ideally be a normal distribution as represented by 

the blue line. The red line shows the actual distribution for the sample. Per base N 

content shows if there are any uncalled bases in the library. Sequence length 

distribution is a plot of the length of all the sequences. Figure 3.18 shows all sequences 

in this library are 93 bases long. Sequence Duplication Levels shows how unique each 

of the sequence is in the complete DNA sequence library. Most of the sequences have a 

sequence duplication level of ‘1’ meaning they appear only once. Over represented 

sequences are also checked for by inspecting if any of the sequences make up more than 

0.1% of the library. Figure 3.19 shows there were no over represented sequences in this 

library. Adaptor content shows if there is excessive contamination from adaptor 

sequences. Per tile sequence quality represents the quality based on each tile of the 

flow cells. Kmer content also assesses uniqueness of sequences, but of shorter-length 

(pentanucleotide) sequences. This did not seem to meet the expected standard, as seen 

in Figure 3.20. However, this should not affect the data analysis since there were no over 

represented sequences nor uncalled bases as well as an absence of contamination by 

adaptors. Also, using the ‘Fastgroomer’ function on GALAXY trimmed the over-

represented Kmer content. 
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Figure 3.15. Quality metrics of sequenced data using GALAXY (1) 
Basic statistics and per base sequence quality of sample no. 1 (CONTROL), forward run 
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Figure 3.16. Quality metrics of sequenced data using GALAXY (2) 
Per sequence quality scores and per base sequence content of sample no. 1 (CONTROL), 
forward run 
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Figure 3.17. Quality metrics of sequenced data using GALAXY (3) 
Per sequence GC content and per base N content of sample no. 1 (CONTROL), forward run 
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Figure 3.18. Quality metrics of sequenced data using GALAXY (4) 
Sequence length distribution and sequence duplication levels of sample no. 1 (CONTROL), 
forward run 
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Figure 3.19. Quality metrics of sequenced data using GALAXY (5) 
Overrepresented sequences and adaptor content, of sample no. 1 (CONTROL), forward run 
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Figure 3.20. Quality metrics of sequenced data using GALAXY (6)  
Per tile sequence quality and Kmer content of sample no. 1 (CONTROL), forward run
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3.2.10 Mapping DNA sequence reads using Bowtie to the Burkholderia cenocepacia 

genome to reveal PrtI binding sites 

Once the FASTQ files of the forward and reverse run of one sample were 

uploaded on GALAXY, fastQC analysis and fastgroomer was carried out. Then, the B. 

cenocepacia H111 chromosome sequences (NCBI GenBank accession no. HG938370, 

HG938371, and HG938372) in FASTA format was uploaded on GALAXY through Filezilla, 

a cross-platform file transfer protocol (FTP) software which assists uploading large data 

files. The groomed FASTQ uploaded files were mapped with the H111 genome using the 

‘Burrows-Wheeler Aligner (BWA) for Illumina’ tool. Here, the files were in ‘Sequence 

Alignment map (SAM)’ format. Using the SAM to BAM conversion tool, the files were 

converted to ‘Binary Alignment map (BAM)’ format. BAM files can be downloaded and 

stored and are compatible with almost all genome visualisation softwares. Sequence 

metrics were studied using the Picard tool on GALAXY and duplicate reads were 

removed as required. Integrative Genomics Viewer (IGV) was used to map reads to the 

Burkholderia cenocepacia genome. IGV is a free and interactive genome visualisation 

software by Broad Institute of MIT and Harvard (United States) dedicated to map micro-

array, NGS based datasets and genomic annotations. B. cenocepacia H111 genome 

(NCBI GenBank accession no. HG938370, HG938371, and HG938372) in fasta format was 

uploaded on IGV and the BAM files were mapped to the genome. The number of 

sequences aligning with a particular region on the genome were visualised, thus giving 

peaks where a higher than average number of sequences align. Typically, due to 

background DNA, some alignment is seen throughout the genome. However, where true 

enrichment has occurred a sharp peak can be observed. In this way, data from the 

remaining 5 samples was used to map on to the B. cenocepacia genome. Using samples 

1 and 2, as the CONTROL and IP pair, at least a 100-fold enrichment in the region 

between PrtI and the upstream gene (I35_RS16285) was observed in IP as compared to 

CONTROL (Figure 3.21). Strong enrichment was also observed at the region 

corresponding to the prtI ORF. However, as mentioned before, this was expected due to 

the fact that pSRK-Km-PrtI-FLAG was present the cells. Therefore, the sequence 

between the translation start and stop codons of prtI should be considered as 
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background noise. True enrichment has occurred for the region located upstream from 

the start codon of prtI as this region was not present on the plasmid. The N-terminal 

coding sequence of prtI was most abundantly represented and the abundance tapered 

off towards the C-terminal coding end of the gene as the peak is a cumulative effect 

formed due to the combination of true enrichment peak + background contamination 

by plasmid pSRK-Km-PrtI-FLAG. In samples 3 & 4 (experiment 2) and 5 & 6 (experiment 

3), at least a 40-fold increase was observed for IP sample compared to its respective 

CONTROL (Figure 3.22, Figure 3.23). This is because the number of wash steps was 

increased for these pairs of samples. Finally, a manual scan around the genome did not 

reveal any other apparent enrichments. This may suggest that PrtI has only one binding 

region on the genome. 
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Figure 3.21. Mapping DNA sequence reads to the B. cenocepacia genome using IGV(1) 

Top panel represents CONTROL (experiment no.1) reads mapped to the H111 genome. 

Bottom panel represents IP (experiment no.1) reads mapped to the genome. Numbers 

on top of each panel represent base co-ordinates on chromosome 1. Sequence counts 

are shown in red. The location of prtI (I35_RS16290) and I35_RS16285 are shown in blue 

block arrows. 
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Figure 3.22. Mapping DNA sequence reads to the B. cenocepacia genome using IGV(2) 

Top panel represents CONTROL (experiment no.2) reads mapped to the H111 genome. 

Bottom panel represents IP (experiment no.2) reads mapped to the genome. Numbers 

on top of each panel represent base co-ordinates on chromosome 1. Sequence counts 

are shown in red. The location of prtI (I35_RS16290) and I35_RS16285 are shown in blue 

block arrows. 
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Figure 3.23. Mapping DNA sequence reads to the B. cenocepacia genome using IGV(3) 

Top panel represents CONTROL (experiment no.3) reads mapped to the H111 genome. 

Bottom panel represents IP (experiment no.3) reads mapped to the genome. Numbers 

on top of each panel represent base co-ordinates on chromosome 1. Sequence counts 

are shown in red. The location of prtI (I35_RS16290) and I35_RS16285 are shown in blue 

block arrows. 

 prtI I35_RS16285 
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3.2.11 Peak calling and motif identification 

MACS is a tool on GALAXY that allows peak calling by comparing IP to CONTROL 

and identifying a pre-determined ‘m’-fold enrichment. The m value can be set to 10-40 

depending on experimental requirements. This is particularly useful when studying large 

genomes such as the human genome. Once peaks are called, each of those DNA regions 

can be studied to identify a common motif within them using tools such as R-SAT or 

MEME-Chip. They help identify most conserved bases and are particularly useful to 

identify promoter motifs. 

However, PrtI was observed to bind at only one genomic location (section 

3.2.10), further bioinformatics analysis was not carried out and it was decided to study 

this promoter region by carrying out reporter-fusion assays. 

 

3.2.12 In silico identification of putative PrtI regulated promoters at the prtI locus 

Once the PrtI binding region had been identified by the ChIP-seq scan, it was 

decided to identify conserved motifs by aligning the promoter region with the 

corresponding region of other species that harbour prtI like genes. Figure 3.24A shows 

an alignment of the intergenic region between prtI and the gene located upstream 

(I35_RS16285) from B. cenocepacia with the same region from B. cepacia, B. 

multivorans, B. pseudomallei, B. vietnamiensis, B. ambifaria and P. fluorescens. Two 

pairs of conserved motifs were evident which have been highlighted in the Figure 3.24. 

Each pair was comprised of a GGAATAA and CGTC motif separated by a 14 basepair non-

conserved spacer that could be putative -35 and -10 regions, respectively, that are 

putatively recognised for PrtI. The pair highlighted in green could constitute the prtI 

promoter whereas, the TTATTCC and GACG motifs, which correspond to the reverse 

complement of GGAATAA and CGTC could be the I35_RS16285 (catalase) promoter, 

highlighted in blue. Therefore, two divergently arranged PrtI-dependent promoters may 

be located in the I35_RS16285-prtI intergenic region.  
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B.ceno         CATCAATGCACTCCCGATCGTCAGATCAT--TGTCGAAC---------GCGCGT-AGGACG 

B.cepa         CATCAATGCACTCCCGATCGTCAGATCAT--TGTCGAAC---------GCGCGT-AGGACG 

B.viet         CATGGATGCACTCCCGATCGTCTGATCAT--TGTCGAAC---------GGGAAT-AGGACG 

B.ambi         CATGGATGCACTCCCGATCGTCAGATCAT--TGTCGAAC---------AGGCAT-AGGACG 

B.multi        CATGAATACACTCCCGATCGTCAGATCAT--TGTCGAAC---------GCGCGT-AGGACG 

B.pseudo      CATCGTGTACGCTCCCGACCGTCAGGTCCTG-TGTCGAAC---------GCGCGT-ATGACG 

P.flu          CATGAAGGAACTCCAGGGCCAAAGGCCTTAGGGGTGAACATAAGGTCGGAGCATTAAGACG 

                         **** *  *    *  * *   *  ****           *  * * **** 

 

B.ceno          -CCGCCCGCGCCGCTTTATTCC---ACGAAAAGTTT-TTT-CGTATGCTGGAGGGAATAA 

B.cepa          -CCGCCCGCGCCGCTTTATTCC---ACGAAAAGTTT-TTT-CGTATGCTGGAGGGAATAA 

B.viet          -CCGCCCGCGTCGCTTTATTCC---ACGAAACAATT-TTT-CGTATGCTG-ATGGAATAA 

B.ambi          -CCGCACGCGCCGCTTTATTCC---ATGAAGAAATT-TTT-CGTATGCTG-ACGGAATAA 

B.multi         -CCGGCCGCCCGCCTTTATTCC---ATGAAGAAATT-TTT-CGTATGCTG-ATGGAATAA 

B.pseudo        GCCCGCCGC-CCGGTTTATTCC---ATCGAAATTTT-TTTGCGAACGC---ATGGAATAA 

P.flu           AACG-CCGATCCGCTCTATTCCCGGGCCGTGGATTTATTTCCCAACAC---AGGGAATAA 

                  *   **      * ******            ** *** *  *  *   * ******* 

 

B.ceno          TCGATGCCGGCCGGCGTCCTACGCG--GCATCCACGACCCTTTCGGCAACCGGCCCGGCC 

B.cepa          TCGATGCCGGCCGGCGTCCTACGCG--GCATCCACGACCCTTTCGGCAACCGGCCCGGCC 

B.viet          GCGGTGCCGGGCGGCGTCTTACCCG--GCATCTCCACGCCTTTCGGCTCGC-CCCCGGCC 

B.ambi          GTGGCGCCGACCGGCGTCCTACGCG--GAATCTCCACGCTTATCGGCTAGCGCCCCGGCC 

B.multi         CGGACGTCGACCGGCGTCCTACGCG--GCATCTCCACG-TTTCCGGC-AACGGTCCGGCC 

B.pseudo        CCGTCGGCGGCGAGCGTCTCATGCATTGAATCCACGCCCACGACGGCCCCCGATCCGCCC 

P.flu           CCTTCAACGCCGCACGTCTCTCTAG-----TCCCAGCG--TAGTGACCCGCCAGACGCCC 

                       **     ****            **            * *   *    ** ** 

 

B.ceno          ATG 

B.cepa          ATG 

B.viet          ATG 

B.ambi          ATG 

B.multi         ATG 

B.pseudo        ATG 

P.flu           ATG 

                *** 

 

 

PprtI:                            GGAGGGAATAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         Pcat: CGAAAAAACTTTTCGTGGAATAAAGCGGCGCGGGCGGCGTCCTACGCGCGTTCGACAATGAT 

 
 
Figure 3.24. Clustal Omega alignment for identification of putative PrtI recognition sequences  
(A) Intergenic region between I35_RS16285 (catalase) and prtI from Burkholderia cenocepacia 
was aligned with the corresponding region from Burkholderia cepacia, Burkholderia multivorans, 
Burkholderia pseudomallei, Burkholderia vietnamiensis, Burkholderia ambifaria and 
Pseudomonas fluorescens. The stop codon of ‘catalase’ is in red font while the start codon of 
prtI is in magenta. Bases that are conserved at the corresponding position in all sequences are 
marked with an asterisk. Putative pairs of divergent -10 and -35 promoter regions are 
highlighted in blue and green. (B) DNA sequences that were hypothesised to form the prtI 
promoter (PprtI) and catalase (I35_RS16285) promoter (Pcat) where the putative -10 and -35 
regions are highlighted in green and blue as in the alignment above. 

 

 

A 

B 

catalase (I35_RS16285) 

prtI (I35_RS16290) 
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3.2.13 Construction of reporter vector pKAGd4 harbouring putative PrtI regulated 

promoters  

To test the possibility that there are a pair of divergent PrtI-dependent 

promoters located between I35_RS16285 and prtI that consist of GGAATAA and CGTC 

motifs, one DNA fragment containing the putative prtI promoter and one DNA fragment 

containing the catalase promoter were cloned into the transcription reporter vector 

pKAGd4 (sequences shown in Figure 3.24B). To do so, complementary single stranded 

oligonucleotide pairs ‘prtIproFor2 and prtIproRev2’ and ‘Pcatfor and Pcatrev’ were 

annealed as described in section 2.2.8. Each of the resulting double-stranded 

oligonucleotides were then ligated with pKAGd4 digested with HindIII and BamHI. 

MC1061 cells were transformed with these ligations, the colonies were screened for the 

presence of the plasmid with the desired insert using GoTaq PCR with primers AP10 and 

AP11 and the DNA sequence of the insert in the positive clones was confirmed.  

 

3.2.14 Analysis of putative PrtI regulated promoter activity in E. coli and B. 

cenocepacia  

pSRK-Km-PrtI-FLAG was transferred to E. coli MC1061 containing each of the 

reporter plasmids harbouring the promoter derivative. As a control, empty pSRK-Km was 

used. Promoter activity was measured by carrying out β-galactosidase enzyme assays 

on cells growing under conditions for induction of the lac promoter on pSRK-Km 

(addition of IPTG) and under non-inducing conditions. Both DNA fragments were found 

to contain a highly active promoter in cells growing under inducing conditions in the 

presence of PrtI-FLAG, where there seemed to be an approximately five to eight-fold 

increase in activity compared to the non-induced condition (Figure 3.25). Also, it was 

apparent that there was no promoter activity in the absence of PrtI in case of PprtI and 

Pcat. 

To verify if the native, un-tagged B. cenocepacia PrtI was capable of switching on 

the putative promoters under standard laboratory conditions, initially, reporter 

plasmids pKAGd4 harbouring the promoter derivatives were transferred into B. 
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cenocepacia H111 by conjugation using S17-1 as a donor strain and the β -galactosidase 

activity was measured. It was found that promoters PprtI and Pcat were inactive under 

normal growth conditions (i.e. in LB) which suggests that PrtI may be activated only 

under certain ‘stressful’ conditions or under an appropriate extra-cytoplasmic signal as 

is the case for many ECF σ factors (Figure 3.26). pSRK-Km-PrtI-FLAG and pSRK-Km were 

then transferred to B. cenocepacia H111 containing the reporter plasmids and the β -

galactosidase activities were measured. Both promoters now were found to be active in 

the presence of the plasmid expressing prtI, though approximately 15 times less active 

than in E. coli, whereas, there was no activity observed in the absence of PrtI. The results 

support the idea that the conserved GGAATAA(N)14CGTC motifs form the PrtI-

dependent promoters.  
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Figure 3.25. Activity of PprtI and Pcat in the presence and absence of PrtI-FLAG in E.coli 
pKAGd4 containing the indicated promoter derivative were each separately transferred to 
MC1061 along with either pSRK-Km or pSRK-Km-PrtI-FLAG and promoter activity was measured 
using the β-galactosidase assay where cultures were grown in LB with kanamycin and 
chloramphenicol under IPTG induced and induced conditions until log phase. Activities shown 
were obtained by subtracting activity of the same strain containing pKAGd4 assayed under the 
same conditions (background controls). Statistical significance was determined by performing a 
two-way ANOVA, with Tukeys post-test, **** = p<0.0001 (n=6). 
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Figure 3.26 Activity of Pprti2 and Pcat in the presence and absence of PrtI-FLAG in B. cenocepacia: 
pKAGd4 containing PprtI or Pcat, as indicated, were each separately transferred to H111 either on 
their own or along with pSRK-Km or pSRK-Km-PrtI-FLAG and the promoter activity was measured 
using the β-galactosidase assay where cultures were grown in LB with kanamycin and 
chloramphenicol under IPTG induced and induced conditions. Activities shown were obtained 
by subtracting the activity of the same strain pKAGd4 assayed under the same conditions 
(background controls). Statistical significance was determined by performing a two-way ANOVA 
test, with Tukeys post-test, **** = p<0.0001 (n=6). 
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3.2.15 Construction of plasmids expressing native PrtI 

Plasmids expressing the native (i.e. untagged) form of PrtI were constructed to 

study the activity of putative PrtI-dependent promoters to verify that the activity 

obtained with the FLAG tagged σ factor was replicable. The broad host-range plasmid, 

pBBR2 was used to express PrtI. pBBR2 can constitutively express prtI when cloned 

downstream from the lacZ promoter when present in an E. coli strain lacking the lac 

repressor, such as MC1061, or in B. cenocepacia. Moreover, the constitutive promoter 

of the kanamycin resistance gene augments the expression of the cloned gene from the 

lac promoter. The prtI gene was amplified separately with two different forward primers 

PrtIforA and PrtIforB, but the same reverse primer, PrtIrev, cut with HindIII and BamHI, 

and ligated to pBBR2 cut with the same enzyme. This generated two pBBR2 derivatives 

expressed prtI that differed with respect to the UTR located upstream of the prtI start 

codon. The PrtIforA primer was designed such that the amplicon contained the putative 

prtI promoter and Shine-Dalgarno sequence giving rise to pBBR2-PrtI while PrtIforB 

omitted the prtI promoter and contained an improved Shine-Dalgarno sequence 

generating pBBR2-PrtI(b). In both cases the 5’ end of the forward primer contained a 

stop codon which could terminate read-through translation of lacZ into the cloned DNA. 

JM83 cells were transformed with the ligations and then the colonies obtained were 

screened by using M13for and M13rev primers. Plasmid clones with the expected insert 

were checked for their overall size (pBBR2-PrtI = 5.667 kb and pBBR2-PrtI(b) = 5.654 kb) 

by agarose gel electrophoresis and the DNA integrity was confirmed by nucleotide 

sequencing. 

 

3.2.17 Analysis of the activity of PprtIfull, PprtI, and Pcat in the presence and absence of 

native PrtI in E.coli 

pKAGd4 derivatives containing PprtIfull, Pprti, and Pcat were transferred to MC1061 

cells along with either pBBR2-PrtI or pBBR2-PrtI(b) or empty vector pBBR2. The 

promoter activity was then measured by performing β-galactosidase assays. All three 

promoters were significantly active in the presence of either plasmid harbouring prtI 
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whereas strains containing empty pBBR2 vector exhibited only background levels of β–

galactosidase activity (Figure 3.27). Except for PprtI, all the promoters were at least two-

fold more active in the presence of pBBR2-PrtI as compared to pBBR2-PrtI(b). Overall, 

these results were consistent with the activities obtained under the conditions used to 

carry out the ChIP-seq experiment and they confirm conserved motifs 

GGAATAA(N)14CGTC to be the promoters that PrtI must be recognising. This suggested 

that PrtI might regulate at least two genes, I35_RS16285, a predicted catalase, along 

with transcription of the gene itself. This also suggested that PrtI might have role in 

oxidative stress response, as it regulates a putative catalase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.27. Activity of Pprtifull, PprtI and Pcat in the presence and absence of native PrtI in E. coli 
pKAGd4 containing Pprtifull, PprtI and Pcat as indicated, were each separately transferred to MC1061 
either on their own or along with pBBR2, pBBR2-PrtI or pBBR2-PrtI(b) and promoter activity was 
measured using the β-galactosidase assay where cultures were grown in LB with kanamycin and 
chloramphenicol. Activities shown were obtained by subtracting the activity of the same strain 
containing pKAGd4 assayed under the same conditions (background control). Statistical 
significance was determined by performing a one-way ANOVA test, with Tukeys post-test, **** 
= p<0.0001 (n=6). 
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3.3 Systematic study of the DNA sequence requirements for promoter recognition by 

PrtI 

As a putative σ factor, PrtI initiates transcription by recognising key DNA bases 

at its target promoters and makes contacts with them. In order to study the specific DNA 

bases that might be involved in promoter recognition, single nucleotide ‘extreme’ base 

pair substitutions were introduced at key positions within PprtI. PprtI is a 28 bp derivative 

that is active in the presence of PrtI suggesting that it might constitute the minimum 

sequence required for recognition PrtI. The nucleotide sequence alignment of the 

catalase-prtI intergenic region (Figure 3.24) revealed key bases ‘GGAATAA’ and ‘CGTC’ 

which were conserved across different related species suggesting that they might form 

the ‘-35’ and ‘-10’ promoter regions. Therefore, the experimental design consisted of 

making a series of PprtI promoter derivatives with single base substitutions within and 

adjacent to the predicted -35 and -10 promoter regions and measuring their activity in 

the presence of PrtI. 

 

3.3.1 Construction of plasmids harbouring single base substituted PprtI promoter 

derivatives 

Initially, 15 derivatives (ds1 to ds15) of PprtI were designed as shown in Figure 

3.28A. To make ‘extreme’ substitutions, a purine base was substituted by a pyrimidine 

that it does not pair with and vice versa. Therefore, a guanine was replaced by thymine 

and vice versa; and cytosine was replaced by an adenine and vice versa. Up to one base 

on either side of the predicted -35 and -10 regions were chosen to determine the 

promoter limits of the core elements. Appropriate complementary oligonucleotides 

(e.g. ‘Pprtids1for’ and ‘Pprtids1rev’ for ds1) were annealed and ligated into the reporter 

plasmid pKAGd4 between the HindIII and BamHI restriction enzyme sites. Positive clones 

were checked for their sequence integrity. 

 

3.3.2 Analysis of DNA sequence requirements for promoter utilisation by PrtI  

Each pKAGd4 derivative harbouring a single base substituted PprtI variant was 

transferred to E. coli MC1061 along with pBBR2-PrtI and the activity was measured by 
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performing β-galactosidase assays (Figure 3.28B). In the predicted -35 region of 

GGAATAA, base substitution at each of the first six positions (GGAATA) significantly 

affected the promoter activity. However, the largest effect on promoter activity 

occurred when the second G and first A (positions 2 and 3 of the motif) were substituted. 

Substitution at position 7 of the predicted -35 element also caused a decrease in 

promoter activity, but the promoter remained very active (75% of WT). When single 

base substitutions were introduced at the base positions immediately upstream and 

downstream of the GGAATAA motif there was no effect on promoter activity at the 

upstream position. But, substitution of the T residue, located adjacent to position 7 of 

the -35 motif caused an approximate 40% decrease in promoter activity suggesting that 

it might be an important base even though it is not part of the conserved GGAATAA 

motif. The next base downstream of the T (the C at position 10 of the promoter), was 

therefore substituted. The activity of this promoter mutant was measured and was 

found to be similar to that of the WT. At the predicted -10 promoter region, substitution 

at the G, T and C bases of the CGTC motif exerted severe reduction in promoter activity, 

with the T base being extremely important as the promoter activity was completely 

abolished when it was substituted. However, substitution of the C base at first position 

of the CGTC motif did not cause a significant reduction in promoter activity. Overall, 

these results suggest that GGAATA and GTC motifs may constitute the -35 and -10 

regions, respectively. The bases G, A, in the -35 region and base T in the -10 region 

(positions 3, 4 and 25, respectively) might be the most important for efficient promoter 

utilisation.
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         WT:    GGAGGGAATAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds1    GGATGGAATAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds2    GGAGTGAATAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds3    GGAGGTAATAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds4    GGAGGGCATAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds5    GGAGGGACTAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds6    GGAGGGAAGAATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds7    GGAGGGAATCATCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds8    GGAGGGAATACTCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds9    GGAGGGAATAAGCGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds9.1  GGAGGGAATAATAGATGCCGGCCGGCGTCCTACGCGGCATCCA 

         ds10   GGAGGGAATAATCGATGCCGGCCGTCGTCCTACGCGGCATCCA 

         ds11   GGAGGGAATAATCGATGCCGGCCGGAGTCCTACGCGGCATCCA 

         ds12   GGAGGGAATAATCGATGCCGGCCGGCTTCCTACGCGGCATCCA 

         ds13   GGAGGGAATAATCGATGCCGGCCGGCGGCCTACGCGGCATCCA 

         ds14   GGAGGGAATAATCGATGCCGGCCGGCGTACTACGCGGCATCCA 

         ds15   GGAGGGAATAATCGATGCCGGCCGGCGTCATACGCGGCATCCA 

 
 

 

 

 

 

 

 
Figure 3.28. Identification of the -35 and -10 promoter elements of a PrtI-dependent promoter:  
(A) PprtI promoter substitution derivatives to determine the most important bases for recognition by PprtI. 
Highlighted in green are the predicted -35 or -10 regions. Highlighted in red is the extreme base 
substitution in each promoter derivative. (B) pKAGd4-PprtI and pKAGd4-PprtIds1 to pKAGd4-PprtIds15 were 
each separately transferred to MC1061 along with pBBR2-PrtI and promoter activity was measured using 
the β-galactosidase assay where cultures were grown in LB containing kanamycin and chloramphenicol. 
Activities shown were obtained by subtracting the activity of the same strain carrying pKAGd4 assayed 
under the same conditions (background control). Numbers under X-axis refer to positions of bases 
described in the text. The activities are represented as the relative percentage assuming the activity of 
PprtI was 100% (black bar). Where a substitution causes ≥50% reduction in activity relative to the WT 
promoter, the activity bar is shown in dark yellow. 
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3.4 FUZZNUC based promoter search in other bacteria 

A FUZZNUC software based search using Prosite patterns was carried out on the 

Burkholderia cenocepacia genome to identify bioinformatically whether PrtI-dependent 

promoters existed anywhere else in the genome. Based on the identification of the -10 

and -35 promoter regions, the following Prosite pattern was used in the search: 

GGAATAN(16)GTC 

 

Unlike BLAST, this search tool allows use of ‘N’ or bases that can be replaced, bases that 

should be included and bases that have to be excluded. However, other than the prtI 

and catalase promoters no other relevant matches were obtained. One additional 

match was identified on chromosome 2, located between two genes encoding a 

peptidoglycan associated outer membrane protein and a putative dihaem cytochrome 

C-553. This region did not seem to contain a promoter for either gene as the predicted 

-35 and -10 motifs were present downstream of the stop codons for both genes. 

Moreover, this region was not identified as a PrtI binding site in the ChIP-seq screen. As 

gene clusters that are highly homologous to the B. cenocepacia ‘cytb561-cat-prtI-prtR’ 

gene cluster are present in other bacterial genera, including Pseudomonas and 

Xanthomonas, FUZZNUC was used to screen for PrtI-dependent promoters. As an 

example, Pseudomonas fluorescens genome was scanned using the Prosite pattern 

GGAATAN(16)GTC, which gave two expected hits corresponding to the prtI and catalase 

promoters, but no additional matches were obtained. Nevertheless, this pattern can be 

used in other organisms to search for potentially novel promoters. 

 

3.5 Genetic analysis of the role of PrtI 

In the second approach to identify the role of PrtI, it was decided to investigate 

the phenotypic effects of deleting prtI and prtR. In order to avoid polar effects, in-frame 

marker-less deletion mutants in B. cenocepacia H111 strain were constructed.  Based on 

current literature, PrtI orthologues in other bacterial species have roles in protease 

regulation, biofilm formation, surface motility etc., as described in section 3.1. Based on 

the results described in section 3.2 it was evident that PrtI regulated the gene upstream 
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of prtI, i.e. I35_RS16285, which is predicted to encode a catalase enzyme based on 

BLASTP analysis of the encoded product. Hence, the objective of constructing deletion 

mutants was particularly to observe the effects of oxidative stress amongst the above 

mentioned phenotypes. 

 

3.5.1 Construction of a prtI in-frame deletion mutant 

Four SOE PCR primers PrtIdelA, PrtIdelB, PrtIdelC and PrtIdelD were designed as 

described in section 2.2.10.2 such that ‘AB’ gave a 525 bp product that included the first 

six codons of prtI, the UTR located upstream of prtI and a segment of the catalase gene, 

while CD generated a 548 bp product that included the last six codons of prtI. In a 

subsequent PCR, using the AB and CD products as template with A and D primers, a final 

product of 1073 bp was generated, such that 162 codons of the central region of prtI 

(total gene length 174 codons) was deleted. This product was cloned into pEX18-TpTer-

pheS between BamHI and HindIII sites and its integrity was confirmed by DNA 

sequencing. In this plasmid the pheS gene is under control of a promoter that does not 

allow cells to survive in the presence of chorophenylalanine. The resulting plasmid was 

transferred to the E. coli SM10 donor strain and subsequently delivered to B. 

cenocepacia H111 by conjugation. As pEX18-TpTer-pheS cannot replicate in B. 

cenocepacia selection of exconjugants on medium containing trimethoprim allows for 

identification of recombinants in which the plasmid has integrated into H111 genome. 

This gave rise to ‘co-integrates’ containing both the WT version of prtI as well as the 

deleted version of the gene. This was confirmed by carrying out a PCR screen using 

vector specific primers pEX18Tpfor and pEX18Tprev. Using the chlorophenylalanine 

based counter-selection technique, co-integrates were streaked on M9 medium 

containing chlorophenylalanine. However, several attempts did not give rise to mutants 

and the selection was concluded to be inefficient due to a possibly leaky promoter. 

Hence, an alternate mode of selection was used with a modified plasmid called pEX18-

TpTer-SceI-pheS (Fazli et al., 2015, H. Spiewak, 2015, unpublished). Here, the plasmid 

contained an I-SceI meganuclease restriction site. Therefore, once the PCR fragment AD 

containing the prtI deletion allele and flanking sequences was cloned into pEX18-TpTer-
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SceI-pheS between BamHI and HindIII sites, and its integrity confirmed, the plasmid was 

transferred into B. cenocepacia H111 by conjugation. Putative co-integrates were 

screened as before using pEX18Tpfor and pEX18Tprev. Next, plasmid pDAI-SceI, which 

expresses the I-SceI meganuclease, was conjugally transferred to a co-integrate, where 

the I-SceI enzyme was expressed resulting in the introduction of a double-stranded 

break at the I-SceI site located at the prtI locus in chromosome 1. Repair of the break by 

homologous recombination gave rise to either WT or prtI deletion mutants as shown in 

Figure 3.29. Colonies that lost the integrated pEX18-TpTer-SceI-pheS plasmid were 

selected for on medium containing tetracycline and were PCR screened using primers 

PrtIoutfor2 and PrtIoutrev2 that anneal to genomic sequences outside the region 

complementary to primers A and D. As a control, a WT colony was used as template 

which amplified a product of 1.680 kb whereas H111ΔprtI gave rise to a product of 1.194 

kb (Figure 3.30A). The mutant was streaked 0.1% chlorophenylalanine media 2-3 times 

to remove pDAI-ISceI. The selected mutant was re-streaked 2-3 times on rich medium 

to purify it and streaked out on M9-glucose agar for medium term bench storage. For 

carrying out complementation experiments, pBBR2-PrtI constructed in section 3.2.13 

was to be used. 

 

3.5.2 Construction of a prtR in-frame deletion mutant 

Two pairs of SOE PCR primers (prtRdelA and prtRdelB, and prtRdelC and 

prtRdelD) were used separately to amplify genomic H111 DNA using Q5 polymerase to 

give products of 523 and 553 bp in length that corresponded to regions located 

upstream and downstream of prtR, respectively. In the second PCR where ‘AB’ and ‘CD’ 

were used as template in equimolar concentration with A and D as primers, the final 

product was 1076 bp, with 239 codons of the central region of prtR (total 253 codons) 

deleted. This DNA fragment was cloned into pEX18-TpTer-SceI-pheS-Cm (a derivative of 

pEX18-TpTer-SceI-pheS containing a CmR selection marker) between the BamHI and 

HindIII sites and the integrity of the cloned DNA was checked by nucleotide sequencing. 

pEX18-TpTer-SceI-pheS-Cm-ΔprtR was transferred to H111 by conjugation using E. coli 

SM10 and recombinants containing chromosomally inserted plasmid co-integrates were 
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selected for on medium containing chloramphenicol and trimethoprim and confirmed 

by PCR screening using primers pEX18Tpfor and pEX18Tprev. Following this pDAI-SceI 

was introduced into a co-integrate strain and ex-conjugants were selected on medium 

containing tetracycline. These should have lost the chromosomally integrated plasmid 

due to recombination that repaired the double stranded DNA break caused by the I-SceI 

enzyme. Colonies where excision of the plasmid had resulted in exchange of the prtR 

deletion allele for the WT allele were screened for by PCR with primers prtRoutfor and 

prtRoutrev that anneal to genomic sequences outside the region complementary to 

primers A and D. The efficiency of mutant generation by this technique is usually 1 in 10 

in our experience. However, a prtR deletion mutant was obtained with an efficiency of 

1 in 100. This might suggest that deleting the putative anti- σ factor gene may have made 

PrtI constitutively active, thereby making the cells ‘sick’ and leading to formation of 

small colonies which were overlooked during the screening process. As seen in Figure 

3.30B WT (H111) used as a template gave a product of 2021 bps while H111-ΔprtR used 

as a template gave a product of 1304 bps.  

 

 

 

 

 

 

 

 

 

 



166 
 

 

 

 
Figure 3.29. Schematic representation of mutant construction using pEX18TpTer-SceI-pheS 
SOE PCR was used to amplify a DNA fragment harbouring the deletion gene, ΔY, which was 

flanked by ≥500 bp of DNA on either side (here represented by fragments of genes X and Z) and 

cloned into pEX18-TpTer-SceI-pheS. Following introduction into B. cenocepacia, the plasmid can 

only be maintained by integration into the chromosome by homologous recombination, giving 

rise to two versions of gene Y – WT and ΔY. After introducing pDAI-SceI-pheS into the co-

integrate strain, a cut was introduced at the I-SceI site, allowing a second homologous 

recombination to occur which rescues the bacterium. Depending upon the site of the second 

recombination event, either WT version or deleted version of the gene was retained. 
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Figure 3.30. PCR screening of candidate H111ΔprtI and H111ΔprtR mutants 

(A) PCR screen of candidate H111ΔprtI mutants #4, #8 and #9 using primers PrtIoutfor2 and 

PrtIoutrev2; L = GeneRuler DNA mix; WT = H111 boiled lysate used as template. (B) PCR screen 

of candidate H111ΔprtR #19 using primers PrtRoutfor and PrtRoutrev; L = GeneRuler DNA mix; 

WT = H111 boiled lysate used as template. 
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3.5.3 Construction of a plasmid for complementing the ΔprtR mutant 

To make a plasmid that could complement H111-ΔprtR, in case any phenotypic 

effects associated with deletion of prtR were due to polar effects of the lesion or an 

adventitious event that occurred during construction of the mutant, the WT prtR gene 

was cloned into pBBR2. Using primers PrtRfor and PrtRrev, prtR (793 bp) was amplified 

with its native promoter and ligated to the HindIII and XbaI sites of pBBR2. The size of 

the plasmid (5.907 kb) and sequence integrity of the cloned DNA was confirmed and the 

plasmid (pBBR2-PrtR) was transferred to H111-ΔprtR by carrying out conjugation using 

S17-1 as the donor strain. 

 

3.5.4 Effect of deletion of prtI or prtR on bacterial growth under normal conditions 

To assess whether prtI or prtR were required by cells under standard laboratory 

growth conditions, liquid cultures were grown and optical density was measured as 

described in section 2.1.4. Additionally, the efficiency of forming colonies was 

investigated. As shown in Figure 3.31, prtI and prtR deletion mutants grew similar to the 

wild type and also formed colonies with similar efficiency to that of the wild type. 

