
 

Coupling Stress Responses and Growth 

Pathways in Haemophilus influenzae  
 

 

 

Changde Donald Jiang, B. Biotech. (Honours) 

 

 

Submitted for the degree of Doctor of Philosophy 

 

Discipline of Microbiology and Immunology 

The School of Molecular and Biomedical Science 

The University of Adelaide 

  June 2013   
  



 

i 
 

DECLARATION 

This work contains no material which has been accepted for the award of any other degree or 

diploma in any university or other tertiary institution to Changde Donald Jiang and, to the best 

of my knowledge and belief, contains no material previously published or written by another 

person, except where due reference has been made in the text 

 

I give consent to this copy of my thesis, when deposited in the University Library, being made 

available for loan and photocopying, subject to the provisions of the Copyright Act 1968. 

 

I also give permissions for the digital version of my thesis to be made available on the web, via 

the University’s digital research repository, the Library catalogue, the Australasian Digital Theses 

Program (ADTP) and also through web search engines, unless permission has been granted by 

the University to restrict access for a period of time. 

 

Adelaide, Australia, June 2013 

 

 

 

 

  

Changde Donald Jiang 

 



 

ii 
 

 



DJ  Acknowledgements 

iii 

ACKNOWLEDGEMENTS 

My heartfelt thanks to Dr Stephen Kidd for giving me a chance to do my PhD with him. This 

thesis would have been impossible if not for his guidance, advice, patience and support for the 

past 4 years. A big gratitude to Dr Stephen Bent for the assistance in analysing my RNA data. I 

would not have done that without you. Thanks also to Long and Alex for making my days in the 

lab less boring. 

 

Big thanks to the Morona’s and Paton’s lab, with mentions to Adam, Alistair, Claudia, Layla, 

Richard, Brooke, Liz, Catherine, Steph and Lauren. I have already forgotten how many “n” times 

have I “borrowed” stuff from you guys, and I will never forget the kindness. Without you guys, I 

would have not been able to accomplish my experiments and ultimately, my PhD. Kudos to 

McDevitt’s lab, especially to Victoria and Miranda, for making the lab so much livelier. I 

apologise for missing you guys out from my presentation slides.  

 

Thanks to all those I have come across during the past 4 years. Thanks to my fellow PhD friends, 

namely Minyan, Ah Lum, Titi, Zarina, “Radish” and Jenni. You guys are often my answers to 

questions and I do look up to you when I am in trouble. Special thanks to Chris for giving me a 

chance to demonstrate and Anita for being so patient and generous towards me. There are still 

so many more people I would love to mention but could not. Do believe me when I say you guys 

are in my heart.  

 

I would also like to thank my family for their support and annual visits. Without them, I would 

not have reached where I am today. Finally, many thanks to all my friends in Australia and 

Singapore, especially to Masa, Angela, Janet, Wanting, Waichee, Muqi, Beeling, Zach and Ivy. 

You guys have made my stay in Adelaide so much more fun and less lonely. And finally to Calvin 



DJ  Acknowledgements 

iv 

and Felix for making my days back in Singapore more enjoyable. 

 

Lastly, I would like to acknowledge University of Adelaide and Australia Commonwealth 

Government for the provision of my scholarship and everyone who have assisted in putting this 

thesis together. 



DJ  Abstract 

v 

ABSTRACT 

Haemophilus influenzae is an obligate human pathogen which requires NAD and heme to grow. 

Commonly a commensal within the nasopharynx, H. influenzae can be found in both 

encapsulated and non-encapsulated forms. Encapsulated species, primarily the serotype type b, 

can be invasive and can cause bacteraemia while the non-encapsulated forms, otherwise known 

as non-typeable H. influenzae (NTHi), infect the upper respiratory tract, and occasionally 

causing the recurrence of chronic airway diseases. H. influenzae requires different pathways for 

bacterial growth as it can move to and cause diseases within diverse sites of the body where the 

physical and chemical properties are different. The bacteria encounter different reactive 

chemical stresses that may be produced endogenously (through the bacterial metabolic 

pathways) and exogenously (host-genearted chemicals) within the different niches. The 

presence and nature of these reactive chemical stresses impact on their ability to survive, their 

pathogenesis and the disease outcome within the niches. This therefore highlights a link 

between the capacity of the bacteria to successfully respond to the environmental stresses and 

their selection of their own metabolic pathways for energy, biosynthesis and intracellular 

control of redox balance. In addition, the response to a particular host environment is not only 

dependent on these stresses, but also on other molecules or biochemicals present in the local 

environment and the interplay between these factors will highly impact on the bacteria’s 

colonisation and survival. This interplay is poorly understood and is central to the work 

presented here. 

 

A key example of such interplay is the AdhC system. This thesis represents the work done to 

characterise AdhC and determine its role in the metabolism of H. influenzae and its links to 

exogenous stress response and the environmental conditions. The adhC gene from H. influenzae 

encodes the glutathione-formaldehyde dehydrogenase AdhC which has been found to be 

essential for defence against the host-generated chemical S-nitrosogluthatione (GSNO; the 

product of reactive nitric oxide combining with glutathione). Studies have further suggested 
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that AdhC might be required for the growth of the bacteria with oxygen, glucose and iron. adhC 

and estD are regulated by the redox sensitive NmlR but given the link to these other 

environmental factors, there is some indication that this pathway is coupled to the global 

regulatos that sense oxygen, glucose and iron.  

 

It was aimed to investigate the stress response regulation connected to environmental oxygen 

and carbon metabolism in H. influenzae. One of the major environmental stresses in normal 

growth is the generation of reactive oxygen species (ROS) in the presence of oxygen and FNR is 

one of the global regulators that regulate genes in response to oxygen changes. Our results 

showed that FNR regulates at least 279 genes in high and low oxygen tensions. Our results also 

implied that another global regulator, CRP, is required for utilising mannose and glucose, or the 

pathways for their transport and metabolism.  

  

H. influenzae has been shown to colonise anatomical niches that possess non-optimal 

conditions by producing biofilms. Therefore, another aspect of this work was to determine the 

impact of stress responses to biofilm formation in H. influenzae. Our results showed that more 

biofilms were produced in adhC, nmlR, fnr and crp mutants than in Rd KW20, under both 

normal aerobic conditions and stressed conditions, suggesting that these genes are essential for 

normal aerobic growth as well as stress responses. RNA sequencing was further performed on a 

known biofilm-forming nikQ mutants in order to gain a deeper insight into H. influenzae’s ability 

to form biofilms. Significant changes in the surface structures in this lifestyle state were found. 
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1.1   Introduction 

Haemophilus influenzae is a significant bacterial pathogen with worldwide importance. It is 

strictly a human parasite (Marrs et al., 2001) and can be found living in the upper respiratory 

tracts of up to 80% of healthy adults (Vergauwen et al., 2003). Despite the development of a 

vaccine against serotype B, its other forms continue to cause significant diseases. H. influenzae 

is estimated to be responsible for tens of millions of cases of infections resulting in up to 

400,000 deaths every year (WHO, 2008). Therefore, in order to improve human health, it is 

important that the mechanisms used by the bacteria to survive within the host and cause 

diseases are known. 

 

Isolates of H. influenzae can be subdivided into encapsulated or non-encapsulated forms. Non-

encapsulated strains, commonly referred to as non-typeable H. influenzae (NTHi), are defined 

by their failure to agglutinate with antisera against the recognized H. influenzae capsular 

polysaccharides. While both forms are similar morphologically, they produce divergent clinical 

infection (Rao et al., 1999). H. influenzae has the ability to move to diverse sites in the body to 

cause a variety of diseases, but it is normally restricted to the nasopharynx by the response of 

the localised immune system. 

 

Phagocytic cells are among the most important components of the innate immune response as 

the first line of host defence against bacterial infection. Two of the most important antimicrobial 

systems of phagocytic cells are the NADPH phagocyte oxidase (also known as phox) and 

inducible nitric oxide synthase (iNOS) pathways. They are responsible for the generation of the 

reactive oxygen species (ROS) superoxide (O2
-•) and the reactive nitrogen species (RNS) nitric 

oxide (NO•) radicals respectively (Nathan and Shiloh, 2000). Another RNS found in this 

environment is S-nitrosoglutathione (GSNO). GSNO is the product of NO reacting with 

glutathione (GSH) and it damages proteins by nitrosylation (Storz and ImLay, 1999).  
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Bacteria need specialised systems for defence against specific stresses to be able to survive in 

the host. Understanding the host-pathogen interaction during infection is critical for the 

development of new control measures for these important pathogens. The response to a 

particular host environment not only depends on the specific toxic chemicals, but also other 

molecules and biochemicals which may be present in this local environment. The interaction of 

the unstable superoxide and NO• for instance with normal physiological and structural 

molecules within the host (such as GSH and lipids) results in stable but still toxic chemicals. This 

interaction suggests a link between the environment and the intracellular physiology pathway 

that the bacteria will use. 

 

Of the previously identified NO• defence systems from bacterial systems, H. influenzae encodes 

only an alcohol dehydrogenase adhC and the nitrite reductase nrf. Recent studies have shown 

that adhC from H. influenzae encodes the enzyme AdhC (a zinc-dependent alcohol 

dehydrogenase) which is essential for defence against GSNO (Kidd et al., 2007). This expression 

of adhC is regulated by a novel transcription factor NmlR. Besides having the ability to reduce 

GSNO (Liu et al., 2001), AdhC is able to catalyse the oxidation of S-(hydroxymethyl) glutathione, 

which is formed spontaneously by formaldehyde and GSH (Thompson and Grofström, 2008). 

 

AdhC is not only found in bacteria that metabolise methanol (a process that results in 

endogenous production of formaldehyde) or encounter exogenous formaldehyde but also in 

many other bacteria that don’t. It is therefore reasonable to accept that AdhC can use other 

substrates which form adducts with GSH. One of these other substrates could be reactive 

aldehydes, which are metabolic intermediates or by-products that are generated endogenously 

during the cell’s normal growth and that damage proteins and nucleic acids (Okato-Matsumoto 

and Fridovich, 2000).  

 

The specific nature of the physiology of the bacterial cell is important in maintaining a suitable 
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intracellular redox balance. The environmental composition is key to the bacteria selecting its 

intracellular systems such as the protein profile of its pathways for growth; not only in 

determining what is present and what can be used, but the physical and chemical conditions of 

the environment will determine the usefulness of what is present or its corresponding and 

subsequent intracellular toxicity and stress on the cell. Also, the cell’s regulatory response to 

extracellular stress is associated with its regulation of physiological or metabolic pathways, 

hence identifying the key components involved in these regulations will provide a better insight 

to the bacteria’s pathogenesis. This will form the basis of this project. 

 

 

1.2  Haemophilus influenzae 

1.2.1  Background  

Haemophilus influenzae is a pleomorphic, non-motile fastidious, Gram-negative rod that is 

found in nature only as a human parasite (Marrs et al., 2001). The organism is a facultative 

anaerobe and is characterised by an absolute requirement for supplemental NAD (factor V) and 

a source of heme (factor X) for growth under aerobic conditions. Isolates of H. influenzae can be 

subdivided into encapsulated or non-encapsulated forms. Encapsulated strains express one of 

the 6 structurally and antigenically distinct capsular polysaccharides that are designated as type 

a to type f. Non-capsulated strains are defined by their failure to agglutinate with antisera 

against the recognised H. influenzae capsular polysaccharides and are referred to as non-

typeable H. influenzae (NTHi). Aside from the polysaccharide capsule, encapsulated and non-

encapsulated strains are similar morphologically and metabolically but, these organisms 

produce different clinical results of infection (Table 1.1) (reviewed in Rao et al., 1999).  
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Table 1.1: Comparison of encapsulated (type b) and non-encapsulated (non-typeable) H. influenzae 
(adapted from Rao et al., 1999)  
  Encapsulated (type b) Non-encapsulated (non-typeable) 

Agglutination with polyvalent capsular antisera present absent 

Host age range children children and adults 

Nasopharyngeal carriage 2 - 4% 40 - 80% 

Typical diseases epiglottis  otitis media 

  pneumonia sinusitis 

  meningitis bronchitis 

  arthritis pneumonia 

  pericarditis conjunctivitis 

  cellulitis   

Bacteraemia common unusual 

 

The routine usage of H. influenzae conjugate vaccines has led to a considerable decrease in the 

incidence of diseases caused by H. influenzae type b. The existing H. influenzae vaccines are 

comprised of type b capsular polysaccharides conjugated to an immunogenic carrier protein. In 

the case of NTHi, the absence of an antigenic capsule has made the development of an effective 

vaccine much more difficult. Although a conjugate vaccine against Streptococcus pneumoniae 

(PHiV-D) which uses the H. influenzae protein D as a carrier has been suggested to additionally 

provide some protection against NTHi (Prymula et al., 2006), the quality of this vaccine is 

questionable (Arguedas and Soley, 2006; Marchetti et al., 2006). Moreover, its protection 

against NTHi is limited and may only be during co-infection with pneumococcus or only in the 

middle ear and not against NTHi alone or for lower respiratory infections of NTHi. As a 

consequence, NTHi remains an important cause of human diseases (Rao et al., 1999).  
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1.2.2  Non-typeable Haemophilus influenzae (NTHi) 

NTHi causes significant morbidity in children and adults (reviewed in Murphy et al. 2009). NTHi 

is a common cause of middle ear infection, sinusitis and conjunctivitis (St Geme, 2002). It is 

strongly associated with exacerbations of chronic bronchitis and is also an important cause of 

community acquired pneumonia, especially in children in developing countries, the elderly, and 

patients with underlying chronic lung diseases. The pathogenesis of disease due to NTHi 

involves contiguous spread within the respiratory tract. Movement of the bacteria to adjacent 

areas in the body is usually a consequence of abnormalities in either non-specific or specific 

host defence. As an example, viral upper respiratory infection disrupts mucociliary clearance, 

mucosal integrity, and neutrophil functions and leads to colonisation of the bacteria (Korppi, 

2010). Colonisation is a predisposition to NTHi otitis media, sinusitis, pneumonia (St Geme, 

2002) as well as chronic airway diseases.  