However, it was also observed that the ΔprtR mutant occasionally formed different sized 

colonies, though this was not consistent. The underlying mechanism attributing to this 

was not fully investigated. However, it was hypothesised that deletion of the anti-σ 

factor made cells slightly ‘sick’ due to PrtI being constitutively active. 
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Figure 3.31. Effect of deletion of prtI and prtR on growth under normal conditions 
(A) Growth curves of WT (H111), H111-ΔprtI and H111-ΔprtR in LB, n=9. (B) Representative 
image of serially diluted log phase cultures of WT (H111), H111-ΔprtI and H111-ΔprtR grown in 
LB at 37oC were plated on LB agar. 

 
 
 
 
 
 
 
 

WT 

ΔprtI 

  10-1       10-2         10-3     10-4         10-5  

 

B 

ΔprtR 

A 



170 
 

3.5.5 Effect of deletion of prtI or prtR on bacterial growth under oxidative stress 

conditions 

The ChIP-seq and reporter plasmid fusion analyses showed that PrtI regulates 

the gene located upstream of prtI, i.e. I35_RS16285. I35_RS16285 is predicted to be a 

catalase based on genome sequence annotation (BLASTP search). Therefore, it was 

decided to study the effects of prtI and prtR deletion on the ability of B. cenocepacia to 

respond to oxidative stress. Initially hydrogen peroxide was used as an oxidant and a 

variety of different experimental designs were tested to optimise the assay. 

In the first method, bacteria were grown in LB containing different 

concentrations of H2O2 (0, 2.5, 5 and 10 mM), and the growth was monitored hourly by 

measuring the OD600. As seen in Figure 3.32A there was no significant difference 

between growth rates for WT and ΔprtI. This could be attributed to other antioxidant 

mechanisms present in cells that help bacteria survive under oxidative stress that might 

have been constantly released as the bacteria continuous to grow. Subsequently, the 

rate at which hydrogen peroxide could kill bacteria within a limited time was 

investigated. This ‘killing curve’ was carried out according to two methods as described 

in sections 2.8.1 and 2.8.2. The ‘20 minute’ killing curve was implemented using 10 mM 

H2O2, during which samples of the cultures were serially diluted and spotted on LB agar 

(section 2.8.1) (data not shown). Killing curves as described in section 2.8.2 were carried 

out using 5 mM, 7.5 mM and 10 mM H2O2 to identify appropriate conditions to generate 

a killing curve for the WT (data not shown) where 7.5 mM was found to be the optimum 

concentration. However, deletion of prtI did not have significant effect on bacterial 

survival in liquid culture under oxidative stress as compared to WT (Figure 3.32B).  

Further, the techniques that tested the effect of oxidative stress on bacteria 

growing on an agar based medium were investigated. Two different methods were 

employed – the first one included the oxidant within the agar, onto which serially diluted 

bacteria were spotted, as described in section 2.8.3. The optimal concentration was first 

empirically determined, however, this technique produced variable results giving very 

high error bars and was decided to not be used (data not shown). In the second 

approach, bacteria in soft agar were overlaid on standard agar plates onto which a filter 
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disc, containing the oxidant was placed. During overnight incubation the oxidant diffuses 

and creates a zone of growth inhibition (section 2.8.4). In addition to hydrogen peroxide, 

effects of the oxidants sodium hypochlorite, methyl viologen and tert-butyl 

hydroperoxide were also tested. In each case, the optimal concentration was first 

empirically determined (data not shown). This technique was found to be reliable as it 

produced similar results each time and was fairly easy to perform. Using the above 

technique, it was found that the ΔprtI and ΔprtR were similarly sensitive to the oxidants 

as the WT (Figure 3.33 and 3.34). These results suggest that the putative σ factor-anti σ 

factor pair, PrtI-PrtR, may not be involved in an oxidative stress response in B. 

cenocepacia.  
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Figure 3.32. Effect of peroxide stress on the B. cenocepacia ΔprtI mutant 
(A) Representative growth curves of WT (H111) and H111-ΔprtI in LB containing 0, 2.5, 5 or 10 
mM H2O2 grown at 37oC aerobically. (B) Killing curve of WT (H111) and H111-ΔprtI in LB 
containing 7.5 mM H2O2 at 37oC.  
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Figure 3.33. Effect of oxidative stress due to deletion of prtI  
(A) Representative images of plates showing a zone of inhibition assay to measure sensitivity to 
different oxidants. In each case top filter disc contains oxidant and bottom filter disc contains 
water. Top horizontal panels represent WT (H111), bottom panels represent H111-ΔprtI. Vertical 
panels from left to right represent oxidants H2O2, methyl viologen, sodium hypochlorite and tert-
butyl hydroperoxide. (B) Quantification of the zones of inhibition for WT (H111) and H111-ΔprtI. 
A students’ t-test was carried out to determine statistical significance, ns = not significant, (n = 
9). 
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Figure 3.34. Effect of oxidative stress due to deletion of prtR  

(A) Representative images of plates showing zone of inhibition assay to measure sensitivity to 

different oxidants. Top horizontal panels represent WT (H111), bottom panels represent H111-

ΔprtR – filter disc contains (a) sodium hypochlorite (b) H2O (c) tert-butyl hydroperoxide (d) 

methyl viologen (e) H2O2. (B) Quantification of the zones of inhibition for WT (H111) and H111-

ΔprtR. A students’ t-test was carried out to determine statistical significance, ns = not significant, 

(n = 5). 
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3.5.6 Effect of deletion of prtI or prtR on protease activity 

The P. fluorescens PrtI orthologue plays a role in extracellular protease 

production as described before. To assess the role of the PrtI system on protease 

production in B. cenocepacia 5 µl of bacterial culture (OD600 = 1) was spotted on d-BHI 

agar (2.1.2) and incubated at one of the following temperatures - 25, 30, 37 or 42oC 

overnight to allow formation of clear zones around the growth due to protease activity. 

No protease activity was seen at 25oC for any strains. H111-ΔprtI consistently formed a 

clear zone of similar size to that of the WT (H111) at 30, 37 and 42oC. However, H111-

ΔprtR gave slightly smaller zones, although this difference was subtle. This may be due 

to H111-ΔprtR being unstable and forming different sized colonies as seen before. It was 

obvious that the density of growth of the ΔprtR mutant was less than that of the WT and 

H111-ΔprtI which was perhaps the reason for the slightly smaller zones of casein 

hydrolysis. To determine whether this difference was complementable, pBBR2 and 

pBBR2-PrtR were each transferred to H111-ΔprtR by conjugation using S17-1 as donor 

cells. However, it was observed that even in the presence of prtR, the ΔprtR mutant still 

continued behaving as it did in the absence of prtR. Importantly, protease activity was 

not abolished for either of the mutants at any temperature in contrast to the studies 

with Pseudomonas, suggesting that PrtI and PrtR do not have roles in regulating 

protease activity in B. cenocepacia.  
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Figure 3.35. Effect of deletion of prtI and prtR on extracellular protease production by B. cenocepacia 
5 µl of bacterial culture (OD600 = 1) was spotted on d-BHI agar and incubated overnight such that a clear zone of inhibition formed around the growth. 
Top row with panels A, B, C and D has H111 (WT) on top, H111-ΔprtI on bottom right and H111-ΔprtR on bottom left. (A) 25oC (B) 30oC (C) 37oC (D) 42oC. 
Bottom row with panels E, F and G has H111 (WT) on top, H111-ΔprtR/pBBR2 on bottom right and H111-ΔprtR/pBBR2-PrtR on bottom left. (E) 30oC (F) 
37oC (G) 42oC.  
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3.5.7 Effect of deletion of prtI or prtR on bacterial motility and swarming 

The effect of deletion of prtI or prtR on motility and swarming were determined 

as described in section 2.7.3. Deletion of prtR seemed to result in small reduction in 

surface motility and swarming, however this was not statistically significant (Figure 3.36 

A-C). This may be related to the same property of H111ΔprtR that gives rise to variable 

colony sizes. It was overall concluded that both PrtI and PrtR may not have a role in 

motility. 

 

3.5.8 Effect of deletion of prtI or prtR on biofilm formation 

It was investigated whether deletion of prtI or prtR affected the ability of bacteria 

to form biofilms using the technique described in section 2.7.4. WT (H111), H111-ΔprtI 

and H111-ΔprtR formed biofilms with similar efficiency as shown in Figure 3.36D. 

Therefore, it was concluded that deletion of prtI and prtR may not play a role in biofilm 

development. 
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Figure 3.36. Effect of deletion of prti or prtr on motility, swarming and biofilm formation: 

(A) Representative images of motility agar inoculated with WT, H111-ΔprtI or H111-ΔprtR. (B) 

Representative image of swarming agar inoculated with WT, H111-ΔprtI or H111-ΔprtR. (C) 

Quantification of zones of motility/swarming of the WT, H111-ΔprtI or H111-ΔprtR. A one-way 

ANOVA with a Tukey’s post test was carried out to determine statistical significance, ns = not 

significant, (n=6). (D) Representative images of WT, H111-ΔprtI or H111-ΔprtR biofilms stained 

with crystal violet. 
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3.5.9 Effect of deletion of prtI or prtR on EPS production 

In order to study exopolysaccharide production, a medium which allowed 

mucoid colonies to form was required. A previously developed ‘EPS medium’ (K.L. 

Farmer and M.S. Thomas, unpublished) which was based on Y-glutamate-glycerol M9 

minimal salts medium containing glutamic acid as nitrogen source, glycerol, and at a low 

pH was employed. EPS medium was varied to nature and concentration of components 

to optimise the production of B. cenocepacia. These included nitrogen source, pH and 

growth temperature as shown in Table 3.1. The effect of the amount of glycerol and 

phosphate concentration were not tested. Two different strains were tested – H111 and 

715j. Increasing pH, increasing concentration of glutamic acid or changing the nitrogen 

source caused a decrease in production of EPS for both strains. It was found that 

medium containing 1.69% L-glutamic acid, at pH 6.0 or 6.5 and grown at 30oC was found 

to be the most effective for development of mucoid colonies for H111 strain whereas 

for 715j, most mucoidy was obtained when the medium contained 1.69% L-glutamic 

acid, at pH 6.0 and bacteria were grown at 37oC.  

H111, H111-ΔprtI and H111-ΔprtR were streaked on EPS medium in biological 

and experimental triplicates. While H111 and H111-ΔprtI formed the same type of 

mucoid colonies, H111-ΔprtR seemed to give either mucoid colonies, like the WT, or a 

mixture of both mucoid and smaller, less mucoid colonies. Sometimes, only smaller less 

mucoid colonies were formed (Figure 3.37). The instability of the H111-ΔprtR phenotype 

may be the result of the constitutive activity of PrtI which may make the mutant ‘sick’ 

as described earlier (section 3.3.4). To assess whether the altered mucoid phenotype 

was due to the loss of prtR, H111-ΔprtR containing pBBR2 expressing prtR was also 

streaked on EPS medium.  

H111-ΔprtR/pBBR2 and H111-ΔprtR/pBBR2-PrtR gave rise to mucoid colonies 

similar to the WT. Since H111-ΔprtR/pBBR2 should give the same phenotype as H111-

ΔprtR it was concluded that the mixed colony phenotype might be caused by secondary 

site mutations, and that PrtR does not have a direct role in regulating EPS production. 
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Table 3.1. Optimisation of medium for EPS production by B. cenocepacia 

 

 

 

 

 

 

 

 

 

 

 

 

 
To make Exopolysacchiride (EPS) producing media the following components to the final concentrations of 0.169 % glutamic acid (sodium salt), 0.3 % Tris base, 0.1 ml 
MgSO4.7H2O (10 % w/v), 0.1 ml CaCl2.6H2O (22 % w/v), 0.1 ml K2HPO4.3H2O (22 % w/v) were added to ddH2O. After adjusting the pH, the final volume was adjusted 
to 99 ml.  A final concentration of 1.5 % agar (Oxoid) was added prior to autoclaving. 50% sterile glycerol solution was added to a final concentration of 1% to the 
medium and poured into sterile Petri dishes.  For optimisation, variations in one or more components were made in the recipe. Each row represents the modification 
made at a time and the mucoidy obtained for the strains. Key:  -- = non mucoid; +, ++, +++, ++++ = increasing amounts of mucoidy. 

Nitrogen source 
% nitrogen 

source   pH    

Temperature 
oC 

715j 
mucoidy 

H111 
mucoidy 

L-glutamic acid 0.169 5.0      37 +++ +++ 

L-glutamic acid 0.169  5.5     37 +++ +++ 

L-glutamic acid 0.169   6.0    37 ++++ ++++ 

L-glutamic acid 0.169    6.8   37 +++ +++ 

L-glutamic acid 0.169     7.5  37 -- -- 

L-glutamic acid 0.169      8.5 37 -- -- 

L-glutamic acid 0.5   6.0    37 -- -- 

Tryptophan 0.169   6.0    37 -- -- 

alanine 0.169   6.0    37 ++ ++ 

proline 0.169   6.0    37 + + 

lysine 0.169   6.0    37 + + 

ammonium chloride 0.169   6.0    37 -- -- 

Aspartic acid 0.169   6.0    37 ++ ++ 

histidine 0.169   6.0    37 +++ ++ 

L-glutamic acid 0.169    6.5   37 ++ ++ 

L-glutamic acid 0.169   6.0    30 +++ ++++ 

L-glutamic acid 0.169    6.5   30 +++ ++++ 

L-glutamic acid 0.169   6.0    25 -- + 

L-glutamic acid 0.169    6.5   25 -- + 
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Figure 3.37. Effect of inactivation of prtI and prtR on EPS production by B. cenocepacia on EPS medium (pH 6.0) at 30oC  
(A) H111 (WT) (B) H111-ΔprtI (C) H111-ΔprtR forming uniform mucoid colonies. (D) H111-ΔprtR forming small non-mucoid colonies. (E) H111-ΔprtR 
forming mixed sized colonies of variable mucoidy. (F) H111-ΔprtR/pBBR2 (G) H111-ΔprtR/pBBR2-PrtR forming uniform mucoid colonies. 
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3.6 Investigation of the role of PrtI by studying the role of its target gene – 

I35_RS16285 

In a complementary approach to identify the role of PrtI, the role of its target 

gene I35_RS16285, was investigated. This gene is predicted to encode a catalase based 

on the amino acid sequence of its encoded product. However, deletion mutant studies 

described in section 3.5 did not provide evidence that PrtI-PrtR have a role in an 

oxidative stress response. Therefore, it was decided to investigate the role of 

I35_RS16285 and confirm if it functions as a catalase or not. 

 

3.6.1 Testing the enzyme activity of purified I35_RS16285  

To investigate the enzyme activity of I35_RS16285, it was decided to overexpress 

the protein using the E. coli host strain BL21 (DE3) and the pETDuet expression plasmid 

which can be used to overproduce target proteins with an N-terminal hexa-histidine 

affinity tag. Thus the expected host strain would be used to produce His6. I35_RS16285, 

a 34.88 kDa protein which could be tested for its catalase activity by carrying out an 

enzyme assay. 

 

3.6.1.1 Construction of plasmid harbouring I35_RS16285 

I35_RS16285 was amplified without its predicted sec-dependent signal sequence 

using primers Catduetfor and Catduetrev with boiled H111 lysate as template and Q5 

polymerase. The PCR product of 963 bp digested with BglII and HindIII and ligated to 

pETduet-1 digested with HindIII and BamHI. As BglII and BamHI generate compatible 

sticky ends this results in cloning of I35_RS16285 into the MCS located downstream of 

the first (i.e. upstream) T7 promoter. The ligations were used to transform MC1061 cells, 

which were spread on LB containing ampicillin. Colonies were PCR screened using 

I35_RS16285-specific primers and the transformants thought to contain the desired 

plasmid were checked for their size (6.383 Kb) and sent for sequencing to confirm the 

integrity of the cloned DNA (pETduet-1- I35_RS16285). 
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3.6.1.2 Purification of I35_RS16285 

Clones that contained the expected I35_RS16285 insert were transferred to BL21 

(λDE3) cells. To test whether I35_RS16285 was produced when the T7 promoter on 

pETDuet- I35_RS16285 was induced by IPTG, 8 ml cultures were induced with IPTG up 

to late-log phase and a 1ml aliquot was centrifuged at 13,000 rpm for 3 minutes. Cells 

were re-suspended in 2X Laemmli buffer and boiled for 10 minutes. After a clearing 

centrifugation step, 20 μl of sample was loaded on to an SDS polyacrylamide gel and 

electrophoresis was carried out. As shown in Figure 3.38A, a protein consistent with the 

size of the expected protein (approx. 35 kDa) was observed in the induced sample, while 

it was not present in the non-induced sample, thus strongly suggesting that His6. 

I35_RS16285 was being expressed when induced. Next, to test whether His6. 

I35_RS16285 was soluble, 25 ml cultures were IPTG induced up to late-log phase and 

cells were harvested at 12,500 rpm for 20 minutes at 4oC. Cells were washed and lysed, 

and samples were prepared and electrophoresed in a SDS polyacrylamide gel as 

described in section 2.3.2. As shown in Figure 3.38B, a protein corresponding to 

approximately 35 kDa size was visible in the whole cell lysate, crude lysate and soluble 

fraction (supernatant) thus showing that His6. I35_RS16285 was largely soluble. Next, 

His6. I35_RS16285 was purified by IMAC as described in section 2.3.3. Here, a 200 ml 

culture was grown to log phase at 30oC and induced for 3 hours and harvested by 

centrifugation at 12,500 rpm for 20 minutes at 4oC. Cells were lysed with lysozyme and 

the supernatant was loaded onto a HisTrap nickel Sepharose column attached to an 

ÄKTA purifier 10 FPLC purification system. The column was washed in buffer containing 

a low concentration of imidazole and protein was eluted using a buffer containing a high 

concentration of imidazole buffer. As shown in Figure 3.38C & E, eluate tube A8 was 

found to contain most concentrated amount of His6. I35_RS16285. Most of the protein 

sample thus obtained constituted of His6. I35_RS16285 with very mild contamination by 

other bacterial proteins, based on the visual appearance of the SDS PA gel, although the 

exact percentage of purified protein in the sample was not measured. To confirm that 

the purified protein was indeed His6. I35_RS16285 a Western blot was carried out using 

anti-hexa-histidine primary antibody raised in mouse and a secondary anti-mouse 
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antibody raised in rabbit. As shown in Figure 3.38D purified samples of the protein were 

tested and confirmed to contain His6. I35_RS16285 based on its cross-reactivity with the 

antibody. Using the Bradfords assay (section 2.4.3), the purified protein sample was 

quantified and was found to contain approximately 0.6 mg/ml total protein.  
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Figure 3.38. Purification of His6. I35_RS16285  
(A) Coomassie blue stained SDS PA gel showing total protein content from uninduced and 
induced BL21(DE3)/pETDuet-His6. I35_RS16285 cultures, L = ladder, - = inunduced, + = induced, 
red arrow indicates location of His6.I35_RS16285. (B) Coomassie blue stained SDS PA gel showing 
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samples used to test solubility of His6.I35_RS16285, red arrow = His6.I35_RS16285. (C) 
Coomassie blue stained SDS PA gel showing purification of His6.I35_RS16285 by IMAC, A6-A11= 
elution samples, red arrow indicates location of His6. I35_RS16285 (D) Western blot of same 
eluate samples from image C using anti-hexa-histidine antibody red arrow indicates His6. 
I35_RS16285 (E) A280 trace to identify His6. I35_RS16285 protein content in IMAC eluates. X-axis 
indicates volume of liquid that is passed through the column (ml); Y-axis indicates absorbance 
(A280). Initial blue peak at 22 minutes corresponds to the wash step to remove unbound protein. 
Second blue peak at 41 ml corresponds to His6.I35_RS16285elution and plateau formed from 46 
ml onwards is due to high concentration imidazole buffer.  
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3.6.2.3 Catalase enzyme assay 

Immediately after protein purification, to measure the catalase activity of His6. 

I35_RS16285, the procedure described in section 2.5.2 was used where the rate of 

degradation of H2O2 was measured. As a positive control for the experiment, 

commercially available catalase (haem dependent) with a pre-determined catalase 

enzyme activity was used. Commercial catalase (from bovine liver) at approximately 100 

units/ml was used in the assay which corresponded to 20 µg/ml of protein. Due to batch 

to batch variation, Sigma was contacted to find the enzymatic activity for this batch 

which turned out to be 69.2 units/ml for a concentration of 20 µg/ml of protein. As a 

control for any background catalase/anti-oxidant enzyme activity from proteins 

expressed by BL21 (DE3), a different B. cenocepacia protein, ‘BCAS0667.CTD’, was used, 

expressed from a previously constructed plasmid pHLS16 (H. Spiewak & M.S.Thomas, 

unpublished). It was purified in parallel exactly the same way as I35_RS16285 using the 

same expression plasmid, same host strain and with a N-terminal hexa-histidine tag. 

BCAS0667.CTD is the C-terminal domain of BCAS0667, a putative effector of the type VI 

secretion system and was expected to be devoid of catalase activity. The catalase activity 

was measured at room temperature (25oC) and 37oC using a thermostatted 

spectrophotometer. As shown in Figure 3.39B, no catalase enzyme activity was 

measured even when up to 10 times more I35_RS16285 protein (200 µg/ml) was used 

as compared to the positive control either at 25oC or at 37oC. These results suggest that 

I35_RS16285 may not function as a catalase.  
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Figure 3.39. Testing the catalase activity of I35_RS16285 
(A) Coomassie blue stained SDS PA gel showing purified I35_RS16285 and BCAS0067.CTD 
indicated by red and blue arrows, respectively. (B) Catalase enzyme activity (ability to degrade 
H2O2) in units/ml was calculated based on the time required for A240 to reduce from 0.450 to 
0.400 in reaction buffer containing H2O2. n = 9. 
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3.6.2 Identifying the function of I35_RS16285 by testing for complementation of an 

E. coli catalase deficient mutant 

A complementary approach to test catalase activity was used, where 

I35_RS16285 was cloned into a plasmid that could constitutively express it at 

physiological levels in an E. coli catalase deficient mutant. As I35_RS16285 is predicted 

to contain a signal sequence, which suggests it might be exported into the periplasm 

where it might be carry out its target function, this sequence was retained. 

 

3.6.2.1 Construction of plasmid harbouring I35_RS16285 

Using primers Cat-compFor and Cat-compRevflag, I35_RS16285 was amplified 

from a boiled H111 lysate and using Q5 polymerase such that it incorporated the FLAG 

epitope tag coding sequence before the stop codon. The PCR product of 1153 bp was 

digested with HindIII and XbaI was ligated to the constitutive expression vector 

pBBR1MCS which was digested with the same enzymes. The ligation was then used to 

transform MC1061 cells which were spread on LB plates containing chloramphenicol. 

The resulting colonies were PCR screened using I35_RS16285 specific primers and the 

sequence integrity of the insert in putative recombinants was confirmed by nucleotide 

sequencing. 

 

3.6.2.2 Complementation of a catalase deficient mutant 

In order to test the hypothesis that I35_RS16285 could complement a strain 

deficient in catalase, the E. coli strain LC106, a mutated version of MG1655 which lacked 

the scavenging enzyme like catalases and NADH dependent peroxidases (katG, katE, 

ahp) was transformed with pBBR- I35_RS16285 and pBBR2 as a control. Subsequently, 

a zone of inhibition assay was carried out as described in section 2.8.4, using H2O2 as the 

oxidant. As observed in Figure 3.40A, pBBR- I35_RS16285 did not increase the resistance 

of LC106 to peroxide stress. Additionally, Western blotting was carried out to test if 

I35_RS16285 was being expressed using an anti-FLAG primary antibody raised in rabbit 

and a secondary anti-rabbit antibody raised in goat. As shown in Figure 3.40C, a cross-
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reacting protein band migrating with a size consistent with the expected molecular 

weight of FLAG-tagged I35_RS16285 (40.7 KDa) was detected in total protein sample 

extracted from LC106/pBBR- I35_RS16285, confirming that I35_RS16285FLAG (FLAG 

tagged I35_RS16285) was expressed.  

Therefore, based on results from the catalase enzyme assay and the 

complementation experiment it seemed that I35_RS16285, at least on its own, does not 

act as a catalase. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.40 Complementation assay on an E. coli catalase and NADH-dependent peroxidase 
deficient mutant with B. cenocepacia I35_RS16285 
Representative images of plates showing top filter containing oxidant (H2O2) with a zone of 
inhibition around and bottom filter disc containing water (A) MG1655/pBBR1MCS (B) 
MG1655/pBBR-I35_RS16285-FLAG, (C) LC106/pBBR1MCS, (D) LC106/pBBR-I35_RS16285-FLAG. 
(E) Quantified results showing diameter of zone of inhibition for pBBR1MCS Vs pBBR-
I35_RS16285. A one way ANOVA with a Tukey’s post test was carried out to determine statistical 
significance, ns= not significant, (n=5). (F) Western blot of total protein content obtained from 
(1) LC106/pBBR1MCS (2) LC106/pBBR-I35_RS16285-FLAG, using anti-FLAG antibody, L=ladder. 

  

A B C D 

E F 
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3.6.3 Bioinformatic analysis of I35_RS16285 

In order to identify the putative role of I35_RS16285, since it did not seem to 

function like a catalase, I35_RS16285 orthologues were searched using BLASTP. 

I35_RS16285, a putative haem binding catalase is homologous to SrpA (36 kDa), with 

40% similarity, a currently uncharacterised putative sulphur regulated protein from 

Synechococcus species (cyanobacteria). None of the current literature has yet defined 

its role although it is regulated by sulphate. CysR a protein involved in sulphur regulation 

and from the Crp family of regulators is reported to regulate srpA. Nevertheless, deletion 

of srpA did not affect growth under low or high sulphate concentrations, leading to the 

speculation whether or not it may be involved in sulphate uptake or metabolism 

(Nicholson and Laudenbach, 1995). SrpA is predicted to be a monofunctional haem type 

catalase, and seems to have conserved residues involved in haem binding (Nicholson 

and Laudenbach, 1995). Catalases act on hydrogen peroxide and decomposes it to give 

molecular oxygen and water. Catalases are ‘haem-containing’ and can be 

monofunctional or bifunctional (catalase-peroxidase). But, non-haem containing 

catalases (manganese containing) also exist in bacteria.  Some proteins like SrpA may 

have similar folds and haem binding sites as catalase, but there is no evidence showing 

the presence of catalase enzyme activity. SrpA forms part of a cluster of 13 sulphur 

regulated proteins, where upstream of srpA is present an uncharacterised gene 

encoding a putative transcriptional regulator (Chen et al., 2008), However this is distinct 

from PrtI. Therefore, currently it is concluded that this protein may function as a 

periplasmic catalase, although my experiments suggest I35_RS16285 cannot function as 

a catalase on its own.  

BCAM0931 is a monofunctional haem-type catalase, KatE from B. cenocepacia 

J2315 (Holden et al., 2009). An alignment of KatE with I35_RS16285 and SrpA was carried 

out. Figure 3.41 shows conserved and similar residues amongst the three proteins. Most 

of the amino acids forming the haem binding pocket are conserved across the three, 

especially His69, Phe146, Phe154, Arg145 and Tyr149 of I35_RS16285. However, 

additional conserved motifs are apparent in addition to the haem binding pocket in an 
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alignment between I35_RS16285 and SrpA, suggesting they might indeed be 

orthologues. 
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KatE          1 ---MSSSS------PRVLRHAVAAICVALSASPYAAELTRDTGAPVGDNQ 

I35_RS16285   1 MKQSSSSSPQREPGRGWWRWAVIGGAVAGVA----AAF----GY------ 

SrpA          1 ---------MIRIRNRWFRWLAIAL--ASLV----ASI----GI------ 

                    ....       ...*...... .* ..    * .    *        

  

KatE         42 NSQTAGPAGPVLLQDSALIEKLQRFDRERIPERVVHARGTGAFGEFVPSA 

I35_RS16285  37 ---AGGWLAPARLTPHRLVDALQTNSGVHPGYRRNHAKGVCVTGYFEGNG 

SrpA         26 ---ATVGFAATGVTPDQVLSAIEGTFGVNVGQRRNHIKGTCAVGNFVATT 

                   ...  ..  ...  ......   ..... *..*..*... * *.... 

 

KatE         92 DISDLTKAKVFTPGTRTPVFVRFSTVMGYRGSPEQARDPRGFAVKFYTQQ 

I35_RS16285  84 AASAYSVAPF-FKAVRTPVVGRFALPGGNPYAPDSSVPIRSLALKLTAPD 

SrpA         73 EAKTYSRSPL-FSGQSIPVVARFSLAGGNPKAPDTAKNPRGLGLQFQLPN 

                ... ...... . . ..**..**.. .*.. .*.... .*......  .. 

 

KatE        142 G-NWDMVGINWPVFFIRDGIKFPDFVHANKPSAVTGVQDPNLAFDFFAHT 

I35_RS16285 133 GEQWRTGMNAMPVFPVATPQAFYEQTLATRPDPKTGKPDPAKVKAFFGAH 

SrpA        122 NRFLNMALLNTPVFGVASPEGFYENILAIRPDPTTGKPDPEKVKAFREKY 

                . .. ..... *** .... .*.....* .*.. **..** ....*...  

 

KatE        191 PEATHMLTRLYTDEGMPDSYRHMDGFAVHAFKFVNAQGDVHYVKFHWKSR 

I35_RS16285 183 PEAGAFLKWV-KGAKPSASYVTESYYGLNAFYFVDAAGKRQAVRWRVVPE 

SrpA        172 PENKAQAAFL-ASNNPPTSYANTSYFGLHAFKFINQTNQTRLVRWQFVPQ 

                **. . . ..     .. **   ......**.*... .  . *......  

 

KatE        241 QGVHGLRPQEIAASIGRDWNMMTNDLYGALKQGDFPKWDLYVQVLTPKDL 

I35_RS16285 232 QTAGAG--DVATA---ADPNVLQQDVTQR-IAAGAQKWKLLVTLAEPGDP 

SrpA        221 DGEKRLTDAELQA---APANFLEQKLIER-TQDSPVKWDFWITLGQPGDA 

                .. ...   .. *   .. *.. ...  .  ..   **....... *.*  

 

KatE        291 SRFDFDALDDTKVWTGV-PERKIGTMTLDRVPDNYFQSTEESAFAPSRLV 

I35_RS16285 276 V------DDATKVWPVERTTIDAGTLVLDRVEAQDSGPCRDVNYDPTVLP 

SrpA        267 E------DNPTIAWPSDRQQVKVGTLTLTAASPQPGAACEGINYDPLVLS 

                       .. *..*. ..  ...**..*...  .  . .......*..*  

 

KatE        340 PGIEPSEDRMLQDRLFAYADTQMYRLGANYMDLPINRPVVPVVNNNQDGK 

I35_RS16285 320 QGIQVSGDPLLAARSAAYADSYLRRTSEEAGVAG-------AARLSGEGR 

SrpA        311 DGIEPTNDPVLQFRSGVYALSYSKRTRGL--------------------- 

                 **... *..*. *...**.....*. .                   ... 

 

KatE        390 MNAGDRKGEVNYEPSTLNELAQDPQYKSVRMALDGTTQQEAIRKKLPFRQ 

I35_RS16285 363 -------------------------------------------------- 

SrpA            -------------------------------------------------- 

                                                                   

KatE        440 AGEYYRSLSQQDKDDLVTALSGDLGQVKNAQNQYAMLSYFYKADADYGTR 

I35_RS16285     -------------------------------------------------- 

SrpA            -------------------------------------------------- 

                                                                   

KatE        490 LAQAVHANVQQVQSLAAKLSDN 

I35_RS16285     ---------------------- 

SrpA            ---------------------- 

                                       

 

 
Figure 3.41. Alignment of KatE, I35_RS16285 and SrpA 
KatE (a B. cenocepacia catalase), I35_RS16285 and SrpA sequences were aligned using clustal 
omega and shaded using BOXSHADE. Amino acids which are identical at the corresponding 
position in ≥50% of sequences are shown in white font with black highlighting while amino acids 
which are similar at the corresponding position are shown in white font with grey highlighting. 
Residues forming the haem binding pocket are highlighted in magenta. 
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3.7 Regulation of PrtI by the putative anti-σ factor PrtR 

Downstream of prtI lies I35_RS16295, predicted to encode a putative trans-

membrane anti-σ factor. Since the encoded product is similar to PrtR of Pseudomonas 

fluorescens it is referred to as PrtR here. PrtI and PrtR have over-lapping stop and start 

codons which suggest that they might be translationally coupled. It was therefore 

hypothesized that, PrtR acts as a conventional anti-σ factor that keeps the σ factor PrtI 

bound and inactive under normal conditions, but releases it, in response to an 

appropriate signal to initiate transcription of specific genes. The first objective was to 

test the interaction between PrtI and PrtR in vivo. Further, the activity of PrtI-dependent 

promoters was studied in E. coli in and B. cenocepacia in the absence and presence of 

PrtR. 

   

3.7.1 Construction of plasmids expressing PrtI and PrtR hybrid proteins for two-hybrid 

analysis 

To study protein-protein interactions, the bacterial two-hybrid assay is a useful 

and robust technique. As described in section 2.6.1, the principle of this technique lies 

in obtaining a lactose or maltose phenotype produced by cells harbouring pairwise 

combinations of compatible plasmids that express proteins which may or may not 

interact. The proteins of interest are fused to either the T18 or T25 domains of B. 

pertussis CyaA (adenylate cyclase) by cloning the genes encoding the proteins into 

vectors pUT18, pUT18C, pKT25 or pKNT25. If the proteins of interest interact, it allows 

the two domains T18 and T25 to be brought in close proximity creating a functional 

adenylate cyclase. This causes production cyclic AMP from ATP. cAMP can combine with 

catabolite activator protein (CAP) which can switch on genes such as those of the 

maltose and lactose operons that have CAP-cAMP dependent promoters. If the medium 

on which these cells are grown contains maltose (i.e. maltose-MacConkeys agar), cells 

can now utilise it causing a change in the local pH of the medium and therefore the 

colour of the colony. A strong maltose phenotype gives dark maroon colonies whereas 

a weak or negative maltose phenotype gives white colonies. 



195 
 

Initially, it was decided to test whether the C-terminal domain of the σ factor (σ4) 

interacts with the N-terminal domain of the anti-σ factor. Hence, it was decided to study 

the interaction between the C-terminal domain of PrtI (PrtI-CTD) with the N-terminal 

domain of PrtR (PrtR-NTD). Using primers PrtICTDfor and PrtICTDrev, a DNA fragment 

encoding PrtI-CTD (237 basepairs) was amplified from a boiled H111 lysate and cloned 

between the XbaI and Acc65I sites of plasmids pKT25 and pUT18C plasmids. Similarly 

using primers PrtICTDfor and PrtICTDrev2, a DNA fragment encoding PrtI-CTD was 

amplified from a boiled H111 lysate and cloned between the same sites of plasmids 

pKNT25 and pUT18. The colonies expected to contain the plasmid with the insert based 

on a PCR screen using insert-specific primers, were checked for their size on an agarose 

gel and their sequence was also confirmed. Similarly, a DNA fragment encoding PrtR-

NTD (246 basepairs) was amplified from a boiled H111 lysate using Q5 polymerase with 

primers PrtRNTDfor and PrtRNTDrev, digested with XbaI and Acc65I and ligated with 

pKT25 and pUT18C which were digested with the same enzymes. Similarly, using primers 

PrtRNTDfor and PrtRNTDrev2, a DNA fragment encoding PrtR-NTD was amplified and 

cloned into pKNT25 and pUT18 between the XbaI and Acc65I sites. MC1061 cells were 

transformed with the ligations and the resulting colonies were screened by carrying out 

a colony PCR using insert specific primers. The sizes of the plasmids were checked and 

the integrity of the cloned DNA was also confirmed by nucleotide sequencing. 

Unfortunately, due to time constraints it was not possible to construct plasmids 

to test the proposition that the N-terminal domain of the σ factor (σ2) interacts with the 

N-terminal domain of the anti-σ factor. 

 

3.7.2 Analysis of PrtI-PrtR interaction and self-interaction using the bacterial two-

hybrid assay 

Compatible pairwise combinations of plasmids as shown in Table 2.9 were used 

to transform BTH101 cells and the transformants were spread on maltose-MacConkey 

medium. Each such transformation was repeated two more times to give a final 

experimental replication of 3 (‘n’ = 3). The phenotypes were recorded as shown in Table 

3.3. The strongest phenotype was observed when T18-PrtICTD was expressed in the same 
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cells as PrtRNTD-T25 (i.e. the plasmid combination pUT18C-PrtICTD and pKNT25-PrtRNTD). 