 

Colonisation is crucial to pathogenesis of bacteria and is the initial stage during infection (Wang 

et al., 2011). Bacterial colonisation promotes inflammatory response and subsequent airway 

obstruction (De Serres et al., 2009). An impaired mucociliary clearance enhances the 

establishment of bacterial colonisation. Once established, the colonies develop and form 

biofilms in which low levels of replication permits the organism to remain for prolonged periods 

within the biofilm (Myers et al., 2011). Recent research have shown that NTHi may be involved 

in chronic airway diseases (Korppi, 2010) through the induction of potent neutrophilic 

inflammation in the airways (Essilfie et al., 2011; Essilfie et al., 2012). This strong induced 

neutrophilic inflammation response may be involved in the development of neutrophilic asthma 

(Essilfie et al., 2011) and is also a common feature in the recurrence of chronic airway diseases 

such as chronic obstructive pulmonary diseases (COPD) (De Serres et al., 2009; Parameswaran 

et al., 2011) and chronic bronchitis. 
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1.3  Host Defences 

1.3.1  Nitric Oxide and Reactive Oxygen Species 

Phagocytic cells are among the most important components of the innate immune response as 

the first line of host defence against bacterial infection. Two of the important antimicrobial 

systems of phagocytic cells are the NADPH phagocyte oxidase (also known as phox) and 

inducible nitric oxide synthase (iNOS) pathways, which are responsible for the generation of 

superoxide (O2
-•) and nitric oxide (NO•) radicals respectively (Fig 1.1). Although those systems 

both depend on NADPH and molecular oxygen, and sometimes function together, phox (Sbarra 

and Karnofsky, 1959) and iNOS (MacMicking et al., 1995; Mastroeni et al., 2000) are separate 

enzyme complexes which are independently regulated. O2
-• and other oxygen-derived 

intermediates that can modify organic molecules are referred to as ‘reactive oxygen species’ 

(ROS), whereas NO• and its derivatives are collectively known as ‘reactive nitrogen species’ 

(RNS) (Nathan and Shiloh, 2000).  

 

The exposure to ROS, such as superoxide anion (O2
-•), hydrogen peroxide (H2O2), and hydroxyl 

radical (HO•), can damage proteins, nucleic acids and cell membranes, which may in turn result 

in a state of oxidative stress (Lushchak, 2001; Storz and ImLay, 1999). Studies have also 

suggested that the effects of these oxidants are integrally linked to the damage caused by 

hypochlorous acid (HOCl) and the RNS such as NO•, peroxynitrite (HOONO), and nitrosothiols 

(RSNO) (Storz and ImLay, 1999). 
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1.3.2  Reactive Aldehydes 

Besides the exposure to ROS and RNS, bacteria are also exposed to reactive aldehydes within 

the host. These reactive aldehydes are formed endogenously by lipid peroxidation (Al-Enezi et 

al., 2006), carbohydrate autoxidation (O’Brien et al., 2005) or even by phagocytic cells (Al-Enezi 

et al., 2006; Okado-Matsumoto and Fridovich, 2000). Unlike reactive free radicals, aldehydes 

have longer stability and are therefore able to attack more targets of the cell. These aldehydes 

have been found to be involved in most of the pathological effects associated with oxidative 

Figure 1.1: ROS and RNS production in mammalian cells (Adapted from Fang, 2004). The peroxynitrite 

anion (ONOO
-
) and peroxynitrous acid (ONOOH) have distinct patterns of reactivity. ONOOH spontaneously 

decomposes through a series of species that resemble the reactive radicals hydroxyl (•OH) and/or nitrogen 

dioxide (NO2•). When the concentration of L-arginine is limiting, NOS can produce superoxide (O2
-
•) along 

with NO•, which favours the formation of peroxynitrite. 
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stresses in cells and tissues (Miyamoto et al., 2003) and can affect several cellular processes 

(Pérez et al., 2008) 

 

Lipid peroxidation is an irreversible chain reaction of oxidative damage in cell membranes, 

lipoproteins and other lipid-containing structures (Girotti, 1998). It occurs during the reaction of 

polyunsaturated fatty acids and ROS (Suntres et al., 2002), resulting in the production of many 

reactive species such as free radicals, hydroperoxides and carbonyl compounds, which may 

cause damage to proteins and DNA (Yoon et al., 2002). In addition, decomposition of 

hydroperoxides may form many more toxic breakdown products (Yoon et al., 2002). These 

include alkoxy radicals (RO•), peroxy radicals (ROO•), hydroxyl radicals (HO•), and reactive 

aldehydes, such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) (Yoon et al., 2002; 

Siems et al., 2010).  

 

Reactive aldehydes are also produced by phagocytic cells (Anderson et al., 1999). 

Myeloperoxidase is a heme protein secreted by activated neutrophils that amplifies the effects 

of H2O2 via the production of reactive intermediates (Anderson et al., 1997). Studies have 

shown that activated neutrophils employ myeloperoxidase-H2O2-chloride system to produce -

hydroxy and -unsaturated aldehydes from hydroxyl amino acids in high yield. These -

unsaturated aldehydes include glycolaldehyde and acrolein (Myers et al., 2011). The presence of 

these are therefore key stressors in the host-bacteria interface. 

 

Another way in which reactive aldehydes, in particularly dicarbonyls, are produced is by 

carbohydrate autoxidation. At the initial stages of non-enzymatic glycosylation, sugar 

fragmentation produces short chain sugars (Benov and Berma, 2003). These sugars can 

tautomerise to enediols, which are prone to autoxidation (Benov and Fridovich, 2002) as their 

carbon chains are too short to permit cyclization (Benov and Berma, 2003). Superoxides radicals 
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and dicarbonyl compounds are products of this oxidation (Fig 1.2) (Benov and Fridovich, 

2002; Benov and Berma, 2003). Evidence has shown that short chain sugars such as 

glycolaldehyde are toxic in the presence of oxygen and can damage DNA (Benov and Berma, 

2003). There are numerous short chain sugars that are the by-product of the bacterial cells own 

metabolism, such as glycolaldehyde. While glycolaldehyde is itself toxic to the cell, its 

corresponding dicarbonyl, glyoxal, the product of glycolaldehyde auto-oxidation, was found to 

be ten times more toxic than glycolaldehyde (Okato-Matsumoto and Fridovich, 2000). The 

processes bacteria use to detoxify either exogenous or endogenous reactive aldehydes is poorly 

understood, if at all. 

 

 

 

 

 

 

 

 

1.3.3  Iron 

Like most microorganisms, H. influenzae must be able to obtain iron from the host in order to 

cause diseases (Litwin and Calderwood, 1993). Iron is essential for cellular activity and most 

microorganisms require it for survival and key intracellular reactions (Naikare et al., 2006). 

However, iron regulatory mechanisms in the host severely limit the availability of free iron to 

pathogen microorganisms (Brickman et al., 2011) by tightly binding them to protein carriers 

(Mey et al., 2008). Furthermore, iron can be toxic when present in excess (Lee et al., 2006) due 

to a “Fenton type” redox chemistry (Wang, 2008) where ferrous iron reacts with hydrogen 

Aldose 
(Reactive Carbonyl Carbons, 

Short Chain Sugars) 

,-dicarbonyl 

Enediol Monoradical Diradical 

O2 O2
- + H+ 

O2
-•  + H+ H2O2 

O2 O2
- + H+ 

O2
-• + H+ H2O2 

Figure 1.2: Oxidation of sugars to ,-dicarbonyl compounds (Adapted from Okato-Matsumoto and Fridovich, 

2000). Aldose (Short chain sugars or reactive carbonyl carbons) tautomerise to enediol. Subsequent univalent 

oxidations by O2 or by O2
-
• yields monoradical and diradical. Diradical rapidly collapses into damaging 

dicarbonyl. This process results in the formation of more toxic ROS (O2
-
• or H2O2).  
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peroxide (H2O2) or lipid peroxides to generate ferric iron, OH- and highly reactive hydroxyl 

radicals OH• (Bagg and Neilands, 1987) or lipid radicals such as LO• and LOO• respectively 

(Wang, 2008; Jomova and Valko, 2011). These radicals are capable of damaging lipid 

membranes, proteins and nucleic acids (Wang, 2008).  As a result, many microorganisms have 

developed mechanisms to compete with their hosts for iron (reviewed in Weinberg, 2008; 

Litwin and Calderwood, 1993) and also avoid the lethal effect of the Fenton Chemistry (Fig 1.3). 

 

  

 

 

 

Pathogenic bacteria must subvert, or resist the actions of ROS, RNS, Fenton reaction and 

reactive aldehydes through a range of strategies, which can be grouped into evasion, 

suppression, enzymatic inactivation, scavenging, iron sequestration, stress responses and repair 

mechanisms (Fang, 2004). To protect against the damage caused by oxidative stress, cells 

possess a number of antioxidant enzymes that repair activities, most of which are expressed at 

low levels during normal growth. In response to elevated concentration of O2
-• and H2O2, the 

expression of many antioxidant proteins are induced (Storz and ImLay, 1999) and these fall into 

one of those strategies mentioned above. Predominantly this is detoxification through an 

enzymatic pathway.  

 

Haemophilus influenzae is strictly a human pathogen that has absolute aerobic growth 

requirement for heme (Whitby et al., 2009) or exogenous source of protoporphyrin IX (PPIX) 

(Morton et al., 2005) in the presence of an iron source. Although H. influenzae does not express 

the genes that encode the enzymes required to make PPIX (Evans et al., 1974), most of them do 

possess a ferrochelatase that reversibly inserts an iron into PPIX to form heme (White et al., 

Figure 1.3: Fenton Chemistry (Adapted from Jomova and Valko, 2011) Superoxide (O2
-
•) produced by host via 

NADPH oxidase is removed by a dimutation reaction, producing H2O2. H2O2 is further involved in fention 
reaction, where highly reactive hydroxyl radicals (OH•) are produced.  

O2 O2
-•   H2O2 OH• 

SOD Fenton Chemistry 
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1963; Schlor et al., 2000). Therefore, to survive in the human host, it must develop mechanisms 

of poryphyrin and iron acquisition.  

 

Despite not readily available in vivo, H. influenzae can utilise haemoglobin, haemoglobin-

haptoglobin, heme-hemopezin and heme-albumin complexes as well as catalase and 

myoglobin-haptoglobin as heme sources in vitro (Morton et al., 2010). In addition, when 

supplied with PPIX, they can utilise iron sources from iron-binding protein transferrin in humans 

(Herrington and Sparling, 1985; Holland et al., 1991). The presence of numerous proteins 

involved in heme and iron acquisition, including the ferric uptake regulator (Fur) (Grifantini et 

al., 2003, Bagg and Neilands, 1987), suggests that there is a tight regulation of iron homeostasis 

in H. influenzae (Mason et al., 2011; Litwin and Calderwood, 1993). 

 

Fur was originally described as an iron-responsive gene repressor involved in iron import and 

primarily involved in iron homeostasis (Harrison et al., 2013). Fur binds to a conserved DNA 

sequence known as the Fur box and inhibits transcription under high iron conditions. On the 

other hand, transcription is initiated upon decrease in iron level (Carpenter et al., 2009). Since 

not all iron utilization genes are regulated by Fur, it was therefore suggested that additional 

mechanisms of regulation of iron utilisations remain to be discovered.  