A weaker maltose-positive phenotype was also observed for PrtI-PrtR interaction with 

the combinations (1) PrtICTD at the N-terminal domain of T18 and PrtRNTD at the N-

terminal domain of T25 (2) PrtICTD at the C-terminal domain of T18 and PrRNTD at the C-

terminal domain of T25 (3) PrtICTD at the C-terminal domain of T25 and PrRNTD at the C-

terminal domain of T18 and (4) PrtICTD at the N-terminal domain of T25 and PrRNTD at the 

C-terminal domain of T18. Self-interaction by PrtICTD was also observed, although there 

has been no evidence so far in the literature of ECF σ factor dimerization. Other 

combinations and controls gave the negative maltose phenotype. Overall, these results 

suggested that PrtI and PrtR interact through their C-terminal and N-terminal domains, 

respectively. 
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Figure 3.42. Two hybrid analysis of PrtI-PrtR interaction 
The combinations of T18 and T25 domains (represented by blue and yellow boxes, respectively) 
used for each interaction are shown. The NTD of PrtR and CTD of PrtI are shown as orange and 
green boxes, respectively, fused to either N or C terminal end of the T18 and T25 fragments. The 
maltose phenotype of each interaction is presented on the right and the key for these results is 
given in a box below the plasmid combinations. 
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3.7.3 Effect of PrtR on the activity of PrtI in E. coli 

To determine whether PrtR has an inhibitory effect on the activity of PrtI, as 

expected for an anti-σ factor an experiment was designed involving construction of a 

plasmid expressing prtI and prtR which would be used in combination with a plasmid 

containing a reporter fusion to the PrtI-dependent promoter, Pcat. 

 

3.7.3.1 Construction of plasmid harbouring prtIR 

A DNA fragment encoding ‘PrtIR’ (beginning from the start codon of PrtI till the 

stop codon of PrtR) was amplified using primers PrtIforB and PrtRrev with Q5 

polymerase, using a boiled H111 lysate as template, giving a product of 1308 bp. pBBR2 

and PCR product ‘PrtIR’ were digested using enzymes HindIII and XbaI and ligated 

together. The ligations were used to transform competent MC1061 cells, which were 

selected on LB agar containing kanamycin. The resultant colonies were screened using 

insert-specific primers by performing a colony PCR with GoTaq polymerase. Plasmid 

DNA was prepared for positive colonies and checked for their size which was expected 

to be 6.422 kb. The integrity of the DNA sequence was confirmed before proceeding 

further. 

 

3.7.3.2 Analysis of PrtI activity in the presence of PrtR in E. coli 

The reporter plasmid pKAGd4 harbouring the PrtI-dependent promoter ‘Pcat’ 

(constructed as described in section 3.2.13) was transferred to E. coli cells (MC1061) 

along with pBBR2-PrtI (constructed as described in section 3.2.15) or pBBR2-PrtIR or 

pBBR2. The activity of the promoter was measured by carrying out β-galactosidase 

assays. As shown in Figure 3.43, the presence of PrtR resulted in a severe decrease in 

the promoter activity rendering it nearly inactive, suggesting that PrtR exerts an 

inhibitory effect on the PrtI activity. As expected, no activity was obtained for the 

promoter in the presence of empty plasmid pBBR2. 
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Figure 3.43. Activity of a PrtI-dependent promoter in the absence and presence of PrtR in E. 
coli 
pBBR2, pBBR2-PrtI or pBBR2-PrtIR, as indicated, were transferred to MC1061 containing 
pKAGd4-Pcat and the promoter activity was measured using the β-galactosidase assay where 
cultures were grown in LB with kanamycin and chloramphenicol. Activities shown have been 
obtained by subtracting the activity of the same strain containing pKAGd4 carried out under 
same conditions (background control). Statistical significance was determined by performing a 
one-way ANOVA with a Tukey’s post test, **** = p<0.0001, (n=6). 
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3.7.4 PrtR on the activity of PrtI in B. cenocepacia 

To further investigate the inhibitory effect of PrtR on the activity of PrtI the 

activity of Pcat was measured in the prtR deletion mutant, H111-ΔprtR described in 

section 3.5.2 and compared to the activity in the WT (i.e. prtR+) strain. pKAGd4 empty 

plasmid and pKAGd4-Pcat were conjugally transferred to H111 and H111-ΔprtR using 

S17-1 as a donor strain and the activity of the promoter was measured by carrying out 

β-galactosidase assays. As shown in Figure 3.44, Pcat was found to be highly active in 

H111-ΔprtR as compared to H111, perhaps due the absence of PrtR, allowing the σ 

factor PrtI to be freely available to recognise and activate the Pcat promoter. These 

results are consistent with the hypothesis that PrtR is the anti-σ factor for PrtI operating 

its regulation via an inhibitory mode. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 3.44. Activity of a PrtI-dependent promoter in the absence and presence of PrtR in 
B.cenocepacia 
pKAGd4-Pcat was transferred to H111 or H111-ΔprtR, as indicated, and the Pcat activity was 
measured using the β-galactosidase assay where cultures were grown in LB with 
chloramphenicol. Activities shown have been obtained by subtracting the activity of the same 
strain containing pKAGd4 assayed under the same conditions (background control). Statistical 
significance was determined by performing a students’ t-test, **** = p<0.0001 (n=6). 
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3.8 Defining the extent of the I35_RS16285 and prtI operons 

To establish the limits of the two PrtI-dependent operons a reverse-transcriptase 

PCR experiment was designed. It was hypothesized that prtI and prtR are co-transcribed, 

driven by promoter PprtI and that I35_RS16285 (putative catalase) and I35_RS16280 

(putative cytochrome B561) are co-transcribed, driven by the promoter Pcat. To induce 

expression of PrtI for production of PrtI-dependent transcripts, pBBR2-PrtI was 

conjugally transferred to H111 (WT) cells by performing a conjugation using S17-1 as 

donor strain. As a control for this experiment, pBBR2 was also transferred to H111 via 

conjugation. Although four pairs of primers were designed to define the extent of the 

I35_RS16285 and prtI operons as shown in Figure 3.45A, only two pairs were used in this 

experiment (the Cat-cytRFor2 and Cat-cytRev primer pair and the PrtIRFor and PrtIRRev 

primer pair) due to lack of time. As described in section 2.2.10.2, mRNA from 

H111/pBBR2 and H111/pBBR2-PrtI was extracted using the Machery-Nagel RNA 

extraction kit. cDNA was prepared separately using reverse primers Cat-cytRev and 

PrtIRRev. Subsequently, standard PCR was carried out to amplify the ‘reverse 

transcripts’, using the Cat-cytRFor2 and Cat-cytRev primer pair (which should give rise 

to a 247 bp PCR product) and the PrtIRFor and PrtIRRev primer pair (which should give 

rise to a 273 bp PCR product). The efficiency of these pairs of primers were first tested 

by carrying out only a standard PCR using boiled H111 lysate as template and were found 

to work efficiently (data not shown). Following that, RT-PCR was carried out using cDNA 

as template. mRNA that was used to make the cDNA was also used as template in a 

separate PCR reaction to control for the presence of contaminating DNA. 

As shown in Figure 3.45B, DNA contamination was observed for the control 

mRNA samples which is apparent as the yield of the PCR product (amplicon) was higher 

than that obtained for cDNA. A higher amount of PCR product (247 bp) was obtained 

using H111/pBBR2-PrtI cDNA as compared to H111/pBBR2 cDNA with Cat-cytRFor2 and 

Cat-cytRev primer pair. Similarly, a higher amount of PCR product at 273 bp was 

obtained using H111/pBBR2-PrtI cDNA as compared to H111/pBBR2 cDNA with PrtIRFor 

and PrtIRRev primer pair. This suggests that these two pairs of genes may be co-

transcribed. However, due to the apparent DNA contamination it is not possible to 
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conclude whether these PCR products arose from the mRNA transcript-derived cDNA or 

amplification due to DNA contamination. A few attempts were made by altering and 

optimising the DNA degradation (treatment with DNase) step but it was not possible to 

complete this experiment satisfactorily due to lack of time.   
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Figure 3.45. Identification of the I35_RS16285 (catalase) and prtI operons by reverse 
transcriptase PCR 
(A) Location of primers used in RT-PCR study (not to scale): Approximate genomic locations 
where the designed primers annealed. Genes encoding putative cytochrome B561, putative 
catalase, PrtI and PrtR are shown as yellow, blue, pink and green block arrows, respectively. 
Locations of primers designed to amplify the regions between 16S rRNA (rrn) gene and 
cytochrome B561 encoding gene are indicated by orange arrows, between genes encoding 
cytochrome B561 and catalase are shown by blue arrows (Cat-cytFor2 and Cat-cytRev), between 
prtI and prtR by red arrows (PrtIRFor and PrtIRRev) and between prtR and gene encoding 
hypothetical protein is shown in green arrows. (B) RT-PCR to identify PrtI regulon: mRNA was 
isolated from H111 containing pBBR1MCS2 or pBBR2-PrtI and cDNA was prepared using either 
reverse primer – Cat-cytRev or PrtIRRev. Using cDNA or mRNA as template PCR was carried out 
using the primer pair Cat-cytFor2 and Cat-cytRev (indicated as Cat-cyt primers) that gave a 
product of 247 bp, or using the primer pair PrtIRFor and PrtIRRev (indicated as PrtI-PrtR primers) 
that gave a product of 273 bp. Blue arrow indicates expected product obtained using the primer 
pair Cat-cytFor2 and Cat-cytRev. Red arrow indicates expected product obtained using the 
primer pair PrtIRFor and PrtIRRev. 
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3.9 Discussion 

This chapter describes the attempt to characterise the putative ECF σ factor 

I35_RS16290 (PrtI) of B. cenocepacia. The role of PrtI in B. cenocepacia, its target 

promoters, target genes and mode of regulation have not yet been defined making this 

a novel study. These research questions are of importance as the current literature 

suggests that PrtI is involved in regulating genes which encode significant virulence 

determinants in the Pseudomonas species, although Burkholderia does not contain most 

of these putative target genes. Nevertheless, the molecular mechanisms of this 

regulation still remain uncertain.  Therefore, studying the role of PrtI in the clinically 

relevant pathogen B. cenocepacia might reveal some interesting signal transduction 

mechanisms involved in the infection process. 

 

3.9.1 PrtI recognises at least two promoters 

A genome wide scan was carried out using ChIP-seq to identify in vivo the PrtI-

dependent promoters on the B. cenocepacia genome. Proteins such as transcription 

factors are point source proteins unlike chromatin marks/histone modifications which 

are broad source. Therefore, the genome mapping step revealed visually detectable 

enrichment regions. Also, for proteins which are not generally expressed under standard 

laboratory conditions an inducible plasmid to express a tagged protein can be used. 

However, it is recommended by ENCODE to include its native promoter in this instance. 

As the aim was to identify true binding targets of PrtI, it was important not include the 

native promoter region in the plasmid construct. Hence, in such a case the same 

experiment was carried out with ‘CONTROL’ samples, consisting of cells harbouring the 

parent plasmid without any insert (Landt et al., 2012). Some studies also recommend 

using a MOCK sample (or IgG control) which consists of using a control antibody, that 

targets a non-specific antigen (Park, 2009). However, this is more often used for cases 

in which the antibody is generated for the particular protein of interest. However, as a 

commercial antibody (anti-FLAG) was used which meets standard practices and also has 

been previously used in other ChIP-seq experiments, I decided not to include a MOCK 

sample (Giacani et al., 2013, Markel et al., 2013, Blanka et al., 2014). Other experimental 
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designs include ‘mutant vs WT study’, mass spectrometry based validation, 

immunofluorescence validation, etc. more relevant for eukaryotic models. Validation on 

the samples before sequencing is often done by carrying out qPCRs. However, the 

results from standard PCRs showed obvious enrichment at the PrtI promoter. The depth 

of sequencing and complexity of library are directly related to site discovery (Bailey et 

al., 2013). A poorly constructed library with high sequencing depth can give more false 

positives while a well-constructed DNA library with low sequencing depth can give more 

false negatives. Therefore, in this study the quality of the samples was checked before 

library preparation, after library preparation and before data analysis to balance quality 

of the DNA libraries with sequencing depth. Lastly, at least two experimental replicates 

are commonly accepted to account for experimental variability. In this study I included 

three experimental replicates which also served as biological replicates to check for 

consistency in peak calling. To make biological sense from the results obtained in a ChIP-

seq study it is important to validate the functionality of promoters by carrying out a 

different experimental design. 

ChIP-seq revealed only one region that was enriched for PrtI binding, which was 

located between prtI and the gene upstream I35_RS16285. An in silico analysis by 

aligning this region with other such regions from closely related species revealed two 

putative PrtI-dependent promoters, based on the conservation of nucleotide sequence 

motifs that could constitute promoter core elements, one for prtI and one for 

I35_RS16285. A short version of the prtI and I35_RS16285 (‘catalase’) promoters – PprtI, 

and Pcat were cloned into a reporter plasmid. Their activities were tested in the presence 

and absence of PrtI and were found to be active in the presence of PrtI in both E. coli 

and B. cenocepacia, thus supporting the ChIP-seq results. Moreover the promoters were 

switched off in B. cenocepacia in the absence of a plasmid expressing the σ factor, but 

switched on in its presence, suggesting that PrtI requires a signal to be active and is 

inactive under normal growth conditions as in the case of most other ECF σ factors. 

Therefore, it was concluded that PprtI and Pcat contain the minimum promoter elements 

required for recognition by PrtI and that PrtI regulates transcription of at least two genes 

– prtI itself and I35_RS16285 (catalase).  
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To study the specific DNA sequence requirements for efficient promoter 

utilisation by PrtI, a single basepair substitution scan of PprtI was carried out. 16 

derivatives of the promoter were studied to define the -10 and -35 regions. The results 

suggest that, GGAATA possibly forms the -35 region with ‘GA’ being most important for 

promoter utilisation. The pair of adenines might play a structural role rather than 

participating in direct interactions with σ4 comparable to that of the ‘AA motif’ in the -

35 promoter region of σE-dependent promoters in E. coli (Lane and Darst, 2006). 

Substituting the T following the -35 region also caused a decrease in promoter activity. 

The base at this position is not conserved in other species. It may suggest that though it 

may not form the -35 region its conformation may allow PrtI to make productive 

interactions with the -35 region. As the ‘CGTC’ motif is so well conserved it may perhaps 

form the -10 region, although experimentally substituting only the G, T and C actually 

reduced promoter activity. It has been experimentally shown that a DXXR motif present 

in σ2 of Thermoanaerobacter tengcongensis ECF σ factor specifically recognises CGTC, 

and this CGTC motif is often conserved in a lot of ECF σ factors (Liu et al., 2012). It was 

found that substituting the T base within the -10 region completely abolished promoter 

activity. This may suggest that perhaps T is an important base for σ2 of PrtI to make 

efficient contact with the promoter and possibly in opening the double stranded DNA 

during transcription initiation (Feklistov and Darst, 2011). Recent structural studies 

suggest that unlike σ2 of housekeeping σ factor σ70, forming two pockets to flip two 

bases from the -10 region (position -12 and -7), σ2 of ECF σ factors can recognise six 

bases across the non-template ssDNA, when strand opening begins, and flips only one 

base to fit in its ‘pocket’ (Campagne et al., 2014, Campagne et al., 2015). As opposed to 

housekeeping σ factors, alternative σ factors have very specific target genes. They 

therefore have evolutionarily developed low melting capacity but high specificity (Darst 

et al., 2014). As compared to the traditional AT rich -10 region (TATAAT) recognised by 

the housekeeping σ factor, ECF σ factors are proposed to have increased promoter 

stringency by reducing the AT richness (Koo et al., 2009). A bioinformatics study on 

promoter analysis across all ECF σ factors shows that in nearly 60 ECF26 σ factors (like 

PrtI) ‘GGAATAA’ is the -35 promoter region consistent with my experimental results, but 
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suggests ‘GTTT’ as the -10 region with a 15-16 spacer, where the first G and T are most 

important (Rhodius et al., 2013). My results demonstrate that G and T are indeed very 

important residues forming the -10 region, but this region does not extend beyond the 

C after the GT.  

In addition to studying the -10 and -35 regions it would be useful to study the 

contribution of bases in the 14 bp spacer region to promoter recognition. The PprtI spacer 

is slightly less GC-rich as compared to that of Pcat. It may be insightful to discern if this 

affects promoter activity as well as whether the length of the spacer region is important. 

To further gain confidence in the experimentally determined -10 and -35 regions, it 

would be useful to determine the transcription start site (TSS) of the genes. 

The identification of the promoter motifs in B. cenocepacia, this now provides a 

tool for identifying the PrtI dependent promoters in other species using FUZZNUC, 

without having to carry out ChIP-seq. 

  

3.9.2 Deletion of prtI or prtR did not affect stress responses in B. cenocepacia 

To construct marker-less deletion mutants in B. cenocepacia, a modified 

pEX18Tp-pheS system was initially used (Barrett et al., 2008). However, as the 

chlorophenylalanine based counter selection did not give rise to any mutants, an I-SceI 

based approach was adopted (Fazli et al., 2015) involving a further modified pEX18Tp-

pheS derivative (H. Spiewak and M.S. Thomas, unpublished). The effect of deleting prtI 

or prtR on the oxidative stress response was investigated in B. cenocepacia since it was 

identified that PrtI regulates a putative catalase. However, deleting either gene 

encoding the σ or anti-σ factor did not affect the ability to cope with oxidative stress 

using oxidants hydrogen peroxide, t-butyl hydroperoxide, sodium hypochlorite or 

methyl viologen. A study investigating the transcriptional response of biofilms of B. 

cenocepacia J2315 to hydrogen peroxide and sodium hypochlorite showed genes 

comprising approximately 5% of the genome being upregulated. Two iron starvation ECF 

σ factors orbS and flrS were upregulated along with BCAL3478 (prtI) and BCAL3477 

(I35_RS16285) in response to hydrogen peroxide but not sodium hypochlorite (Peeters 

et al., 2010). As BCAL3477 transcription was higher when there was longer duration of 
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H2O2 exposure, it is hypothesised that it might not have a direct role in neutralisation of 

exogenous H2O2 and it might have been indirectly activated, perhaps through BCAL3478. 

However, these findings are not consistent with the results reported in this thesis since 

deleting prtI or prtR does not seem to affect oxidative stress response. 

Deletion of prtI or prtR also did not affect protease production, motility, biofilm 

formation or EPS production. However, it must be noted that ΔprtR tended to form a 

mixed colony phenotype especially when forming mucoid colonies on EPS agar, but this 

was not consistent or significant. It was hypothesised that this was perhaps an effect of 

deleting the gene encoding the anti-σ factor rendering the cells ‘sick’. A quantitative 

method of testing exopolysaccharide production is to grow cells in liquid media, extract 

EPS and weigh the amounts of polysaccharide produced. However, since the WT and 

mutants gave a similar degree of mucoidy on EPS media, this was not further 

investigated. 

Although the current literature assigns multiple roles to PrtI-PrtR, they all have a 

common theme of regulating the production of pathogenically important proteins 

(Burger et al., 2000, Liehl et al., 2006, Vodovar et al., 2006, Kimbrel et al., 2010, Okrent 

et al., 2014, Song et al., 2014, Yang et al., 2014) van den Broek, 2005). Therefore, it might 

be useful to study the ability of the ΔprtI and ΔprtR mutants to infect models such as 

Galleria mellonella or lung cell lines compared to the WT. However, since no phenotypes 

were obtained on their deletion, and due to lack of time, this experiment was not carried 

out in this project. 

 

3.9.3 Does PrtI regulate the production of a catalase? 

In the final approach for identifying the role of PrtI, the catalase activity of 

I35_RS16285 was investigated, as no evidence had been provided at this point to show 

that PrtI-PrtR were involved in oxidative stress response. Here two experiments were 

carried out – (1) Purification of I35_RS16285 protein to test catalase enzyme activity and 

(2) complementing a catalase and flavo-enzyme deficient mutant of E. coli to determine 

whether it could help restore its ability to cope with oxidative stress. However, results 

from both experiments suggested that I35_RS16285, at least on its own, can not 
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function as a catalase. A useful positive control for testing enzyme activity with purified 

I35_RS16285 could be using a characterised catalase such as KatE from B. cenocepacia 

expressed with a 6xHis tag to establish that the tag did not affect catalase enzyme 

function. However, due to time constraints it was decided to only use commercial 

catalase as a positive control. 

A BLAST search using I35_RS16285 revealed its similarity to SrpA (sulphur 

regulatory protein A) from Synechococcus species. The exact role of SrpA is not yet 

known, though it is present within a cluster of genes (srpA -> srpM) is proposed to be 

involved in sulphur regulation, along with srpC that encodes a putative 

chromate/sulphate transporter (Chen et al., 2008). The transcription activator CysR 

(cyanobacterial sulphur regulated gene) regulates srpA and also blocks the ability of cells 

to use thiocyanate as sole sulphur source (Laudenbach and Grossman, 1991, Nicholson 

and Laudenbach, 1995). However, deletion of srpA did not affect growth under high or 

low sulphate conditions (Nicholson and Laudenbach, 1995). A novel therapeutic agent 

(rhodamine based) that blocked peroxiredoxin activity also affected SrpA activity 

suggesting its role in oxidative stress in Mycobacterium avium (Bull et al., 2009). 

Peroxiredoxins are involved in degrading peroxidases and comprise a part of the anti-

oxidant defence mechanism in bacteria (Hofmann et al., 2002). 

An alignment of I35_RS16285 with SrpA and I35_RS16285 showed conserved 

haem binding residues, but this does not imply that SrpA/ I35_RS16285 may act on 

oxidant decomposition as there are proteins related to haem-dependent catalases that 

do not function as catalases. Additionally, SrpA and I35_RS16285 (approx. 36 kDa) are 

much smaller than characteristic catalases which typically contain 4 subunits with each 

subunit being 62 kDa. SrpA expression has been reported to be downregulated in the 

presence of H2O2 and has been proposed to be a monofunctional catalase, although its 

catalase activity has been explored but not yet proven in Xanthomonas (Zhang et al., 

2009, Tondo et al., 2010). 

SrpA has an N-terminal signal peptide-like sequence. This could be a signal 

sequence which targets SrpA to the Sec system and it might get translocated into the 

periplasm with removal of the signal peptide. It could then remain there or could get 
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transported out of the cell by the Type 2 secretion system. Alternatively, the 

hydrophobic sequence could act as a trans-membrane domain (TMD). Preceding this 

sequence are positively charged arginine residues which could imply that this region of 

the protein could be present inside the cytoplasm. Therefore, it can be hypothesised 

that if SrpA is anchored to the cytoplasmic membrane, the catalytic component will be 

located in the periplasm. Both these conjectures point towards the possibility that the 

function of SrpA (or catalase) is extracytoplasmic. It might catalyse reactions with 

nutrients such as thiocyanate which can then enter the cell and be metabolised. 

In B. cenocepacia I35_RS16280 is predicted to encode cytochrome B561. It might 

be involved in donating electrons to I35_RS16285 in the above process. These two genes 

I35_RS16280 and I35_RS16285 encoding the putative cytochrome B561 and putative 

catalase respectively, possibly interact and work collaboratively.  

Possibly, I35_RS16285 might need certain modifications for carrying out its 

function which may be clearer if one could identify what stress PrtI responds to. Also, it 

is possible that I35_RS16285 and SrpA might have different functions even though they 

have a similar haem binding pockets and conserved residues. 

 

3.9.4 PrtR, an inhibitory σ factor regulatory protein 

Based on the results obtained in the bacterial two-hybrid studies, the C-terminal 

domain (σ4) of the σ factor PrtI interacts with the N-terminal domain of PrtR. It would 

be useful to next test whether PrtR-NTD is also capable of interacting with PrtI-NTD (σ2). 

Since PrtR is a transmembrane protein this may demonstrate how its N-terminal domain 

exposed towards the cytoplasm keeps PrtI sequestered to the membrane under normal 

conditions. A positive maltose phenotype was unexpectedly obtained for PrtI-CTD self-

interaction. However, there is no evidence in the literature for dimerization or 

oligomerisation of ECF σ factors. Alternative methods to experimentally verify this 

protein-protein interaction include pull-down assays or co-immunoprecipitation. 

PrtR might regulate PrtI through an inhibitory mode. Experiments in E. coli 

showed loss of PrtI activity in the presence of PrtR and in B. cenocepacia it was shown 

that promoters were active in a prtR mutant. These results together suggest that 
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perhaps PrtR might release PrtI only upon receiving an inducing signal, consistent with 

the conventional and well established mode of ECF σ factor regulation (Mascher, 2013, 

Paget, 2015). Additionally, in the phenotypic experiments to study the effect of prtR 

deletion, there was a failure in complementing the mutant. It would be useful to 

measure the activity of the PrtI-dependent promoter Pcat in the prtR mutant harbouring 

pBBR2-PrtR. This would ascertain if the phenotypes that occurred following inactivation 

of a prtR was a result of that lesion rather than an undesired effect on the expression of 

an adjacent gene or a mutation that occurred elsewhere during the mutagenesis 

procedure. Also, prtI and prtR have overlapping stop and start sites, respectively, and 

they are likely to be co-transcribed. This suggests a functional relationship between the 

two encoded proteins.  

However, the exact signal recognised by PrtR and conformational changes that 

might be occurring to release PrtI are yet to be studied. Elevated temperature has been 

suggested to be the inducing signal for PrtR activation in P. fluorescens although this was 

not experimentally determined (Burger et al., 2000). If I35_RS16285 is a SrpA 

orthologue, and if it is involved in sulphur metabolism, PrtR may be activated by 

alternative sulphur sources such as thiocyanate. Thiocyanate has been reported to be 

utilised by the Bcc, however its toxicity towards Burkholderia species has not yet been 

fully understood (Vu et al., 2013, Bernier et al., 2016). This raises the question whether 

thiocyanate concentration is indeed an extra-cytoplasmic stress, and if not, then what 

would be the requirement for an ECF σ factor (PrtI) to mediate its intracellular 

concentrations, since in such a case a cytoplasmic sensor would suffice. 

 

3.9.5 The PrtI operon 

Based on the gene organisation and experimentally determined location of the 

PrtI dependent promoters it appears that the PrtI regulon consists of four genes: prtI 

and prtR (the σ – anti-σ pair) that are co-transcribed and driven by the PprtI promoter, 

and, ‘catalase’ (I35_RS16285) and ‘cytochromeB561’ (I35_RS16280), co-transcribed and 

driven by the Pcat promoter. RT-PCR results showed that these two pairs of genes might 

be co-transcribed, however due to DNA contamination in the mRNA samples this cannot 
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be concluded with conviction. Using an effective DNA degradation step (DNase) to clear 

the mRNA from contaminating DNA might help while repeating this experiment. Since 

there is a transcription terminator downstream of prtR and the gene upstream of 

cytochromeB561 is predicted to be transcribed in the opposite orientation, it is expected 

that the PrtI operon might only consist of the above mentioned four genes. However, it 

would be useful to include primers from genes upstream and downstream of the PrtI 

regulon to determine the PrtI regulon limits, which would also serve as negative 

controls. It has been previously proposed that PrtI and PrtR can be co-transcribed driven 

from both a single promoter and separate promoters (Okrent et al., 2014). However, 

this is an unusual phenomenon for ECF σ -anti-σ factors. 
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Figure 3.46. Current understanding of the PrtI-PrtR system in B. cenocepacia 

Summary of the current understanding of the PrtI system based on the results presented in this 

chapter. PrtR is shown in green, PrtI in pink and core RNAP in purple. The red bent arrows 

represent approximate locations of PrtI-dependent promoters. While the environmental trigger 

remains unknown, it has been shown that PrtR is inhibitory to the activity of PrtI and PrtI 

recognises two promoters, PprtI and Pcat.  
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Chapter 4. Investigation of the roles 
of ECF σ factors I35_RS16330 
(Ecf41Bc1), I35_RS29600 (Ecf41Bc2) 
and I35_RS20320 (Ecf42Bc) 
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4.1 Introduction 

Two currently uncharacterised σ factors of B. cenocepacia are homologous to 

ECF41 type σ factors (I35_RS16330 or Ecf41Bc1 and I35_RS29600 or Ecf41Bc2) and one is 

similar to the ECF42 group (I35_RS29320 or Ecf42). As described in section 1.6.3.2 the 

target promoters for ECF41 σ factors in Bacillus licheniformis and Rhobacter sphaeroides 

have been experimentally tested. The motifs TGTCACA and CGTC are proposed to form 

the -35 and -10 promoter elements (Wecke et al., 2012). A C-terminal on-board 

regulatory domain has been identified where a DGGG motif plays the role of an activator 

(Wecke et al., 2012). However, the exact role of this σ factor remains unknown. Although 

M. tuberculosis SigJ from this group does have a role in oxidative stress response, it may 

not be equivalently applicable for every member of this group of σ factors (Hu et al., 

2004). 

Similarly, as described in section 1.6.3.3 although an involvement has been 

proposed for an ECF42-type σ factor in biofilm formation and drug resistance, it’s exact 

role has not been defined and the molecular mechanisms of its activation, that 

presumably involves the C-terminal TPR domain, and the nature of the stress signal 

remain to be determined (Tettmann et al., 2014). The promoters recognised by this σ 

factor are also currently not known. In addition, the involvement of PhnB-type proteins 

encoded by genes usually present in the vicinity of ecf42 type genes also need to be 

researched. Previous studies on other C-terminally extended ECF σ factors have shown 

that the extension can play a regulatory role (Gomez-Santos et al., 2011, Marcos-Torres 

et al., 2016). In case of ecf42Bc in B. cenocepacia a rubrerythrin encoding gene is present 

downstream which suggests a possible role in oxidative stress response. 

Based on the hypotheses and the aims described in section 1.7 the following 

experiments were designed: 

1. In silico identification of TGTCACA(N)16±1CGTC promoter motifs near ecf41Bc1 and 

ecf41Bc2 and their experimental verification to identify Ecf41-dependent genes. 

2. To investigate the role of Ecf41Bc1 and Ecf41Bc2 in the oxidative stress response 

by constructing ecf41Bc1 and ecf41Bc2 mutants and comparing the effect of 

oxidative stress on the WT and ecf41Bc1 and ecf41Bc2 mutants.  
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3. Ascertain the role of the C-terminal extension by studying the activity of 

truncated derivatives of Ecf41Bc1 and Ecf41Bc2 at the target promoters. 

4. In silico identification of putative Ecf42Bc-dependent promoters and their 

experimental verification by reporter fusion analysis. 

5. Study effect of oxidative stress, biofilm formation and antibiotic drug resistance 

of ecf42Bc mutant and of Ecf42Bc target genes if identified in 4. 

6. Investigate the role of the C-terminal extension by studying the activity of a C-

terminally truncated derivative of Ecf42Bc. 

 

4.2 Genomic context of ecf41Bc1 and ecf41Bc2 

The genomic loci of ecf41Bc1 and ecf41Bc2 along with those of homologous genes 

from other representative bacterial species are shown in Figure 4.1. As identified earlier, 

genes encoding Ecf41 σ factors mostly tend to be located close to genes encoding 

proteins that belong to one or more of the carboxymuconolactone decarboxylase, 

epimerase and oxidoreductase families of proteins or hypothetical proteins (Wecke et 

al., 2012). The gene encoding Ecf41Bc1 is present downstream and in the same 

orientation of a gene that is predicted to encode an alkyl hydroperoxidase D belonging 

to the carboxymuconolactone decarboxylase family of proteins. The gene encoding 

Ecf41Bc2 is located within a cluster of seven genes transcribed in the same orientation. 

ecf41Bc2 is located downstream of a gene encoding a putative diaminopimelate (DAP) 

epimerase (dapF) and upstream of a gene encoding a putative alkyl hydroperoxidase D. 

The last gene in this cluster is predicted to encode a putative organic hydroperoxide 

resistance protein belonging to the oxidoreductase family of proteins. Thus, the genomic 

context of these genes suggests a role in responding to oxidative stress. 
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Figure 4.1 Genomic context of ECF41 σ factors 
Gene organisation at ecf41 locus from B. cenocepacia H111 compared to the corresponding 
locus in other species as indicated. ecf41 genes are shown in pink while genes belonging to the 
carboxymuconolactone decarboxylase (CD), epimerase and oxidoreductase families are shown 
in yellow, green and blue, respectively. All other genes are shown in grey and their predicted 
gene products are shown above the corresponding arrow. Red bent arrows indicate the location 
of Ecf41Bc-dependent promoters. Gene locus numbers are shown below the corresponding 
gene. HP = hypothetical protein, SP = secreted protein, MP = membrane protein, EP = Exported 
protein. For a detailed genomic context conservation analysis of ECF41 σ factors across all phyla, 
refer to Wecke et al., 2012. 
 
 

ahpD 
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An alignment of the amino acid sequence of Ecf41Bc1 and Ecf41Bc2 with the 

homologous Ecf41 proteins in some other species is shown in Figure 4.2. It is evident 

that along with σ2 and σ4, all the aligned proteins share amino acid homology in their C-

terminal extension as observed previously (Wecke et al., 2012). Of note is a WLPEP motif 

located between σ2 and σ4 that seems to be highly conserved. The DGGGK motif in the 

C-terminal extension appears to be fairly conserved. In addition, an ‘RNPDKL’ motif 

located at the end of the C-terminal domain also seems to be fairly conserved. 

Together, the genomic context, presence of a C-terminal extension as well as the 

conservation of motifs that lie outside of the σ2 and σ4 regions  in the putative Ecf41 σ 

factors of B. cenocepacia suggest that they must indeed belong to the ECF41 group of σ 

factors based on the current characterisation of this group. 
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MT           1 ---------------MEVSEFEALRQHLMSVAYRLTGTVADAEDIVQEAWLRWDSPD--- 

BL           1 -----------------MEYYRQYHSLLFSIAYRMLGSFQDAEDIIQELFADLQEKD--- 

SC           1 ----------MGTAGTSTDATVGERRQLINVAYRLLGSLAEAEDAVQEAYARWYALPRSR 

PF           1 ----------MNFAEKTVAVFEQRRPFLLGLAYRILGSRVEAEDAVQELFIKWLEAD--- 

BB           1 -------------MTDDAQTFHALRPRLQKIAYRMLGSVADAEDIVQDVWLRWHDAA--- 

HA           1 --------------MNHVELFESYRGYVFGIAYRMLGSVMDAEDCLQETFLRWQSHA--- 

BA           1 MPSLDPASGRAEQQADAAASFDPLRRTLIRVAYRMLGSVADAEDMVQEAFIRWMDVD--- 

MX           1 ---------------NPADAFDPLRPRLLRIAYRMLGIVAEAEDVVQEAYLRWHQTD--- 

                                .. .. ..  .. .***..*....***..*...... . .    

 

MT          43 -TVIADPRAWLTTVVSRLGLDKLRSAAHRRETYTGTWLPEPVVTGLDA-----TDPLAAV 

BL          41 IGQIDHIQAYLTKSITNRCINELQSARKKREVYIGEWLPEPQVALSAQIPAEYV------ 

SC          51 QEEIVSPGAWLTTVTGRVCLDALGSARARRERYVGAWLPDPLPAHAERGPGHGADPADQM 

PF          48 QVSIATPAAWLTTACTRHCIDLLRSAHKSRVDYMGTWLPEPIHTTLHESPEHMH------ 

BB          45 RDSIENAEAWLVAVTTRTSIDRLRAAKIRREHYTGIWLPEPELGESPATPEEMT------ 

HA          44 -EQVENPRAWLATVATRWCLDQLNTARHQREQYIGEWLPEPLIIAAPSSN---V------ 

BA          58 RTEVRVPEAFLRRMVMRMCLDQLKSARHQRETYIGPWLPEPVVEEDEP------------ 

MX          43 RAAVRDAEAVLVRTVTRLCLDVLKSARVRREEYVGTWLPEPIVDAVEG------------ 

                  .  . *.*.......... *..*...*. *.* ***.*..   .  .           

 

MT          97 VAAEDARFAAMVVLERLRPDQRVAFVLHDGFAVPFAEVAEVLGTSEAAARQLASRARKAV 

BL          95 EEKEKVSYAFLVVMSRLNPVERAVLMFREVFGYHYKEISSIIGKSEANCRQIHSRLKQKL 

SC         111 VLDESVTMAFLVVLESMTPAERVAFVLHDVFRYPFADIAGILRRTPAACKQLAASARRRV 

PF         102 ELAASLSTAFLLMLERLTPKERAAYLLHDIFDFDYSQVAETLGIQEAACRKLVSRAKASI 

BB          99 ERASDVSVAYLLLLERLTPEARAAFLLHEVFEFDYDRIADAIGKTEAACRQLVSRARARL 

HA          94 EQLESLSTAFLVLLERLSPAERAVFLLHKVFGYEYSEIAEIVGKTPAACRQLGHRAADHV 

BA         106 ---DDVTLPLLLALERLSPLERAAFLLHDVFGLEFDEVATTIQRDPAACRQLAARARTHV 

MX          91 ---DDLTLPLMMALERLSPLERAAFLLHDVFGMDFEEVAKAMGRAPAACRQLASRARAHV 

               .  ...............* .*........*.... ......... *.......... .. 