 

Non-typeable H. influenzae (NTHi) is required to persist on respiratory mucosa (Hardy et al., 

2003) and therefore, the control of expression of genes involved in iron transport would be 

critical (Harrison et al., 2013). H. influenzae Rd KW20 is an avirulent serotype d laboratory strain 

of H. influenzae. In Rd KW20, Fur was not essential for Rd KW20’s growth or survival (Akerley et 

al., 2002). However, recent work on 86-028NP (a NTHi clinical isolate from a paediatric patient 

with otitis media) has demonstrated that Fur is indeed the master regulator of gene expression, 

specifically genes that are involved in the uptake of iron and iron-containing moieties into the 

bacteria. These genes include genes that encode for iron and heme utilisation (hitABC) for ferric 
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iron ABC transport system; hxuABC for heme and heme-hemopexin binding protein; tbpAB for 

transferrin binding protein), hemin receptor (hbpA) as well as TonB, ExbB and ExbD which 

energise transport across outer membrane. In general, Fur regulates at least 73 genes in 86-

028NP and therefore is essential for survival and virulence in vivo (Harrison et al. 2013). 

 

It has been assumed that H. influenzae neither produce nor utilises siderophores as means of 

iron acquisition. However, a recent study  has demonstrated that a putative siderophore 

transport system fhuCDB, which is iron repressible, does exist in strain R2846. Indeed, these fhu 

genes were also found in other non-typeable strains such as PittEE and PittAA. 

 

Whitby et al. (2009) performed microarray studies to compare gene expression on transition 

from iron/heme-restricted to iron/heme-replete conditions for each isolate and revealed a core 

of 74 iron-responsive genes (37 genes were iron/ heme inducible while the other 37 were 

expressed upon iron limitation) in 3 strains, Rd KW20, R2866 and serotype b isolate (Hib) 10810. 

Among the 37 iron-inducible genes, most genes encode proteins that are involved in iron/ heme 

homeostasis, resistance to reactive radicals as well as proteins that required iron/ heme for 

functionality. On the other hand, the majority of the iron-repressible genes encode proteins 

involved in iron acquisition. Despite having a core set of iron-responsive genes among the 3 

strains, differences in iron acquisition do exist. For example, HI0997m, which facilitate the 

uptake of exogenous heme, were upregulated in all strains but the presence of an internal stop 

codon renders the gene functionless in Rd KW20. Another example is yfeABCD which plays a 

role in iron, manganese and zinc uptake. This operon was upregulated in Rd KW20 and R2866, 

yet, it was unregulated in Hib strain 10810. Similarly, a three gene operon, HI0126 – HI0131 that 

is iron/ heme repressible in Rd KW20 and R2866 appeared to be absent from the genome of Hib 

10810. This system constitutes a periplasmic binding protein-dependent iron transport system. 

All these differences highlight the difference in iron acquisition between strains of H. influenzae 

(Whitby et al., 2009). 
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One particular enzyme that was identified to be highly expressed in the iron-heme 

supplemented environment in H. influenzae (Whitby et al., 2006; Whitby et al., 2009) is the 

AdhC enzyme. This suggested that AdhC may play a role that is linked to iron homeostasis. It 

may be able to use different substrates which form adducts with GSH. As suggested, there are 

several class of biomolecules that are capable of forming an adduct with GSH and presenting as 

a substrate for AdhC. It is therefore reasonable to expect it has an ability to use reactive 

aldehydes such as the short chain sugars mentioned.  

 

1.3.4  GSNO and AdhC 

The glutathione-dependent formaldehyde dehydrogenases (GSH-FDH or AdhC) are members of 

the superfamily of zinc-containing alcohol dehydrogenases found in animals, plants, yeast and 

bacterial cells. They were initially studied for their property to catalyse the oxidation of S-

(hydroxymethyl) glutathione which is formed by the spontaneous reaction between 

formaldehyde and the sulfhydryl group of glutathione (Dorsey et al., 2004). One of the primary 

functions of bacterial GSH-FDH is the metabolism of endogenous formaldehyde originated by 

oxidative demethylation. GSH-FDH activity is also involved in microbial resistance to 

formaldehyde when it is used as a disinfectant (Lee et al., 2002). 

 

All effects of NO• are thought to be mediated through modifications of biological molecules by 

NO•. GSH-FDH has been identified to have a S-nitrosoglutathione (GSNO) metabolising activity 

(Liu et al., 2001). The GSNO-decomposing activity of the enzyme requires NADH and is 

ineffective in degrading other SNOs. In the presence of an equal amount of glutathione (GSH) 

and GSNO, the main products of the enzyme are ammonia (NH3) and glutathione disulfide 

(GSSG), proposing the following reaction scheme: 

GSNO + NADH + H+    GSNHOH + NAD+  

GSNHOH + NADH + H+    GSNH2 + NAD+ + H2O 
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GSNH2 + GSH    GSSG + NH3 

GSH-FDH is the primary means for degradation of GSNO and therefore it is suggested that GSH-

FDH is the key protective measure against nitrosative stress. Observations have shown that 

GSNO is actually the preferred substrate of GSH-FDH (Steverding, 2001). Significantly, the 

human GSH-FDH has been shown to exhibit dual functions; formaldehyde oxidation and 

concurrently in GSNO reduction.  

 

The bacterial cell’s own growth pathways generate damaging chemicals. The electron-transport 

chain provides a constant supply of ROS. Hydrogen peroxide (H2O2), superoxide (O2
-•) and 

hydroxyl radical (OH-) are typical side products of the aerobic metabolism (Pérez et al., 2008). 

Among these, superoxide has been shown to serve as both an initiator and a propagator of 

short chain sugar oxidation (Okato-Matsumoto and Fridovich, 2000; Benov and Fridovich, 1998; 

Benov and Berma, 2003). Therefore during normal bacterial growth there is a requirement for 

response to ROS, RNS and the damage they cause as well as reactive aldehydes. 

 

 

1.4  Gene regulation in response to host-derived stress 

1.4.1  Transcriptional response to oxidative stress: MerR Family 

The MerR family is a group of bacterial transcriptional factors (Brown et al., 2003). Its members 

are dimeric proteins that display homologous N-terminal helix-turn-helix DNA binding domains, 

and are structurally linked by variable length coiled coils to ligand specific C-terminal 

“coactivator” binding domains (Newberry and Brennan, 2004; Kidd and Brown, 2003). The 

archetype of the MerR family is MerR, the regulator of Gram-negative mercury resistance (mer) 

operons found on transposable elements Tn21 and Tn501. This regulator was shown to be an 

activator of the mer operon (merTPAD) in presence of Hg(II) salts, a weak repressor in absence 
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of Hg(II) and was able to regulate its own synthesis.  

The current model for action of MerR at the merOP (mer operator/ promoter) region is shown 

in Figure 1.4. In the absence of Hg(II) and MerR, RNA polymerase is transcribed from the merR 

promoter, thereby increasing the concentration of MerR within the cell. Upon binding to 

merOP, transcription of merR promoter is repressed. DNA becomes bent and unwound and RNA 

polymerase is recruited. A ternary complex of DNA, MerR and RNA polymerase is therefore 

formed. In the absence of Hg(II), the MerR protein is bound in the repressor conformation, 

which represses the PmerTPAD promoter. In the presence of Hg(II), Hg(II) will bind to the metal 

binding domain of MerR and a conformation change will result in MerR to be in an activating 

conformation. The DNA will unwind and straighten, and reorientation of the -35 and -10 

sequences will occur, allowing full interaction with the RNA-polymerase. Transcription is 

therefore initiated (Brown et al., 2003).  

 

 

 

 

Figure 1.4: The model for MerR action showing the distortion of the mer operator/ promoter (Reproduced from 
Brown et al., 2003). A) MerR bound to DNA and RNA polymerase recruited but unable to form an open complex. B) 
The conformational change induced by Hg(II) binding to MerR resulting in transcription initiation. The MerR dimer 
is shown in green ovals; the -10 and -35 sequences are shown as red boxes, the RNA polymerase are shown as pink 

(), purple (, ’) and green () subunits. 
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embers of this family are now known to respond to numerous stresses and are activated in 

response to stress signals in bacteria such as exposure to oxygen radicals, heavy metals, or 

cytotoxic compounds (Newberry and Brennan, 2004; Kidd and Brown, 2003). In both its 

activator and repressor conformation, MerR binds a dyad symmetrical sequence between the -

35 and -10 promoter elements of promoter PmerTPAD (Fig 1.5). The spacer sequence between the 

-10 and -35 elements is 19bp long compared to 17±1 bp of a typical promoter (Stoyanov et al., 

2001; Kidd and Brown, 2003). MerR contacts with the DNA are altered upon Hg(II) binding to 

MerR which leads to the appropriate binding of RNAP to the promoter and activation of 

transcription. 

 

 

 

 

A number of MerR family proteins that respond to environmental stimuli other than metals 

have been studied and their similarity to MerR was found to be primarily in the N-terminal DNA 

binding region, rather than in the C-terminal ‘sensing’ region of the protein. In the last few 

years, several different metal dependant regulators (such as ZntR and CueR) belonging to the 

MerR family have been characterised. Cysteine residues are essential in Hg(II) binding and 

activation in MerR and these are conserved across the metal-responsive MerR-like regulators 

and have been shown to be involved in the recognition of metal by ZntR and CueR (Changela et 

al., 2003; Brown et al., 2003). 

  

Fig 1.5: Structure of the promoter/operator region of the mer operon of Tn501. The -35 and -10 sequences of 
the promoters PmerTPAD and PmerR are boxed and labelled against the ‘sense’ strands of the appropriate promoters. 
The MerR binding sequence is boxed according to DNA footprinting data and dyad symmetrical sequence is 
indicated by arrows (Brown et al., 2003). 
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1.4.2  NmlR 

A novel MerR-like regulator NmlR (Neisseria merR-like regulator) from Neisseria gonorrhoeae, 

has been described (Kidd et al., 2005), with evidence that it regulates expression of proteins 

involved in defence against oxidative stress. NmlR is the prototype of a new subfamily of MerR-

like regulators that is found in a range of bacterial species (Kidd et al., 2005). 

 

NmlR lacks the conserved cysteines present in MerR and other metal responsive MerR-like 

regulators, but possesses cysteines at positions 40, 54, 71 and 94. Its N-terminus aligns with 

MerR family regulators and contains the helix-turn-helix motif characteristic of this family. A 

subgroup of MerR-like regulators related to NmlR was identified in bacterial genomes and 

phylogenetic analysis indicated that the NmlR-like regulators formed a distinctive clade 

(Appendix 1) of the MerR regulators. The alignment of the NmlR subfamily showed that only the 

cysteines corresponding to positions 54 and 71 in NmlR were conserved throughout the 

subfamily (Kidd et al., 2005).  

 

Analysis of the promoter region of nmlR and its adjacent divergently transcribed gene adhC 

suggested that NmlR would regulate the latter because of the elongated -35 to -10 spacer 

region, dyad symmetry between these elements and overlapping promoters. These features 

agree with the classical arrangement for MerR-like operator/promoters. The three genes that 

were subsequently identified as being regulated by NmlR (adhC, trxB and copA) are all involved 

in defence against oxidative stress: adhC, as previously described. The thioredoxin reductase 

(trxB) is an NADPH-dependent enzyme required for maintaining thioredoxin in its reduced form. 

NmlR also regulates a metal ion efflux pump annotated as CopA – a copper efflux pump. Metal 

ions especially copper and iron, are known to play a role in oxidative stress response. Copper, 

and iron, are known to generate ROS through Fenton chemistry. Also analysis on the N. 

gonorrhoeae copA showed a link between its role in copper homeostasis and nitrosative stress 

and illustrated that this was part of the pathogenic response to the innate immune system 
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(Djoko et al., 2012).  These data strongly suggested that NmlR controls the expression of 

enzymes involved the response to stress and is required for protection of N. gonorrhoeae 

against oxidants such as NO and organic molecules which can cause disulfide stress (Kidd et al., 

2005). 

 

Kidd et al. (2005) provided evidence on the following properties of NmlR: 1) NmlR acts as a 

repressor and requires zinc for this function, 2) NmlR is a repressor and activator, 3) NmlR 

regulation is due to NmlR-DNA interaction, and 4) Possible structural or functional similarities 

exist between NmlR and the redox regulated antisigma factor RsrA (Paget et al., 1998) and the 

chaperon Hsp33 (Jakob et al., 1999) whereby they bind a Zn(II) ion that is coordinated by 

cysteine residues, and a conformational shift in the protein occurs at these cysteine residues 

upon being oxidized under conditions of oxidative stress and there is a release of the Zn(II). 

 

A comparison showed that there was 93% identity between NmlR and its H. influenzae 

homologue (HI0186) but the cysteine residue at position 40 in NmlR was replaced by an 

arginine residue in the Haemophilus protein HI0186. Therefore, it is suggested that the NmlR-

like transcription factor of H. influenzae may possess the similar properties of NmlR. Although it 

should be noted that the NmlR regulon is different in H. influenzae; there is only the divergent 

adhC-estD as its target with the copA being separately regulated by another MerR-like regulator 

and trxB regulated through an unidentified system. This may indicate a more refined cellular 

role, although still part of the novel oxidative responses of these pathogenic bacteria.  If this is 

the case, it will provide a unique insight into H. influenzae’s defence against oxidative stress 

(Kidd et al., 2005).  

 

As detoxifying the constant generation of reactive stresses alone will not energetically be 

enough for them to survive in the toxic environment of its host, some bacteria have been shown 

to develop metabolic adaptations to the stressful host environment in order to grow. 
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Richardson et al. (2008) have shown that a NO•-inducible lactate dehydrogenase activity is 

specific to Staphylococcus aureus and correlates with the ability to replicate during nitrosative 

stress (Richardson et al., 2008). This L-lactate dehydrogenase (ldh1) is found to be concurrently 

regulated and divergently transcribed (Richardson et al., 2008) from the NO•–detoxifying 

flavohaemoglobin (hmp) (Corker and Poole, 2003). This provides a good example of linked 

strategies for detoxification and metabolic adaptation of S. aureus to nitrosative stress. 

 

In some pathogenic bacteria, their anaerobic growth is through the metabolism of nitrate. An 

intermediate of which is NO•. The breakdown of nitrate to ammonium under anaerobic or 

aerobic conditions in H. influenzae can be summarised in the following scheme: 

 

 

 

Nap (Stewart and Bledsoe, 2005) and NrfA (Harrington et al., 2009) are responsible for the 

reduction of nitrate to nitrite and nitrite to ammonium respectively. These two enzymes are 

regulated by the oxygen sensitive transcription factor and global regulator FNR (Harrington et 

al., 2009; Stewart and Bledsoe, 2005). Research has shown that NrfA has an additional role of 

detoxifying NO• (van Wonderen et al., 2008). This further demonstrates that there is a link 

between detoxification of reactive species as well as an adaptation to grow under stressful 

environment. 

 

In the NTHi strain 86-028NP, AdhC is a pseudogene. It is therefore interesting to investigate the 

differences in metabolism and defence mechanism in 86-028NP by comparing it against Rd 

KW20, pertaining to much of the difference seen in an adhC mutant, including carbon and iron 

requirements as well as growth under stresses. In addition, their ability to form biofilm under 

both stressed and non stressed conditions will also be monitored and compared.  

NO2 NO3 NH4 NrfA Nap 
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1.4.3  Global Regulators and stress response 

To grow and survive in an environment, bacteria rely on the communication between the cells 

and on transcription, translation and posttranslational processes. These cellular processes and 

communication are largely mediated through the action of global regulators and signalling 

molecules (McDougald et al., 2002). 

 

Bacterial global regulators as defined by Gottesman (1984) contain more than one subject 

operon and these operons should represent genes from different metabolic pathways 

(Gottesman, 1984). These transcription factors sense changes under different environmental 

conditions or other internal signals encoding transcriptional changes and mediate precise 

activation or repression (Martinez-Antonio and Collado-Vides, 2003) of necessary genes. 

Transcriptional regulation is generally considered the main microbial control mechanism and a 

complicated network of global and specific transcription factors could potentially manage this 

regulation (Nanchen et al., 2008). A few key examples of global regulators that have been 

studied for their role in metabolism and then in stress responses in the model bacterial species 

Escherichia coli are CpxAR, CRP and FNR. 

 

1.4.3.1  Cpx 

The CpxAR system of E. coli is a two-component signal transduction system (Yamamoto and 

Ishihama, 2006) consisting of a sensor histidine kinase CpxA and the cognate response regulator 

CpxR (Hyyryläinen et al., 2001). The Cpx pathway senses a variety of stresses within the 

bacterial cell envelope (Yamamoto and Ishihama, 2006) such as pH changes and overproduction 

of secreted proteins (Batchelor et al., 2005) and upregulates the expression of a number of 

genes including periplasmic protein folding and degradation factors (Raivio and Silhavy, 2001). 

Studies have also linked the Cpx system to various complex cellular processes such as biofilm 

formation (Dorel et al., 2006; Ma and Wood, 2009) and bacterial pathogenesis (Price and Raivio, 

2009; Hyyryläinen et al., 2001). Yamamoto and Ishihama (2005) has demonstrated that a total 
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of 15 promoters were found to be under the control of CpxAR two-component system in an E. 

coli culture upon exposure to copper, indicating that copper and its associated stress is one of 

the signals that activates the CpxAR system in E. coli (Yamamoto and Ishihama, 2005). 

 

1.4.3.2  CRP-FNR Superfamily 

CRP-FNR superfamily proteins are global transcriptional regulators that are widely distributed in 

bacteria and function predominantly as positive transcriptional regulators (Agari et al., 2008). 

Members of the family contain N-terminals similar to cAMP-binding proteins and are 

distinguished by a C-terminally located helix-turn-helix motif for DNA binding (Körner et al., 

2003). The CRP-FNR family is associated with defence against oxidative and nitrosative stresses 

(Akhter et al., 2007) and at the same time, responses to other environmental signals such as 

anoxia, temperature and carbon sources (Körner et al., 2003). This family is well adapted to 

potentiate bacterial metabolic versatility. Two members of the family are the cyclic adenosine 

monophosphate (cAMP)-binding protein, CRP (cAMP receptor protein), also called Cap for 

catabolic activator proteins and FNR, which stands for fumarate and nitrate reductase regulator 

(Körner et al., 2003).  

 

CRP is a homodimer with two domains (Bonarek et al., 2009). The E. coli CRP has been shown to 

participate or co-participate in the control of the expression of over 100 genes (Busby and 

Ebright, 1999; Körner et al., 2003) including the stress responsive rpoS and the oxidative stress 

transcription factor OxyR (Barth et al., 2009). cAMP is the strongest CRP activator (Bonarek et 

al., 2009) and upon cAMP binding, CRP undergoes a conformational change and the CRP-cAMP 

complex interacts with DNA and RNA polymerase (RNAP) to regulate transcription (Lawson et 

al., 2004; Agari et al., 2008). CRP (Table 1.2) has diverse cellular roles in bacteria (Agari et al., 

2008). E. coli cells lacking crp were unable to grow on glycerol and lactose, suggesting that CRP 

is required for glycerol and lactose metabolism (Barth et al., 2009). In the absence of exogenous 

glucose, CRP of E coli activates the expression of a large number of genes required for 
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catabolism of alternative carbon sources. CRP also activates transcription of genes that encode 

enzymes involved in central carbon metabolism and transports of various alternative carbon 

sources (Husnain et al., 2009). In addition, CRP regulates genes for pathogenic bacterial 

colonisation and propagation within human host (Zhan et al., 2008). This shows a direct link 

between a transcriptional network which controls metabolic pathways in response to its 

environment and key process for bacterial survival within its host.  

 

Table 1.2: CRP regulation in bacteria 

Bacteria Remarks References 

Yersina pestis Biovar 

microtus 

37 genes/ operons were under direct control of crp 

crp activates laterally acquired genes, including pla 

and pst 

Zhan et al., 

2008 

Escherichia coli 176 operons were activated by CRP in vitro 

16 operons were repressed by CRP in vitro  

Zheng et al., 

2004 

Vibrio cholerae 79% of 176 genes are downregulated in a crp mutant Johnston et al., 

2007 

Aggregatibacter acti-

nomycetemcomitans 

300 genes in 177 operons showed significant change 

in expression in crp mutants 

139 genes are activated by CRP 

161 genes are repressed by CRP 

Feuerbacher 

at al., 2011 

Pseudomonas 

aeruginosa 

vfr is 67% identical and 91% similar to crp 

206 genes were significantly altered in vfr deletion 

mutants 

Wolfgang et 

al., 2003 
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FNR is the major regulator protein involved in the adaptation to oxygen restrictive condition 

(Bartolini et al., 2006; Reents et al., 2006). One example of gene regulated by FNR is aniA in 

Neisseria meningitidis, which encodes a nitrite reductase that is regulated by oxygen (Rock et 

al., 2005). FNR has been shown to control the expression of more than 100 genes in response to 

oxygen limitation in E. coli, allowing the bacteria to adapt its physiology to an anaerobic 

environment (Kiley and Beinert, 2003). FNR and FNR-like anaerobic regulators have been 

implicated in the pathogenesis of Salmonella enteric serovar Typhimurium (Fink et al., 2007), N. 

meningitidis (Bartolini et al., 2006) and H. influenzae (Harrington et al., 2009). A study involving 

H. influenzae has shown that FNR is required for resistance to NO donors and control genes for 

nitrosative stress defence in a positive or negative fashion (Harrington et al., 2009). This FNR 

mediated environmental control of defence against RNS and phagocytic killing of H. influenzae 

suggests that this regulon is likely to be required for survival of the bacterium during bacterial 

invasion and growth in submucosal or mucosal sites, where oxygen levels are low (Harrington et 

al., 2009).  

 

FNR senses oxygen via its [4Fe-4S] cluster (Stewart and Bledsoe, 2005). This cluster is required 

for maintaining an active conformation that promotes dimerization, which in turns enhances 

DNA binding (Lazazzera et al., 1996; Kiley and Beinert, 2003) and interaction with RNAP (Van 

Spanning et al., 1997). Upon oxidation, the protein is converted to its inactive monomeric form 

(Harrington et al., 2009). 

 

Seven regulatory proteins including CRP and FNR, have been shown to be sufficient for directly 

modulating the expression of 51% of genes in E. coli (Martinez-Antonio and Collado-Vides, 

2003). Recent work has estimated that some of these global regulators are integrated into a 

larger regulatory scheme by which the cell coordinates the flow through key metabolic 

intersections in response to a small number of specific signalling molecules (Abraham, 2007).  
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Figure 1.6: Model of Biofilm Development (Adapted from O’Toole et al., 2000). Individual planktonic cells 
adhere to surface and form cell-to-surface and cell-to-cell contacts resulting in the formation of microcolonies. 
These microcolonies develop into mature biofilm and cells in the biofilm can return to a planktonic lifestyle to 
complete the cycle of biofilm development.   

Planktonic Cells 

Developmental 
Signals 

Detachment 
Signals 

Mature Biofilm 

 
Environmental 

Cues and 
Initial 

Interactions 

1.4.4  Biofilm Formation 

As a strategy for response to stress and part of the metabolic adaptation to an environment, 

within the host-pathogen environment, some bacteria also form biofilms (Fig 1.6) as a 

mechanism of survival. It has been shown in E. coli models that many cell surface components 

including flagella, type I fimbriae (Wright et al., 2007), curli (Vidal et al., 1998) and Ag43 

(Reisner et al., 2003) contribute to biofilm formation within the bacteria. Diseases caused by 

bacteria which form biofilms are generally chronic and difficult to treat (Zalewska-Piatek et al., 

2009). This is because biofilms are more resistant to immune clearance mechanisms and to 

antibiotics compared to planktonic bacteria (Murphy and Kirkham, 2002; Davey and O’Toole, 

2000; O'Toole, 2002) due to the lack of accessibility of antimicrobial factors including 

immunoglobulin and complement and antimicrobial biochemicals such as ROS and RNS (Ehrlich 

et al., 2002).  

 

 

A biofilm is a structured community of bacterial cells enveloped in a self-produced polymeric 

matrix and adherent to an inert or living body. It is estimated that 99.9% of bacteria in nature 

are attached to a surface in the form of a biofilm. Over the past decade, bacteria in the form of 
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biofilms have been recognised as important causes of a variety of human infections, including 

infections of prosthetic devices, endocarditis, pneumonia and many others (Murphy and 

Kirkham, 2000). 