 

MT         157 TAQPALISGDPDPAHNEVVGRLMAAMAAGDLDTVVSLLHPDVTFTGDSNGKAPTAVRAVR 

BL         155 NEDISV-F-SQPVEEQQLAQLFIESAKTGNFEEFSKKLIEDAVLYTDGGGKVRSALRPIY 

SC         171 RGARAPQTP--AAVRADVVRQVKEAWQTKDIAALVDLLDPAAVMTADGGGMVGTALRPIE 

PF         162 GGEQ-IRFQPEPARQSQLLDAFHSAIASGSTNALSALLSEDVELCADSGGKASAIRETLF 

BB         159 RDDAPPRHAVPHETHRRLLQTFTHALAQGDFPSIQALLAEDAMLIGDGGGHVQSFPKPMV 

HA         154 AQAR-PRFKVEPSVQQRLSEQFLQSCATGDLNGLMSLLTEDVVLRSDGGGVVQAARNPIY 

BA         163 RDAR-PRFHVEKQRGIELAEAFFAASRSGDMRALGAMLAEDVSLHSDGGGKRAAAGKPVF 

MX         148 REAR-PRFPVSEAQGSELASAFYAASRSGDMGALQALLAQDVVVYSDGGGKVKAALNPIY 

               .... ... .      ...  .  . ..... .. ..* .....  *..*.. ....... 

 

MT         217 GSDKVVRFILGLVQRYGPGLFGANQLALVNGELGAYTAGLPGVDGYRAMAPRITAITVRD 

BL         213 GKSRIYAFFTGVVSK--GSFSGRFMPVDINDQKGVLIMKNN-----RPAYAVCFAWNPEG 

SC         229 GGARIAQYMAAVADK---APGLELLERSVNGVPGLVARRDG-----AVMTVAAFDV--AD 

PF         221 GQKHVLDFIGQSLHA--YWQAQEWLPVEINGAQGVVIKADG-----LITASMTFGFN-QA 

BB         219 GGRRIAQLFYATWLR--CGSGVEMRPVVLNGEWAMLRFIDG-----QLESAMSFDT--DG 

HA         213 GPTAVGRFLLGVLPK--LPANSIFEPRLINGQAGFVALVDG-----QASGTLILDM--LD 

BA         222 GFERVMRVHAYLAELFATHASTLVRAGFINGLPGFVTREAD-----GELQTTALEI--DD 

MX         207 GQEKTVRFFEGLLRITGVNASQLVHEGFIDGLPAFVTLEKD-----GTLQTTALDI--ED 

               *  ...... ... .        . .  ...  ...   ..       . .. ...  .. 

 

MT         277 GKVCALWDIANPDKFTGSPLKERRAQPTGRGRHHRN 

BL         266 DSVKNVFIVSNPDKLKHIKI---------------- 

SC         279 GRVTRIWVVRNPEKLGPWVG---------------- 

PF         273 GQVNRIFIMRNPQKLAGLPTTLNLQ----------- 

BB         270 TCIGRILVQRNPEKLARIASACAAG----------- 

HA         264 QQIAGIYIMLNPQKLQHLKP---------------- 

BA         275 GKIVAIYVVRNPDKLKHLH----------------- 

MX         260 GRVATIYVTRNPDKLQGI------------------ 

               ...  .....**.*. ..                   

 

Figure 4.2. Amino acid sequence alignment of Ecf41Bc1 and Ecf41Bc2 from B. cenocepacia H111 
with related proteins in other species 
Ecf41Bc1 (BA) and Ecf41Bc2 (BB) amino acid sequence from B. cenocepacia H111 was aligned 
with homologous proteins from Mycobacterium tuberculosis H37Rv (SigJ) (MT), Bacillus 



221 
 

licheniforms WX02 (BL), Streptomyces coelicolor A3(2) (SC), Pseudomonas fluorescens Pf01 
(PF), Herpetosiphon aurantiacus DSM 785 (HA) and Myxococcus xanthus DK 1622 (MX) using 
Clustal Omega and shaded using BOXSHADE. Amino acids which are identical at the 
corresponding position in ≥50% of sequences are shown in white font with black highlighting 
and asterisks underneath while amino acids which are similar at the corresponding position 
are shown in white font with grey highlighting with dots underneath. σ2, σ4 and the C-terminal 
extension are underlined in red, blue, and orange, respectively. Conserved motifs ‘WLPEP’ and 
‘DGGGK’ are shown in green and purple boxes, respectively. 
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4.3 Investigation of the role of Ecf41Bc1 and Ecf41Bc2 by identification target promoters 

The objective of this study was to infer the role of Ecf41Bc1 and Ecf41Bc2 by 

identifying the genes that have Ecf41-dependent promoters. This hypothesis could then 

be tested by challenging the σ factor mutant with appropriate stresses. In order to 

identify Ecf41Bc-targeted genes, it was decided to bioinformatically locate putative 

promoters within the B. cenocepacia genome and test their functionality 

experimentally. 

 

4.3.1 Identification of Ecf41Bc1 and Ecf41Bc2-regulated promoters in silico 

The putative promoter recognised by Ecf41 σ factors has been previously defined 

as ‘TGTCACA’(N)16’CGTC’ (Wecke et al., 2012). This motif was scanned for within the 

intergenic regions in the vicinity of genes encoding Ecf41Bc1 and Ecf41Bc2. In case of 

ecf41Bc1, this motif was found to be present upstream of the putative ahpD gene 

(I35_RS16335). It was speculated that PahpD drives transcription of ecf41Bc1 since ecf41Bc1 

is present immediately downstream of ahpD (the translation initiation codon of ecf41Bc1 

overlaps the translation termination codon of ahpD). Therefore, the DNA sequence 

between this gene I35_RS16335 and I35_RS16340 that was predicted to contain this 

promoter was aligned with the corresponding region from closely related species of the 

Bcc.  As shown in Figure 4.3A, the TGTCACA and CGTC motifs were found to be conserved 

along with other bases in the putative promoter region. An 85 bp DNA fragment 

predicted to contain this promoter, as well as an upstream conserved region of multiple 

A and T bases, termed as PahpD is shown in Figure 4.3B. 
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B. multivorans      CATtggtccttctcctttcgtgtgggttccgatgacatgacgagcgagcacccggcccgtgt 

B. vietnamiensis   CATtggttgcttctcctttcgggtggattcagacgacatgacgagcgacacctgcc-gcgtgt 

B. cepacia          CATtggtccttctcctttcgtgtgggttccggtgacatgacgagcgagccccccgcgtgtgt 

B. cenocepacia      CATggttccttctcctttcgtgtgggttccgctgatatgacgagcgagccccccgcgtgtgt 

B. ambifaria       CATtggttccttctcctttcgtgtggattccggtgacatgacgagcgagcaccccgcgcgtgt 

                        * * ************ **** *** *  ** ***********   *       **** 

 

B. multivorans        gacatcccgacgaaaaatttttcaatgggcgtgacgatcgagaggccgaggaggggaaac 

B. vietnamiensis      gacatcgacgcgaaaaaaatttcaacgaacggaagcggcggggcgatgcagcgcgattgc 

B. cepacia            gacatcggcgaaaattttttcgaagcgcgtttggccgcggacccggacgaagggcggggc 

B. cenocepacia        gacatcgatgcaaaaaatttttggaccgccgaagcgggcagcg-gcaagcgaag--ggcc 

B. ambifaria          gacatcgacgcaaaaatttttcaaaggcggggaagcatgaggagtcgaacgtgg--cgcc 

                      ******      **     *                                       * 

 

B. multivorans        ggaaagcgacgcgcgcggcggttcgaacgt----gcat-------cggcggatccgaatg 

B. vietnamiensis      aggtcatg--tgcgacgagcgtccgatccgaagcgcagcgcgcccggtatcgcgcgcatg 

B. cepacia            ggttcaccgtcgtgccg---gtcgcggcgc-acgcaca------------cgttcgt--- 

B. cenocepacia        gatgagcctttgagcagggcgtcgaaggac-gcgatatcgaccgccgaagcgtccgcatg 

B. ambifaria          gatgcccgcgacac----------ccgcgc-gcgaatcgggatccgacatcgcccgcatg 

                                                                         **     

 

B. multivorans        acggaaggcacccgtccaccggcccgggg-aacgctgtcgcggcgtgcgacggcatttgc 

B. vietnamiensis      gagacgc-----------cgcagcgtcatcgcagctttcacgcgctcagggcgcttgtca 

B. cepacia            --cagacaaatccgggcatctcgggg----cattcactcacgatcgctgcgcggatgtca 

B. cenocepacia        acgcgacgcttccgacgaacgcgcgccat-cgacctttcacgcccgccgtgcggttgtca 

B. ambifaria          acgccgttgctccggcgaagccgcggcat-cgacctttcatccgcgacgcatggctgtca 

                                                     *  **         *   *  * *   

 

B. multivorans        gaaaccgcgccgcatgtcatgccggcgcgaagacgatcgccgcgtcagtg---------- 

B. vietnamiensis      ccagagtg---------------------------------------------------- 

B. cepacia            tggggc--gtcag-cagcccgccagcgcggaccagcgcgtcgtgca--cggcgttcacgc 

B. cenocepacia        ccgggc--gtcag-gagtgcgcagccgcgggcatgggtagtgcgtccgcc-ggccgagcc 

B. ambifaria          cgaggc--gtcgg-tagcgcgcacgcgcaggcatgcacattgcgttagagtggccgagcc 

                                                                                

 

  

 

 

PahpD: 

CCGCTTCGGCGGTCCAAAAATTTTTTGCATCGATGTCACACACGCGGGGCGCTCGCTCGTCATATCAGCG

GAACCCACACGAAAG 

 
Figure 4.3. DNA sequence alignment for identification of putative Ecf4Bc1 recognition 
sequences  
(A) The 582 bp intergenic region between I35_RS16335 (putative alkylhydroperoxidase) and 
I35_RS16340 (hypothetical protein) from B. cenocepacia was aligned with the corresponding 
region from B. cepacia, B. multivorans, B. vietnamiensis and B. ambifaria using Clustal-omega. 
Only the relevant portion of the alignment is shown here. The start codon of I35_RS16335 is 
shown in magenta font. The arrows represent the direction of transcription. Bases that are 
conserved at the corresponding position in all sequences are marked with an asterisk. Putative 
-10 and -35 promoter regions are highlighted in blue and green, respectively. (B) Sequence of a 
DNA fragment that was hypothesised to contain the alkylhydroperoxidase promoter (PahpD) 
where the putative -10 and -35 regions are highlighted in blue and green, respectively, as in A. 
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In the case of ecf41Bc2, the putative promoter motif was also found to be present 

upstream of a gene encoding a LysR-type transcriptional regulator (I35_RS29615). 

However, the spacer was found to consist of 17 bp rather than 16. This gene is separated 

from ecf41Bc2 by two genes and as described earlier is predicted to be transcribed in the 

same orientation as ecf41Bc2. The intergenic region between I35_RS29610 and 

I35_RS29615 was aligned with the corresponding regions of three other closely related 

species within the Bcc, as shown in Figure 4.4A. Along with the predicted -10 and -35 

promoter regions the bases forming the spacer region as well as bases lying outside the 

promoter regions were found to be fairly conserved. A 104 bp long DNA fragment 

termed as PlysR possessing the putative -10 and -35 promoter elements and a conserved 

A+T-rich tract located upstream of the -35 motif is shown in Figure 4.4B. 
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B. multivorans   TGAaaccggacatgacctcccgcttccccgaaaaaaaaatcgaccgacggtgtcacag 

B. dolosa       TGAtccgccggcacgccgctgcctctcttcgttgaaacgtgcggcgggcggtgtcacag 

B. cenocepacia TGAccggctcgcacgccgccgcgccc-ttttttgaaaaaatgcggcgggcggtgtcacag 

B. cepacia     TAAccggctcgcacgccgccgcgccctttttttgaaaaaatgcggcgggcggtgtcacag 

                                                  ***    ** * * *********** 

 

B. multivorans    gcggcggagccgaaacgtcttgtcgaatacggaaccacgactttcgcgccccc-ATG 

B. dolosa         gcggcagcgctgaaacgtctagtcgcacagggacaccacgactctcgcgcatccATG 

B. cenocepacia    gcggcagcgctgaaccgtctagtcgcatacggacaccacgattccagcgcccccATG 

B. cepacia        gcggcagcgctgaaccgtctagtcgcatacggacaccacgattccagcgcccccATG 

                  ***** * ** *** ***** **** * * ***  *      *         * ***  

 

 

 

PlysR: 

CCGGCTCGCACGCCGCCGCGCCCTTTTTTTGAAAAAATGCGGCGGGCGGTGTCACAGGCGGCAG

CGCTGAACCGTCTAGTCGCATACGGACACCACGATTCCAG 

 

Figure 4.4. Clustal Omega alignment for identification of putative Ecf41Bc2 recognition 
sequences  
(A) The 116 bp intergenic region between I35_RS29610 (hypothetical protein) and I35_RS29615 
(putative LysR type transcriptional regulator) from B. cenocepacia was aligned with the 
corresponding region from B. cepacia, B. multivorans and B. dolosa using Clustal-omega. The 
stop codon of I35_RS29610 is shown in red and start codon of I35_RS29620 is shown in magenta 
font. The arrows represent the direction of transcription of the indicated genes. Bases that are 
conserved at the corresponding position in all sequences are marked with an asterisk. Putative 
-10 and -35 promoter regions are highlighted in blue and green, respectively. (B) Sequence of a 
DNA fragment that was hypothesised to contain the LysR-type transcriptional regulator 
promoter (PlysR) where the putative -10 and -35 regions are highlighted in blue and green, 
respectively, as in A. 
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To determine if TGTCACA(N)16CGTC motifs constituted the ecf41Bc2 promoter the 

region upstream of the putative epimerase (dapF) present immediately upstream of 

ecf41Bc2 (the ecf41Bc2 start codon overlaps the dapF stop codon) or the intergenic region 

upstream of ecf41Bc2, in cases where the gene encoding the epimerase was absent, was 

aligned with the corresponding region in other species of the Bcc. As shown in Figure 

4.5, although TGTCACA(N)16CGTC motifs were not present in this region, 

‘TTGCCC(N)17TACAGT’ was present 28 bases upstream of the dapF ORF in B. cenocepacia 

and B. cepacia which may be speculated to constitute the -35 and -10 σ70-dependent 

promoter elements. However, these bases were not conserved in B. multivorans and B. 

dolosa, perhaps due to the gene encoding the epimerase being absent in these two 

cases.  
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multivorans      tgaggtgctgcgacgcgagcgtgcgtcggtgacgatgaaccgaacccggctgcggccggg 

dolosa           -----------------------------------------catggcgtctcctagtctc 

cenocepacia      -----------------------------------------catggcgtctcctggtctc 

cepacia          -----------------------------------------catggcgtctcctggtctc 

                                                           *   ** ** *        

 

multivorans      ttcgtcgtttcagggttcatcg------cgggcggcatcgatgtgacaacaaacgctctc 

dolosa           ctatttggttttcgattgagcgcggccggtcgccgtgctcacgtgacgtcgatgcgtcgt 

cenocepacia      caatgtgtttttgagtgg--atgcggcgagggccgaacccgcgtgacgtcgatgcgtcgt 

cepacia          caatgtgtttttgagtgg--atgcggcgagggccgaacccgcgtgacgtcgatgcgtcgt 

                       * **     *               ** *       *****  * *    **   

 

multivorans      tccgcgacctccgagcccgttgtacacttggccagtcccgcattgca--catcacgacga 

dolosa           gccgcggtctcg--------tggaagccgcggcggtggggcgtagtattccgcgcgagcg 

cenocepacia      gccgcagcctcg--------cggagactgcggcgatgggccgtagtattccgcgcgacgg 

cepacia          gccgcagcctcg--------cggagactgcggcgatgggccgtagtattccgcgcgacgg 

                  ****   ***          * *  *   * *  *    * * * *  *  * ***    

 

multivorans      aggctctctaccttgaccgaaaatgcctcggtagaagccaccgtcggcatgactgcaaga 

dolosa           gggccgcttacaa-gcgcacaactacgta----------------cg---------ccgg 

cenocepacia      gggccgcttacaa-gcggacaactacgta----------------tg---------gcga 

cepacia          gggccgcttacaa-gcggacaactacgta----------------tg---------acga 

                  ***    ***   *     ** * * *                  *           *  

 

multivorans      cgtgcaccgaattcctttttcacttcgcatttggccgcagacagcggccgatccggatcc 

dolosa           gctacgtagaattacgtagatcgccgggcgacgcgggcggaacc----gcatcgggtgtc 

cenocepacia      tctacgtagaattacgtagaacgttggcgcgtgcgcgccatcgg----gcgacgattgcc 

cepacia          tctacgtagaattacgtagatcgttggcgcgtgcacctcgtcgg----gcgacgattgcc 

                   * *   ***** * *         *     *                   *      * 

 

multivorans      ttggcccgtccaccgacatgcgctcgccgttcccgttgcaggc-----------tcacgt 

dolosa           gcacgaacgccggcctgctgcgcgcgcgcgtgcggttttcaaaacgcttcgcgcgcgtgg 

cenocepacia      cgggacccgcgagccacgtacagt----------att--tgtctgcctccattccggaac 

cepacia          cgcgaccggcgagccacgtacagt----------att--tgcctgcctccattccggaat 

                          *   *    * *              **                         

 

multivorans      ccatttgatgaatcggctcgccgctcgcgcgccgacgcgtcggcgcatatgcgactgcaa 

dolosa           caatatgcggcagcggcccgtgccgcacgcccgcccccg--cccggagaacccgcgccc- 

cenocepacia      cgccatg----------------------------------------------------- 

cepacia          ccccatg----------------------------------------------------- 

                 *    **                                                      

 

 

 

multivorans      ggtgtcacatg 

dolosa           --------atg 

cenocepacia      ----------- 

cepacia          ----------- 

 

 
Figure 4.5. Clustal Omega alignment for identification of putative ecf41Bc2 promoter  
The 275 bp intergenic region between I35_RS29590 (putative carbon starvation A (CstA family 
protein) and I35_RS29595 (putative DAP epimerase, DapF, or in cases where epimerase was 
absent, Ecf41) from B. cenocepacia was aligned with the corresponding region from B. cepacia, 
B. multivorans and B. dolosa using Clustal-omega. Note that in B. multivorans and B. dolosa the 
dapF gene is not present upstream of the ecf41 gene. The stop codons are shown in red and 
start codons are shown in magenta font. Bases that are conserved at the corresponding position 
in all sequences are marked with an asterisk. Putative -10 and -35 promoter elements are 
highlighted in blue and green, respectively.  
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4.3.2 Construction of plasmids harbouring either of the σ factors Ecf41Bc1/Ecf41Bc2 or 

putative promoter derivatives PahpD/PlysR  

Since the conditions required for ecf41Bc1 σ factor gene expression were not 

known, it was decided to use plasmid pBBR1MCS2 (pBBR2) that could allow constitutive 

expression of genes encoding these two proteins under the control of the lac promoter. 

Using primers BCAL3486for and BCAL3486rev, a 946 bp DNA fragment containing 

ecf41Bc1 and its putative Shine-Dalgarno sequence was amplified using KOD polymerase 

and a boiled H111 lysate as template. Similarly, a DNA fragment consisting of 960 bp 

containing ecf41Bc2 and its putative Shine-Dalgarno sequence was amplified using 

primers BCAM2748for and BCAM2748.bam.rev. Each of these DNA fragments were 

digested with HindIII and BamHI enzymes and ligated separately into pBBR2 also 

digested with the same enzymes. The ligation reactions were used to transform E. coli 

JM83 cells which were spread on LB agar containing kanamycin, X-gal and IPTG to allow 

for blue/white colony screening. The transformants thus obtained that gave white 

colonies were screened by GoTaq PCR using the insert specific primers which were used 

in the initial amplifications mentioned above. Plasmids present in clones that screened 

positive were checked for their size in an agarose gel. pBBR2-Ecf41Bc1 was expected to 

be 6.090 kb and pBBR2-Ecf41Bc2 was expected to be 6.104 kb. Plasmids of the correct 

size were then checked for their DNA sequence integrity of the cloned DNA by 

nucleotide sequencing. 

The lacZ-reporter plasmid pKAGd4 was used as a vector for measuring Ecf41Bc-

promoter dependent activity. In order to do this, complementary oligonucleotides 

corresponding to segments of PahpD and PlysR (Figures 4.3B and 4.4B, respectively) were 

annealed as described in section 2.2.8. Oligonucleotides pBCAL3487for, pBCAL3487for2, 

pBCAL3487rev and pBCAL3487rev2 were annealed to assemble the PahpD DNA fragment. 

Likewise, to assemble the PlysR DNA fragment oligonucleotides pBCAM2751for, 

pBCAM2751for2, pBCAM2751rev2 and pBCAM2751rev were annealed. Each of these 

DNA fragments were ligated separately to pKAGd4 that was digested with HindIII and 

BamHI enzymes. E. coli MC1061 cells were then transformed with the ligation reactions 

and the transformants were spread on LB agar containing chloramphenicol and X-gal. 



229 
 

Blue colonies thus obtained were PCR screened using vector-specific primers AP10 and 

AP11 and GoTaq polymerase. Clones that appeared to contain the desired insert based 

on the presence of an amplicon of 85 bp for PahpD and 104 bp for PlysR were confirmed to 

have the correct DNA sequence by nucleotide sequencing. 

 

4.3.3 Analysis of putative Ecf41Bc1 and Ecf41Bc2-dependent promoter activity in the 

presence of the respective ECF σ factors in E. coli  

pBBR2 and pBBR2-Ecf41Bc1 were transferred to MC1061 cells containing 

pKAGd4-PahpD. Similarly, pBBR2 and pBBR2-Ecf41Bc2 were transferred to MC1061 cells 

containing pKAGd4-PlysR. The activities of PahpD and PlysR were then measured by carrying 

out the β-galactosidase assay. As shown in Figure 4.6, both promoters were found to be 

active in the presence of the respective σ factors and inactive in their absence. In 

particular, PlysR was highly active in the presence of Ecf41Bc2. This provided evidence that 

these DNA fragments might indeed contain Ecf41-dependent promoters. In addition, 

the ability of each of these σ factors to utilise the promoter dependent on the other σ 

factor was also tested, as the promoter sequences were so similar. To test this, pBBR2-

Ecf41Bc1 was transferred to MC1061 cells containing pKAGd4-PlysR and pBBR2-Ecf41B 

was transferred to MC1061 cells containing pKAGd4-PahpD. The activities of each PahpD 

and PlysR were then measured by carrying out the β-galactosidase assays. pKAGd4-PlysR 

was found to be poorly active in the presence of Ecf41Bc1. In contrast, pKAGd4-PahpD was 

found to be very active in the presence of Ecf41Bc2. Although this activity was 

approximately 20% of the activity of PlysR in the presence of Ecf41Bc2, it was still 4 times 

more active than its Ecf41Bc1-dependent activity.  
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Figure 4.6. Activity of putative Ecf41-dependent promoters in the presence and absence of the 
ECF41 σ factors in E. coli 
All possible combinations of pBBR2, pBBR2-Ecf41Bc1 and pBBR2-Ecf41Bc2 with pKAGd4-PahpD and 
pKAGd4-PlysR were introduced into MC1061 as indicated.  The promoter activity of each of these 
was measured using the β-galactosidase assay where cultures were grown in LB with kanamycin 
and chloramphenicol. All activities shown were obtained by subtracting the activity of the same 
strain containing pKAGd4 and the corresponding pBBR2 derivative assayed under the same 
conditions (background control). X-axis represents strain. Statistical significance was determined 
by performing a students-t test, **** = p<0.0001, (n=6). 
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4.3.4 Attempted construction of plasmids expressing FLAG-tagged Ecf41Bc derivatives 

for ChIP-seq 

Once the putative promoters were verified experimentally it was decided to scan 

for additional Ecf41-promoters in vivo by carrying out chromatin immunoprecipitation 

and deep sequencing. It was decided to express the σ factors under the control of an 

IPTG inducible promoter. Hence the vector pSRK-Km that carries Plac and lacI was used. 

Using primers BCAL3486FLAGFor and BCAL3486FLAGRev a DNA fragment of 664 bp 

constituting ecf41Bc1 without its C-terminal extension coding sequence was amplified 

using KOD polymerase. The C-terminal extension was excluded since it has been 

reported to play an inhibitory role (Wecke et al., 2012). The reverse primer was designed 

such that a FLAG epitope tag would be incorporated at the C-terminal end of the 

encoded truncated Ecf41Bc1. Similarly, ecf41Bc2 without its C-terminal extension coding 

sequence but with an added FLAG tag coding sequence was also amplified using 

BCAM2748FLAGFor and BCAM2748FLAGRev, giving a product of 666 bp. Each of these 

amplicons were separately digested with NdeI and XbaI enzymes and ligated into pSRK-

Km which was also digested with the same enzymes. Then the ligation reactions were 

used to transform JM83 cells. Using the blue/white screen, white colonies which were 

expected to contain the plasmid with desired insert were PCR screened using insert-

specific primers used for generating the original amplicons for cloning. The clones that 

screened positive were checked for their DNA sequence integrity. Although the clones 

contained the desired insert, nucleotide sequencing revealed presence of multiple 

mutations in the insert. While this molecular cloning was repeated several times, clones 

with the expected sequence could not be successfully obtained. Due to lack of time, it 

was decided to terminate this experiment. 

 

4.3.5 FUZZNUC based identification of additional ECF41-dependent promoters  

An in silico search can be carried out to identify a particular motif within any 

given genome using the program FUZZNUC. Therefore, this tool was used to identify 

whether other potential Ecf41-dependent promoters occur in other regions within the 

B. cenocepacia genome as well as in other species. 
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4.3.5.1 FUZZNUC based identification of additional ECF41-dependent promoters on 

the B. cenocepacia genome 

Using pattern TGTCACA(N)16,17CGTC, one novel hit was obtained on the B. 

cenocepacia H111 genome located on chromosome 1 (1487817-1487844), with the 

following sequence: TGTCACAGCGCAGGTCCGGGATCGCGTC. This sequence is located 

within a potential lipoprotein coding sequence but approximately 250 bp upstream of a 

LysR-type regulator. Since the putative -35 and -10 regions are separated by 17 bp, it 

may be a Ecf41Bc2-dependent promoter. 

 

4.3.5.2 FUZZNUC based identification of additional ECF41-dependent promoters in 

other bacterial genomes 

In three other bacterial species belonging to different phyla that encode ECF41 

group σ factors, the same Prosite pattern, TGTCACA(N)16,17CGTC, was used to scan the 

entire genome employing FUZZNUC. In the Actinobacterium Mycobacterium 

tuberculosis H37Rv, 4 hits were obtained. One of these was located approximately 40 

bp upstream of the sole ECF41 σ factor encoding gene. The remaining three hits were 

not present upstream of the start codon of a gene and thus it was concluded that they 

perhaps do not act as promoters. A scan in Myxococcus xanthus DK1622 revealed 7 hits. 

As might be expected, one of these hits was located upstream of an oxidoreductase 

encoding gene present near the Ecf41 encoding gene. One hit was located upstream of 

the start codon of a gene encoding a metal binding protein but was within a gene 

encoding a sulphate protein. Interestingly, this gene encoding a metal binding protein 

was present upstream of a gene encoding an uncharacterised ECF σ factor. Another 

putative novel promoter was identified upstream of a gene encoding a putative glycosyl 

transferase group 1 family protein. All other hits were concluded not to be promoters 

since they were not present upstream of a start codon. A scan of the Bacillus 

lichenoformis ATCC 14580 genome gave 4 hits. However, they were present upstream 

of a converging gene and therefore not likely to be promoters. 
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4.4 Genetic analysis of the role of ECF41 group σ factors in B. cenocepacia 

Verification of the Ecf41-dependent promoters showed that Ecf41Bc1 directs the 

transcription of a putative ahpD while Ecf41Bc2 directs the transcription of one or two 

genes encoding putative LysR-type regulators. The presence of oxidoreductase genes in 

the purlieu of these σ factor genes suggests their role in an oxidative stress response. 

Although previous studies have experimentally shown that inactivation of the ecf41 

genes in Bacillus licheniformis and Rhodobacter sphaeroides did not affect the ability of 

the bacterium to respond to oxidative stress (Wecke et al., 2012), it was decided to 

investigate such a role for Ecf41Bc1 and Ecf41Bc2 in B.  cenocepacia. To do this, in B. 

cenocepacia H111, it was decided to construct in-frame ecf41 deletion mutants to avoid 

polar effects. It was envisaged that loss of one of the ecf41 genes might be partially or 

completely compensated for by the other and hence in addition to single mutants 

(Δecf41Bc1 and Δecf41Bc2), it was also decided to construct a double deletion mutant 

(Δecf41Bc1-Δecf41Bc2). 

 

4.4.1 Construction of an ecf41Bc1 mutant 

Using SOE PCR primers 3486delA and 3486delB, a 543 bp DNA fragment (AB) that 

contained the region upstream of ecf41Bc1 as well as the first six codons of ecf41Bc1 was 

amplified using Q5 polymerase and boiled H111 lysate as template. Similarly, using SOE 

PCR primers 3486delC and 3486delD, a 574 bp DNA fragment (CD) that contained the 

region downstream of ecf41Bc1 and last three codons of ecf41Bc1 was amplified. In a 

subsequent PCR using Q5 polymerase and using ‘AB’ and ‘CD’ PCR products in equimolar 

concentrations as the template, amplification was carried out using the 3486delA and 

3486delD primers. This gave a fusion product of 1.117 kb since primers 3486delB and 

3486delC were designed to contain homologous bases. This PCR product (AD), which 

had thus lost 285 codons of the central region of ecf41Bc1 (total 294 codons), was 

digested with BamHI and HindIII restriction enzymes was ligated with pEX18-TpTer-SceI-

pheS-Cm also digested with the same enzymes. Then these ligation reactions were used 

to transform JM83 cells which were then selected on LB containing chloramphenicol and 

trimethoprim. A PCR screen was carried out to find clones with the desired insert using 
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vector-specific primers pEX18Tpfor and pEX18Tprev. Plasmids obtained from 

transformants that screened for positive were subjected to DNA sequence analysis and 

the correct plasmid, pEX18-TpTer-SceI-pheS-Cm-ΔEcf41Bc1, was transferred into B. 

cenocepacia H111 conjugally via E. coli S17-1 cells. To confirm that the plasmid had 

integrated into the genome by recombination in the trimethoprim-resistant colonies, 

thus forming ‘co-integrates’, a PCR screen was carried out using GoTaq polymerase and 

vector-specific primers pEXTpfor and pEXTprev. Next, pDAI-ISceI was introduced into 

the co-integrate by performing a conjugation using E. coli SM10 as donor strain and 

selecting B. cenocepacia exconjugants on LB agar containing tetracycline and 

chloramphenicol. This plasmid expressed the yeast meganuclease I-SceI which 

introduced a cut at the I-SceI recognition site contained on the integrated vector, 

allowing a second recombination event to occur that rescues strains containing the 

lesion. This recombination can give rise to cells that had either reverted back to WT or 

to an ecf41Bc1 mutant (Δecf41Bc1). Tetracycline-resistant B. cenocepacia exconjugants 

were PCR screened using primers 3486outfor and 3486outrev that anneal to genomic 

sequences outside the region complementary to primers A and D. WT exconjugants used 

as a template were expected to give rise to a product of 2.056 kb while Δecf41Bc1 

mutants were expected to give rise to a product of 1.201 kb since it had lost 285 codons 

of ecf41Bc1. Figure 4.7A shows a PCR screen of one such mutant compared to the WT. 

The mutant was streaked 3 times on 0.1% chlorophenylalanine medium to select for loss 

of pDAI-ISceI. A general schematic outline of this procedure is shown in Figure 3.29. 

 

4.4.2 Construction of an ecf41Bc2 mutant 

2748delA and 2748delB SOE PCR primers were used to amplify a DNA fragment 

(AB) of 539 bp containing the region upstream of ecf41Bc2 and the first five codons of 

ecf41Bc2 using the H111 boiled lysate and Q5 polymerase. Likewise, a DNA fragment of 

589 bp (CD) containing the last 14 codons of ecf41Bc2 was amplified using primers 

2748delC and 2748delD. Then, using primers 2748delA and 2748delD an amplification 

was carried out again, this time using AB and CD as template in equimolar concentration. 

The resulting product of 1128 bp was obtained where 276 codons in the central region 
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of ecf41Bc2 (295 codons). This fragment (AD) was subsequently cloned into pEX18-TpTer-

SceI-pheS between the HindIII and BamHI sites. The sequence integrity of this construct 

was confirmed by nucleotide sequencing. pEX18-TpTer-SceI-pheS-ΔEcf41Bc2 was 

transferred to B. cenocepacia H111 by performing a conjugation using E. coli S17-1 cells 

as the donor strain. The integration of the plasmid into the genome of H111 by 

recombination, thereby forming co-integrates, was confirmed in the exconjugants by 

carrying out a PCR where vector-specific primers pEX18Tpfor and pEX18Tprev were 

used. pDAI-ISceI was then transferred to a co-integrate conjugally using E. coli SM10 as 

donor strain. This allowed the expression of I-SceI that introduced a cut at the I-SceI 

restriction site contained on the integrated vector. The second recombination event 

allowed either formation of WT or Δecf41Bc2. This was confirmed by another PCR screen 

this time using primers 2748outfor2 and 2748outrev2 that anneal to genomic sequences 

outside the region complementary to primers A and D. WT when used as a template was 

expected to give a product of 2.009 kb while Δecf41Bc2 when used as a template was 

expected to give a product of 1.181 kb since it had lost 276 codons of ecf41Bc2. Figure 

4.7B shows a PCR screen of one such mutant compared to the WT. The mutant was 

streaked 3 times on 0.1% chlorophenylalanine medium to select for loss of pDAI-ISceI. 

A general schematic outline of this procedure is shown in Figure 3.29. 