 

An extruded exopolysaccharide matrix, which comprises more than 90% of the biofilm, 

envelopes the bacteria and provides protection from phagocytosis and oxidative burst 

mechanisms, both in natural environment and by the host (Ehrlich et al., 2002, Jackson et al., 

2002). Recent studies have now provided clear evidence that H. influenzae can produce a 

biofilm during otitis media in human and in the model system of chinchilla middle ear during 

experimental otitis media (Greiner et al., 2004). In addition, H. influenzae has been shown to 

express certain biofilm related proteins (Table 1.3).  
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Table1.3: Examples of Biofilm related proteins 

Proteins  Roles in Biofilm Formation References 

RbsB Uptake and response to AI-2 which 

promotes biofilm development and 

persistence  of NTHi 

Armbruster et al., 2011 

LuxS Promotes biofilm maturation and 

persistence of NTHi 

Armbruster et al., 2009; 

Daine et al., 2005 

PilA Adherence to human respiratory epithelial 

cells, and biofilm development in vitro and 

in vivo 

Jurcisek et al., 2007 

Hap Autotransporter that promotes 

microcolony formation and adherence to 

cells 

Liu et al., 2004; Fink et al., 

2002; Webster et al., 2006 

IgAI protease Autotransporter that has been implicated 

in bacterial microcolony formation 

Plaut et al., 1992 

Hia  Nonpilus adhesins St. Geme, 2002 

OapA Adhesins that mediates epithelial adhesion Prasadarao et al., 1999 

Sialyltransferases 

encoded by lic3A, 

siaA, lsgB and lic3B 

LOS sialylation Martí-Lliteras et al., 2011; 

Fox et al., 2006 

Dps Promotes survival in biofilm communities 

in vitro and resistance to clearance in vivo 

Pang et al., 2012 
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1.5  The Project 

1.5.1  Previous Research 

Previously, it has been shown that nmlR and adhC were essential for survival under exogenous 

GSNO stress, functioning in GSNO metabolism, a survival strategy relevant to adaptation to the 

host-generated stresses. Both the regulator NmlR and the structural AdhC were required for 

GSNO reductase activity in H. influenzae (Kidd et al., 2007). This experiment was also done with 

H. influenzae growing under no exogenous stresses to further suggest that AdhC has a role as 

part of the normal growth (in the absence of exogenous GSNO) of H. influenzae and that a 

reactive metabolic by-product could be the signal for the activation of nmlR-adhC. The Kidd 

laboratory has also demonstrated that AdhC activity increased through the exponential growth 

and the activity was higher with higher levels of oxygen (Kidd et al., 2012). This higher AdhC 

activity may indicate an increased effect of autoxidation of the metabolic by-products (a 

reactive aldehyde or short chain sugar) produced during exponential growth; the higher oxygen 

being responsible for an increase in auto-oxidation of these by-products. It is worth noting that 

studies using different strains of H. influenzae and examining their whole-cell response to iron 

levels have indicated that in all cases adhC was highly induced; indeed its fold-induction was 

one of the highest in the cell (Whitby et al., 2006; Whitby et al., 2009). Certainly this indicates 

an important link exists between the growth, oxygen levels and iron levels to the cellular role of 

AdhC for H. influenzae. Additionally, this interplay must at some level vary between many of the 

strains examined (most of which do display the growth phenotypes described) and the non-

typeable 86-028NP in which adhC is a pseudogene (Kidd et al., 2007).   

 

Preliminary results from the Kidd laboratory have confirmed that adhC is activated by 

aldehydes. The adhC mutants were also found to be more sensitive to a range of aldehydes that 

are by-products of cellular metabolism. These aldehydes include methylglyoxal, glyceraldehyde, 

glycolaldehyde and glyoxal. The adhC mutants displayed a significantly lower growth rate than 

the wild type when tested with glycolaldehyde. With the addition of 1, 2-diaminobenzene 
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(DAB), a chemical that traps the diradicals formed during the oxidation of aldehydes, the growth 

rate was able to recover at least to some extent. This result implied that AdhC is capable of 

using either glycolaldehyde-GSH or glyoxal as substrates. In other words, not only is adhC 

functioning in exogenous GSNO detoxification as previously shown (Kidd et al., 2007) but also 

within the cell, probably in pathways important to remove toxic metabolic by-products (Kidd et 

al., 2012). The interplay between transcriptional pathways that link the control of central 

metabolic pathways, environmental conditions and response to exogenous toxic chemical is an 

important aspect of bacterial survival within the host. Further studies are required to confirm 

this result. 

 

1.5.2  Significance of Project 

H. influenzae is a significant commensal organism in humans which can cause a number of 

diseases. Despite the development of a vaccine against serotype b, which was the major cause 

of bacteraemia and meningitis by this pathogen, there is no vaccine against other serotypes and 

NTHi. NTHi is the major cause of otitis media (OM), as well as community acquired pneumonia 

and other pulmonary diseases. It is the major pathogen associated with complications with 

asthma as well as exacerbations of chronic obstructive pulmonary disease (COPD). Chronic 

infections have serious outcomes such as chronic OM that can be the cause of hearing loss. 

Therefore, through an understanding of the microbiology of this bacterium and thereby the 

diseases it causes, there will be a significant development in their prevention.  

 

H. influenzae exists in a complex environment and therefore, needs to defend against various 

antimicrobial agents such as NO•. Its ability to survive under these chemical stresses (ROS, RNS 

etc) present in this environment is essential for it to cause disease. In addition, the bacterium 

has to adapt metabolically to the host environment and grow. This project provides a novel 

approach for the identification of systems which allow different strains of H. influenzae to 

survive in the host. Going beyond in silico analysis and standalone genomics analysis, this 
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project has defined how H. influenzae uses its metabolism in response to stresses of the host. 

This will provide new information on the systems pathogenic bacteria use to defend against the 

physical and chemical stresses of the host-pathogen environment.  

 

1.5.3  Aims of Project 

There is a clear link between the mechanisms being used by bacteria for growth (its energy 

production pathways, biosynthetic pathways and methods for intracellular control of redox) and 

its capacity to response to exogenous stresses. Indeed there is some evidence that bacteria 

respond to exogenous stress through the induction of pathways that specifically permit growth 

in the presence of that stress. Likewise, bacteria possess dual-functioning systems for response 

to endogenously produced damaging chemicals and exogenous stresses. This interplay between 

the selection of metabolic pathways and exogenous stresses is poorly studied and we 

hypothesised that there are specific pathways (metabolism) in certain isolates of H. influenzae 

(Rd KW20 and 86-028NP for instance) that underpin their colonisation and survival in particular 

anatomical niches (environmental stress response). An example is the AdhC protein that 

functions in protection against exogenous stress and in additionally seems to have an 

endogenous role linked to metabolism with oxygen, glucose and iron levels. These core 

elements are sensed by global regulators (Crp, Cpx, FNR and FUR) and it is proposed that there 

is a link between their environmental sensing, AdhC dual roles and environmental stresses. 

The specific aims of this project to address the complex hypotheses as described above were as 

follows:  

1. To determine the role of AdhC in the metabolism and endogenous stress response of H. 

influenzae (Chapter 3). 

2. To determine the interplay between transcriptional pathways that function in the 

normal aerobic growth of H. influenzae Rd KW20 (Chapter 4). 

3. To characterise the physiology of the NTHi strain 86-028NP pertaining to adhC’s 
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functions (Chapter 5). 

4. To investigate the interplay between the transcriptional pathways connected to oxygen 

and carbon metabolism in H. influenzae (Chapter6). 

5. To determine the impact of endogenous and exogenous stress responses to biofilm 

formation in H. influenzae (Chapter 7). 
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Materials and Methods  
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2.1  Media Composition 

2.1.1  Luria-Bertani Broth (LB) 

LB broth was made up with (w/v); 1% Tryptone, 0.5% Yeast Extract and 1% Sodium Chloride, pH 

7.2. For solid media, 1.5% agar powder was added. Media was sterilised by autoclaving at 121oC 

for 20 minutes 

 

2.1.2  Brain Heart Infusion Media (BHI media) 

BHI media was prepared with (w/v); 3.7% BHI Powder (Oxoid). For solid media, 1.2% agar 

powder was added. Media was sterilized by autoclaving at 121oC for 20 minutes. 10% w/v 

Levinthal blood was added for solid media. For BHI broth required for H. influenzae 

transformation, NAD (2g/mL) and 10l/mL Hemin solution (0.1% w/v Hemin, 0.1% w/v L-

histidine, 4% v/v Triethanolamine) was added. 

 

2.1.3  Chemically Defined Media (CDM) 

Chemically Defined Medium was prepared as described by Coleman et al. (2003). Defined liquid 

medium was made with the following: 191mL of RPMI 1640 with L-glutamine (Appendix 2; Life 

Technologies, USA), 2mL of a 100mM sodium pyruvate solution, 2mL of a 1g/L -NAD+ stock, 

4mL of heme–L-histidine stock (0.1% w/v Hemin, 0.1% w/v L-histidine), 10mL of a 2mg/mL 

uracil solution (Sigma Aldrich) dissolved in 0.1N NaOH, and 20mL of a 20mg/mL inosine solution 

(Sigma Aldrich) dissolved in deionized water. The final pH of the liquid medium was adjusted to 

7.56 with 2M NaOH. Media was sterilised by filter sterilising through a 0.22m filter. In some 

cases, CDM was modified for growth curves (Table 2.1). 
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Table 2.1: Modification of Chemically Defined Media 

Name Modification 

CDM -Fe No hemin 

CDM -C No sodium pyruvate; no glucose 

CDM +NaPy  Sodium pyruvate; no glucose  

CDM +Glu No sodium pyruvate; glucose added 

CDM +Gal/ Fru/ Man/ Rib/ Fuc No sodium pyruvate; galactose (Gal)/ fructose (Fru)/ mannose 

(Man)/ ribose (Rib)/ fucose (Fuc) added 

 

 

2.2 Bacterial Strains and Growth Conditions 

Table 2.2: Bacterial Strains, Plasmids and Antibiotics Used 

Bacterial Strains  Descriptiona Source 

H. influenzae Rd KW20 Wild Type, avirulent strain McEwan (personal comm.) 

Rd KW20 adhC adhC::kan This study 

Rd KW20 cpx cpx::kan This study 

Rd KW20 crp crp::kan This study 

Rd KW20 estD estD::kan This study 

Rd KW20 fnr fnr::kan This study 

Rd KW20 nik nik::kan This study 

Rd KW20 nmlR nmlR::kan This study 

H. influenzae 86-028NP Wild Type Non-typeable, clinical 

isolate from a patient with otitis 

media 

Jennings (personal comm.) 

E. coli DH5a  supE44 lacU169 lacZM15) 

hsdR17 recA1 endA1 gyrA96 thi-1 

relA1 

Sambrook et al., 1989 

Plasmids   

pT7Blue Cloning vector; Ampr Novagen 

pT7Blue-2 Cloning vector; Ampr Novagen 
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pSU18 Medium copy, pACYC184 origin 

with lac promoter driving 

transcription across the multiple 

cloning site, Cmr 

Bartolome et al., 1991 

pUC4Kan E. coli plasmid harbouring Kanr; 

Kanr 

Pharmacia 

Antibiotics   

Ampicillin 100g mL-1, filter sterilized  Sigma-Aldrich, Germany 

Chloramphenicol 30g mL-1, filter sterilized Sigma-Aldrich, Germany 

Kanamycin 50g mL-1, filter sterilized Sigma-Aldrich, Germany 

a: Ampr, Ampicillin resistant; Kanr, Kanamycin resistant; Cmr, Chloramphenicol resistant 
 

 

Stocks of all strains (Table 2.2) were stored in 30% glycerol at -80oC. Growth of E. coli and H. 

influenzae were achieved by plating from stocks onto LB plates and BHI plates respectively, with 

incubation at 37oC. H. influenzae BHI plates were incubated with 5% CO2. Concentration of 

antibiotics used was described as per Table 2.1. 

 

Cultures were subsequently subcultured into appropriate liquid media. Unless otherwise 

specified, aerobic growth of cultures was achieved in 50mL Nalgene/ Falcon tubes or conical 

flasks, with 1:5 (media:flask volume) aeration and shaking at 210rpm. Optical densities of 

cultures were undertaken at wavelength of 630nm (U-3000 Spectrophotometer, Hitachi). 

 

 

2.3  Bioinformatics 

BLAST searches (Version 2.2.13; Altschul et al., 1990) using blastn and blastp were done to 

identify the nucleotides and protein sequences of NmlR of H. influenzae respectively. 

Nucleotide collection (nr/nt) database was used for blastn, searching for highly similar 
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sequences using megablast while non-redundant protein sequences database was tagged for 

protein sequences using protein-protein BLAST. DNA sequencing reactions were carried out for 

clones and constructs with the ABI BigDye Terminator Sequencing Kit (Version 3.1) (Applied 

Biosystems) and analysed at the Australian Genome Research Facility, Brisbane, Australia. 

Primers for H. influenzae were designed with Primer3 software 

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi). Protein sequences for different 

strains of H. influenzae were obtained from JCVI (J Craig Venter Institute, 

http://www.jcvi.org/cms/home/) or NCBI (National Centre for Biotechnology Information, 

http://www.ncbi.nlm.nih.gov/) and aligned using Clustal W algorithm (Thompson et al., 1994). 

 

 

2.4  PCR 

2.4.1   PCR Primers 

Oligonucleotides designed with Primer3 software (Section 2.3) were synthesised by Sigma 

Aldrich Co. LLC. (Australia). The primers described in chapters 3 and 6 are listed below in Tables 

2.3 and 2.4 respectively. 