 

4.4.3 Construction of an ecf41Bc1 and ecf41Bc2 in-frame deletion mutant 

To construct a double deletion mutant (Δecf41Bc1-Δecf41Bc2), pEX18-TpTer-SceI-

pheS-Cm-ΔEcf41Bc1 (constructed as described in section 4.4.1) was transferred to B. 

cenocepacia H111Δecf41Bc2 by carrying out a conjugation where S17-1 cells were used 

as a donor strain on LB medium containing chloramphenicol and trimethoprim. Then, 

formation of co-integrates due to the first recombination event was confirmed by PCR 

screening exconjugants using primers pEX18Tpfor and pEX18Tprev that are vector-

specific. Once this co-integration was confirmed, the plasmid pDAI-ISceI was introduced 

conjugally through the E. coli SM10 donor strain. The I-SceI enzyme thus caused a cut 

on the restriction site allowing a second recombination event to occur which resulted in 

viable bacteria. Thus, either H111Δecf41Bc2 or H111Δecf41Bc1-Δecf41Bc2 was obtained 
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depending on the site of the second recombination event. The formation of the desired 

mutant was confirmed by PCR screening the colonies using primers 3486outfor and 

3486outrev as well as 2748outfor2 and 2748outrev2 as described in section 4.4.1 and 

4.4.2. The resulting double mutant would be expected to have lost both 285 codons of 

ecf41Bc1 and 276 codons of ecf41Bc2. WT used as a template using primers 3486outfor 

and 3486outrev was expected to give a product of 2.056 kb while Δecf41Bc1-Δecf41Bc2 

used as a template was expected to give a product of 1.201 kb. WT used as a template 

using primers 2748outfor2 and 2748outrev2 was expected to give a product of 2.009 kb 

while Δecf41Bc1-Δecf41Bc2 used as a template was expected to give a product of 1.181 

kb. Figure 4.7A shows a PCR screen of one such mutant compared to the WT. The mutant 

was streaked 3 times on 0.1% chlorophenylalanine medium to select for the loss of pDAI-

ISceI.  
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Figure 4.7. PCR screening of candidate H111Δecf41Bc1, H111Δecf41Bc2 and H111Δecf41Bc1-

Δecf41Bc2 mutants 

(A) Agarose gel showing PCR screen of candidate H111Δecf41Bc1 mutant using primers 

3486outfor and 3486outrev which anneal at genomic locations lying outside the expected 

deleted region of ecf41Bc1, giving a PCR product of 2.056 kb for WT and 1.201 kb for Δecf41Bc1, 

and a screen of a candidate H111Δecf41Bc1-Δecf41Bc2 mutant using primers 2748outfor2 and 

2748outrev2 which anneal at genomic locations lying outside the expected deleted region of 

ecf41Bc2 giving a PCR product of 2.009 kb for WT and 1.181 kb for Δecf41Bc2. L = GeneRuler DNA 

mix; WT = H111 boiled lysate used as template. (B) Agarose gel showing PCR screen of candidate 

H111Δecf41Bc2 mutant using primers 2748outfor2 and 2748outrev2. L = GeneRuler DNA mix; WT 

= H111 boiled lysate used as template. 
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4.4.4 Effect of deletion of ecf41 genes on growth of B. cenocepacia under normal 

conditions 

To assess whether either or both of the ecf41 genes were required for normal 

growth of B. cenocepacia under standard laboratory conditions, liquid cultures were 

grown in LB and the optical density was monitored throughout the growth cycle as 

described in section 2.1.4. As shown in Figure 4.8A, it was evident that Δecf41Bc1, 

Δecf41Bc2 and Δecf41Bc1-Δecf41Bc2 cells grew at a similar rate as that of the WT and 

reached a similar final density. Also, the efficiency to form colonies was tested on LB 

agar. As shown in Figure 4.8B and C, the Δecf41Bc1, Δecf41Bc2 and Δecf41Bc1-Δecf41Bc2 

mutants formed colonies with a similar efficiency as that of WT. It was observed that 

the Δecf41Bc2 mutant occasionally gave rise to a mixed colony phenotype whereby some 

colonies were as those formed by WT B. cenocepacia while the other colonies were 

significantly smaller. However, this observation was not consistent and was therefore 

not further investigated. Overall, it was concluded that deleting either or both of the 

ecf41 genes did not severely affect bacterial growth under standard lab conditions. 
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Figure 4.8. Effect of deletion of ecf41Bc1 and/or ecf41Bc2 on growth under normal conditions 
(A) Growth curves of WT (H111), H111-Δecf41Bc1, H111-Δecf41Bc2 and H111-Δecf41Bc1-Δecf41Bc2 
in LB, n=9. (B) Representative image showing serially diluted log phase cultures of WT (H111), 
H111-Δecf41Bc1, H111-Δecf41Bc2 and H111-Δecf41Bc1-Δecf41Bc2grown in LB at 37oC and spotted 
on LB agar. 
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4.4.5 Effect of deletion of ecf41 genes on bacterial growth under oxidative stress 

conditions 

The effect of deleting ecf41 genes on the ability of B. cenocepacia cells to 

respond to oxidative stress was tested by carrying out a filter disc assay as described in 

section 2.8.4. In this experiment H2O2, methyl viologen, tertiary-butyl hydroperoxide 

and sodium hypochlorite were used as oxidants. It was found that deleting either or 

both ecf41 genes did not affect the oxidative stress response of the bacterial cells (Figure 

4.9). 
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Figure 4.9. Representative images showing effect of oxidative stress due to deletion of ecf41Bc1 or ecf41Bc2 or both ecf41Bc1 and ecf41Bc2  
(A) Representative images of plates showing a zone of inhibition assay to measure sensitivity to different oxidants. In each case, top filter disc contains 
oxidant and bottom filter disc contains water. From top to bottom, first set of horizontal panels represent WT (H111), second set of horizontal panels 
represent H111-Δecf41Bc1, third set of horizontal panels represent H111-Δecf41Bc2 and last set of horizontal panels at the bottom represent H111-
Δecf41Bc1-Δecf41Bc2 as indicated. Vertical panels from left to right represent oxidants hydrogen peroxide (H2O2), methyl viologen (MV), tertiary-butyl 

hydroperoxide (TBH) and sodium hypochlorite (SH), respectively, as indicated. (B) Quantification of the zones of inhibition due to oxidants hydrogen 
peroxide (H2O2), methyl viologen (MV), tertiary-butyl hydroperoxide (TBH) and sodium hypochlorite (SH), for WT (H111), H111-Δecf41Bc1, H111-Δecf41Bc2 
and H111-Δecf41Bc1-Δecf41Bc2 as indicated. A one-way ANOVA was carried out, with a Tukey’s post test to determine statistical significance, ns = not 
significant, (n = 9). 
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4.5 Regulatory mechanism of Ecf41Bc1 and Ecf41Bc2 

The activity of Ecf41 σ factors in Bacillus licheniformis and Rhodobacter 

sphaeroides are reported to be regulated through their C-terminal domain and it has 

been suggested that a ‘DGGG’ motif present in this domain plays an important role 

(Wecke et al 2012). Therefore, it was decided to adopt an analogous experimental 

design to verify if the DGGG motif within the C-terminal domain of Ecf41Bc1 and Ecf41Bc2 

in B. cenocepacia plays a regulatory role. It was decided to test three truncated versions 

of the Ecf41 σ factors in this experimental design: one that contained the C-terminal 

extension only up to the DGGG motif, second that included the C-terminal extension up 

to but excluding the DGGG motif and a third derivative that did not contain the C-

terminal extension. These derivatives are schematically represented in Figure 4.10. 

 

4.5.1 Construction of plasmids encoding truncated derivatives of Ecf41Bc1 and Ecf41Bc2 

Depending on the ecf41Bc1 truncated derivative to be amplified 

Bcal3486.bam.213.rev, Bcal3486.bam.201.rev or Bcal3486.bam.176.rev reverse primers 

were used separately with the forward primer BCAL3486for to generate products of 686, 

650 or 575 bp, respectively, using H111 boiled lysate as template and KOD polymerase. 

Similarly, depending on the ecf41Bc2 truncated derivative to be amplified 

bcam2748.bam.215.rev, bcam2748.bam.198.rev or bcam2748.bam.175.rev reverse 

primers were used separately with the forward primer BCAM2748for to generate 

products of 655, 610 or 541 bp, respectively, using H111 boiled lysate as template and 

KOD polymerase. Each of these six PCR products were digested with HindIII and BamHI 

and separately ligated with pBBR2 that had also been digested with the same enzymes. 

The ligation reactions were used to transform JM83 cells that were spread on LB agar 

containing kanamycin, X-gal and IPTG to take advantage of the blue/white screening 

facility. Plasmids with an insert formed white colonies which were PCR screened using 

the insert-specific primers which were used in the initial PCR amplification mentioned 

above. Plasmids obtained from colonies which generated the correct sized PCR product 

were checked for their sizes by agarose gel electrophoresis. pBBR2-Ecf41Bc1-213 (including 

C-terminal extension with DGGG motif), pBBR2-Ecf41Bc1-201 (including C-terminal 



243 
 

extension without DGGG motif) and pBBR2-Ecf41Bc1-176 (excluding C-terminal extension) 

were expected to be 5.800, 5.764 and 5.689 kb, respectively. pBBR2-Ecf41Bc2-215 

(including C-term extension with DGGG motif), pBBR2-Ecf41Bc2-198 (including C-terminal 

extension without DGGG motif) and pBBR2-Ecf41Bc2-175 (excluding C-terminal extension) 

were expected to be 5.769, 5.724 and 5.655 kb, respectively. The clones with the correct 

plasmid size were checked for their DNA sequence integrity by nucleotide sequencing. 

 

4.5.2 Analysis of putative Ecf41Bc1 and Ecf41Bc2 regulated promoter activity in the 

presence of the respective C-terminally truncated ECF σ factors in E. coli  

pBBR2, pBBR2-Ecf41Bc1, pBBR2-Ecf41Bc1-213, pBBR2-Ecf41Bc1-201 and pBBR2-

Ecf41Bc1-176 were each separately transferred to MC1061 cells containing pKAGd4-PahpD. 

Similarly, pBBR2, pBBR2-Ecf41Bc2, pBBR2-Ecf41Bc2-215, pBBR2-Ecf41Bc2-198 and pBBR2-

Ecf41Bc1-175 were each separately transferred to MC1061 cells containing pKAGd4-PlysR. 

The promoter activities in each of the resulting strains was measured by carrying out the 

β-galactosidase assay. PahpD was found to be significantly active in the presence of full-

length Ecf41Bc1 and Ecf41Bc1-201 (including C-terminal extension without DGGG motif) as 

shown in Figure 4.10A. Interestingly, the activity of PahpD in the presence of Ecf41Bc1-201 

was 4 times greater than in the presence of full-length Ecf41Bc1. PahpD was also weakly 

active in the presence of Ecf41Bc1-213 (including C-terminal extension upto the DGGG 

motif). In contrast, PlysR was found to be significantly active in the presence of full-length 

Ecf41Bc2 and Ecf41Bc2-175 (excluding C-terminal extension) (Figure 4.10B). The activity of 

PlysR in the presence of Ecf41Bc2-175 was found to be comparable to that in the presence 

of full-length Ecf41Bc2 whereas in the presence of Ecf41Bc2-198 the activity was only 

approximately 10% of that in the presence of Ecf41Bc2.  Contrary to the results reported 

for ECF41 σ factors of Bacillus licheniformis and Rhodobacter sphaeroides, presence of 

the C-terminal extension upto the DGGG motif on the ectopically expressed σ factor 

rendered the promoter inactive for both Ecf41Bc1 and Ecf41Bc2 in E. coli. 
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Figure 4.10. ECF41-dependent promoter activity in the presence and absence of full-length 

and truncated ECF41 σ factor derivatives in E. coli. 
(A) pKAGd4 containing PahpD was transferred to MC1061 along with pBBR2-Ecf41Bc1, pBBR2-

Ecf41Bc1-213, pBBR2-Ecf41Bc1-201, pBBR2-Ecf41Bc1-176 or pBBR2 as indicated.  The promoter activity 

in each of these strains was measured using the β-galactosidase assay where cultures were 

grown in LB containing kanamycin and chloramphenicol. Schematic representations of the full-

length and truncated versions of Ecf41Bc1 used in this experiment are given below the plot with 

the appropriate names. σ2 and σ4 are shown as black boxes with linker sequences as black lines. 

The C-terminal extension is also shown as a black box with the approximate location of the 

DGGG motif indicated. (B) pKAGd4 containing PlysR was transferred to MC1061 along with pBBR2-

Ecf41Bc2, pBBR2-Ecf41Bc2-215, pBBR2-Ecf41Bc2-198, pBBR2-Ecf41Bc2-175 or pBBR2 as indicated.  The 

promoter activity in each of these strains was measured using the β-galactosidase assay where 

cultures were grown in LB containing kanamycin and chloramphenicol. Schematic 

representations of the full-length and truncated versions of Ecf41Bc2 used in this experiment are 

given below the plot with the appropriate names. σ2 and σ4 are shown as grey boxes with linker 

sequences as black lines. The C-terminal extension is also shown as a grey box with the 

approximate location of DGGG motif indicated. All activities shown were obtained by subtracting 

the activity of the same strain containing pKAGd4 assayed under the same conditions 

(background control). Statistical significance was determined by performing a one way ANOVA, 

with a Tukey’s post test, **** = p<0.0001, * = p<0.1, (n=6). 
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4.5.3 Analysis of putative Ecf41Bc1 and Ecf41Bc2 regulated promoter activity in the 

presence of the respective C-terminally truncated ECF σ factors in B. cenocepacia 

To verify whether the native B. cenocepacia Ecf41 σ factors were capable of 

switching on the respective putative promoters under standard laboratory conditions, 

initially, pKAGd4 derivatives harbouring the Ecf41Bc-dependent promoters were 

transferred into B. cenocepacia H111 by conjugation using S17-1 as a donor strain and 

the β-galactosidase activity was measured. It was found that promoters PahpD and PlysR 

were inactive under normal growth conditions (i.e. in LB) which suggests that these σ 

factors may be induced and/or activated only under certain ‘stressful’ conditions or 

under an appropriate extra-cytoplasmic signal, as is the case for many ECF σ factors 

(Figure 4.11). Next, pBBR2, pBBR2-Ecf41Bc1 and pBBR2-Ecf41Bc1-201 were transferred to 

B. cenocepacia H111 containing pKAGd4-PahpD as these derivatives were found cause the 

promoters to be highly active in E. coli. Also, pBBR2, pBBR2-Ecf41Bc2 and pBBR2-Ecf41Bc2-

175 were transferred to B. cenocepacia H111 containing pKAGd4-PlysR as these derivatives 

were found cause the promoters to be highly active in E. coli. The β-galactosidase activity 

in each of these strains was measured. Only PlysR was found to be significantly active in 

the presence of full-length Ecf41Bc2 and pBBR2-Ecf41Bc2-175 (excluding C-terminal 

extension). However, unlike the situation in E. coli the activity of PlysR in the presence of 

Ecf41Bc2-175 was found to be ten times lower than that in the presence of full-length 

Ecf41Bc2. It should be noted that even in the presence of full-length Ecf41Bc2, the activity 

was ten times less than when present in the E. coli host strain. 

In the above experimental analysis, it is assumed that the promoter activities 

have been obtained in the presence of functional truncated derivatives of the σ factors. 

However, it can be speculated that the deletions introduced might cause the protein to 

become insoluble, degrade or quickly turn over. In such situations, the promoter 

activities obtained may not be a true representation of the importance of the length of 

the respective ECF σ factors in transcription initiation. This can be easily validated by 

carrying out a Western blot analysis to confirm expression and size of the respective 

protein.     
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Figure 4.11. ECF41-dependent promoter activity in the presence and absence of full-length 

and truncated derivatives of ECF41 σ factors in B. cenocepacia. 

pKAGd4 containing PahpD was transferred to B. cenocepacia H111 along with pBBR2-Ecf41Bc1, 
pBBR2-Ecf41Bc1-201 or pBBR2 as indicated or without a pBBR2 derivative. pKAGd4 containing PlysR 
was transferred to H111 along with pBBR2-Ecf41Bc2, pBBR2-Ecf41Bc2-176 or pBBR2 as indicated 
The promoter activity in each of the resulting strains was measured using the β-galactosidase 
assay where cultures were grown in LB containing kanamycin and chloramphenicol. All activities 
shown were obtained by subtracting the activity of the same strain containing pKAGd4 assayed 
under the same conditions (background control). Statistical significance was determined by 
performing a one way ANOVA, with a Tukey’s post test, **** = p<0.0001, (n=6). 
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4.6 Genomic context of ECF42Bc 

ECF42 σ factors appear across five different phyla including Gram-positive and 

Gram-negative bacteria. The genomic locus of ecf42Bc from B. cenocepacia is shown in 

Figure 4.12 along with those of ecf42 genes in other bacterial species. It is evident that 

the gene encoding this class of σ factor appears near one or more copies of a putative 

phnB type gene. However, the involvement of this gene in Ecf42 function, if any, remains 

undefined. In the case of B. cenocepacia two such genes occur upstream of ecf42 and 

are predicted to be transcribed in the same direction as ecf42.  

An alignment of the amino acid sequence of Ecf42 with homologous proteins 

from other species is shown in Figure 4.13. It was apparent that the sequences share a 

large C-terminal extension of approximately 250 amino acids. As described earlier they 

tend to contain a TPR (tetratricopeptide repeat) domain at the C-terminus. However, 

the significance of this domain and the C-terminal extension yet remains unknown.  
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Figure 4.12. Genomic context of ecf42 σ factor genes 
Gene organisation at the ecf42Bc locus from B. cenocepacia H111 compared to the corresponding 
locus in other species as indicated. ecf42 genes are shown in pink while genes belonging to the 
phnB family are shown in orange. All other genes are shown in grey and their predicted gene 
products are shown near or on the corresponding block arrow. Gene loci numbers are shown on 
the left of the gene loci. HP = hypothetical protein, MP = membrane protein, TMD = Trans 
membrane domain protein. Excerpts taken from bioinformatic analysis by M. Thomas 
(unpublished). 
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NF           1 MTGADTAAAVAEHTARTSYGRLVAVLA-AGCGDLTLAEDTLAEAFEQALRTWPRRGVPAN 

CC           1 -------MSPLDQTARRDGGRIVAALA-AAFRDLDLAEEAYAEACARAAAVWP-AAPPLD 

SC           1 ----------MDEALVRSLTPGVLTVLVRRGADFAAAEDAVQDALVEAVRGWP-ADPPRD 

MS           1 -------MAELDSVFRREWGPTVATIA-RWSGDLALAEDAVQEACAHAVQAWA-DGLPDN 

BC           1 MTHEA-THRAIEAVWRIEAPKIIARAA-RVVRDVGVAEELAQDTLVAALEHWPVDGVPDN 

MX           1 --MMD-TSSILERAHREDYGRIVATLIRVLDGDFGAAEEVVQDAFAAALNQWPREGVPRE 

                         ..   ............ .  .*...**...... . *.  *. ...* . 

 

 

NF          60 PEGWLLTVARNRQRDEWKSAGYRRSVPLDTED--------PPVEGVALLDDLDADAIPDR 

CC          52 PAAWLYATARRCALDMFRRRNVRRRATLERPE--------PQP-SAEDVLTSDDRLIPDE 

SC          50 PKGWLVTVAWRRFLDAARADTARRRREDRVEE-------EPVPG---------PAPDVDD 

MS          52 PGAWLTTVARNRALDRLRRESQRTGREYAA------V-----YEDMTARADTELHPVRDD 

BC          59 PAAWLMTAVKRRALDRVRQESLHAAKRDQLGHEMDALEAHVVPDIADALADASDDDIGDD 

MX          58 PAGWLMRVARNKAVDRMRRSARLEARVGEL------------EAVAPSVDDAEWQTLPDD 

               *..**..... ...*...... ....  .. .        . .. .  . . .   ..*. 

 

 

 

NF         112 RLALLFVCAHPAVAAEARTPLMLQTVLGFDSSQVARAFAVSPAAMQQRLVRAKRRIRDAR 

CC         103 RLRLIFVCCHPAVAPESRAALTLRLVCGLSVAEIARAFLVAEPAMFQRLTRAKKKIAEAG 

SC          94 TLQLYFLCAHPSLTPSAAVALTLRAVGGLTTRQIARAYLVPEATMAQRISRAKRTVSGVR 

MS         101 QLRMMFTCAHPALDRASQLALTLRLISGLTAAEIARALLQSETAVRQRITRAKNKIRKAN 

BC         119 LLRLIFTSCHPVLSTDARVALTLRLLGGLTTGEIARAFLTPEPTIAQRIVRAKRTLAAAH 

MX         106 SLRLLFTCCHPALSPEAQVALALRCLCGLTTEQIARAFIVSPATLAQRLVRAQRKIRTAR 

                *...*.. **.........*.*... *.... .***...... ..**..**..... .. 

 

 

 

NF         172 IPFVVPGRGALAERLPPVLEAIYGCHALTWREG------TRSLAGEARYLAVTLATLLAD 

CC         163 VSFEVPGPQAWPERMAAVLSTLEVAYARAHEDAAGSG-PHAGYAREMLDLTSVLADLLPG 

SC         154 F--------DRPGDVATVLRVLYLVFNEGYSGD-------VDLAAEAVRLTRQLAAS-VD 

MS         161 IPLRVPPAELLPERTPHVLACIYSVFTEGYWSTAGPSAIRDELCDEGVRLAAELCALLPD 

BC         179 VPFEVPAADARPARLASVLEVIYLVFNEGHAATAGDDWMRPALCDEALRLGRVLAGLAPD 

MX         166 IPYVIPEPEALAERTEGVLHTLYLVFSEGYAATDGPALLRVDLCEEALRLARLARSLLPG 

               ... ... ........ **  ..... ... ....   .. .. .*...*.......... 

 

 

 

NF         226 EPEAWALAALTTLVAARNS---PADTVFRPLDAQDPADWDPRLITEGEDYLRRAERPGAA 

CC         222 EPEALAFAALVRFAEARRPARLDADGAMIPLAEQDPKRWNRALISDGDMLLRRAAR-LNR 

SC         198 HPEVAGLLALMLLHHARRAARTAPDGSLVPLAEQDRGRWDTASIAEGVRILQAALA-RDR 

MS         221 DRDAHALSALVLLHDSRRSTRTDHTGALIPLDEQDRTRWDRGRIARGLDQLRLA---EGA 

BC         239 ESEVLGLVALMELQASRMHARVDAQGRPVLLLDQDRSRWDPLLIRRGLAALERATKLGGV 

MX         226 DAEVASLRALMLLHHSRRRARVAADGGLVLLDRQDRSLWDGAQRDEGLAELGAALA-MGA 

               ...  .. **....  *. ...........*..**...*. ... .*.  *..* .  .. 

 

 

NF         283 PGRFQLEAAIHAVHC-ARLTTGDTDWQALRTLYTALVAVAPTLGSRTAHAAVLGRTDSAE 

CC         281 PGPRQLRAALHGAWALRRSLAEPPPWETLLALYDLLLDAGDDPFVRLNRAVVLAEVAGPA 

SC         257 LGEFQAQAAIAALHA-DAPTAGETDWPQIVEWYDELARLTDNPVVRLNRAVAVGEADGPR 

MS         278 TGPYLPQAVIAAVHA-TAPGWQATDWSTICLAYDRLLQQADSPVVRANRALAIGFRDGHA 

BC         299 RGPYALQAALAACHA-RARQAADTDWAQIVALYDALAEVAPSPVVELNRAVAVGMAFGPA 

MX         285 RGPYTVQAAIAALHA-QAPRAEDTDWAQIAALYARLVVLTPGPVVALNHAAAVAMARGPE 

                *.....*.......  .. .....* .....*. *. .. ........*.... ..... 

 

 

NF         342 DGLCLLDRLPPE--RERFQPYHATRADLLARAGRFAEAAAAYDTAATLT-DDPAVREFLR 

CC         341 AALAEVEALDAD-RLEGFQPYHAVRADLLARLGRVEEASSAYDRALEMA-PGAAERLWLI 

SC         316 AGLAALAELDGT--LPRHTA---VAAYLHERDGDVDTAARLYAEAALKA-PALAERDHLT 

MS         337 AGLAALDEVADDPLLARSNTVAVIRADLLRRAGRTGEAIHWYGVALEHHAINEPAAAFLR 

BC         358 AALELVDVLRDDPALARYHWLPSVRGDLLAKLGRADEAKLEFRRAADLT-RNERERELLL 

MX         344 HGLSLVDDLEASGRLADYHLLPAARADLLRRLGRKDEAASAYRRALAMV-RTAPERRFLE 

               ..*.........  ..... . .....*....*. ..*. .. .* ..     .....*  
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NF         399 ARGAAVRGSPRR-- 

CC         399 RRRSFMASAN---- 

SC         370 RQAARLNSRRRGRR 

MS         397 RRLAECESATAAN- 

BC         417 KRAMDA-------- 

MX         403 ARLLELLAE----- 

               ...... .       

 

 
 
Figure 4.13. Amino acid sequence alignment of Ecf42Bc from B. cenocepacia H111 with related 
proteins in other species 
Ecf42Bc amino acid sequence from B. cenocepacia H111 (BC) was aligned with homologous 
proteins from Caulobacter crescentus NA1000 (CC), Myxococcus xanthus DK 1622 (MX), 
Streptomyces coelicolor A3(2) (SC), Nocardia farcinica IFM 10152 (NF) and Mycobacterium 
smegmatis NCTC8159 (MS) using Clustal Omega and shaded using BOXSHADE. Amino acids 
which are identical at the corresponding position in ≥50% of sequences are shown in white font 
with black highlighting while amino acids which are similar at the corresponding position are 
shown in white font with grey highlighting. σ2, σ4 and the C-terminal extension are underlined 
in red, blue, and orange, respectively. Predicted TPR domain is shown as a green box. 
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4.7 Investigation of the role of ECF42 by identification of target promoters 

The potential role of a putative Ecf42 σ factor has been previously investgated in 

Pseudomonas putida where it was found that deleting this gene improved the ability of 

the bacterium to form biofilms and resist antibiotics. As ECF σ factors are normally 

required for stress resistance, it is likely that Ecf42 is involved in increasing the resistance 

to other stressors. However, the exact stress inducing signal and mode of action by Ecf42 

is not yet known. In the first approach to identify the role of Ecf42 in B. cenocepacia, it 

was initially decided to identify the target promoters. 

 

4.7.1 In silico identification of ECF42 regulated promoters 

Since ecf42 always tends to appear along with phnB genes it was hypothesised 

that phnB genes are dependent on Ecf42 for transcription initiation. Hence in B. 

cenocepacia H111, the region between I35_RS20300 and I35_RS20305 (I35_RS20305 is 

referred to as phnB1 in this thesis) (Figure 4.12) was predicted to contain a promoter for 

phnB1 and was aligned with corresponding regions from closely related species of the 

Bcc. Similarly the region between phnB1 and I35_RS20310 (I35_RS20310 is referred to 

as phnB2 in this thesis) was aligned with the corresponding region from other closely 

related species of the Bcc. The gene located immediately upstream of ecf42 

(I35_RS20315) encodes for a putative bleomycin resistance protein. This gene could also 

be potentially regulated by Ecf42Bc and can be speculated to contain the ecf42Bc 

promoter, as many ECF σ factors are auto-regulated. Hence, the region between phnB2 

and I35_RS20315 was also aligned as above. It was observed that a pair of conserved 

motifs were present in the alignment of the intergenic region between the two phnB 

genes as shown in Figure 4.14A. Here a TGTCGAT motif was found to be fairly conserved, 

with the central ‘GTCGA’ being completely conserved. Located 17 bp downstream of this 

motif is a highly conserved CGTCGT motif. These two motifs were hypothesised to form 

the -35 and -10 promoter regions of an Ecf42-dependent promoter. A 125 bp long DNA 

fragment termed as PphnB possessing the putative -10 and -35 promoter elements is 

shown in Figure 4.14B. Alignments of the other intergenic regions did not show any 

specific conserved motifs and are therefore not shown here. 
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B. thailandensis    TGAccgctcgcgaatcgacgcgaccggcggccgccgggcatcgcgcgcccggtttgggtagg 

B. pseudomallei    TGAggcgcgcgagaatcggcgcgaccggctgccgccgtgggccggtcgcctcgttgagcgagg 

B. ambifaria       ----------------------------------------------TGAcggctgcgccctgg 

B. cenocepacia     ----------------------------------------------TGAacgtcgcgactcgg 

B. cepacia         ----------------------------------------------TGAatgccgcgactcgg 

B. multivorans     ----------------------TGAagccgcgccggtaggcgcctgcccgtcgtttgactagg 

B. vietnamiensis   --------------------------------------------TGAacgagcgccgcgtcgg 

                                                                                ** 

 

B. thailandensis      ggtttcccctgatttcgcgcgccgcgtgtcgagcggggatcgtgccgcacgtcgttgtgg 

B. pseudomallei       ggtttcccttaatttttcgcgtcgcgtgtcgagtggggggcgtgtcgcccgtcgtagggg 

B. ambifaria          tgtttacccgagctcgtcgcgcggcacgtcgatccggcagcctgtcacccgtcgtccgta 

B. cenocepacia        tatttaccctgatttgtcgtggcgcatgtcgatcgggccatcttccgcccgtcgtccgga 

B. cepacia            tatttaccctgattggtcgcggaacgtgtcgatccgggcgtcttccggccgtcgtccgga 

B. multivorans        tatttaccctgattcgacgcgccgcgcgtcgatccggccgcgggccgtccgtcgttcgga 

B. vietnamiensis      tatttaccctgattcggcgtgcaacacgtcgatccgtccgcgtgcggcgcgtcgtagggt 

                        *** **     *   ** *   *  *****   *             ******      

 

B. thailandensis      caggacgccggatcgtgcgtcctgccatccgcgaaaggagaaagc-----gATG 

B. pseudomallei       caggatgccgaatcgcgcgtcccgtcatctgcgaaaggagagagc-----gATG 

B. ambifaria          tgaggcgccgatgaacggacgccgctttccaccgacgacaaggagcgaacgATG 

B. cenocepacia        taaggcgccgcggaacgggcgccgccttccaccgacgacaaggagtaaacgATG 

B. cepacia            taaggcgccgccgaacgggcgccgccttccaccgatgacaaggagtaaacgATG 

B. multivorans        caaggcgtcgatgaatcgatgccgttttcaaccgacgacaaggagcgagcgATG 

B. vietnamiensis      caaggcgccgatgaacggctgccttttcca-ccgatgacaaggagcgagcgATG 

                         *  * **           *      *  *  * *   *         **** 

 

 
 
 
 

PphnB2: 
ACGTCGCGACTCGGTATTTACCCTGATTTGTCGTGGCGCATGTCGATCGGGCCATCTTC

CGCCCGTCGTCCGGATAAGGCGCCGCGGAACGGGCGCCGCCTTCCACCGACGACAAGGA

GTAAACG 

 
Figure 4.14. Clustal Omega alignment for identification of putative Ecf42 recognition 
sequences  
(A) Intergenic region between I35_RS20310 (putative phnB1) and I35_RS20315 (putative phnB2) 
from B. cenocepacia was aligned with the corresponding region from B. cepacia, B. multivorans, 
B. thailandensis, B. pseudomallei, B. ambifaria and B. vietnamiensis. The stop codon of 
I35_RS20310 is shown in red and start codon of I35_RS20315 is shown in magenta. The arrows 
represent the direction of transcription. Bases that are conserved at the corresponding position 
in all sequences are marked with an asterisk. Putative -10 and -35 promoter regions are 
highlighted in yellow and green, respectively. Within the putative -35 region two ‘T’ bases are 
highlighted in dark green and blue, respectively, since they are conserved in only some of the 
species. (B) DNA sequence that was hypothesised to form the PhnB promoter (PphnB2) where the 
putative -10 and -35 regions are highlighted in yellow and green, respectively. 

A 

B 

phnB2 

phnB1 
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4.7.2 Construction of plasmids harbouring ECF42Bc and putative ECF42Bc-dependent 

promoter 

The conditions required for ecf42Bc gene expression were not known so it was 

decided to use the plasmid pBBR2 to allow constitutive expression of ecf42Bc under the 

control of the lac promoter. Using primers BCAM0849For and BCAM0849Rev(full), a 

1311 bp DNA fragment containing ecf42 and native Shine-Dalgarno sequence was 

amplified with KOD polymerase and using a boiled H111 lysate as template, digested 

with HindIII and BamHI enzymes and ligated into pBBR2 also digested with the same 

enzymes. The ligation reactions were used to transform E. coli JM83 cells and spread on 

LB agar containing kanamycin, X-gal and IPTG to test for blue/white screening. The 

transformants thus obtained that gave white colonies were screened by GoTaq PCR 

using the insert specific primers which were used in the initial amplification mentioned 

above. Transformants clones that screened positive were checked for the size of their 

plasmids by agarose gel electrophoresis. Plasmids with the desired insert (6.425 kb) was 

then checked for its DNA sequence integrity by nucleotide sequencing. 

The lacZ-reporter plasmid pKAGd4 was used as a vector harbouring the putative 

Ecf42Bc-dependent promoter. In order to do this, complementary oligonucleotides were 

annealed as described in section 2.2.8. pBCAM0847For, pBCAM0847For2, 

pBCAM0847Rev, and pBCAM0847Rev2 were annealed to generate a 125 bp DNA 

fragment containing PphnB2 (Figure 4.14B) which was ligated with pKAGd4 that was 

digested with HindIII and BamHI enzymes. E. coli MC1061 cells were then transformed 

with the ligation reaction and the transformants were spread on LB agar containing 

chloramphenicol and X-gal. Blue colonies thus obtained were PCR screened using vector-

specific primers AP10 and AP11 and GoTaq polymerase. Clones that seemed to contain 

the promoter fragment were confirmed to have the correct DNA sequence by nucleotide 

sequencing. 
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4.7.3 Analysis of putative ECF42-dependent promoter activity in the presence of ECF42 

in E. coli and B. cenocepacia 

pBBR2 and pBBR2-Ecf42 were separately transferred to E. coli MC1061 cells 

containing pKAGd4-PphnB2 and the activity of the putative promoter was measured by 

performing β-galactosidase assays in LB containing chloramphenicol and kanamycin 

along with appropriate background control strains. It was found that the putative 

promoter fragment was inactive in both the presence and absence of Ecf42. In order to 

test if the σ factor was capable of recognising the putative promoter in B. cenocepacia 

where other necessary regulatory factors maybe present, pKAGd4-PphnB2 was conjugally 

transferred to H111 via S17-1 donor strain and β-galactosidase assays were performed. 

However, again the promoter was found to be inactive. Then, pBBR2 and pBBR2-Ecf42 

were separately transferred to B. cenocepacia H111 cells containing pKAGd4-PphnB2 and 

β-galactosidase assays were performed but the promoter was still found to be inactive 

(data not shown). It was concluded that either the full-length ecf42 that was used in this 

experiment is not sufficient for promoter recognition or that the putative promoter may 

not be Ecf42-dependent. 

 

4.7.4 FUZZNUC based identification of additional putative ECF42-dependent 

promoters  

Although the putative PphnB promoter was found to be inactive in the above 

experimental set up, it was decided to scan the genome of B. cenocepacia and other 

bacterial species to identify additional sequences that may serve as Ecf42-dependent 

promoters using FUZZNUC. 

 

4.7.4.1 In silico identification of additional putative ECF42-dependent promoters on 

the B. cenocepacia genome 

Using the Prosite pattern TGTCGAT(N)16CGTCGT the B. cenocepacia H111 

genome was scanned using FUZZNUC. Five novel hits were identified that could behave 

as putative promoters. These are presented in Table 4.1 showing the sequence, genomic 
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location and the gene present downstream. Interestingly, one of these promoters is 

located upstream of a gene encoding 3-demethylubiquinone-9, 3-methyltransferase 

belonging to the glyoxalase family and another promoter is also located upstream of a 

gene encoding a protein from the same family. Such type of a gene encoding the same 

product is also present upstream of ecf42Bc. Also, one of these putative promoters is 

located upstream of a putative PhnB encoding gene (I35_RS) not present in the vicinity 

of ecf42Bc. Although these promoters could be experimentally verified for their activity, 

the conditions for ecf42 to execute its function were not known and hence these were 

not tested. 

 
Table 4.1. Putative Ecf42-dependent promoters identified in the B. cenocepacia H111 
genomea 

Gene 
locusb 

Sequencec Putative promoter 
of gene encoding - 

Gene 
locus no. 

1649974-
1650002,  
chr 1 

TGTCGATTTCCGTCGGCATCGTCCGTC

GT 
glyoxalase family 
protein 

I35_RS07
730 

3308627-
3308655,  
chr 1        

TGTCGATCTACACCATCCTGTCCCGTC

GT 

gamma glutamyl 
GABA hydrolase 

I35_RS15
330 

2135408-
2135436,  
chr 1        

TGTCGATTTCCCGCTGCGTCGCCCGTC

GT 
oxalate/formate 
antiporter 

I35_RS09
835 

2560197-
2560225,  
chr 2       

TGTCGATTCGCGTCGCCGTCGCGCGTC

GT 
PhnB I35_RS27

625 

1039151-
1039179,  
chr 2        

TGTCGATTTCGGCGGGCGTCGTCCGTC

GT 
3-
demethylubiquinon
e-9, 3-
methyltransferase 

I35_RS21
145 

a: Using FUZZNUC with Prosite query TGTCGAT(N)16CGTCGT. b: Location of the corresponding 
sequence showing gene loci numbers and chromosome numbers. c: Putative -35 and -10 regions 
are highlighted in green and yellow, respectively. 

 

 

An alignment of the region located upstream of phnB genes in other bacterial 

species revealed a conserved GTCGA(N)17/18CGAC sequence that may constitute an 

Ecf42-dependent promoter (Figure 4.15). In some cases an additional matching 

sequence was divergently orientated with respect to the putative promoter sequence 
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located upstream of the phnB gene. One possibility is that this is the true recognition 

sequence for Ecf42 group σ factors and that in B. cenocepacia the ecf42 gene could be 

controlled by a different ECF σ factor that recognises GTCGA(N)17CGTCGT. However, 

using GTCGA(N)17CGAC Prosite pattern (17 bp spacer was observed in all species except 

Ralstonia solanacearum) to scan for matches on the B. cenocepacia H111 genome, 147 

hits were obtained on chromosome 1, 149 on chromosome 2 and 58 on chromosome 3. 

Therefore, it was concluded that this might be a commonly occurring motif within the 

genome making it difficult to identify putative promoters. 
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PA2         --agcgccgaccgt--tcgtccgcgccgcgggctttttt-------ccccgccactgtcg 

PA1         ----------ttct--gcgcaa--tgacggcccgttctggcccgcctcccgaactggtcg 

PA1rev      ----------cctc--ctatac--tgccccggccagcgaaaaaaccgccgtcgcctgtcg 

BC          --aacgtcgcgact--cggtat--ttaccctgatttgt--------cgtggcgcatgtcg 

LS          --------acgact--cccgat--tcccctttcccgattcccggcctcaaccgactgtcg 

PB          -----cacatcaat---cggttgaaaaatctcc---ccgaaatcgccggggaggctgtcg 

RSrev       ---------------ccccgccgttacaccttgttacatcttaggcggacggggatgtcg 

RS          -gagtgagtgggagccgcgagaggttcgcgtctctacggg-------------tacgtcg 

MX          cgggggcgggtaac---cgaaaagaaatcccccgtgaaaa------------ggcggtcg 

MXrev       ----cacgggtgag---cgggagaagagcctccctgcttc------------cgtggtcg 

NP          -----cattggcttgcctccgttgttttcctttgtgag---------------taagtcg 

RL          ----gcatttcgacagcggcgaaat--ttttttgtgcgaacgaa----------gtgtcg 

                                                                    ****       

 

PA2         aaaggc-gccctcgccgggcgactaccgaacgaacgg------atcgtcgatccgcacca 

PA1         aacggc-gggccggcggatcgacaggcgacggcggttttttcgctggccggggcagtata 

PA1rev      atccgc-cggcccgccgttcgaccagttcg-------------ggaggcgggccagaacg 

BC          atcggg-ccatcttccgcccgtcgtccgga-------------taaggcgccgcggaacg 

LS          attccc-gcccgccccattcgtcgccttga-------------tgaagccagcccgaccg 

PB          atttcg-ccgctcctcgttcgacgtgatggtag----------agcagccggtcgaaccg 

RSrev       attcggccagggtgtcattcgacgtacccgtag----------agacgcgaacctctcgc 

RS          aatgacaccctggccgaatcgacatccccgtcc----------gcctaagatgt-aacaa 

MX          attcac-ggaggtttcgttcgaccacggaagca----------gggaggctctt-ctccc 

MXrev       aacgaa-acctccgtgaatcgaccgccttttca----------cgggggatttc-ttttc 

NP          aaccgc-aattgctcaaatcgacacctcgccaaa--aatttttttcattagatacaatcg 

RL          aaa-tcgcaaggcagcactcgacaaggcttcat----------cgaaacctgtcgaggag 

            *                  ** *                                      

 

PA2         ggagccca---------- 

PA1         ggaggcccgcgccga--- 

PA1rev      ggccgtcattgcgcagaa 

BC          ggcgccgccttccaccga 

LS          ggacccgccgggaccc-- 

PB          ggcgaaaacgag------ 

RSrev       ggctcccactcactc--- 

RS          ggtgtaacggcgggg--- 

MX          gctcacccgtg------- 

MXrev       ggttacccgcccccg--- 

NP          agctttac----ctg--- 

RL          aactgaaa----tg---- 

 
 
Figure 4.15. Clustal Omega alignment for identification of putative PphnB promoter 
Intergenic region between I35_RS20310 (putative phnB1) and I35_RS20315 (putative phnB2) 
from B. cenocepacia H111 was aligned with the regions from P. aeruginosa FRD1 (PA1 = 
EG09_00230 - 00235), (PA1rev = EG09_00230 - 00235), (PA2 = EG09_00205 - 00210), 
Myxococcus xanthus DK1622 (MX = MXAN_0679 - 0680), (MXrev = MXAN_0680 - 0679), 
Ralstonia solanacearum CMR15 (RS = CMR15_mp10589 - mp10590), (RSrev = CMR15_mp10590 
- mp10589), Lysobacter capsici 55 (LS = LC55x_0258 - 0259), Nostoc punctiforme PCC 73102 (NP 
= Npun_F2132 - R2131), Rhizobium leguminosarum 3841 (RL = RL1476 - RL1477) and  
Paludisphaera borealis PX4 (PB = BSF38_03031 - 3032). Only bases relevant to the alignment are 
shown. Bases that are conserved at the corresponding position in all sequences are marked with 
an asterisk. Putative -10 and -35 promoter regions are highlighted in blue and green, 
respectively. Within the putative -10 region one ‘T’ base is highlighted in yellow since it is 
conserved only in two species. 
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4.7.4 In silico identification of putative ECF42-dependent promoters in the genome of 

other bacterial species 

A slightly less stringent Prosite pattern was adopted for scanning the genomes 

of other bacterial species – TGTCGA(N)17CGTC. Here, the last T base of the putative -35 

region was replaced by N, thus making the spacer 17 bp long and only the first four bases 

‘CGTC’ were retained within the -10 region. 

In the Proteobacterium occupying a similar niche as B. cenocepacia, 

Pseudomonas aeruginosa PAO1, this scan identified 7 hits. One of them was found to be 

located within a probable enoyl-CoA hydratase encoding gene, and upstream of a gene 

encoding a probable transcriptional regulator. All other sequences were either located 

distantly from the start codon of a gene (≥1000 bp) or not present upstream of the start 

codon of a gene and therefore unlikely to be promoters. A FUZZNUC scan of the 

Streptomyces coelicolor A3(2) genome gave 9 hits with this pattern. Of these, only 3 

seemed to be putative promoters based on their location. One was found to be present 

upstream of a gene encoding a putative TetR family transcriptional regulatory protein 

located near an ecf42 gene. The second hit was found upstream of phnB type gene not 

present near an ecf42 type gene and the third hit was found to be located upstream of 

a gene encoding a putative integral membrane ATPase. In the Myxococcus xanthus DK 

1622 genome only 3 hits were obtained. Only one of these seemed likely to constitute 

a promoter and it was located upstream of a phnB type gene, but again, not present 

near an ecf42 type gene. However, as the promoter could not be experimentally verified 

it cannot be established that the hits obtained in other species actually constitute 

promoters or not. 

 

4.8 Genetic analysis of the role of Ecf42Bc 

In B. cenocepacia a rubrerythin encoding gene is present downstream of ecf42. 

Rubrerythin is reported to be involved in protection against oxidative stress. If this gene 

forms part of the ecf42 operon it may suggest that Ecf42 might be involved in oxidative 

stress response. To test this proposition it was decided to construct an ecf42 in-frame 

deletion mutant. 
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4.8.1 Construction of an ecf42Bc in-frame deletion mutant 

SOE PCR primers TPRdelA and TPRdelB were used to amplify a DNA fragment 571 

bp long (AB) which contained the region upstream of ecf42Bc and the first six codons of 

ecf42Bc using H111 boiled lysate and Q5 polymerase. Similarly, using primers TPRdelC 

and TPRdelD a 563 bp DNA fragment (CD) was amplified which contained the region 

downstream of ecf42Bc and the last seven codons of ecf42Bc. Using AB and CD PCR 

products in an equimolar concentration as the DNA template, and primers TPRdelA and 

TPRdelD, a third PCR was carried out to generate a product (AD) which was 1134 bp 

long. This product had lost 410 codons of ecf42Bc (total 423 codons) as primers TPRdelB 

and TPRdelC were designed such that they had homologous bases. Then using enzymes 

HindIII and XbaI, restriction digestion of the product AD was carried out and 

subsequently ligated with pEX18-TpTer-SceI-pheS that had been digested with the same 

enzymes. JM83 cells were transformed with the ligation reactions and spread on LB 

medium containing trimethoprim, X-gal and IPTG. White colonies were PCR screened 

using GoTaq polymerase and insert-specific primers TPRdelA and TPRdelD. Plasmid 

clones that seemed to contain the appropriate insert were then checked for their size 

and DNA sequence integrity. One such construct, pEX18TpTer-SceI-pheS-Ecf42Bc was 

transferred conjugally transferred to B. cenocepacia H111 using E. coli S17-1 as the 

donor strain. This allowed the first recombination event to occur which integrated the 

plasmid into the B. cenocepacia genome at the ecf42 locus thus giving plasmid co-

integrates. The formation of co-integrates was confirmed by carrying out a PCR using 

vector-specific primers pEX18Tpfor and pEX18Tprev. Following that, pDAI-SceI was 

conjugally transferred to a co-integrate strain using E. coli SM10 as the donor. The I-SceI 

enzyme thus expressed generates a cut at the I-SceI site in the integrated vector allowing 

selection for another recombination event which rescues the strain and can give rise to 

either WT or a ecf42Bc deletion mutant. The presence of mutants among tetracycline-

resistant survivors was checked by carrying out a PCR using primers 0849outfor2 and 

0849rev2 that anneal to genomic sequences outside the region complementary to 

primers A and D. For the WT used this would generate a product of 2.490 kb while 

Δecf42Bc would be expected to give rise to a product of 1.260 kb since it had lost 410 
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codons of ecf42Bc. Figure 4.16 shows the result of a PCR screen of one such mutant 

compared to the WT. The H111Δecf42Bc mutant was streaked 3 times on 0.1% 

chlorophenylalanine medium to aloow for loss of pDAI-ISceI. A general schematic 

outline of this procedure is shown in Figure 3.29. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16. PCR screening of a candidate H111Δecf42Bc mutant 

Agarose gel showing PCR screen of candidate H111Δecf42Bc using primers 0849outfor2 and 

0849outrev2 which anneal at genomic locations lying outside the expected deleted region of 

ecf42 giving a PCR product of 2.490 kb for WT and 1.260 kb for Δecf42; L = GeneRuler DNA mix; 

WT = H111 boiled lysate used as template. 

 
 

4.8.2 Effect of ecf42Bc deletion on growth of B. cenocepacia in standard lab conditions 

To assess whether ecf42Bc was required by cells growing under standard 

laboratory conditions, liquid cultures were grown in LB and the optical density was 

measured as described in section 2.1.4. As shown in Figure 4.17A, it was evident that 

Δecf42Bc grew at a similar rate to that of WT and attained the same final cell density in 

this medium. Also, the efficiency of colony formation was tested on LB agar. As shown 

in Figure 4.17B, Δecf42Bc formed colonies with a similar efficiency as that of WT. It was 
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concluded that deletion of ecf42Bc did not affect bacterial growth under normal 

conditions. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17. Effect of deletion of ecf42Bc on growth of B. cenocepacia under normal conditions 
(A) Growth curves of WT (H111) and H111-Δecf42Bc in LB, n=9. (B) Representative image showing 
serially diluted log phase cultures of WT (H111) and H111-Δecf42Bc grown in LB at 37oC and 
spotted on LB agar. 
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4.8.3 Effect of ecf42Bc deletion on growth of B. cenocepacia under oxidative stress 

The effect of deleting ecf42Bc on the ability of bacterial cells to respond to 

oxidative stress was tested by carrying out a filter disc assay as described in section 2.8.4. 

In this experiment hydrogen peroxide, methyl viologen, tert-butyl hydroperoxide and 

sodium hypochlorite were used as oxidants. It was found that deleting ecf42Bc did not 

affect the response of B. cenocepacia to any of these stressors (Figure 4.18). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18. Effect of deletion of ecf42Bc on the oxidative stress response of B. cenocepacia 
(A) Representative images of plates showing a zone of inhibition assay to measure sensitivity to 
different oxidants. In each case top filter disc contains oxidant and bottom filter disc contains 
water. The top row of panels represent WT (H111), bottom row of panels represent H111-
Δecf42Bc exposed to oxidants hydrogen peroxide (H2O2), methyl viologen (MV), tert-butyl 
hydroperoxide (TBH) and sodium hypochlorite (SH) as indicated. (B) Quantification of the zones 
of inhibition for WT (H111) and H111-Δecf42Bc. A students’ t-test was carried out to determine 
statistical significance, ns = not significant, (n = 9). 

 

A 

B 
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4.9 Investigation of the role of the ECF42Bc C-terminal domain in the regulation of 

Ecf42Bc 

It was hypothesised that the C-terminal extension of Ecf42Bc in B. cenocepcia 

might be an auto-inhibitory domain based on other examples of auto-regulatory ECF σ 

factors in current literature (Wecke et al., 2012).  To test this, the effect of deleting the 

C-terminal extension on the ability of Ecf42Bc to utilise PphnB was assessed. 

 

4.9.1 Construction of a plasmid expressing C-terminally truncated Ecf42Bc 

A boiled H111 lysate was used as template to amplify a DNA fragment of 567 bp 

containing region upstream of its start codon as well as the first 175 codons of ecf42Bc 

including the translation initiation region using primers BCAM0849For and 

BCAM0849w/oCTDRev and using Q5 polymerase. It was digested with HindIII and BamHI 

and ligated into pBBR2 which had been digested with the same enzymes. The ligation 

reaction was used to transform E. coli MC1061 cells and the resulting colonies were 

screened using the insert-specific primers mentioned above. Colonies containing 

plasmids with the desired insert (pBBR2-Ecf42Bc-175) were then checked for the size of 

the plasmid (5.681 kb) and then their sequence integrity was confirmed by nucleotide 

sequencing. 

 

4.9.2 Analysis of putative Ecf42Bc-dependent promoter activity in the presence of the 

C-terminally truncated Ecf42Bc in E. coli and B. cenocepacia 

pBBR2 and pBBR2-Ecf42Bc-175 were separately transferred to E. coli MC1061 cells 

containing pKAGd4-PphnB2 and the activity of the promoter was measured by performing 

β-galactosidase assays on cells grown in LB containing chloramphenicol and kanamycin 

along with appropriate background control strains. It was found that the putative 

promoter was inactive in both the presence and absence of Ecf42Bc-175. In order to test 

whether the promoter might be active in B. cenocepacia, pKAGd4-PphnB2 was conjugally 

transferred to H111 via S17-1 donor strain. Then, through a second conjugation step, 

using E. coli S17-1 donor strain, pBBR2 and pBBR2-Ecf42Bc-175 were separately 
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transferred to B. cenocepacia H111 cells containing pKAGd4-PphnB2. However, β-

galactosidase measurements showed that the promoter remained inactive in the C-

terminally truncated Ecf42Bc derivative (data not shown).  

 

4.10 Discussion 

This chapter describes the attempt to identify the roles of three uncharacterised 

ECF σ factors of B. cenocepacia which belong to the ECF41 and ECF42 groups. The 

proposed ECF41-dependent promoters were experimentally verified in the case of 

Ecf41Bc1 and Ecf41Bc2 where the promoter of a putative alkylhydroperoxidase D encoding 

gene was Ecf41Bc1 dependent and the promoter of a putative LysR-type regulator 

encoding gene was Ecf41Bc2 dependent. It was also observed that these σ factors did not 

seem to play a role in oxidative stress response. Additionally, it was also concluded that 

the conserved DGGG motif in the C-terminal extension of these σ factors might play an 

inhibitory role in B. cenocepacia as opposed to what has been previously observed in B. 

licheniformis and R. sphaeroides.  

Although a putative Ecf42Bc-dependent promoter has been identified by a 

bioinformatics analysis, it could not be experimentally verified. In addition, the role and 

the regulatory mechanism of Ecf42Bc although explored, could not be ascertained. 

 

4.10.1 Ecf41Bc1 and Ecf41Bc2-dependent promoters 

It was experimentally shown that Ecf41Bc1 drives the expression of a putative 

alkylhydroperoxidase D gene and probably the ecf41Bc1 gene. Ecf41Bc2 was shown to 

drive a putative LysR-type transcriptional regulator. The family of LysR-type 

transcriptional regulators is relatively large where members behave as activators 

involved in myriad processes including virulence, motility, metabolism and oxidative 

stress amongst others (Maddocks and Oyston, 2008, Santiago et al., 2015). In B. 

cenocepacia, a LysR-type regulator (ShvR) has been reported to regulate expression of 

multiple genes involved in virulence (O'Grady et al., 2011). If the Ecf41Bc2-dependent 

LysR-type transcriptional regulator has a similar role, Ecf41Bc2 might be an important 
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player in the pathogenicity of this bacterium which could be tested in various infection 

models. An in silico scan using the Prosite pattern TGTCACA(N)17CGTC  revealed another 

putative promoter for a gene encoding a LysR-type transcriptional regulator. This 

putative promoter can be tested to be Ecf41Bc-dependent by carrying out reporter-

fusion assays in the future. 

Although the putative -35 and -10 regions have been predicted, it would be 

useful to carry out a systematic single base substitution analysis to experimentally verify 

these predictions and assess the role of the importance of each base. Also, the studying 

the role of the bases within the spacer region would provide evidence of how these σ 

factors make contacts with the promoter. Multiple σ factors within the same bacterium 

have been reported to be involved in crosstalk directly or indirectly (Schulz et al., 2015).  

Since Ecf41Bc2 could recognise the Ecf41Bc1-dependent promoter and vice versa, this may 

suggest that these two σ factors may be inter-related in carrying out their function. 

 

4.10.2 Role of Ecf41Bc1 and Ecf41Bc2  

Deletion of ecf41Bc1, ecf41Bc2 individually or together did not affect the ability of 

the bacterium to respond to oxidative stress by hydrogen peroxide, methyl viologen, 

sodium hypochlorite or tert-butyl hydroperoxide. These results are in accordance with 

those previously obtained for B. licheniformis and R. sphaeroides but in contrast to those 

obtained for SigJ in M. tuberculosis (Hu et al., 2004, Wecke et al., 2012). It might be 

possible that although these σ factors have a role in responding to oxidative stress, the 

conditions required to activate them, for example, under specific anaerobic or growth 

conditions cannot be replicated in the lab. Although ecf41 mutants have been previously 

tested for a phenotype under 960 different conditions, their role remains unknown 

(Wecke et al., 2012). Since ECF σ factors are often virulence determinants in pathogens 

that assist bacteria in pathogenicity and survival, it could be useful to study the effects 

of ecf41 deletion on the ability of the bacterium to infect hosts such as zebrafish or 

Galleria larvae (Seed and Dennis, 2008, Deng et al., 2009). 
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4.10.3 Regulation of Ecf41Bc activity 

The effect of deleting specific regions of the C-terminal extension revealed 

interesting patterns in Ecf41 activity. Firstly, for both Ecf41Bc1 and Ecf41Bc2, deleting the 

C-terminal extension up to the DGGG motif rendered the σ factors  weakly active 

suggesting that this motif may play an inhibitory role. This observation is contrary to that 

observed for B. licheniformis and R. sphaeroides where C-terminally truncated 

derivatives of Ecf41 where the DGGG motif was retained were highly active. Secondly, 

contrasting results were obtained for Ecf41Bc1 and Ecf41Bc2 when the C-terminal domain 

was completely removed or where the C-terminal endpoint occurred just before the 

DGGG motif. In the latter case Ecf41Bc1 was observed to be highly active (up to 4 times 

of that of the native σ factor) in contrast to Ecf41Bc2 that was completely inactive. On the 

other hand, completely deleting the C-terminal extension caused Ecf41Bc1 to be inactive 

while Ecf41Bc2 was as active as with the full C-terminal extension. Together, these 

contrasting results make it difficult to propose a general model of regulation for Ecf41 σ 

factors in B. cenocepacia. T. Wecke suggests two plausible mechanisms of regulation – 

one where the C-terminal extension is normally auto-inhibitory, where a conformational 

change allows the removal of this domain and activates the σ factor, or where the σ 

factors form inactive dimers through this C-terminal extension, and when needed form 

active monomers (Wecke et al., 2012). These hypotheses could be tested by carrying 

out bacterial two-hybrid assays. Other regulatory proteins that interact with the C-

terminal extension might also be present. Some possible models of ECF41 regulation are 

illustrated in Figure 4.19. 
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Figure 4.19 Some proposed models of ECF41 regulation by the C-terminal extension (CTE) 
An external stress signal (red), or a transmembrane protein or cytoplasmic protein might pass a 
signal to the C-terminal extension (yellow) that might in turn be cleaved off to render the σ 
factor active, or might be retained for efficient binding with the core RNAP (purple) or might be 
required for recognition of additional promoter elements on the DNA (cyan). The red arrow 
indicates that the extension is inhibitory while the green arrow represents cases where the C-
terminal extension is required for effective σ factor activity. 

 

 

In B. cenocepacia the promoters were found to be inactive in the absence of the 

respective ectopically expressed Ecf41, presumably because the appropriate stress 

signals were not present. However, even in the presence of the Ecf41Bc1 σ factor the 

respective promoter was still inactive, but the Ecf41Bc2-dependent promoter was active 

in the presence of Ecf41Bc2.  

 

4.10.4 Role and regulation of Ecf42Bc  

A conserved DNA sequence motif, TGTCGAT(N)16CGTCGT, was identified that 

looked to be a likely candidate for an Ecf42Bc-dependent promoter. However, this could 

not be experimentally verified in E. coli or B. cenocepacia as the putative promoter was 

inactive in the presence of full-length as well as the truncated version of Ecf42Bc that 
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lacked the C-terminal extension. Either the identified motif did not constitute the 

promoter or the σ factor requires another regulatory protein that might work interact 

with the TPR domain to relieve its possible inhibitory function. Since the TPR domain is 

known to be involved in forming protein-protein interactions, they might form 

complexes within themselves or with the PhnB-type protein to carry out their function. 

This interaction could be tested by carrying out pull-down or bacterial two-hybrid 

assays. However, deletion of the C-terminal extension did not result in Ecf42Bc-

dependent activity at the putative promoter. Therefore, it is possible that the 

transcription of ecf42Bc and the upstream genes is under the control of an alternative 

ECF σ factor that recognises this sequence. It can also be speculated that Ecf42Bc and 

Ecf42Bc-175 were not expressed by pBBR2. This could be tested by carrying out a western 

blot where the σ factor is epitope-tagged. 

An in silico scan of the B. cenocepacia genome for the presence of this promoter 

motif revealed five novel hits. If the identified motif does indeed constitute a promoter 

and if the conditions required to induce promoter activity can be obtained it would be 

useful to test these novel motifs to determine if they are Ecf42Bc-dependent. 

Ecf42Bc does not seem to have a role in oxidative stress response based on the 

response of an ecf42Bc mutant to the oxidants hydrogen peroxide, tert-butyl 

hydroperoxide, sodium hypochlorite and methyl viologen. The effect of deletion of 

ecf42Bc on biofilm formation and drug resistance could not be tested due to time 

constraints. However, in future, even if such an association is found, it would be 

important to then ascertain the exact role of Ecf42Bc in this pathway as well as the signal 

that activates ecf42Bc and ultimately if it affects virulence, since B. cenocepacia is an 

opportunistic pathogen. 
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Chapter 5. Investigation of the iron 
starvation ECF σ factor, OrbS  
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5.1 Introduction  

Iron acquisition is an important feature of pathogenic bacteria especially within 

host tissues in addition to the environment. The ECF σ factor OrbS in B. cenocepacia 

regulates the siderophore (ornibactin) mediated iron capture mechanism. The 

components and current understanding of this system are explained in detail in section 

1.6.3.4. While the role of this σ factor is well studied, some research questions still 

remain unanswered of which some were addressed in this chapter. 

The role of OrbS in iron acquisition through regulating biosynthesis of 

siderophore ornibactin in B. cenocepacia has been previously reported. The OrbS 

dependent promoters PorbH, PorbE and PorbI were identified and the genes forming 

transcriptional units within the OrbS operon were also identified using RT-PCR and 

RNAse protection assays (Agnoli et al., 2006). PorbH, PorbE and PorbI were found to be 

regulated by OrbS in response to iron while PorbS was found to be dependent on the 

housekeeping σ factor for transcription initiation (Agnoli et al., 2006). The minimal 

required length of the promoter and transcription start sites were determined for two 

OrbS-dependent promoters and PorbS (K. Agnoli, 2007). 

Additionally a systematic study was carried out by making single base 

substitutions in PorbH to study the contribution of each individual base to promoter 

recognition by OrbS and thereby to identify the -10 and -35 promoter regions. 

Moreover, the length and contribution of the spacer region were also studied (K. Agnoli, 

2007). It was also found that there was an unexpected contribution of the bases around 

the transcription start site (+1 position). These experiments were carried out in the E. 

coli host strain, since assays carried out in B. cenocepacia are more time consuming and 

hazardous. Here OrbS formed a holoenzyme with the native E. coli RNA polymerase core 

enzyme rather than the B. cenocepacia RNA polymerase which may have given the 

unexpected promoter activities when bases near the transcription start site were 

substituted. These results suggested that ‘TAAA’ present between positions -33 to -30 

with respect to the transcription start site formed the -35 promoter region. Bases ‘CGTC’ 

present between positions -12 to -9 with respect to the transcription start site 

corresponded to the -10 promoter region. Since strong effects on promoter utilisation 
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were also observed near the transcription start site which are not associated with σ 

factors it was necessary to carry out these experiments where OrbS interacts with the 

native B. cenocepacia core RNA polymerase.  

OrbS is similar to PvdS (33% similarity) although OrbS possesses an N-terminal 

extension of 29 amino acids which was found to be important for OrbS to retain its 

functionality (K. Agnoli, 2007). Moreover, the sequence of the core promoter elements 

that are recognised by PvdS are similar to those located at OrbS-dependent promoter. 

Therefore, the functionality of PvdS with OrbS dependent promoters and vice versa was 

also tested. While PvdS could recognise OrbS dependent promoters, it was found that 

OrbS could not recognise PvdS dependent promoters (K. Agnoli, 2007). 

Based on the ideal profile of DNA base requirements for effective promoter 

utilisation by OrbS, an in silico analysis for identification of novel OrbS-dependent 

promoters was carried out that prompted seven candidate promoters (K. Agnoli, 2007). 

Their functionality however was not tested. 

PorbS was shown to be σ70-dependent and regulated by Fur. A Fur box was 

identified which had a 13 bps match out of the conventional 19 bp recognition site 

(Agnoli et al., 2006). Since there are no candidate anti-σ factors, the presence of an 

alternative post-translational mechanism for iron regulation of OrbS activity was 

explored. An E. coli fur mutant was used to measure OrbS activity at PorbH and this 

promoter was found to be regulated even in the absence of fur (K. Agnoli, 2007). Since 

then a B. cenocepacia fur mutant has been constructed (Han and Thomas, 2011, 

unpublished) but it has not yet been used to test whether a Fur-independent 

mechanisms exists for iron-dependent regulation of OrbS activity. 

Therefore, even though this σ factor has been well characterised, some research 

questions still remain to be answered. The study on specific promoter requirements by 

OrbS in B. cenocepacia, presence of novel promoters and the investigation of the 

presence of an alternative regulatory mechanism of OrbS form the crux of this chapter. 
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Based on the hypotheses and aims described in section 1.7, the following experiments 

were designed: 

1) The previously made constructs used to study the contribution of single and 

multiple bases in the recognition of promoters by OrbS in E. coli would be 

transferred to B. cenocepacia and the promoter activity would be tested under 

inducing conditions. In particular, the effect of sequence alterations in the spacer 

region and the region around the transcription initiation site, that would not be 

expected to be specifically recognised by OrbS. 

2) The activity of putative OrbS-dependent promoters identified by the previous in 

silico analysis would be tested in E. coli and B. cenocepacia. 

3) The presence of additional target promoters in the B. cenocepacia genome that 

are recognised by OrbS would be functionally scanned through a ChIP-seq study. 

4) The activity of OrbS-dependent promoters would be tested in a B. cenocepacia 

fur mutant to test if the OrbS activity is regulated in the absence of fur. First, the 

fur mutant was to be phenotypically tested by studying its siderophore 

production, growth efficiency and effect on known Fur-regulated promoters. 

5) The target regions of Fur on the B. cenocepacia genome would be identified by 

undertaking a ChIP-seq study. 

 

5.2 Investigation of DNA sequence requirements for OrbS activity  

As described before, the OrbS-dependent promoter PorbH was previously 

examined to determine the important DNA sequence requirements for effective 

promoter utilisation. To substitute a base, ‘extreme’ base substitutions were introduced 

where a purine was replaced with a pyrimidine that the original purine does not pair 

with and vice versa. Since these experiments were carried out in E. coli where some 

unexpected contribution of bases located away from the -35 and -10 promoter region 

was observed, it was decided to study the constructs in B. cenocepacia. 
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5.2.1 Activity of OrbS dependent promoters under inducing conditions in B. 

cenocepacia  

First, the activity of all three OrbS-dependent promoters was verified in B. 

cenocepacia. An alignment of the three promoters shows conserved features such as 

the -10 (CGTC) and -35 (TAAA) regions, the GC-rich spacer and the A+G-rich region 

around the TSS (Figure 5.1A). In addition, it also highlights the conserved GC rich and AT 

rich regions located upstream and downstream of the -35 region, respectively. 

Previously constructed plasmids pKAGd4-PorbHds6, pKAGd4-PorbEds1 and pKAGd4-PorbIds1 

containing the experimentally determined ‘minimal’ promoters required for effective 

utilisation by OrbS were separately transferred to B. cenocepacia 715j by conjugation 

using E. coli S17-1 and the promoter activity was measured using the β-galactosidase 

enzyme assay in cells growing under iron limiting (inducing) conditions. All three 

promoters were found to be active under inducing conditions. However, PorbIds1 was 

found to be approximately two fold more active than PorbHds6 and approximately ten fold 

more active than PorbEds1 (Figure 5.1B).  



275 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Promoter activities of OrbS dependent promoters in B. cenocepacia:  

(A) Alignment of the minimal PorbH, PorbE and PorbI promoter sequences with highlighted 
conserved promoter features – green showing -10 and -35 promoter regions, yellow showing 
GC rich spacer region and magenta showing the A+G rich region. (B) pKAGd4-PorbHds6 or pKAGd4-
PorbEds1 or pKAGd4-PorbIds1 were each separately transferred to B. cenocepacia 715j and promoter 
activity was measured using the β-galactosidase assay where cultures were grown in LB with 
chloramphenicol and dipyridyl. Activities shown have been obtained by subtracting activity of 
same strain containing pKAGd4 assayed under same conditions (background control), n=3.  
 

 

PorbH: GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

PorbE: GGGCTAAATATTTGCGCGGCCCGTTCGTCTATCAGGGAG 

PorbI: ACGGTAAAAAATCGGCCGCGCCGTTCGTCACACCAGTGA 

 

A 

B 
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5.2.2 Analysis of the PorbH promoter by studying the effect of single base substitutions 

on OrbS-dependent activity in B. cenocepacia 

As described in section 5.1, the effect of introducing single base extreme 

substitutions in and adjacent to the putative -10 and -35 promoter regions of the 

minimal orbH promoter (PorbHds6) (K. Agnoli 2007). The locations of the substituted bases 

in these derivatives which were analysed in E. coli are shown in Figure 5.2. Since some 

unexpected contribution of bases were expected as described before it was necessary 

to study the activities of these derivatives when OrbS interacts with the B. cenocepacia 

RNA core polymerase to form a holoenzyme. 

Therefore, the previously constructed pKAGd4-PorbHds6 substitution derivatives 

were transferred to B. cenocepacia 715j by carrying out conjugation using S17-1 cells as 

the donor strain. The promoter activity under iron starvation conditions was then 

measured by carrying out β-galactosidase assays. Figure 5.3 shows the promoter activity 

of each derivative relative to WT activity (PorbHds6). The most detrimental effects of 

substitution were observed at the ‘CGTC’ (-12 to -9) and ‘TAAA’ (-33 to -30) motifs 

forming the -10 and -35 promoter regions, respectively, consistent with the 

observations in the previous study. The decrease in promoter activity was more 

pronounced at the -10 region compared to the -35 region, especially following single 

base substitution at positions -9, -10 and -11 where promoter activity was completely 

abolished. The promoter activity was reduced to approximately 6% and 8% of the WT 

activity by substitution at positions -32 and -33, respectively. Further, substitution at 

positions -30 and -31 led to a redction in promoter activity to approximately 12% and 

15% of the WT promoter activity. This may suggest that ‘T’ and ‘A’ at positions -32 and -

33 might play a role in the interaction of OrbS with the -35 promoter region. 

Further, substitution at positions -27 and -28 gave rise to a ~ 50% decrease in 

promoter activity compared to the WT promoter activity suggesting that the adenine 

bases forming the extended AT track downstream of the -35 promoter region might be 

important in promoter utilisation. Substitution of the position C -25 with ‘A’ increased 

promoter activity by an approximate two fold as compared to WT activity, consistent 

with the results obtained in E.coli. This may be attributed to the additional ‘A’ further 
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extending the AT track downstream of the -35 region. Substitutions at positions -14 and 

-15 also led to a ≥50% decrease in promoter activity. 

Extreme base substitutions that led to an increase in promoter activity in 

comparison to WT activity were also seen at position -4 in the A+G rich region, position 

-13 located upstream of the -10 promoter region, and positions -37 and -35 in the GC 

rich region upstream of the -35 promoter region in  E. coli (K. Agnoli 2007). However no 

such increases in promoter activity were observed in B. cenocepacia. Bases that were 

substituted near the TSS did not lead to significant decrease in promoter activity as 

compared to WT activity in B. cenocepacia inconsistent with the results obtained in E. 

coli. This may suggest that individually bases near the TSS may not be important when 

OrbS interact with the promoter. 
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Location                                                             Sequence 

WT      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-37     TCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-36     GAGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-35     GCTGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-34     GCGTTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-33     GCGGGAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-32     GCGGTCAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-31     GCGGTACAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-30     GCGGTAACAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-29     GCGGTAAACAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-28     GCGGTAAAACAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-27     GCGGTAAAAACACGCGCCGGCCAACCGTCTATCAGACAGGAG 

-26     GCGGTAAAAAACCGCGCCGGCCAACCGTCTATCAGACAGGAG 

-25     GCGGTAAAAAAAAGCGCCGGCCAACCGTCTATCAGACAGGAG 

-15     GCGGTAAAAAAACGCGCCGGCCCACCGTCTATCAGACAGGAG 

-14     GCGGTAAAAAAACGCGCCGGCCACCCGTCTATCAGACAGGAG 

-13     GCGGTAAAAAAACGCGCCGGCCAAACGTCTATCAGACAGGAG 

-12     GCGGTAAAAAAACGCGCCGGCCAACAGTCTATCAGACAGGAG 

-11     GCGGTAAAAAAACGCGCCGGCCAACCTTCTATCAGACAGGAG 

-10     GCGGTAAAAAAACGCGCCGGCCAACCGGCTATCAGACAGGAG 

-9      GCGGTAAAAAAACGCGCCGGCCAACCGTATATCAGACAGGAG 

-8      GCGGTAAAAAAACGCGCCGGCCAACCGTCGATCAGACAGGAG 

-7      GCGGTAAAAAAACGCGCCGGCCAACCGTCTCTCAGACAGGAG 

-6      GCGGTAAAAAAACGCGCCGGCCAACCGTCTAGCAGACAGGAG 

-5      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATAAGACAGGAG 

-4      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCCGACAGGAG 

-3      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCATACAGGAG 

-2      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGCCAGGAG 

-1      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGAAAGGAG 

+1      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACCGGAG 

+2      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACATGAG 

+3      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGTAG 

+4      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGCG 

+5      GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAT 

 

Figure 5.2. PorbHds6 substitution derivatives: 

The sequence of the derivatives used to study the contribution of individual bases to PorbH 

activity is shown with the location of the substitution with respect to the transcription start site 

(underlined) shown on the left. The substitution is highlighted in red whereas the -10 and -35 

regions are highlighted in green. 
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Figure 5.3. Effect of single base substitutions on PorbH activity: 
pKAGd4-PorbHds6 (WT) or pKAGd4-PorbHds-substitutions were each separately transferred to B. cenocepacia 715j and the promoter activity was measured using 
the β-galactosidase assay where cultures were grown in LB with chloramphenicol and dipyridyl at 37oC. Activities shown have been obtained by 
subtracting the activity of the same strain harbouring pKAGd4 assayed under same conditions (background control), n=3. The relative activity (%) of the 
promoter in comparison to pKAGd4-PorbHds6 (WT) activity is presented. Single base substitutions were not introduced at positions -24 to -16. Bars in dark 
yellow represent the relative activities of the experimentally determined -10 and -35 regions ‘CGTC’ and ‘TAAA’ respectively. Bp co-ordinates are given 
below the bases (+1 corresponds to the transcription start site). 

 

-30 -20 -10 +1 
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5.2.3 Analysis of GC rich spacer region in B. cenocepacia  

PorbH has a 17 bp spacer in between the -10 and -35 promoter regions which has 

a conserved 9 bp GC-rich block. To explore the role of this spacer, a number of promoter 

variants containing multiple substitutions within the spacer sequence were previously 

made and cloned into pKAGd4 by K. Agnoli (Figure 5.4A). To assess the importance of 

the GC-rich region extreme substitutions were introduced in all or alternate bases from 

positions -24 to -16. To assess the length of the spacer four promoter variants containing 

alternations within the spacer were made – two containing nucleotide insertions and 

two containing nucleotide deletions as shown in Figure 5.4A.  