 

Table 2.3: Primers used in chapter 3 

Primer Name Description Nucleotide Sequence (5’ – 3’) 

CmFOR Chloramphenicol Resistance Gene TTACGCCCCGCCCTGC 

CmREV Chloramphenicol Resistance Gene ATGGAGAAAAAAATCACTGG 

adhC-P2-BsrGI adhC forward primers with promoter and 

BsrGI restriction site 

AATGTACACAAGCGGTCGATT 

adhC-RBGL adhC reverse primers with BGL restriction site AGATCTTTCGGCAAATTTCAT 

NmlR-P-BsrGI NmlR forward primers with promoter and 

BsrGI restriction site 

AATGTACACCATTGTTTTTCC 

NmlR-RBGL NmlR reverse primers with BGL restriction site AGATCTTTCGGCAAATTTCAT 

CmPFBGL Chloramphenicol resistance gene with BGL 

restriction site 

AAAGATCTGGGTCGAATTTG 
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Cm-T-BsrGI Chloramphenicol resistance gene with 

terminator and BSrGI restriction site 

AATGTACAATCGGCACGTAA 

601.1FF Forward primers for HI601.1F GCACCGCCAGGTTTTATTT 

601.1FR Reverse primers for HI601.1F CAGCTACTGAATTGACATTTT 

 

 

Table 2.4: Primers used in chapter 6 

Primer Name Description Nucleotide Sequence (5’ – 3’) 

KanGeneF Kanamycin Resistance Gene ATGAGCCATATTCAACGGGAA 

KanGeneR Kanamycin Resistance Gene TTAGAAAAACTCATCGAGCAT 

CpxKOF 5’ primer for 500b upstream of cpx GACAGAACTTTTGCACAAAT 

cpxKOKan2F 3’ primer for 500b upstream of cpx AATATGGCTCATTGGAGATTCCTT 

cpxKOKan2R 5’ primer for 500b downstream of cpx GAGTTTTTCTAATTTTTATGAAATTA 

CpxKOR 3’ primer for 500b downstream of cpx TTTTCACGAACTTGCCGA 

CrpKOF 5’ primer for 500b upstream of crp CGCAATTACAAGCACGTGT 

crpKOKan2F 3’ primer for 500b upstream of crp AATATGGCTCATTCTTGCTCCTTA 

crpKOKan2R 5’ primer for 500b downstream of crp GAGTTTTTCTAATTTTTCATCATAAT 

CrpKOR 3’ primer for 500b downstream of crp TAATGCCATGACAATGGGTA 

Cpx CHECK Check primers for cpx knockout TTTGGAAATACACCCAATT 

CRP CHECK Check primers for crp knockout CGTGTTCTAACAGGTCA 

HI1620 KOF Forward primers for HI1620 GACGTTCTAATTGCTGCTCT 

HI1620 KOR Reverse primers for HI1620 GTGGCAGGAACCATTCATGT 

 

 

2.4.2   PCR Amplification Protocol  

PCR amplifications were carried out in 50L reaction volumes containing 20pmol of each 

forward and reverse primers, 2mM of dNTPs, 1X DNA Polymerase Reaction Buffer, 4U of DNA 

Polymerase, 1L template DNA and sterile deionized water to make up the final volume. 

Template DNA was prepared by boiling suspended bacterial cells in PBS for 15 minutes. For 

reactions not requiring proof-reading activity, Taq Polymerase (New England Biolabs Inc., USA) 

with Taq Buffer was used with Taq Polymerase Buffer. Phusion® high-fidelity DNA polymerase 
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(New England Biolabs Inc., USA) was used with Phusion® HF Buffer for reactions that required 

proof-reading. PCR reactions were undertaken in Mastercycler® personal (Eppendorf, Germany) 

under the following conditions: 96oC for 5 mins, followed by 30 cycles of 96oC for 1 min, XoC for 

1 min and 72oC for Y min. “X” was the annealing temperature of the primers used and “Y” was 

calculated based on the size of the expected product at 1 min per 1kb. A final step of 72oC for 

10mins was done to ensure any remaining single-stranded DNA is fully extended. The final 

product was stored at 4oC. 

 

2.4.3   Splice Overlapping PCR 

Splice Overlapping (Splice overlap extension) PCR was performed as described by Heckman and 

Pease (2007) for mutants construction. Primers were designed for 500bp upstream and 

downstream of gene-of-interest, such that the primers contained overhanging sequences 

complement to the kanamycin resistance cassette from pUC4Kan (Pharmacia) to be inserted. 

Three fragments (upstream and downstream fragments and kanamycin resistance cassette) 

were amplified as described in Chapter 2.4.2. PCR products were purified (Chapter 2.5.1). 

 

Two-step PCR amplifications was carried out. An initial 25L reaction volume containing 100ng 

of each of the three purified fragments, 2mM dNTPs, 1X Taq Polymerase Reaction Buffer, 4U of 

Taq Polymerase and sterile deionised water to make up final volume was prepared. PCR 

reactions were undertaken in Mastercycler® personal (Eppendorf, Germany) under the 

following conditions: 94oC for 2 mins, followed by 10 cycles of 94oC for 30s, 48oC for 2 min and 

72oC for 5 min. After 10 cycles, 25mL reaction volume containing 20pmol 5’ primer of upstream 

fragment and 3’ primer of downstream fragment, 1X Taq Polymerase, 4U of Taq Polymerase and 

sterile deionised water to make up final volume were added into initial PCR reaction. Second 

PCR reactions were undertaken in Mastercycler® personal (Eppendorf, Germany) under the 

following conditions: 94oC for 15s, followed by 25 cycles of 94oC for 30s, XoC for 30s and 72oC 

for Y min. “X” was the annealing temperature of the primers used and “Y” was calculated based 
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on the size of the expected product at 1 min per 1kb. A final step of 72oC for 7 mins was done to 

ensure any remaining single-stranded DNA is fully extended. The final product was stored at 4oC 

or transformed into H. influenzae Rd KW20 directly. 

 

 

2.5  General Molecular Techniques 

2.5.1  Gel Extraction and PCR Purification 

Gel Extractions and PCR purifications were done using QIAquick® Gel extraction kit and 

QIAquick® PCR purification kit (Qiagen, USA) respectively. In some cases, Wizard® SV Gel & PCR 

Clean-Up System (Promega, USA) was used. 

 

2.5.2  Miniprep of Plasmid Extraction 

Miniprep of plasmid extraction was performed according to Sambrook et al. (1989) using 

buffers prepared according to this protocol. 

 

2.5.3  Restriction Endonuclease Digestion 

Restriction endonuclease digestions with specific restriction endonucleases were performed as 

per manufacturer’s manual.  

 

2.5.4  DNA modification and Ligation 

To generate blunt end DNA fragment from 5’ or 3’ overhanging ends after restriction 

endonuclease digestion, mung bean nuclease reactions were performed (New England Biolabs). 

Vectors DNA was dephosphorylated with Calf Intestinal Alkaline Phosphatase (CIP) (Fermentas, 
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Canada) prior to ligation. Both procedures were performed according to manufacturer’s 

manual. Twenty microliters ligation reactions were carried out with 2L ligase buffer, 1L DNA 

ligase (2,000,000U/L) (New England Biolabs), XL insert and YL vector. Sterile deionised water 

was added to make up the final volume of 20L and the reaction was incubated at 4oC 

overnight as per manufacturer’s manual (New England Biolabs). 

 

 

2.6  Transformation of Cells 

2.6.1  Transformation into Escherichia coli DH5

Transformation of plasmid DNA was carried out using chemically competent E. coli DH5 as 

described by Sambrook et al. (1989). Chemically competent cells were generated following the 

protocol as described (Sambrook et al., 1989) and were preserved at -80oC in aliquots of 500L 

until further use. To transform, 180L of chemically competent cells were incubated on ice with 

20L of plasmid DNA for 60mins. Subsequently, the cells were heat shocked at 42oC for 1 min 

before chilling on ice for 90s. 800L of LB broth was then added to the cells and incubated 

aerobically at 37oC for at least an hour to allow recovery and expression of antibiotic resistance. 

100L of culture was plated onto LB plates containing the appropriate antibiotics. 

 

2.6.2  Transformation into Haemophilus influenzae 

Plasmids containing the insert-of-interest were linearised with restriction enzymes prior to 

transformation or directly used from splice overlapping PCR (Chapter 2.4.3). Transformation into 

H. influenzae was performed as described by Herbert et al. (2002), where competent H. 

influenzae was incubated with linearised DNA at 37oC for 30mins. Mutants were created by 

double cross-over and recombinant colonies were selected on BHI plates with 50g/mL 

kanamycin. 
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2.7  Bacterial Growth Assays 

2.7.1  Oxygen Tension in Flasks 

All growth assays were performed with CDM in Erlenmeyer flasks, unless otherwise stated. Prior 

to assay, fresh overnight cultures in BHI were washed and resuspended in 1X Phosphate Buffer 

Saline (PBS). OD630 was standardised to 1.0 and suspended cultures were inoculated into fresh 

media in a culture to media ratio of 1:40. For high oxygen tension, flasks with a maximum 

volume of 50mL were grown with bacteria inoculated with 10mL media and incubated 

aerobically at 37oC with shaking at 210rpm. For low oxygen tension, 50mL flasks were 

inoculated with bacteria in 30mL media and were incubated at 37oC with shaking at 90rpm. 

OD630 measurements were taken at different time points throughout 8 hours. The assays were 

done in duplicate.  

 

2.7.2  Oxygen Tension in 96-wells plates 

All growth assays in 96-wells plates were done in CDM, unless otherwise stated. Prior to assay, 

fresh overnight cultures in BHI were washed and resuspended in 1X PBS. OD630 was 

standardised to 1.0 and suspended cultures were inoculated into fresh media in a culture to 

media ratio of 1:40. For high oxygen tension, 200L of cell suspension was added into wells and 

plates incubated aerobically at 37oC with shaking at 210rpm. For low oxygen tension, 300l of 

cell suspension was added into wells and plates were incubated without shaking in 37oC 

incubator, with 5% CO2. OD630 measurements were taken at different time points throughout 8 

hours. The assays were done in triplicate.  

 

2.7.3  Growth with Stressors  

All growth assays with stressors were done in CDM with 50mL flasks, unless otherwise stated. 

Prior to assays, fresh overnight cultures in BHI were washed and resuspended in 1X PBS. OD630 
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was standardised to 1.0 and suspended cultures were inoculated into fresh media in a culture to 

media ratio of 1:40.  Stressors were added into culture media and incubated as per Chapter 

2.7.1. Concentrations of stressors to be used were determined beforehand. Stressors used were 

formaldehyde (0.001%, 0.002%, 0.004%), glycolaldehyde (0.5mM, 1mM), menadione (5M), 

hydrogen peroxide (H2O2; 0.02%, 0,04%), S-nitrosoglutathione (GSNO; 30M, 50M) and 

mannitol (25mM, 50mM). OD630 measurements were taken at different time points throughout 

8 hours. The assays were done in duplicate. 

 

2.7.4  Growth for Iron Requirement 

All growth assays with stressors were done in CDM with 50mL flasks, unless otherwise stated. 

Prior to assays, fresh overnight cultures in BHI were washed and resuspended in 1X PBS. OD630 

was standardised to 1.0 and suspended cultures were inoculated into fresh media in a culture to 

media ratio of 1:40. For growth with iron, CDM was prepared as described (Chapter 2.1.3). For 

growth without iron, CDM -Fe or CDM -Fe with DAM (200M, 400M, 1mM) was used. Culture 

media were incubated as per Chapter 2.7.1 and OD630 measurements were taken at different 

time points throughout 8 hours. The assays were done in duplicate. 

 

2.7.5  Growth with Different Carbon Sources 

All growth assays with carbon sources were done in CDM using 96-wells plates. Prior to assay, 

fresh overnight cultures in BHI were washed and resuspended in 1X PBS. OD630 was 

standardised to 1.0 and suspended cultures were inoculated into fresh media in a culture to 

media ratio of 1:40. For growth with different carbon sources (galactose, fructose, mannose, 

ribose or fucose), 11.11mM of carbon sources were added into respective CDM (Table 2.1). 

CDM -C was used as a negative control. Plates were incubated as described in 2.7.2 and OD630 

measurements were taken at different time points throughout 8 hours. The assays were done in 

triplicate. 
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2.8  Aggregation Assays 

Bacterial cells were inoculated into BHI media and incubated aerobically at 37oC with shaking at 

210rpm to log phase (OD630 ~ 0.4). Subsequently, 100l of cell culture was inoculated into fresh 

BHI media, with or without stressors, and incubated aerobically overnight at 37oC with shaking 

at 210rpm. Stressors used were GSNO (20M), formaldehyde (0.04%) and H2O2 (0.03%). Cells 

were stood undisturbed the following day and samples were collected just below the surface of 

the media. OD630 measurements were taken at 0th, 1st, 2nd, 3rd, 4th, 6th and 8th hour.  

 

 

2.9  Biofilm Assays 

Prior to assay, fresh overnight cultures in BHI were diluted 1:10 into fresh media with or without 

stressors. Stressors used were formaldehyde (0.04%), GSNO (20M) and H2O2 (0.03%). For 

biofilm formation with different carbon sources, fresh overnight cultures in BHI were diluted 

1:10 into fresh media with different carbon sources. 200L of dilution was added into wells of 

96-wells plates and incubated in 37oC with 5% CO2 for 24 hours. Absorbance at 630nm was 

taken the following day before discarding the media. Biofilm was visualised by flooding wells 

with 0.1% crystal violet and incubating at 4oC for an hour. Plates were washed in water bath 

until negative control became colourless. Wells were suspended with 30% acetic acid and 

biofilms were quantified by measuring the absorbance of the extracted crystal violet at 630nm.  