I transformed E. coli S17-1 cells with these six plasmid constructs following which 

they were introduced into B. cenocepacia 715j by conjugation. The activities of the 

promoters were measured under iron starvation conditions and compared to that of 

pKAGd4-PorbHds6 (WT) (Figure 5.4B). Substituting all nine guanine and cytosine bases 

within the spacer region reduced the activity of the promoter by approximately 90% in 

B. cenocepacia. This may be due to a change in DNA conformation induced by the 

extended AT-rich region affecting promoter utilisation. However, even substituting 

alternate bases within the GC-rich tract caused a drop in activity by approximately 30%. 

In contrast, substituting the GC bases did not have detrimental effects on promoter 

activity in E. coli (K. Agnoli 2007). A marked decrease in promoter activity was observed 

when the spacer length was increased by two bases and when the spacer length was 

reduced by one or two bases in B. cenocepacia. This mimicked the result observed in E. 

coli (K. Agnoli 2007). 

Together these results suggest that the GC richness along with the length of the 

spacer is extremely important for effective promoter utilisation by OrbS in B. 

cenocepacia. 
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                                               Promoter                                        Sequence 
                 WT           TAAAAAAACGCGCCGGCCAACCGTC 

                 GCS1      TAAAAAAACTATAATTAAAACCGTC 

                 GCS2      TAAAAAAACGAGACTGACAACCGTC 

                 GCS+1      TAAAAAAACGCGGCCGGCCAACCGTC 

                 GCS+2      TAAAAAAACGCGGGCCGGCCAACCGTC 

                 GCS-1      TAAAAAAACGCG-CGGCCAACCGTC 

                 GCS-2      TAAAAAAACGCG--GGCCAACCGTC 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.4. Effect of alteration of the GC-rich spacer region of PorbH  
(A) Sequences of PorbH altered derivatives in which the rich spacer region has been modified. The 
sequence of PorbH from the -35 region to the -10 region (positions -33 to -9) shown along with 
the corresponding regions of the six promoter variants. Alterations are highlighted in red and 
the promoter -10 and -35 regions are highlighted in green. (B) pKAGd4-PorbHds6 (WT) or pKAGd4-
PorbHds-substitions were each separately transferred to B. cenocepacia 715j and the promoter activity 
was measured using the β-galactosidase assay where cultures were grown in LB with 
chloramphenicol and dipyridyl. Activities shown have been obtained following subtraction of 
the activity of the same strain containing pKAGd4 assayed under same conditions (background 
control), n=3. The relative activity (%) of each promoter in comparison to pKAGd4-PorbHds6 (WT) 
activity is presented. 
 

 

A 

B 
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5.2.4 Analysis of the A+G rich transcription start site region in B. cenocepacia 

The bases near the transcription start site of all three OrbS-dependent 

promoters are rich in their AG content. To study the contribution of these bases, all 

bases in the 9 bp AG block were either deleted or replaced with extreme base 

substitutions. Additionally, the bases were replaced by extreme substitutions in blocks 

of three to assess the contribution of each these blocks as shown in Figure 5.5A. These 

promoter derivatives were made and cloned into pKAGd4 by K. Agnoli (K. Agnoli 2007). 

I transferred these plasmids to B. cenocepacia 715j by carrying out conjugations using  

S17-1 donor cells. The promoter activity was measured by carrying out β-galactosidase 

assays in cells growing under iron starvation conditions. The relative activity of each 

promoter variant with respect to pKAGd4-PorbHds6 (WT) activity is shown in Figure 5.5B.  

It was apparent that when all the adenines and guanines in the AG rich block 

were deleted or replaced, the promoter activity was completely abolished in B. 

cenocepacia. Substituting the bases in blocks of three only severely affected the 

promoter activity when the substituted triad included the transcription start site.  In 

contrast, promoter activity was not adversely affected in E. coli by these substitutions 

except when all nine bases in the AG rich block were substituted (K. Agnoli, 2007). 

Although severe loss in promoter activity was seen when the three bases around the 

TSS were substituted, there were negligible effects on promoter activity when each base 

was individually substituted.  
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            Promoter                       Sequence 
                     

                    WT       CGTCTATCAGACAGGAGGGATCCTAA 

                    1      CGTCTATCGGATCCTAA 

                    AGB1      CGTCTATCCTCACTTCTGGATCCTAA 

                    AGBtri1 CGTCTATCCTCCAGGAGGGATCCTAA 

                    AGBtri2 CGTCTATCAGAACTGAGGGATCCTAA 

                    AGBtri3   CGTCTATCAGACAGTCTGGATCCTAA  
 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.5. Effect of alterations to the A+G–rich region at the TSS on PorbH activity:   
(A) Sequences of PorbH derivatives in which region near the transcription start site (base at 
position +1 underlined) has been modified. The sequence of PorbH from the -10 region up to the 
vector sequence is shown along with the corresponding region of the six promoter variants. 
Alterations are highlighted in red and -10 region is highlighted in green. BamHI site is highlighted 
in blue and stop codon is in red font. (B) pKAGd4-PorbHds6 (WT) or pKAGd4-PorbHds-substitutions were 
each separately transferred to B. cenocepacia 715j and the promoter activity was measured 
using the β-galactosidase assay where cultures were grown in LB with chloramphenicol and 
dipyridyl. Activities shown have been obtained following subtraction of the activity of the same 
strain containing pKAGd4 assayed under same conditions (background control), n=3. The 
relative activity (%) of each promoter in comparison to pKAGd4-PorbHds6 (WT) activity is 
presented. 
 

 

A 
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5.2.5 Re-construction of one PorbH variant promoter and its analysis in E. coli 

The DNA sequence of each previously made construct used in this project was 

checked for its integrity prior to analysis in B. cenocepacia. This analysis revealed that 

for one of the single base substitution derivatives PorbHds19, the base at position -5 was 

mutated in addition to the desired substitution (C replaced by A). Hence, I annealed 

oligonucleotides that had the correct PorbHds19 sequence such that HindIII and BamHI 

compatible overhangs were created. This was ligated to pKAGd4 between the HindIII 

and BamHI sites and its sequence identity was confirmed. This construct was transferred 

to E. coli MC1061 and the promoter activity was measured in cells growing under iron 

deficient conditions and compared to that of WT (PorbHds6).  

Also, I re-assayed three PorbH variant promoters in E. coli MC1061 which had 

radically different promoter activities in B. cenocepacia as compared to those obtained 

in previous E. coli experiments. These were – PorbHds39, which contains a single base 

substitution at position -37 where G was replaced by T, AGBtri2 and GCS1. Figure 5.6 

shows that promoter activity obtained with the re-constructed mutant did not 

drastically affect promoter activity as compared to WT activity, suggesting that this base 

may not be important in promoter recognition. The remaining three promoter 

constructs that had strikingly different promoter activities in B. cenocepacia as 

compared to the previous E. coli results, were consistent with the results obtained in the 

E. coli experiments. This confirms that activities obtained in B. cenocepacia were unique 

to the native B. cenocepacia OrbS promoter requirements. 
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Figure 5.6. Promoter activity of selected PorbH variant promoters in E. coli  
pKAGd4-PorbHds6 (WT) or pKAGd4-PorbHds-substitutions were each separately transferred to E. coli 
MC1061 and promoter activity was measured using the β-galactosidase assay where cultures 
were grown in LB with chloramphenicol and dipyridyl. Activities shown have been obtained by 
following subtraction of the activity of the same strain containing pKAGd4 assayed under same 
conditions (background control), n=3. The relative activity (%) of each promoter in comparison 
to pKAGd4-PorbHds6 (WT) activity is presented. The names of the promoter derivatives or the base 
with the location of the substitution in brackets is given on the X-axis.  
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5.2.6 Testing the functionality of in silico determined putative OrbS-dependent 

promoters Pfpr and PureA 

OrbS has 33% similarity to PvdS from P. aeruginosa. PvdS, in addition to 

regulating genes involved in iron uptake, regulates important virulence-associated 

genes such as PrpL and exotoxin A, and is regulated by factors involved in oxidative 

stress, biofilm formation and nutrient uptake (Llamas et al., 2014). Hence, it was 

hypothesized that OrbS might also regulate genes in addition to PorbH, PorbE and PorbI on 

the B. cenocepacia genome. Therefore, an in silico analysis was previously carried out to 

identify potential OrbS-dependent promoters across the B. cenocepacia J2315 genome 

using the FUZZNUC programme (K. Agnoli, 2007). Using the consensus sequence 

‘TAAA(A/T)4(N)13CGTC’ as the query revealed 7 putative promoters – CODP1 to CODP7 

(candidate OrbS dependent promoters), that had conserved sequence features used by 

OrbS for promoter recognition. CODP1, present on chromosome 1 and located upstream 

of a gene encoding a putative ferridoxin NADP reductase (involved in electron transfer) 

also has an A+G rich region around the TSS consistent with known OrbS-dependent 

promoters (K. Agnoli, 2007).  Another putative promoter CODP4, also located on 

chromosome 1, is present upstream of genes involved in urease production. Ureases are 

involved in hydrolysis of urea leading to a by product (ammonia) that is an easily 

assimilable form of nitrogen in most bacteria (K. Agnoli, 2007). This promoter also 

possesses an A+G rich region near the OrbS-dependent promoters. The functionality of 

the two putative OrbS-dependent promoters CODP1 (termed Pfpr) and CODP4 (termed 

PureA) were tested in the presence of OrbS in B. cenocepacia. However, the functionality 

of one putative promoter CODP1 (termed Pfpr) was tested in E. coli first. 

 

5.2.6.1 Construction of pKAGd4-Pfpr 

Oligonucleotides Pfprds1for and Pfprds1rev were annealed to give a 44 bp 

double stranded DNA fragment that contained the putative Pfpr promoter and ligated 

with pKAGd4 that had been digested with HindIII and BamHI. MC1061 cells were 

transformed with the ligated products and subsequently spread on LB agar containing 
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chloramphenicol and X-gal. Colonies were PCR screened using vector-specific primers 

AP10 and AP11. Transformant colonies containing plasmids that gave rise to a slightly 

larger amplicon were used to make overnight cultures, from which the plasmid DNA was 

extracted by miniprep and the sequence of the inserted DNA was determined for 

confirming its integrity.  

 

5.2.6.2 OrbS-dependent activity of Pfpr in E. coli 

Initially, Pfpr, being a strong candidate OrbS-dependent promoter, was first 

tested in E. coli. pKAGd4-Pfpr was transferred to E. coli MC1061 along with pBBR2 or 

pBBR2-orbS and the promoter activity was measured under iron deficient conditions. 

The OrbS-dependent promoter activity of Pfpr relative to the analogous PorbH construct, 

PorbHds6, is presented in Figure 5.7. As is evident, Pfpr was specifically utilised by OrbS, as 

in the presence of OrbS the promoter was approximately 50% as active as PorbHds6, 

whereas in the absence of the σ factor the activity was approximately 4% of the activity 

of PorbHds6. Hence it was concluded that Pfpr might be OrbS dependent.  
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PorbHds6  GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

Pfpr     AGGGTAAAATAACGAGTTCCTCAAACGTCTGTCATCGAGAAG  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 5.7. Promoter activity of putative promoter Pfpr in E. coli:  
(A) DNA sequence alignment of PorbHds6 with Pfpr. Conserved features are highlighted. -10 and -
35 promoter regions are highlighted in green, extended AT tract downstream of -35 promoter 
region is highlighted in yellow, A+G rich region near transcription start site is highlighted in 
magenta. (B) pKAGd4-PorbHds6 or pKAGd4-Pfpr were each separately transferred to E. coli MC1061, 
along with pBBR2-orbS or pBBR2 and promoter activity was measured using the β-galactosidase 
assay where cultures were grown in LB containing chloramphenicol, kanamycin and dipyridyl. 
Activities shown have been obtained by following subtraction of the activity of the same strain 
containing pKAGd4 assayed under the same conditions (background control), n = 3. The relative 
activity (%) of the promoter in comparison to pKAGd4-PorbHds6 activity (100%) is presented. 
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5.2.6.3 OrbS-dependent activity of Pfpr and PureA in B. cenocepacia  

Since Pfpr seemed to be OrbS dependent in E. coli it was decided to investigate 

the activity in B. cenocepacia. pKAGd4-Pfpr (described in 5.2.6.1) and pKAGd4-PureA 

(which was previously constructed by K. Agnoli, unpublished) were transferred to B. 

cenocepacia 715j and the otherwise isogenic orbS mutant (715j-orbS::Tp). The promoter 

activity was then measured in cells growing in low and high iron conditions. As a control 

for iron-dependent regulation, the activity of PorbHds6 was also measured. As expected, 

iron-dependent promoter activity was observed for PorbHds6 in the WT strain where an 

approximate 8 fold increase in activity was seen in iron deficient conditions as compared 

to iron-replete conditions (Figure 5.8). No PorbHds6 activity was observed in the orbS 

mutant, also as expected. Pfpr was about 4 times less active as the PorbHds6 under low iron 

conditions and in the presence of OrbS in the B. cenocepacia WT strain. However, 

surprisingly Pfpr was insensitive to the iron concentration in the medium and was 

equally active in the presence and absence of OrbS. Contrastingly, PureA was inactive 

under iron replete and deficient conditions in both the presence and absence of OrbS. 

These results suggest that PureA does not have OrbS-dependent promoter activity. Pfpr 

seems to be served by another σ factor in B. cenocepacia. 
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PorbHds6  GCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG 

Pfpr     AGGGTAAAATAACGAGTTCCTCAAACGTCTGTCATCGAGAAG  

PureA    CCGATAAAAATTACGTTTTCCTGAACGTCTGCCTTCATGAAA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.8. Promoter activity of putative promoters Pfpr and PureA in B. cenocepacia  
(A) DNA sequence alignment of PorbHds6 with Pfpr and PureA. Conserved features are highlighted. -
10 and -35 promoter regions are highlighted in green, extended AT tract downstream of -35 
promoter region is highlighted in yellow, A+G rich region near transcription start site is 
highlighted in magenta. (B) pKAGd4-PorbHds6 or pKAGd4-Pfpr or pKAGd4-PureA were each separately 
transferred to B.cenocepacia 715j or B.cenocepacia orbS mutant 715j-orbS::Tp and promoter 
activity was measured using the β-galactosidase assay where cultures were grown in LB 
containing chloramphenicol, kanamycin and dipyridyl for iron deficient conditions or ferric 
chloride for iron replete conditions. Activities shown have been obtained by following 
subtraction of the activity of the same strain containing pKAGd4 assayed under same conditions 
(background control). The relative activity (%) of the promoter in comparison to pKAGd4-PorbHds6 
activity is presented. Statistical significance was tested using two-way ANOVA with a Tukeys’ 
post-test (n=3), ****=p<0.0001, ns=not significant. 
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5.2.6.4 Identification of OrbS binding regions on the B. cenocepacia genome 

As a complementary approach to identify any additional OrbS-dependent 

promoters on the B. cenocepacia genome it was decided to employ ChIP-seq. To do this, 

it was decided to use the IPTG-inducible plasmid pSRK-Km where orbS encoding the 

FLAG epitope at the C-terminus of the σ factor could be cloned. For this, primers OrbSfor 

and OrbSFLAGrev were used to amplify the orbS ORF using H111 boiled lysate and KOD 

polymerase. The FLAG tag coding sequence was incorporated in the reverse primer 

before the stop codon. The amplified product (660 bp orbS + 24 bp FLAG tag coding 

sequence) was electrophoresed in an agarose gel, excised with a scalpel and purified. 

Both pSRK-Km and the amplified product were digested with NdeI and XbaI, combined 

and ligated, after which JM83 cells were transformed with the ligations. Cloning an 

insert into pSRK-Km interrupted the lacZ gene giving rise to white colonies, as opposed 

to blue colonies with no insert. White colonies were PCR screened using GoTaq 

Polymerase and insert-specific primers OrbSfor and OrbSFLAGrev. Clones that seemed 

to have an insert were used to inoculate 2 ml of LB to make overnight cultures, which 

were used to extract plasmid DNA by performing the plasmid miniprep technique. 

Plasmid clones containing the desired insert were expected to be 6.460 kb (5.776 kb + 

684 bp insert). However when they were subjected to DNA sequence analysis, multiple 

mutations were obtained in the region corresponding to the amplification primers, i.e. 

at the FLAG tag or 5’ end of the orbS ORF. Several further attempts were made to clone 

the orbS amplicon, including testing re-ordered primers, but with no success. 

Unfortunately, due to time constraints it was decided to abort this experiment. 
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Figure 5.9. Cloning FLAG tagged orbS into pSRK-Km 

Agarose gel showing candidate clones containing pSRK-Km with orbS insert that has a FLAG tag 
coding sequence incorporated at the C-terminal coding end (positive clone = 6.460 kb), 
L=supercoiled ladder 
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5.3 Studying the regulatory mechanisms for the activity of OrbS using a B. cenocepacia 

fur mutant 

The activity of PorbS has been previously demonstrated to be Fur-dependent 

(Agnoli et al., 2006). PorbS activity measured in QC1732, an E. coli fur mutant, under both 

iron deficient and replete conditions showed that it was no longer iron regulated. When 

this fur mutant was complemented with a plasmid bearing functional B. cenocepacia fur, 

the activity of PorbS was found to be iron regulated (Agnoli et al., 2006). These 

observations suggested that orbS is regulated at the transcriptional level by Fur. 

Additionally, an OrbS-dependent promoter (PorbHds6) was found to be partially iron 

regulated in QC1732 (i.e. in the absence of fur) in the presence of orbS. This suggested 

that maybe a mechanism for regulating the activity of OrbS that is independent of Fur 

and independent of an anti-σ factor. However, since these studies were carried out in E. 

coli, it does not provide firm evidence for the presence of an alternative regulatory 

mechanism and the hypothesis was needed to be tested in the native host B. 

cenocepacia.  

In this project, the existence of an additional mechanism for regulating OrbS 

activity was investigated in B. cenocepacia. The absence of an obvious anti-σ factor and 

a cognate TBDT implied that in addition to Fur, an alternative regulatory system of OrbS 

activity may exist which could be tested by studying the activity of OrbS-dependent 

promoters in the absence of fur (Figure 5.10).  

A previously made B. cenocepacia fur insertion mutant, 715j-fur::Tp was used for 

this purpose. It was constructed by transferring the suicide plasmid pSHAFT-fur::Tp into 

B. cenocepacia 715j and selecting for double recombinants, thus replacing the functional 

WT fur by the fur::Tp allele (Y. Han and M. Thomas, 2011, unpublished). Although PCR 

screening was consistent with successful allelic replacement, it was necessary to verify 

the integrity of the 715j-fur::Tp mutant in order to confirm that it behaved as expected 

(i.e. a fur null mutant had been generated), as well as demonstrate that any effects 

observed were solely due to inactivated fur and not due to polar effects. Therefore, in 

this project, this mutant was phenotypically characterised first. 
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Figure 5.10. Experimental design to test for the presence of an alternate mechanism for 
regulating OrbS activity other than transcriptional regulation by Fur 
(A) In B. cenocepacia WT it is established that Fur transcriptionally regulates the orbS promoter 
which in turn regulates the orbH, orbE and orbI promoters. However, it is speculated that 
another regulatory mechanism also exists that regulates OrbS possibly at the post-translational 
level. (B) In this experimental design, the known OrbS-dependent promoter (PorbH) will be tested 
for iron regulation to examine the effect on OrbS activity in the absence of Fur. 
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5.3.1 Phenotypic characterisation of a B. cenocepacia fur mutant 

Phenotypic characterisation of 715jfur::Tp was carried out by testing the total 

siderophore production, growth efficiency in a variety of liquid and agar media as well 

as testing the loss of Fur function by measuring the promoter activity of known Fur-

dependent promoters. 

 

5.3.1.1 Effect of mutation of fur on siderophore production 

In order to study the effect on siderophore production of the fur insertion 

mutation, CAS agar medium containing 10 μM and 60 μM Fe3+, which served as iron-

limiting and iron-replete conditions, respectively, were used. CAS/HDTMA in the 

medium forms complexes with iron, causing the appearance of the medium to be blue. 

Iron capture by siderophore causes a change in colour from blue to yellow or violet 

which is visually detectable (Koedam et al., 1994). Ornibactin appears as yellowish-

orange and pyochelin appears as violet zones around the bacterial growth on this 

medium, indicating production and diffusion of these siderophores. 

The composition of the media and assay conditions were optimised. In order to 

prepare CAS agar medium, the CAS reagent is added to minimal medium. M9 minimal 

medium and Y-medium were selected as candidate basal minimal media. Visualisation 

of siderophore production was found to be most effectively observed using CAS-Y-

glutamate medium at pH 6.8 and was hence used for the assay (data not shown). 

From previous observations it was expected that strain 715j would produce 

pyochelin but negligible amounts of ornibactin, under iron-replete conditions, due to 

the effect of repression of orbS promoter by functional Fur. Alternatively, 715j-fur::Tp 

lacks this repression by Fur, hence an over-production of ornibactin was expected. To 

test for complementation, functional copies of the fur gene were introduced in 715j-

fur::Tp in the form of pBBR-fur2 and pBBR2-fur3. This was expected to restore the WT 

phenotype. Additionally, 715j-fur::Tp containing only the empty plasmid pBBR or pBBR2 

were used to control for any effects exerted by the presence of plasmids. 

Figure 5.11 shows representative images of CAS agar plates with indicated 

strains streaked from a single coloby. As expected, under iron limiting conditions (A and 
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B), there was a less obvious difference between siderophore production by 715j and 

715j-fur::Tp. Although the size of the yellowish-orange zones are similar, the colour was 

observed to be more intense for 715j-fur::Tp. At a higher iron concentration (C and D), 

repression of siderophore production was observed for 715j, whereas, 715j-fur::Tp 

continued to over-produce ornibactin as expected. When complemented with a 

functional fur gene, 715j-fur::Tp behaved as 715j, shutting off ornibactin production and 

only producing pyochelin under iron replete conditions. 

As the complementation by pBBR2-fur3 visually appeared more evident (B and 

D), it was decided to be used for further complementation experiments. 
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Figure 5.11 CAS plate analysis of siderophore production by B. cenocepacia WT and fur::Tp mutant: 
Representative images of B. cenocepacia 715j (WT) and fur::Tp mutant strains streaked on Y glutamate based CAS plates to show siderophore 
production. (A) and (B) Standard CAS plates containing 10 μM FeCl3 ;(C) and (D) High iron CAS plates containing 60 μM FeCl3. Yellow-orange halos show 
ornibactin while purple halos show pyochelin production. 
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5.3.1.2 Effect of mutation of fur on growth in liquid medium 

To analyse the effect of inactivation of fur on growth, the growth rate 

(doubling/hr) in nutrient rich and poor media were determined. Two nutrient rich media 

– LB and BHI were used while three minimal media were used – M9 (glucose) and M9 

(supplemented with 1% or 0.1% casamino acids). Growth rate analysis in broth culture 

revealed that in all types of media, 715j-fur::Tp reached a lower final OD600 at stationary 

phase. Representative growth curves and table from figure 5.12 show that in nutrient 

rich BHI broth 715j-fur::Tp grew at a similar rate as compared to 715j although the initial 

lag phase was longer for 715j-fur::Tp. However, once at log phase, 715j-fur::Tp and 715j 

grew at similar rates in minimal media. 

 

5.3.1.3 Effect of mutation of fur on colony size and efficiency of plating 

To study the effect of loss of fur on the ability to form colonies, the efficiency of 

plating was determined on LB, BHI, M9 (glucose 0.5%) and M9 (supplemented with 1% 

or 0.1% Casamino acids) agar media as described in section 2.1.5. Representative 

CFU/ml and the colony size are presented in Figure 5.13 and Table 3.2. The colony 

forming ability was severely reduced in the fur mutant as compared to the WT. Thus, 

715j-fur::Tp gave rise to approximately 10 fold fewer colonies compared to 715j in both 

nutritionally rich and poor media. However, in rich media the size of the colonies 

appeared similar for both strains while on minimal media, especially M9 (casamino acids 

0.1%) and M9 (glucose 0.5%), the size of the colonies of 715j-fur::Tp were much smaller. 
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Figure 5.12. Growth rate analysis of B. cenocepacia WT Vs fur::Tp mutant: 
Representative growth curves carried out at 37oC in (A) BHI (B) LB (C) M9, CAA (1%) (D) M9, CAA 
(0.1%) and (E) M9, glucose (0.5%) where Y-axis represents OD600 and X-axis represents time in 
minutes. (F) Table showing growth rates of the indicated strains calculated as described in 
Section 2.1.4 using the curves shown in A, B, C, D and E. 

Medium Growth ratea 

Strain 

715j 715j-

fur::Tp 

BHI 1.03 0.88 

LB 1.37 1.11 

M9-CAA 

(1%) 

1.01 1.65 

M9-CAA 

(0.1%) 

0.51 0.59 

M9-G 

(0.5%) 

0.41 0.32 

BHI LB 

M9, CAA 1% M9, CAA 0.1% 

M9-glucose  

A B 

C D 

E F 

715j 

715j-fur::Tp 

a: Growth rate = doubling/hour 
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Figure 5.13. Efficiency of plating of B. cenocepacia WT and fur::Tp mutant: 
Representative CFU/ml at 37oC on BHI, LB, M9, CAA (1%), M9, CAA (0.1%) and M9, glucose 
(0.5%).  

 

Table 3.2: Colony size comparison of 715j (WT) and 715j-fur::Tp  

Strain Medium 

BHI  LB M9-

CAA 

(1%) 

M9-

CAA 

(0.1%) 

M9-glucose 

(0.5%) 

715j ++++ +++ +++ +++ +++ 

715j-fur::Tp +++ +++ +++ ++ ++ 

 

Colony size key: ++++: ~3 mm; +++: ~1-2 mm; ++: ≤0.5 mm 
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5.3.1.4 Effect of mutation of fur on iron-regulation of Fur-regulated promoters  

Finally, the fur mutant was also characterized by measuring the activity of known 

B. cenocepacia Fur-regulated promoters in cells growing under iron limiting and iron-

replete conditions. For this purpose, previously constructed pKAGd4 derivatives 

containing the Fur-dependent promoters PorbS, PflrS and Pbfd, fused to lacZ gene were 

transferred into S17-1 donor cells and then transferred to 715j and 715j-fur::Tp by 

conjugation. It was expected that the Fur-dependent promoters would show iron 

dependent regulation due to the regulatory effect of Fur in 715j (WT). Conversely, in 

715j-fur::Tp, the promoters were expected to lose iron regulation. 

However, unfortunately, conjugations between S17-1 containing pKAGd4-PorbS 

and 715j-fur::Tp did not give rise to any ex-conjugants even after several attempts. 

Therefore the donor strain SM10 was used; however, ex-conjugants were still not 

obtained. This phenomenon was not further investigated due to time restrictions.  As an 

alternative, this experiment was carried out using a previously constructed plasmid 

pKAGd4 containing a shorter version of PorbS called pKAGd4-PorbS-69 that lacked 

sequences upstream of position -69 relative to the orbS start codon. In pKAGd4-PorbS-69 

the core promoter elements are present along with the Fur box, with a further 34 bp 

located upstream of the -35 sequence (Agnoli et al., 2006). pKAGd4-PorbS-69 was 

transferred to 715j and 715j-fur::Tp via  S17-1 donor cells by carrying out conjugations. 

Using the β-galactosidase assay the activity of pKAGd4-PorbS was measured in 715j host 

strain under both low and high iron conditions while activities of pKAGd4-PorbS-69, 

pKAGd4-PflrS and pKAGd4-Pbfd were measured in 715j and 715j-fur::Tp hosts under both 

low and high iron conditions. 

Figure 5.14 shows that the promoters were iron regulated in 715j as expected, 

where promoter activities increased by approximately 10, 8, 4.5 and 3 fold under low 

iron conditions compared to high iron conditions for PorbS, PorbS-69, PflrS and Pbfd, 

respectively. An approximate three-fold increase as compared to that in 715j was 

observed for PorbS and PflrS activity under high iron conditions, in 715j-fur::Tp whereas an 

approximate 1.5 fold increase was observed in Pbfd activity. Such an increase in the 
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activity of a Fur-regulated promoter would be expected under high iron conditions in a 

fur mutant. 

However, unexpectedly it was also evident that the promoters were still partially 

iron regulated in the fur mutant as the promoter activities were significantly higher in 

cells growing under low and high iron conditions.  

The maintenance of some degree of iron regulation in the fur mutant raised the 

question as to whether these observations were an effect of making an insertion 

mutant, or whether insertion of the TpR cassette had not completely abolished Fur 

activity. Therefore, it was decided to perform a complementation experiment with the 

fur mutant by using pBBR2-fur3. Also, since these results were not in accordance with 

those obtained in E. coli, it was decided to be further investigated in E. coli as described 

in section 5.4 of this chapter. 
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Figure 5.14. Activity of iron dependent Fur regulated promoters PorbS, PorbS-69, PflrS and Pbfd in B. cenocepacia 715j and a fur mutant 715j-fur::Tp  
(A) pKAGd4-PorbS and PorbS-69, (B) pKAGd4-PflrS and (C) pKAGd4-Pbfd were each separately transferred to B. cenocepacia 715j or fur mutant 715j-fur::Tp 
and promoter activity was measured using the β-galactosidase assay where cultures were grown in LB containing chloramphenicol and dipyridyl for iron 
deficient conditions or ferric chloride for iron replete conditions. Activities shown were obtained by subtracting the activity of the same strain containing 
pKAGd4 assayed under same conditions (background control). Statistical significance was tested using two-way ANOVA with a Tukeys’ post-test, (n=3), 
****=p<0.0001, ***=p<0.001. 

A B C 
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5.3.2 Complementation of the fur mutant in the investigation of Fur regulated 

promoters 

pBBR2 and pBBR2-fur3 were each transferred to 715j and 715j-fur::Tp containing 

pKAGd4-PorbS-69 or pKAGd4-PflrS and the promoter activities of the Fur-regulated 

promoters were measured during growth under low and high iron conditions by carrying 

out β-galactosidase assays. The rationale for performing these experiments was to 

establish whether the partial iron regulation of these promoters observed in the fur 

mutant could be complemented to give a degree of iron regulation similar to that 

observed in the WT B. cenocepacia strain. 

Figure 5.15 shows that introducing copies of fur in the form of pBBR2-fur3 

restored the ability of the fur mutant to regulate iron at a similar level to WT. The 

promoter activities for both PorbS-69 and pKAGd4-PflrS were found to be the same under 

high iron conditions. In 715j-fur::Tp/pKAGd4-PorbS-69 complemented with fur an 

approximate seven fold increase in iron starvation conditions was obtained as compared 

to iron rich conditions similar to WT. Likewise, an approximate three-fold increase in 

iron starvation conditions compared to iron rich conditions was seen for 715j-

fur::Tp/pKAGd4-Pflrs/pBBR2-fur3 similar to 715j/pKAGd4-Pflrs/pBBR2 (WT). Also, the 

presence of empty plasmid did not change the partial iron regulation phenomenon seen 

for 715j-fur::Tp, demonstrating that pBBR2 did not cause any effects on its own.  

This complementation experiment demonstrated that the less pronounced 

degree of iron regulation that was observed in the insertion mutant of fur was due to an 

effect of the TpR insertion on fur activity, and not a polar effect or the adventitious 

occurrence of another mutation at a different location while constructing the mutant 

The insertion might have completely inactivated or partially inactivated the fur gene. 

Hence to further investigate this research question it would be ideal to study a fur 

deletion mutant further discussed in section 5.6.3.  
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Figure 5.15. Complementation of the iron-regulation defect of a B. cenocepacia fur  
(A) pKAGd4-PorbS-69 and (B) pKAGd4-PflrS were each separately transferred to B. cenocepacia 715j (WT) or fur mutant 715j-fur::Tp along with either pBBR2 

or pBBR2-fur3 and promoter activities were measured using the β-galactosidase assay where cultures were grown in LB containing chloramphenicol 

and kanamycin and dipyridyl to achieve iron deficient conditions or ferric chloride for iron replete conditions. Activities shown have been obtained by 

following subtraction of the activity of the same strain containing pKAGd4 assayed under same conditions (background control). Statistical significance 

was tested using two-way ANOVA with a Tukeys’ post-test, (n=3), ****=p<0.0001 

A B 
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5.3.3 Iron dependent regulation of OrbS activity in the absence of Fur 

Despite the failure to obtain a complete loss of iron-dependent regulation of Fur-

regulated promoter in the B. cenocepacia fur mutant, it was decided to assess the 

activity of two forms of the OrbS-dependent promoter PorbH (full length promoter and 

the 45 bp minimal derivative PorbHds6) to determine if it revealed any interesting patterns 

of iron regulation. For this purpose, previously constructed plasmids pKAGd4-PorbH and 

pKAGd4-PorbHds6 were transferred to 715j and 715j-fur::Tp by conjugation using S17-1 

donor cells. The activities of these promoters were subsequently measured in cells 

growing under iron starvation and iron rich conditions. It was observed that, as with the 

orbS promoter, the OrbS-dependent promoters were iron regulated in the WT strain 

with an approximate 6 fold difference in activities under low and high iron conditions, 

whereas the degree of iron regulation was decreased to approximately 2.5 fold for 

PorbHds6 and approximately 4 fold for the full-length promoter in the fur mutant (Figure 

5.16). This decrease in iron regulation of PorbH is likely to be a consequence of the 

decrease in iron regulation of orbS transcription. However, due to residual iron 

regulation of orbS in the fur mutant, it was not possible to draw a conclusion regarding 

the presence of a mechanism for post-translational regulation of OrbS activity. 
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Figure 5.16. Iron-dependent activity of the OrbS-regulated promoter PorbH in B. cenocepacia 
WT and fur mutant strains  
pKAGd4 containing either of the two variants of the PorbH promoter, (A) PorbHds6 or (B) PorbH (full-

length) were each transferred to B. cenocepacia 715j or the fur mutant 715j-fur::Tp and 

promoter activity was measured using the β-galactosidase assay where cultures were grown in 

LB containing chloramphenicol and dipyridyl for iron deficient conditions or ferric chloride for 

iron replete conditions. Activities shown have been obtained by following subtraction of the 

activity of the same strain containing pKAGd4 assayed under same conditions (background 

control). Statistical significance was tested using two-way ANOVA with a Tukeys’ post-test, (n=3), 

****=p<0.0001 
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5.3.4 Analysis of the activity of iron-independent promoters in response to iron in B. 

cenocepacia 

Finally, it was important to demonstrate that using ferric chloride and dipyridyl 

to obtain iron replete and deficient conditions, respectively, did not affect the promoter 

activities obtained and that the observed regulation was specific to iron-regulated 

promoters. Therefore, the responses of two different known iron independent 

promoters, Ptac and PcysI were analysed in the conditions. Previously constructed 

plasmids pKAGd4-Ptac and pKAGd4-PcysI were each separately transferred to 715j and 

715j-fur::Tp by conjugation using S17-1 donor cells. A second conjugation was then 

carried out to transfer pBBR2 and pBBR2-fur3 to each of these strains, again by using 

S17-1 donor cells. Then, in cells growing under both iron deficient and iron replete 

conditions, promoter activities were measured using the β-galactosidase assay. As is 

evident from Figure 5.17, both Ptac and PcysI had similar activities under iron deficient 

and iron replete conditions. This validated that the experimental conditions used above 

were appropriate for demonstrating accurate iron regulation for iron dependent 

promoters. 
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Figure 5.17. Activity of iron independent promoters Ptac and PcysI in response to iron in B. 
cenocepacia in the presence and absence of fur  
pKAGd4 containing Ptac or PcysI were each transferred to B. cenocepacia 715j (WT) or fur mutant 

715j-fur::Tp containing either pBBR2 or pBBR2-fur3 and promoter activity was measured using 

the β-galactosidase assay where cultures were grown in LB containing chloramphenicol, 

kanmycin and dipyridyl to achieve iron deficient conditions or ferric chloride to achieve iron 

replete conditions. Activities shown have been obtained by following subtraction of the activity 

of the same strain containing pKAGd4 assayed under the same conditions (background control).  
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5.4 Investigation of iron-dependent regulation of OrbS activity using an E. coli fur 

mutant 

As contrasting results were obtained for iron regulation of PorbS in a B. 

cenocepacia fur mutant as compared to the E. coli fur mutant, it was decided to verify 

the results previously obtained in E. coli. As mentioned before, orbS promoter activity 

was measured in the E. coli fur mutant QC1732 and found not to be regulated by iron 

whereas introduction of a plasmid encoding the B. cenocepacia fur restored WT 

behaviour (Agnoli et al., 2007). It was decided to repeat the experiment to ascertain 

whether in fact there was a small degree of iron regulation of PorbS in the E. coli fur 

mutant. Moreover, unlike the previously carried out experiment, here it was decided to 

use the WT host strain QC771 as a control. Here, the OrbS activity in presence and 

absence of the E. coli fur could then be assessed by comparing QC1732 to QC771 (WT). 