 

 

2.10  RNA Sequencing 

2.10.1  Cell Harvesting 

RNA harvesting was performed with Gross Lab protocol (UCSF, personal communication). 
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Overnight cultures were inoculated 1:30 culture to media ratio and were grown to log phase 

under aerobic conditions or mid-aerobic conditions. Aerobic conditions were achieved by 

incubating 10mL culture media in 50mL flasks, with shaking at 210rpm at 37oC. Mid-aerobic 

conditions were simulated by incubating 30mL culture media in 50mL flasks, with shaking at 

90rpm at 37oC. Then, 2/5 culture media volume of ice cold 5% w/v phenol pH 4.3, 95% v/v 

ethanol were added into the culture media and left to stand on ice for a maximum of 2 hours. 

Samples were pelleted by centrifugation at 4oC and the bacterial pellets were stored at -80oC. To 

normalise the final results and account for biological variations, 3 separate cultures for each 

sample were used and pooled for RNA extraction. 

 

2.10.2  RNA Extraction 

RNA extraction was performed as per manufacturer’s instruction (RNeasy Mini Kit, QIAGEN). In 

brief, cells harvested were lysed and homogenised. Total RNA were bound to columns and were 

washed. Total RNA were eluted with RNase-free water and were checked for DNA 

contamination using PCR (Chapter 2.4.2). Contaminated samples were rebound with columns. 

RNA concentrations were checked (Nanodrop 1000 spectrophotometer, Thermo Scientific) and 

samples were sent to Adelaide Microarray Facility to check for the RNA Integrity Number (RIN) 

using Agilent® 2100 BioanalyserTM. RNA samples were stored at -80oC.  

 

2.10.3  mRNA Enrichment 

Messenger RNA (mRNA) was enriched using MICROBExpressTM kit (Ambion, USA). In brief, total 

RNA were precipitated and reconstituted to manufacturer’s recommendation. Samples were 

then annealed to capture oligonucleotide mix provided with the kit and rRNA was captured by 

oligo Magbeads. Enriched mRNA were recovered and precipitated. Enriched mRNA was 

resuspended in 1X TE buffer and concentration were analysed with nanodrop. 
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2.10.4  RNA Sequencing with Illumina 

A 20g quantity of total RNA was sent to Geneworks (Adelaide, Australia) for library preparation 

using TruSeq libraries. A further 10g mRNA was sent for sequencing on the Genome Analyser I 

(Illumina). 

 

2.10.5  Ion Torrent RNA Sequencing 

Library preparation was performed as per manufacturer’s instruction using Ion Total RNA-Seq 

Kit v2 (Life Technologies, USA). In brief, mRNA were fragmented and purified. Size distribution of 

fragmented RNA was assessed by Adelaide Microarray Centre (Adelaide, Australia) using 

Agilent® 2100 BioanalyserTM instrument before construction of whole transcriptome library. 

RNA was hybridised and ligated to adaptor mix v2 and reverse transcription was performed. 

cDNA was recovered and further amplified using provided Platinum® PCR SuperMix High 

Fidelity, Ion 5’ PCR Primer v2 and Ion 3’ PCR Primer v2. Amplified cDNA was purified and the 

yield and size distribution of amplified cDNA was assessed with Agilent® 2100 BioanalyserTM 

instrument by Adelaide Microarray Centre (Adelaide, Australia).  

 

Pure amplified cDNA library was diluted according to manufacturer’s recommendation before 

template preparation with the Ion One TouchTM System (Life Technologies, USA). Template 

preparation procedure was done with Ion OneTouchTM 200 Template kit (Life Technologies, USA) 

and enriched with Dynabeads® MyOneTIM Streptavidin C1 (Invitrogen, USA). Template 

prepared was sent to Adelaide Microarray Centre (Adelaide, Australia) for sequencing on Ion 

Torrent 316 chips (Life Technologies, USA) using the Ion Personal Genome Machine Sequencer 

(Life Technologies, USA) 
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2.10.6  Data Analysis 

Raw data analysis was carried out with the assistance of Dr Stephen Bent (University of 

Adelaide, Australia). Raw RNA-seq reads were provided and mapped to H. influenzae Rd KW20 

or 86-028NP genomes (UCSC Genome Browser) using Bowtie (bowtie-bio.sourceforge.net, John 

Hopkins University). The analysis pipeline used Bowtie2 (Langmead and Salzberg, 2012) aligned 

reads from both samples to the H. influenzae RdKW20 reference genome (Genbank: 

NC_000907), followed by processing with SAMtools and BEDTools to generate a mapped read 

count for the reference genes from each sample. Differential expression analysis was performed 

using R program within the package edgeR and DESeq. In R, the genes that are statistically 

significant using the Benjamini-Hochberg procedure with a false discovery rate controlled at 

<0.1 are recorded in the results section. Read counts were normalised to obtain reads per 

kilobase per million (RPKM) values. RPKMs for genes were then directly comparable within 

sample by providing relative ranking of expression. Differential expression was obtained by 

comparing RPKMs across different samples. All expression values are presented as log2 

(expression ratio) values.  
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3.1  Introduction 

The growth pathways of bacterial cells generate damaging chemicals. These damaging 

chemicals, such as ROS, can be generated through the electron transport. In addition, hydrogen 

peroxide (H2O2), superoxide (O2
-.) and hydroxyl radical (OH-) are typical side products of the 

aerobic metabolism (Pérez et al., 2008). Among these, superoxide has been shown to serve as 

both an initiator and a propagator of short chain sugar oxidation (Okato-Matsumoto and 

Fridovich, 2000; Benov and Fridovich, 1998; Benov and Berma, 2003). Therefore, during normal 

bacterial growth, there is a requirement to response to ROS, RNS and reactive aldehydes (RA), 

as well as the damages they cause.  

 

The glutathione-dependent formaldehyde dehydrogenase (GSH-FDH or AdhC) has been shown 

to exhibit dual functions; in formaldehyde oxidation (Staab et al., 2008) and concurrently in 

GSNO reduction (Liu et al., 2001). In addition, it has been recently identified to be highly 

expressed in an iron-heme supplemented environment in H. influenzae suggesting that it might 

play a role in iron homeostasis or in response to iron levels (Whitby 2006 et al.; Whitby et al., 

2009). As described in section 1.3.2, adhC is regulated by a MerR-like regulator NmlR. A study 

by Kidd, Jiang et al. (2007) has shown that AdhC of H. influenzae Rd KW20 is responsible for the 

NADH-dependent GSNO reductase activity in H. influenzae. The study has also identified the 

adhC-nmlRHI as the major mechanism in H. influenzae for defence against GSNO (Kidd et al., 

2007). It was observed through these studies that adhC mutants had impaired growth in 

aerobic conditions, in the presence of no exogenous stress. It is known that the citric acid cycle 

produces reactive aldehydes like glycolaldehyde and a recent study by Potter et al. (2010) has 

indicated a possible role for AdhC in aldehyde metabolism in Streptococcus pneumoniae (Potter 

et al., 2010). It is therefore possible that AdhC in H. influenzae is also able to use these 

aldehydic metabolites such as the short chain sugars mentioned as substrates, in addition to its 

role in detoxifying GSNO. 
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In an effort to characterise the role of AdhC in H. influenzae, this chapter will outline the work 

done to investigate the physiological role of AdhC in H. influenzae 

 

 

3.2  In silico analysis of nmlR-adhC in H. influenzae 

Initial in silico analysis to identify the nmlR-adhC system within various strains of H. influenzae 

(the NTHi strains; R2866, R2846, 86-028NP, and the typeable strain Rd KW20) was performed 

(Fig 3.1). The analysis indicated that all strains of H. influenzae analysed contained a similar 

system with the exception of 86-028NP, where adhC has been annotated a pseudogene 

suggesting a functionally impaired adhC. The operator/promoter (O/P) sequences are the 

regions known in N. gonorrhoeae to harbour the NmlR binding site. Interestingly adhC in N. 

gonorrhoeae initially annotated as two genes has been shown to be a pseudogene; changes in 

the genetic sequence results in a non-functional gene and no protein product. estD encodes an 

esterase that has a function linked to the formaldehyde oxidizing activity of AdhC.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1: Graphical gene arrangement of nmlR/adhC. adhC of 86-028NP is annotated as a pseudogene which 
resulted from a frameshift which introduce a stop codon. N. gonorrhoeae has 2 adhCs and there is a possibility 
that it is a pseudogene. 

N. gonorrhoeae 

O/P adhC2 adhC1 estD nmlR 

O/P adhC estD nmlR R286
6 

O/P adhC estD nmlR Rd KW20 

O/P adhC estD nmlR R284

O/P adhC* estD nmlR 86-028NP 

H. influenzae 
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Amino acids sequences of the protein NmlR from N. gonorrhoeae and H. influenzae Rd KW20, 

and the non-typeable strains of H. influenzae R2866, R2846 and 86-028NP was compared (Fig 

3.2). The sequences were found to be highly conserved (92.6% identity) between the strains, 

except the difference at C40. The cysteine at position 40 from NmlR is replaced by arginine in 

the H. influenzae strains. Cysteines at position 54, 71 and 95 were shown to be conserved 

throughout the sequences. 

 

 

 

The intergenic spacer (IGS) regions harbour the O/P region which contains the known NmlR 

binding site. The nucleotide sequences of the IGS regions between Rd KW20, R2846 and R2866 

strains of H. influenzae were compared (Fig 3.3). 86-028NP was not included. The comparison 

showed great differences between the sequences of IGS. This may have some relevance to the 

gene expression because the IGS is known to contain the NmlR binding site. 

Figure 3.2: Alignment of NmlR. 4 strains of H. influenzae were aligned with the NmlR of N. gonorrhoeae. A 92.6% 
identity was found across the different sequences. Cysteine at positions 54, 71 and 95 were found to be 
conserved, while the cysteine at position 40 is replaced by arginine. 
 

Figure 3.3: Alignment of Intergenic spacer region. The dyad symmetries predicted to be the NmlR binding sites are 

boxed. The -10 and -35 promoter elements for AdhC in H. influenzae Rd KW20 can be found at position 47 to 52 and 

72 to 77 respectively while the -35 and -10 promoter elements for NmlR in H. influenzae Rd KW20 can be found at 

position 74 to 79 and 98 to 103 respectively. The -35 promoter elements for AdhC and NmlR was found to overlap. 

The -10 to -35 spacer region is 19bp. The alignment has shown that there is a great difference between the different 

strains. A different dyad symmetry as well as different promoter binding sites may be found in the other strains, 

namely R2866 and R2846. 
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The -10 and -35 elements of PAdhC in H. influenzae Rd KW20 were separated by elongated 

spacer region of 19bp and conformed to the consensus sequence by 5/6 and 3/6 respectively 

(Fig 3.4). There was a dyad symmetry between the elements which slightly overlapped the -35 

element, a characteristic of MerR-like operator/promoters. The PNmlR was divergent and 

overlapping to PAdhC and exhibited 5/6 and 4/6 for the consensus sequence of -10 and -35 

respectively. These properties could be seen in H. influenzae R2866, although having a smaller 

dyad symmetry. In H. influenzae R2846 however, the dyad symmetry seems to be missing and 

the promoter elements of both PAdhC and PNmlR could not be found. Lastly, alignments of the 

AdhC sequences (Fig 3.4) between N. meningitidis and H. influenzae strains, Rd KW20, R2846 

and R2866 were done. H. influenzae 86-028NP was not aligned as its adhC was denoted a 

pseudogene. Comparisons across the sequences showed a high homology of 94.4% similarity.  

 

 

Figure 3.4: Alignments of AdhC. A 94.4% identity was observed across the different sequences. Sequence of AdhC of 

H. influenzae 86-028NP was not aligned as it is denoted a pseudogene which results from a prematured stop codon. 

N. meningitidis AdhC was aligned instead of N. gonorrhoeae because N. gonorrhoeae has 2 AdhCs. BWB8677 

referred to H. influenzae Rd KW20.  
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3.3  AdhC and NmlR are essential for growth under high oxygen tension 

During our previous studies, the adhC mutants were observed to have impaired growth without 

any exogenous stress in aerobic conditions. To demonstrate if AdhC is essential for growth 

under high oxygen tension, wild type Rd KW20 and adhC mutants were grown under different 

aerobic conditions over a period of 8 hours. High oxygen tension was achieved by shaking cells 

inoculated into 10mL CDM in flasks at 210rpm while low oxygen tension was stimulated by 

shaking cells inoculated into 30mL CDM in flasks at 90rpm. Growth between the wild type and 

the mutants were compared.  From Figure 3.5, it can be observed that adhC mutants had 

slower and lower growth rates under aerobic conditions as opposed to their wild type 

counterpart. This slower and lower growth was not observed at low aerobic conditions where 

both wild type and mutants appeared to grow at a similar rate.  Although the adhC mutants 

were not able to grow under aerobic condition, they were observed to resume growth when 

they were put under low oxygen conditions. As such, it was deduced that the growth of adhC 

mutants can be rescued by removing the high levels of oxygen. Adjustments were therafter 

made and 250L – 300L bacteria per 10mL CDM was added. The washes were also reduced to 

one wash instead of two. These adjustments were essential in order to improve the growth of 

the mutants under aerobic conditions so that growth assays with stressors can be carried out. 