 

5.4.1 Activity of Fur regulated promoter in an E. coli fur mutant 

To establish that E. coli Fur could regulate PorbS in response to iron and that in an 

E. coli fur mutant, the activity of PorbS could no longer be regulated; the previously 

constructed plasmid pKAGd4-PorbS was transferred to E. coli WT (QC771) and the 

otherwise isogenic E. coli fur mutant (QC1732). The activity of PorbS was then measured 

under both iron deficient and iron replete conditions in both host strains. In QC771, the 

activity of PorbS was approximately 20 fold higher when growing in iron deficient 

conditions as compared to iron replete conditions. In contrast, in QC1732, the difference 

between PorbS activity in iron deficient versus iron replete conditions was not significant 

(Figure 5.18). Notably, the activity of PorbS under both conditions was higher in the fur 

mutant than in the WT strain. These results support the previous observation that E. coli 

fur can regulate the activity of PorbS in response to iron. Therefore these host strains 

serve as apt models to study the activity of OrbS-dependent promoters in the quest to 

identify iron-dependent regulatory mechanisms other than Fur.   
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Figure 5.18. Activity of the Fur regulated PorbS promoter in response to iron in E. coli WT and 
fur mutant strains  
pKAGd4-PorbS was transferred to E. coli WT (QC771) or E. coli fur mutant (QC1732) strains, and 
promoter activity was measured using the β-galactosidase assay where cultures were grown in 
LB containing chloramphenicol, and dipyridyl for iron deficient conditions or ferric chloride for 
iron replete conditions. Activities shown have been obtained by following subtraction of the 
activity of the same strain containing pKAGd4 assayed under same conditions (background 
control). Statistical significance was tested using two-way ANOVA with a Tukeys’ post-test (n=3), 
**=p<0.01, ns=not significant 
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5.4.2 Activity of an OrbS-regulated promoter in an E. coli fur mutant 

Next, a previously made OrbS-dependent promoter construct pKAGd4-PorbHds6 

was transferred to QC771 (WT) and QC1732 (fur null mutant) cells along with either 

pBBR5 or pBBR5-orbS. The promoter activity was measured in cells growing under iron 

deficient and iron rich conditions. Figure 5.19 illustrates that in both QC771 (WT) and 

QC1732 iron dependent-regulation of PorbH occurred. This demonstrates that in QC1732, 

despite the absence of fur, OrbS activity continues to be regulated by iron availablity 

perhaps indicating a self-regulatory system. It is important to note that while in QC771 

there was an approximate 3 fold increase in promoter activity under iron deficient 

conditions compared to iron replete conditions, in QC1732 there was a smaller 1.5 fold 

increase in promoter activity comparing the same two conditions. However, this 

difference was still statistically significant. Further, if an additional iron-responsive 

regulatory mechanism exists, it might function to full potential in combination with Fur 

to exert a strong iron dependent regulation on OrbS. 

These conclusions based on these results were consistent with those seen in 

previously in E. coli. However, based on results obtained in B. cenocepacia enough 

evidence could not be provided to elucidate the means of Orbs activity regulation.  

Investigation on the regulation of OrbS was continued further by another 

member in the laboratory and their results with the current understanding of this 

system are further described in the ‘discussion’ (section 5.6) of this chapter. 
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Figure 5.19. Activity of the OrbS-dependent promoter PorbHds6 in E. coli WT and fur mutant 
strains containing OrbS in response to iron:  
pKAGd4-PorbHds6 was transferred to E. coli WT (QC771) or E. coli fur mutant (QC1732) strains 
along with either pBBR5 or pBBR5-orbS, and promoter activity was measured using the β-
galactosidase assay where cultures were grown in LB containing chloramphenicol, gentamycin, 
and dipyridyl for iron deficient conditions or ferric chloride for iron replete conditions. Activities 
shown have been obtained by following subtraction of the activity of the same strain containing 
pKAGd4 assayed under the same conditions (background control). Statistical significance was 
tested using two-way ANOVA with a Tukeys’ post-test (n=3), ****=p<0.0001, ns=not significant. 
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5.4.3 Construction of an iron-independent promoter and its activity in E. coli 

To assess that the experimental conditions were reliable to study the iron 

dependent promoters it was important to test the activity of an iron independent 

promoter. Initially, QC771 and QC1732 were transformed with previously constructed 

plasmid pKAGd4-Ptac harbouring the iron independent tac promoter that was shown to 

be iron-insensitive in B. cenocepacia (Section 5.3.4). However, no activity was obtained. 

This construct was sequenced to check its DNA integrity from multiple sources 

(previously made glycerol stocks) but was found to reveal mixed unreadable sequences 

each time. Using previously annealed oligonucleotides a 128 bp DNA fragment 

containing Ptac was ligated to the HindIII and BamHI sites in pKAGd4 that was digested 

with the same enzymes. MC1061 cells were transformed with the ligation products that 

should give rise to normal sized blue colonies. However, it gave rise to extremely small 

and deep blue colonies, perhaps suggesting the promoter was so active that it was 

exerting toxic effects or destabilising plasmid replication. This molecular cloning was 

repeated several times but yielded similar results each time.  

A smaller version of Ptac (56 bp) was then designed containing -35 and -10 

promoter regions with only 11 bp of the lac operator. Single-stranded oligonucleotides 

Ptacshortfor and Ptacshortrev were annealed and ligated into pKAGd4 between the 

sites HindIII and BamHI and the ligation products were used to transform MC1061. 

However, many transformants gave rise to small and dark blue colonies as obtained with 

the longer Ptac derivative. Nucleotide sequencing of the obtained plasmids from larger 

colonies revealed that some mutants were obtained during this cloning process. One 

mutant had a deletion in the -10 region of the promoter that likely reduced its activity 

(sequence shown in Figure 5.20A). Hence, this clone (named pKAGd4-Ptac2) was used to 

test the assay conditions. pKAGd4-Ptac2 was transferred to QC771 and QC1732 and the 

promoter activity was measured by performing β-galactosidase assays in cells growing 

under iron deficient and iron replete conditions. As shown in Figure 5.20, the promoter 

activity was found to be the same in both strains and in medium containing both iron 

concentrations. This implies that assay conditions used to study iron regulation were 

appropriate and reliable. 



315 
 

 

 

 

 

 

CCGTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGA

CAATTAATCATCGGCTCGTATAA-GTGTGGAATTGTGAGCGGATAACAATTTCACACA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.20. Activity of the variant tac promoter, Ptac2, in response to iron in E. coli WT and fur 
mutant strains.  
(A) Sequence of Ptac2 where the -35 promoter element, -10 promoter element and the lac 

operator are highlighted in green, blue and grey, respectively. The location of the deletion is 

highlighted in red. pKAGd4-Ptac2 was transferred to E. coli WT (QC771) or E. coli fur mutant 

(QC1732) strains and promoter activity was measured using the β-galactosidase assay where 

cultures were grown in LB containing chloramphenicol and dipyridyl to achieve iron deficient 

conditions or ferric chloride to achieve iron replete conditions. Activities shown have been 

obtained by following subtraction of the activity of the same strain containing pKAGd4 assayed 

under the same conditions (background control). 

 
 
 
 
 

A 
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5.5 Identification of Fur binding regions on the B. cenocepacia genome 

Fur is the master regulator of iron-regulated gene expression and is known to 

have multiple regulatory targets. These have been explored in other species by 

undertaking a genome-wide scan based on chromatin immunoprecipitation and deep 

sequencing, ChIP-seq (Butcher et al., 2011, Davies et al., 2011). In an attempt to employ 

a ChIP-seq based approach to study the targets of Fur in B. cenocepacia, an allelic 

replacement of WT fur with fur-FLAG was attempted to construct a strain that produces 

a C-terminal FLAG-tagged Fur repressor. Using PCR primers FurFLAGa and FurFLAGb, the 

region upstream of the fur stop codon (947 bp) was amplified (product ‘ab’) using H111 

boiled lysate and KOD polymerase. Using primers FurFLAGc and FurFLAGd, the region 

downstream of the stop codon (545 bp) was similarly amplified (product ‘cd’). In a 

subsequent splice-overlap extension PCR, primers FurFLAGa and FurFLAGd were used 

with template ‘ab’ and ‘cd’. Since FurFLAGb and FurFLAGc were designed to contain 

homologous bases (FLAG tag coding sequence + stop codon), a fusion product was 

obtained such that the region consisting of the fur ORF with a FLAG tag coding sequence 

preceding the stop codon and with the region downstream of fur were amplified as a 

whole giving a 1.519 kb product (i.e 947 bp ‘ab’ + 24 bp ‘FLAG’ coding sequence + 3 bp 

‘stop codon’ + 545 bp ‘cd’) (Figure 5.21). Optimisation of PCR conditions was carried out 

to give a concentrated product and was found to work most optimally when ‘ab’ and 

‘cd’ were present in equimolar concentrations. This product was digested with BamHI 

and XbaI and ligated with pEX18TpTer-pheS digested with the same enzymes. JM83 cells 

were then transformed with the ligations and spread on M9 glycerol CAA-X-gal-IPTG 

medium. Transformant colonies were white when an insert was present since it 

disrupted the lacZ gene fragment while empty pEX18TpTer-pheS gave rise to blue 

colonies. A PCR screen on white colonies using insert specific primers FurFLAGa and 

FurFLAGd did not give any positive clones. When the size of the plasmid present in these 

clones was checked DNA of the expected size (4.912 kb) was not obtained. After several 

failed attempts at the cloning procedure, it was decided not to further investigate it due 

to time restrictions. 
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Figure 5.21. Cloning an SOE-PCR product encoding FLAG-tagged Fur into pEX18-TpTer-pheS: 

(A) SOE PCR product containing fur (fur-FLAG-AD) and a C-terminal FLAG coding sequence made 

using primers FurFLAGa and FurFLAGd (B) Miniprep of candidate clones containing ‘fur-FLAG’, L 

= supercoiled ladder. 

A B 
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5.6 Discussion 

The promoter sequence requirements of the iron starvation ECF σ factor OrbS in 

B. cenocepacia and the presence of an alternate regulatory mechanism for OrbS were 

explored in this project. Interesting observations with regards to contribution of 

individual and multiple bases within the OrbS-dependent promoter were made 

discussed below and it was concluded that OrbS may have one promoter target in 

addition to the three ornibactin promoters. However, results from this series of 

experiments did not provide sufficient evidence to conclude whether or not an 

alternative mechanism exists, other than Fur for regulating OrbS activity in B. 

cenocepacia. 

 

5.6.1 DNA sequence requirements for effective promoter utilisation by OrbS 

Currently there are three known OrbS-dependent promoters – PorbH, PorbI and 

PorbE. In B. cenocepacia under iron starvation conditions it was found that PorbI was 

approximately twice as active as PorbH and ten times more active compared to PorbE. PorbE 

drives the transcription of only one gene unlike PorbH and PorbI that drive the transcription 

of several genes. However, PorbS also drives the same genes as PorbH (Agnoli et. al., 2006).  

Previously, the -10 and -35 promoter regions of the OrbS-dependent promoter 

PorbH were experimentally determined in the E. coli host strain MC1061 (Agnoli, 2007). 

In this project, experiments were carried out in a B. cenocepacia strain mainly to address 

the role of bases located outside of the -10 and -35 regions that would not be expected 

to be contacted by OrbS. As the former experiments were carried out in a heterologous 

system the interactions between the E. coli core RNAP and the promoter DNA may not 

necessarily apply to the B. cenocepacia enzyme. 

The results in B. cenocepacia confirmed that the -10 and -35 promoter regions 

are located from positions -12 to -9 (CGTC) and -33 to -30 (TAAA) with respect to the 

experimentally determined transcription start site. Distinct from the AT rich -10 

promoter region that group 1 σ factors utilise which is comparatively flexible in terms of 

base sequence, ECF σ factors have developed a strict promoter recognition mechanism 

with reduced AT richness (Koo et al., 2009). Experimental evidence suggests that σ2 of 
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many ECF σ factors recognize ‘CGTC’ through a ‘DXXR’ motif, a characteristic of many 

alternative σ factors (Liu et al., 2012). OrbS has the ‘DACR’ sequence within region 2.4 

of σ2 that may be speculated to play a similar role. Results reported in this thesis reveal 

that binding of OrbS to the -10 region may be stronger and hence more important than 

at the -35 region since substitution of those bases completely abolished promoter 

activity. Moreover, it seemed that the cytosine base at position -12 of the -10 promoter 

region, and the adenine bases at positions -30 and -31 of the -35 region were slightly 

less important compared to the other bases in those respective promoter regions. This 

pair of adenines might play a structural role rather than formation of strong hydrogen 

bonds with σ4 similar to that of the ‘AA motif’ in the -35 promoter region of E. coli RpoE-

dependent promoters interacting with σE (Lane and Darst, 2006). The effects of 

substituting bases at the -10 and -35 promoter elements were consistent with those 

obtained in the previous E. coli experiments. However, the bases near the TSS, 

individually, were not found to be important for promoter utilisation contrasting to the 

results obtained in E. coli.    

Investigation of the role of the spacer region separating the -10 and -35 regions 

revealed that the length of this region was important for OrbS-dependent transcription. 

This is evident from the fact that removing one or two bases or addition of two bases 

completely abolished promoter activity. This demonstrates the importance of the 

spacing between the -10 and -35 regions where σ2 and σ4 of OrbS interact. A steep 

reduction in promoter activity due to substitution of the GC tract suggests that the 

conformation of this nine base pair region is important. The substitution of alternate 

bases in this tract reduced the promoter activity by approximately 30%, suggesting that 

the presence of remaining GCs might compensate for the conformational change. In 

previous experiments performed in E. coli such profound effects of substituting G and C 

bases in the spacer of OrbS-dependent promoter were not seen. Experimental evidence 

demonstrates that the length and sequence of the spacer region, which were not 

previously thought to be of much importance, contribute majorly in σ70 promoter 

utilization (Singh et al., 2011, Sztiller-Sikorska et al., 2011). Moreover, it has been 
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reported that RNAP interacts with specific bases of the spacer through its β’ domain 

(Yuzenkova et al., 2011). 

Results from previous experiments analysing the role of the A+G rich region at 

the TSS in E. coli showed that substitution of bases in groups of three did not affect 

promoter activity to a great extent. In contrast, the results from these experiments in B. 

cenocepacia showed that multiple basepair substitutions that included the TSS base, 

reduced the promoter activity by up to 90%. However, individual substitutions around 

this region did not alter the promoter activity to a great extent. Hence, rather than the 

individual bases itself, the conformation around the start site might be important for 

proficient promoter utilization or a combination of the two. 

In contrast to previous experiments performed with E.coli, there were a few 

substitutions that resulted in a substantial increase in the promoter activity. Only one 

substitution, a C to A base change that extended the AT tract, increased promoter 

activity in B. cenocepacia perhaps due to a favourable conformational change in this 

region. Also, it was observed that GC rich region upstream of the -35 promoter region 

was not critical for promoter utilisation at least not at the individual base level. 

In conclusion, the analysis of the effect of single and multiple base pair 

substitutions in B. cenocepacia confirmed various features of the OrbS-PorbH interaction. 

OrbS requires -10 and -35 promoter regions each of which are 4 bases in length and 

separated by 17 bases. A conserved 9 base pair GC-rich tract in the spacer and a 9 base 

pair A+G rich region around the TSS seem to be important for PorbH to adopt an 

appropriate conformation it to be utilized efficiently by OrbS. Furthermore, a role for 

the region around the experimentally determined TSS is also evident in promoter 

utilization. Again, the conformation and not the nature of the individual bases might be 

important for promoter utilisation by OrbS.  
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5.6.2 OrbS may have any additional promoter targets 

Some iron starvation σ factors have been reported to regulate transcription of 

multiple promoters other than those directly involved in iron acquisition (Wilderman et 

al., 2001, Llamas et al., 2014). Therefore, the functionality of two promoters, Pfpr and 

PureA, identified based on an in silico analysis, was tested in E. coli and B. cenocepacia. 

These two putative promoters are present upstream of genes that might be important 

for iron acquisition or virulence and have conserved residues that are important for 

efficient utilisation of promoters by OrbS (K. Agnoli, 2007). Although Pfpr seemed to be 

regulated by OrbS under inducing conditions in E. coli, this was not observed in B. 

cenocepacia. Further, PureA was found to be completely inactive in B. cenocepacia. 

Therefore, of the two candidate promoters Pfpr seems to be OrbS independent while 

PureA may not be a promoter at all. A genome-wide scan using ChIP-seq would reveal 

presence of novel OrbS-dependent promoters. However, due to issues with molecular 

cloning before carrying out the immunoprecipitation, and time restrictions, the 

experiment could not be carried out. 

 

5.6.3 Regulation of OrbS activity 

The ferric uptake regulator (Fur) is a master regulator that acts in response to iron 

concentration (Fillat, 2014). orbS transcription has been previously established to be 

regulated by Fur. However, unlike conventional iron starvation ECF σ factors, OrbS does 

not have an anti-σ factor that regulates its activity (Agnoli et al., 2006). Therefore, one 

of the research objectives was to assess the presence of an alternative mechanism for 

regulating OrbS activity. To address this, a previously constructed B. cenocepacia fur 

mutant (715j-fur::Tp) was used. Characterization of fur mutants is primarily carried out 

by testing the ability to over-produce siderophore detected using CAS agar (Ebanks et 

al., 2013, Smith et al., 2013). The construction of a Burkholderia fur mutant was first 

reported in Burkholderia multivorans and was characterized by testing its sensitivity to 

reactive oxygen species, carbon assimilation abilities and the intracellular iron 

concentrations (Yuhara et al., 2008, Kimura et al., 2012). In this project 715j-fur::Tp was 

characterized by testing its ability to produce siderophore using the CAS agar plate 
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assay, testing its efficiency of plating and analysis of growth rates compared to WT and 

finally by comparing the activity of Fur–regulated promoters under iron deficient and 

iron-replete conditions in WT and fur mutant strains. The CAS agar plate assay results 

demonstrated that 715j-fur::Tp had lost regulation by Fur and hence over-produced 

ornibactin. This phenotype was complementable when fur was introduced to the 

mutant in trans. Loss of functional fur reduced the ability of the fur mutant to produce 

colonies by an approximate ten-fold on in nutritionally rich and poor media compared 

to WT. In broth culture it could grow at similar rate as the WT but the most pronounced 

differences were observed in BHI and M9 (CAA 1%) media. In all types of media, the fur 

mutant had a longer lag before reaching log phase and reached final stationary phase at 

a lower optical density compared to WT.  

Measurement of activities of Fur-regulated promoters under low and high iron 

concentrations in WT and fur mutant strains indicated that the mutant was behaving 

only partially as expected. Under high iron conditions although the activity of the Fur-

regulated promoters in the fur mutant was higher than that in WT, they were not 

derepressed to levels observed in iron starvation conditions. The introduction of fur in 

the form of pBBR2-fur3 in the mutant, however, confirmed restoration of WT phenotype 

in the mutant.  

Taken together, the results presented in section 5.3 point towards two plausible 

explanations. First, there exists, unique to Burkholderia cenocepacia, an unknown 

transcriptional regulatory component that downregulates transcription of iron-

regulated transcription of iron-regulated genes. Hence, if this component works in 

combination with fur, it might not be able to carry out its regulation to the extent to that 

of WT when fur is absent, explaining the partial regulation. Second, the fur mutant itself 

retains some activity despite disruption of the fur gene by TpR cassette. These two 

conjectures could possibly be resolved by studying the Fur and OrbS-dependent 

promoter activities in a deletion mutant of fur (Yuhara et al., 2008). The fur mutant used 

in this study had a 649 bp TpR-cassette inserted between codon 72 and codon 73. 

Although such a large insertion would be expected to inactivate the functionality of the 

protein, the DNA binding helix and one metal binding site still could be functional within 
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the downstream 119 codons. As this insertion mutant may retain some Fur function 

construction of a fur deletion mutant was required. To this end a B. cenocepacia fur 

insertion mutant was constructed in which the 119 fur codons located downstream of 

the insertion site were removed and in this mutant the fur activity was demonstrated to 

be completely lost (A. Butt and M.S.Thomas, unpublished). This eliminates the first 

conjecture that an alternative transcriptional regulator of OrbS exists and hence the 

alternative regulator, if present, must be post-translational. However, as it remains, the 

data presented in this thesis was not sufficient to support or discard the hypothesis of 

the presence of an additional mechanism for regulating OrbS activity in response to iron 

availability. 

Unfortunately, it was not possible to transfer the transcriptional reporter 

plasmid pKAGd4 containing the full-length PorbS into the fur mutant. One possible reason 

for this could be that the derepressed PorbS might lead to excessive β-galactosidase 

activity which could be toxic to cells or it may destabilise plasmid replication. One can 

test the first possibility by cloning the promoter PorbS into the plasmid in the opposite 

orientation. Another alternative would be to use a modified/different lacZ-reporter 

plasmid that specifies lower levels of β–galactosidase activity. However, it was decided 

to use a shorter version of the orbS promoter which was still iron dependent. 

The promoter activities of the OrbS-dependent promoter PorbH in the full-length 

form and as a minimal derivative, PorbHds6, were measured in 715j-fur::Tp and 715j. 

Results from this experiment showed iron dependent regulation even in the absence of 

fur. But, since the fur mutant retains a degree of iron regulation of Fur-dependent 

promoters it is difficult to conclude whether this regulation was due to background Fur 

activity or whether an alternative regulatory mechanism of OrbS exists.  

Based on previous experiments carried out in our group, one possible 

mechanism for regulating OrbS activity is that OrbS itself can sense the intracellular iron 

concentration. There are four cysteine residues at the C-terminal end of OrbS that are 

conserved in other closely related iron starvation σ factors of Burkholderia such as MbaS 

from B. pseudomallei (K. Agnoli and M. S. Thomas, unpublished). The sulphur of the thiol 

groups is capable of complexing with metal ions such as iron (White and Dillingham, 
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2012). Experiments with orbS and fur deletion mutants that carry a mutant copy of orbS 

encoding cysteine to alanine substitutions in the C-terminal domain of OrbS suggest that 

these cysteine residues act like a fine tuning regulatory mechanism working in 

combination with Fur which is the major regulatory component (A. Butt and M. S. 

Thomas, unpublished). Evidence in literature shows that thiol groups in proteins are 

required to specifically sense metals, such as those from the MerR family that use 

cysteine residues within the C-terminal metal binding loops (Changela et al., 2003, 

Watanabe et al., 2008, Waldron et al., 2009). The transcriptional activator, WhiB7 and 

the FNR (Fumarate nitrate reduction) transcriptional regulator contain conserved 

cysteine residues that are used in the formation of iron sulphur clusters to carry out 

their regulatory functions (den Hengst and Buttner, 2008, Burian et al., 2013, Crack et 

al., 2013, Bush et al., 2016). Auto-regulation by ECF σ factors using a fused on-board 

regulator at their C-terminal end has been previously reported (Thakur et al., 2007, 

Gomez-Santos et al., 2011, Wecke et al., 2012, Mascher, 2013). Studies on the copper 

regulatory ECF σ factor, CorE, and cadmium and zinc regulatory ECF σ factor, CorE2, from 

Myxococcus xanthus provide evidence that metal detecting σ factors also bind metal 

ions through a cysteine-rich domain. CorE, like OrbS, does not seem to have a cognate 

anti-σ factor, but has a C-terminal extension with 6 cysteine residues. It recognises the 

redox state of copper through at least 4 cysteine residues on this C-terminal domain and 

initiates transcription of genes involved in copper homeostasis (Gomez-Santos et al., 

2011). Different numbers and arrangements of the cysteine residues may be used 

selectively for detecting different metals (Marcos-Torres et al., 2016).  

Alternatively, as direct binding of iron to the C-terminal cysteine thiols of OrbS 

has not yet been demonstrated, one can also speculate the presence of an altogether 

different iron regulatory protein.  
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Chapter 6. Final discussion 
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6.1 General discussion 

The primary aims of this project were to identify the roles of four, currently 

uncharacterised putative ECF σ factors in B. cenocepacia and to further characterise the 

promoter recognition requirements and regulation mechanisms of the iron-starvation σ 

factor, OrbS. The approach taken to identify of the roles of the uncharacterised ECF σ 

factors was two-fold: (1) identification of the σ-dependent promoters that would 

provide an insight into the role of the σ factor and (2) identification of the phenotypes 

associated with the deletion of the σ factor (or anti-σ factor) encoding gene.  

Of the four previously uncharacterised ECF σ factors, the promoters recognised 

by three were identified in this study. Using ChIP-seq and reporter-fusion assays the PrtI-

dependent promoters PprtI and Pcat (putative catalase promoter) were identified. 

Additionally, the -10 and -35 promoter elements were experimentally determined as 

‘GTC’ and ‘GGAATA’, respectively, for PprtI. Ecf41Bc1 was found to recognise PahpD 

(promoter for a putative alkyl hydroperoxidase D encoding gene) while Ecf41Bc2 

recognised PlysR [promoter of a putative LysR-type transcriptional regulator (LTTR)]. 

However, the putative Ecf42Bc-dependent promoter (PphnB2) was found to be inactive in 

the presence of both the full-length and C-terminally truncated Ecf42Bc. Hence it cannot 

be concluded to be Ecf42Bc-dependent. If the identified Ecf42Bc-dependent promoter 

does not have the required conditions to be active, on the experimental setup used 

here, one limitation is that the bioinformatics scan that identified more promoter motifs 

on the B. cenocepacia genome cannot be experimentally tested. 

These results provide evidence that PrtI regulates a gene encoding a putative 

catalase and Ecf41Bc1 regulates one encoding a putative alkylhydroperoxidase D 

suggesting a role for these σ factors in oxidative stress responses. Ecf41Bc2 regulates a 

putative LTTR and although the Ecf42Bc-dependent promoter could not be ascertained, 

the genes encoding both of these σ factors are present in the vicinity of genes encoding 

proteins are also likely to be involved in oxidative stress responses as described in 

Chapter 4. Moreover, two genes that are immediately present downstream of the LTTR 

encoding gene are present in the same orientation are speculated to be co-transcribed 

along with LTTR and thus can be Ecf41Bc2-dependent. One of these, I35_RS29625 
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encodes a putative peroxiredoxin (OcmC). This gene (BCAM2753 in B. cenocepacia 

J2315) was found to be upregulated in bacterial cells growing in CF sputum based model 

of infection (Drevinek et al., 2008). Additionally, one of the ECF41 σ factors in 

Mycobacterium tuberculosis, SigJ, has been shown to be involved in hydrogen peroxide 

resistance. Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), superoxide 

(O2
.-) and hydroxyl radicals (OH.) are produced as a result of biochemical reactions during 

metabolic processes and are toxic, as they can damage cell components and 

biomolecules like DNA and proteins (Imlay, 2015). Therefore, bacteria need to scavenge 

the ROS produced inside cells in addition to those present in their local environment, 

including the oxidative burst generated by host immune cells during infections (Grant 

and Hung, 2013, Nathan and Cunningham-Bussel, 2013). Oxidative stress is one of the 

commonly known extra-cytoplasmic stresses that ECF σ factors respond to and multiple 

ECF σ factors have been experimentally shown to be involved in such stress responses 

(Martin et al., 1994, Paget et al., 1998, Alvarez-Martinez et al., 2007, Flannagan and 

Valvano, 2008).  

Thus, each of the σ-factor and anti-σ factor mutants, as well as the double 

ecf41Bc1-ecf41Bc2 deletion mutant, constructed in this project were tested for their ability 

to withstand oxidative stress. However, they were found to be as equally sensitive as 

the WT strain to oxidative stressors. Taking this further, the possible role of the PrtI-

dependent I35_RS16285 gene product as a catalase was explored. However, no such 

activity was observed with the purified enzyme in vitro. In addition, PrtI did not seem to 

have a role in protease production, biofilm formation, motility and exopolysaccharide 

production unlike PrtI proteins in Pseudomonas spp. Thus, the exact stress that each of 

the four novel σ factors responds to remains unknown.  

Bacterial two-hybrid assays were carried out to demonstrate that PrtR interacts 

with PrtI through their N- and C-terminal (σ4) domains, respectively. Additionally, PrtR 

was demonstrated to be inhibitory to PrtI activity. Anti-σ factors usually have an anti-σ 

domain (ASD) which interacts with the ECF σ factor and keeps it inactive. ASD can belong 

to class I or class II. PrtR is predicted to contain an ASD-I domain and therefore can be 

speculated to interact with σ2 and σ4 of PrtI such that it remains inactive under non-
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inducing conditions similar to the situation when RseA binds SigE in E. coli (Campbell et 

al., 2003). A more recent mode of σ factor activity regulation by a fused on-board 

domain is proposed in ECF41 σ factors where a DGGG motif is required for the activity 

of the σ factor (Wecke et al., 2012). However, results presented in Chapter 4 show that 

this DGGG motif may be inhibitory in case of Ecf41Bc1 and Ecf41Bc2. Ecf41Bc1 and Ecf41Bc2 

showed different activities when different lengths of the C-terminal extension were 

deleted in the experimental design where they were ectopically expressed. Therefore, a 

homogeneous model for the regulatory role of the C-terminal extension in the Ecf41 σ 

factors of B. cenocepacia still cannot be concluded. 

Finally, as presented in Chapter 5, evidence from experiments performed in B. 

cenocepacia unequivocally showed the DNA sequence requirements for efficient 

promoter utilisation by OrbS. TAAA and CGTC present at positions -33 to -30 and -12 to 

-9 with respect to the transcription start site of PorbH form the -10 and -35 promoter 

elements that OrbS recognises confirming the previous results in E. coli. In addition, 

OrbS requires a GC-rich 17 bp spacer whose length is critical and the conformation of 

bases at the transcription start site are important for efficient promoter utilisation by 

OrbS. Disrupting the fur gene in B. cenocepacia by insertion of an antibiotic resistance 

cassette did not result in complete abolition of iron regulation of Fur-regulated 

promoters. It is concluded that the disrupted fur gene retains partial activity, because 

when the bases present downstream of the insertion were later removed a total loss of 

fur activity was observed (A. Butt and M. S. Thomas, unpublished). Hence, currently the 

evidence is insufficient to support or discard the hypothesis of the presence of a post-

translational regulator for OrbS, based on the experiments presented herein.  

 

6.2 Future perspectives 

Even though experimental evidence presented in this thesis suggests that the 

identified promoters were active in the presence of the respective σ factor, a 

fundamental experiment to demonstrate that each of these ECF σ factors can associate 

with the core RNAP and promote transcription would show that they function as σ 

factors. This can be achieved by allowing the purified σ to form a holoenzyme with core 
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RNAP followed by electrophoretic mobility shift assay (EMSA) or by carrying out in vitro 

transcription assays with the respective σ-dependent promoter. Recently, such an in 

vitro transcription assay has been carried out to demonstrate that PrtI can carry out 

transcription using the PrtI-dependent promoters identified in this study (A. Butt and 

M.S. Thomas, unpublished).  

The effects of single/multiple base substitutions on the activities promoters 

recognised by Ecf41Bc1 and Ecf41Bc2 can be assayed that will reveal how these σ factors 

interact with their promoters, and identify the role of specific bases within the 

promoter. A putative target promoter of Ecf41Bc1 (for a putative LTTR gene) identified 

by the in silico analysis needs to be tested experimentally in the presence of Ecf41Bc. The 

transcription start sites of each of the σ-dependent genes also can be determined to 

confirm the precise locations of the promoter elements recognised by the respective σ 

factors. Further, RT-PCR can be used to define the extent of the operons governed by 

each of the σ-factors. While a few unsuccessful attempts were made to define the PrtI 

operon by RT-PCR, the appropriate DNase steps need to be optimised to remove DNA 

contamination.  

The role of thiocyanate in the PrtI system would be worth testing since the 

product of the gene regulated by PrtI, I35_RS16285 is homologous to SrpA which in turn 

is regulated by CysB, a regulatory protein involved in thiocyanate uptake in 

Synechococcus. Thiocyanate can be used as an alternative sulphur source but it is also 

toxic, so PrtI could be involved in sulphur assimilation or thiocyanate resistance/ 

detoxification (Stafford and Callely, 1969, Vu et al., 2013). Studying the structure of the 

CTD of PrtR might provide an insight into the nature of the molecule that might bind and 

induce this system.  

The effect of deleting ecf42Bc on biofilm formation and antibiotic drug resistance 

should be tested as its homologue in P. putida has been shown to be involved in these 

phenotypes (Tettmann et al., 2014). A high-throughput approach to scan for a 

phenotype of the σ-factor and anti-σ factor mutants, as well as the double ecf41Bc1-

ecf41Bc2 deletion mutant can be adopted using a phenotype microarray that tests for 

hundreds of characteristics including nutrient utilisation, stress sensitivity, antibiotic 
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sensitivity etc. (Bochner, 2003). Additionally, the effect of deleting the σ-factor and anti-

σ factor mutants, as well as the double ecf41Bc1-ecf41Bc2 deletion mutant on the 

virulence of B. cenocepacia would determine if they are required for pathogenicity. 

Examples of appropriate hosts to study B. cenocepacia infections include Galleria wax 

moth larvae, Caenorhabditis elegans, zebrafish and murine models amongst others 

(Kothe et al., 2003, Tomich et al., 2003, Seed and Dennis, 2008, Deng et al., 2009). 

Additionally, macrophage cell lines can be used as B. cenocepacia has been previously 

shown to interact with immune cells of the host system in formation of vacuoles (BcCV) 

to delay the host response in clearing infections (Keith et al., 2009). 

OrbS activity has been shown to be regulated via its C-terminal domain that 

functions as an on-board regulatory module (A. Butt and M. S. Thomas, unpublished). 

Studies on orbS and fur deletion mutants have indicated that while orbS is primarily 

regulated by Fur, a fine tuning regulatory mechanism consisting of four cysteine residues 

at the C-terminal domain of OrbS is present that responds directly to iron concentration 

(A. Butt and M. S. Thomas, unpublished). It would be insightful to demonstrate that OrbS 

can co-ordinate with Fe2+ to form iron-sulphur clusters using mass spectrometry (LC-MS) 

or reconstituting OrbS with iron and measuring the absorbance using UV-spectrometry. 

To conclude, the work described in this thesis lays the foundation for further 

study of these previously uncharacterised ECF σ factors of B. cenocepacia. In the wider 

perspective, it would be ideal to fully characterise all the ECF σ factors of B. cenocepacia 

to define their regulons, roles and regulation. Ultimately, it would be useful to 

determine if their functions overlap, if the σ-dependent promoters are orthogonal or 

whether any cross-talk occurs. This will be useful to gain a fundamental understanding 

of the complexities of signal transduction mechanisms occurring inside bacterial cells. 

As an example, using an integrated approach in Mycobacterium tuberculosis, a study has 

revealed interesting features such as the hierarchy in the regulatory network dynamics 

and internal connectivity of σ factors of M. tuberculosis (Chauhan et al., 2016).  

A more application-based purpose of carrying forward this research would be in 

studying any potential contribution of the ECF σ factors to the pathogenicity (i.e. their 

significance as virulence determinants) in B. cenocepacia, which is known to cause 
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persistent and problematic infections in CF patients. This will help determine if ECF σ 

factors are effective anti-microbial targets to develop better drugs in the future. 
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Appendix I: 

DNA and protein ladders 

 

 

 

 

 

 

 

 

 

Images of ladders by the respective manufacturers used in this study 
(A) Supercoiled DNA ladder (NEB) with the sizes (in kbp) and concentration indicated on 
the right. (B) GeneRuler DNA ladder mix (Thermo Fisher Scientific) with the sizes (in bp) 
and concentration indicated on the right. (C) EZ-Run Prestained Rec Protein Ladder 
(Fisher) as run on a (4-20%) SDS-PA gel or blot with sizes in kDa as indicated.   
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Appendix II: 

Quality control reports of samples used in the ChIP-seq study carried out in GALAXY:  

Each figure shows the summary of the parameters analysed for that run. A green tick 

indicates that the sample meets quality requirements, yellow exclamation indicates that 

there may be errors and might need ‘data grooming’ while a red cross indicates that the 

data does not meet expected quality requirements set by the website. 

 

1) Sample 1, reverse run  
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2) Sample 2, forward run 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

3) Sample 2, reverse run 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 



357 
 

4) Sample 3, forward run 

 
 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

5) Sample 3, reverse run 

 

 

 

 

 

 

 

 

 

 

 

 

 



358 
 

  

6) Sample 4, forward run 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7) Sample 4, reverse run 
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8) Sample 5, forward run 

 

 

 

 

 

 

  

 

 

 

 

 

 

9) Sample 5, reverse run 
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10) Sample 6, forward run 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

11) Sample 6, reverse run 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 