 

It is predicted that the presence of high oxygen and high aldehydes in a high aerobic condition, 

adhC would be activated by NmlR, the regulator of adhC that is essential for adhC. To 

determine if NmlR is indeed regulating adhC due to the increment of stresses in the form of 

ROS and RA and due to high oxygen tension, nmlR mutants were created and grown under high 

oxygen tension. The bacteria was not expected to grow in the presence of high oxygen tension 

since there would have been no regulation of adhC activity to detoxify the ROS and RA. As 

expected, under high oxygen tension, nmlR mutants (Fig 3.6) were not able to grow. 
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Figure 3.6: Growth profiles of Rd KW20 and nmlR mutants at different oxygen tensions. Bacteria grown 

overnight in BHI broth was washed twice before inoculating into CDM at a 1:50 bacterial suspension to media 

ratio. High oxygen tension was achieved by shaking cells inoculated into 10mL CDM in flasks at 210rpm while low 

oxygen tension was achieved by shaking cells inoculated into 30mL CDM in flasks at 90rpm. Absorbance was 

taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. For end point readings, absorbance was 

taken at 24
th

 hour by optical density at 630nm. Results are presented as the mean of duplicates per strain (± 

standard deviation). OD: Optical Density; h: hours 

 

Figure 3.5: Growth profiles of Rd KW20 and adhC mutants at different oxygen tensions. Bacteria grown 

overnight in BHI broth was washed twice before inoculating into CDM at a 1:50 bacterial suspension to media 

ratio. High oxygen tension was achieved by shaking cells inoculated into 10mL CDM in flasks at 210rpm while low 

oxygen tension was achieved by shaking cells inoculated into 30mL CDM in flasks at 90rpm. Absorbance was taken 

at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. Results are presented as the mean of duplicates 

per strain (± standard deviation). OD: Optical Density; h: hours 
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3.4  AdhC is essential for protection against formaldehyde 

AdhC has been shown to protect against formaldehyde in a wide range of species, including 

mammals, plants and some bacteria. To determine if AdhC in H. influenzae is also involved in 

formaldehyde protection, wild type Rd KW20 and adhC mutants were grown and compared 

with a range of concentrations of formaldehyde over 8 hours. The growth assays were 

performed under high and low oxygen conditions to determine if formaldehyde toxicity, if any, 

is affected by the levels of oxygen.  

 

The results demonstrated that Rd KW20 (Fig 3.7A) was able to grow in the presence of 0.001% 

formaldehyde although the lag phase was longer than its growth without formaldehyde. The 

adhC mutants, on the other hand, had a severely attenuated growth in the presence of 0.001% 

formaldehyde (Fig 3.7B). This was not observed at low oxygen tension and the adhC mutants 

were still able to grow in the presence of 0.001% formaldehyde, despite having an extended lag 

phase. Increasing the formaldehyde concentration further reduced the growth of both wild 

type Rd KW20 and adhC mutants and in the presence of 0.004% formaldehyde, both strains 

failed to grow. The same trend was observed for both high (Figs 3.7A and 3.7B) and low oxygen 

conditions (Figs 3.7C and 3.7D).  
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Figure 3.7: Growth profiles of Rd KW20 and adhC mutants in presence of formaldehyde. (A) Rd KW20 in high 

oxygen tension; (B) ∆adhC in high oxygen tension; (C) Rd KW20 in low oxygen tension; and (D) ∆adhC in low oxygen 

tension. Bacteria were grown over 8 hours in 37
o
C with different concentration of formaldehyde (0%, 0.001%, 

0.002% and 0.004%) in 96-wells plates. Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density 

at 630nm. Results are presented as the mean of triplicates per strain (± standard deviation).  
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3.5  AdhC is essential for detoxification of glycolaldehyde 

Previous studies (Kidd, personal communications) have shown that adhC mutants not only had 

impaired growth in aerobic conditions without any exogenous stress but AdhC also protects 

against exogenous glyoxal. It was shown in Section 3.3 that adhC mutants in H. influenzae were 

not able to grow under high oxygen tension. In addition, it was further demonstrated in 

Chapter 3.4 that AdhC protects against formaldehyde. There remains the possibility that AdhC 

might protect against other reactive aldehydes and ROS. Glycolaldehyde is produced 

endogenously as a byproduct of glycolysis, citric acid cycle and lipid peroxidation as well as 

exogenously as a product of the human neutrophils during phagocytosis. It is therefore a good 

representation of both reactive aldehyde and ROS, and a stress that is encountered both 

endogenously and exogenously. To demonstrate if AdhC has a role in glycolaldehyde protection, 

the adhC mutants were grown with or without glycolaldehyde in high oxygen tension and their 

growth were compared to the wild type Rd KW20. It was found that in the presence of 

glycolaldehyde at high oxygen tension, adhC mutants grew poorly (Fig 3.8A) and could not grow 

as efficiently as Rd KW20. This attenuated growth, however, was found to be compensated 

after 24 hours (Fig 3.8B). 
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Figure 3.8: Growth profiles of Rd KW20 and adhC mutants in presence of glycolaldehyde under high oxygen 

tension. (A) Growth profile Rd KW20 (blue lines) and ∆adhC (orange lines) in presence of glycolaldehyde under high 

oxygen tension over 8 hours. (B) End point readings (24
th

 hour) of Rd KW20 and ∆adhC in high oxygen tension in 

presence of formaldehyde. Bacteria were grown in 37
o
C with or without the presence of glycolaldehyde. 

Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. For end point readings, 

absorbance was taken at 24
th

 hour by optical density at 630nm. Results are presented as the mean of duplicates 

per strain (± standard deviation). OD: Optical Density; GDH: Glycolaldehyde; h: hours 
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3.6  AdhC has a role in excess of iron 

H influenzae has traditionally been defined as having an absolute requirement for heme and 

adhC was recently identified to be one of the most highly expressed genes in an iron/heme 

supplemented environment (Whitby 2006 et al.; Whitby et al., 2009). This suggested a role of 

adhC during excess of iron/heme and that AdhC may be reducing the toxic effects of Fenton 

chemistry. These toxic effects include generating an oxidising environment that would result in 

further reactive aldehydes; further oxidation of short chain sugars to the more toxic dicarbonyls. 

To determine if AdhC is involved in detoxification of reactive species that was magnified with 

excessive iron/heme, both wild type Rd KW20 and adhC mutants were grown in an iron 

scavenged environment. That is, by removing the excess iron and thereby decreasing the 

Fenton chemistry the loss of the adhC gene would have a smaller impact on the cell. Hemin was 

the iron source in CDM and was therefore not added into the media without iron sources. In 

order to minimise the presence of traces amounts of iron, the iron chelator deferoxamine 

mesylate (DAM) was also added in different concentrations to chelate and remove any 

remaining free iron. Since Fenton chemistry is an oxygen-dependent process, the experiments 

were done in both high and low oxygen tensions to find out whether oxygen would affect the 

growth of bacteria in an iron free condition.  

 

It was observed that the adhC mutants (Fig 3.9B) were not able to grow as good as the wild 

type (Fig 3.9A) in an iron depleted environment as the growth of the mutants were attenuated 

in the media without hemin (iron source) in the presence of oxygen. As the concentration of 

added DAM increased, the growth of the bacteria dropped. At 400M DAM, adhC mutants 

were not able to grow. This trend of attenuated growth was however, not observed in the 

mutants when grown in low oxygen tension. As compared, no significance difference was 

observed between wild type Rd KW20 grown under iron-provided and iron-depleting 

environment.  
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End point readings were also taken at 24th hour to determine if the attenuated growth of adhC 

mutants could be compensated by other factors or genes. It was observed that adhC mutants 

had low to no growth when there is no iron source within the media (Fig 3.9E) and this 

attenuated growth remained even after 24 hours. H. influenzae has an absolute iron/heme 

requirement at high oxygen tension. Therefore, a higher concentration of DAM was used to 

ensure that the iron within the media was indeed depleting. This concentration of DAM should 

chelate more amount of free iron than would be present in the CDM without hemin added. The 

results showed that at 1mM DAM, both strains (Rd KW20 and adhC mutants) were not able to 

grow suggesting that the iron within the media had been depleted.  
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 Figure 3.9: Growth profiles of Rd KW20 and adhC mutants in iron depleting environment. (A) Rd KW20 in high 

oxygen tension; (B) ∆adhC in high oxygen tension; (C) Rd KW20 in low oxygen tension; and (D) ∆adhC in low oxygen 

tension; (E) Endpoint readings of Rd KW20 and ∆adhC. Bacteria were grown at 37
o
C in CDM with or without hemin. 

Deferoxamine mesylate (0.2mM, 0.4mM and 1mM) was added to chelate free iron. Absorbance was taken at 0
th

, 2
nd

, 

3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. For endpoint readings, absorbance was taken at 24
th

 hour by 

optical density at 630mm. Results are presented as the mean of duplicates per strain (± standard deviation). OD: 

Optical Density; DAM: Deferoxamine mesylate. 

 



DJ Chapter 3: Characterisation of H. influenzae Rd KW20 adhC 

62 

3.7  AdhC is required to utilise galactose and fucose as carbon sources 

Most of the growth studies that have been presented were done with glucose as the main 

carbon source, and possibly energy source. It was originally observed that the requirement for 

AdhC for growth with high oxygen was in CDM (and this has glucose added in chemically 

defined conditions) and not in rich media. The CDM does possess some other components that 

could be used for energy, and maybe carbon, sources. For example, the sodium pyruvate within 

CDM can be utilised by bacteria as an alternative carbon/ energy source. Different carbon or 

energy sources utilised within the cells will generate different metabolic by-products and these 

by-products might be more or less toxic to the cell. As such, these conditions would have 

different requirements for adhC as substrates. It is therefore interesting to monitor the growth 

of wild type Rd KW20 and adhC mutants with CDM by changing the CDM composition and 

altering the pathways for growth by the cell (and thereby the by-products). To determine the 

effects of alternative CDM on H. influenzae, Rd KW20 and adhC mutants were grown with 

different sugar or carbon sources. These carbon sources used were sodium pyruvate, glucose, 

galactose, fructose, mannose, sucrose and fucose (Chapter 2.7.5). The concentration of these 

carbon sources added into the media was adjusted to the equivalent concentration of glucose 

used as the main carbon source in the manufacturer’s recipe. The experiment was performed in 

96-wells plates and growth was monitored over 8 hours in both high and low oxygen tensions. 

End point readings were taken at the 24th hour. 

 

It was observed (Fig 3.10) that the preferred carbon source in both wild type Rd KW20 and 

adhC mutants was glucose but similar growth rate was observed with fructose and ribose in 

both strains. Mannose and galactose resulted in a slight decrease in growth rate in wild type Rd 

KW20 (Fig 3.10A) and growth of Rd KW20 was weakened when fucose was used as the main 

carbon source. On the other hand, when galactose or fucose was used as a carbon source in the 

adhC mutants (Fig 3.10B), the mutants failed to grow within 8 hours. It was also shown that 

despite failing to grow within 8 hours when these sugars were used, their growth was 

recovered by 24 hours (Fig 3.10D), with fucose having an end point absorbance similar to the 
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wild type Rd KW20. The adhC mutants, however, maintained a poor growth when galactose 

was added instead of glucose. These growth profiles were observed in both high (Fig 3.10A-D) 

and low oxygen tensions (Fig 3.11A-D).  
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Figure 3.10: Growth profiles of Rd KW20 and adhC mutants with different carbon sources in high oxygen tension. 

(A) Rd KW20 and (B) ∆adhC; EP readings of (C) Rd KW20 and (D) ∆adhC. Bacteria were grown at 37
o
C in CDM with 

or without single carbon sources on 96-wells plates. Carbon sources used are sodium pyruvate, glucose, galactose, 

fructose, mannose, ribose and fucose. Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density 

at 630nm. For EP readings, absorbance was taken at 24
th

 hour by optical density at 630nm. Results are presented 

as the mean of triplicates per strain (± standard deviation). OD: Optical Density; EP: Endpoint 
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Figure 3.11: Growth profiles of Rd KW20 and adhC mutants with different carbon sources in low oxygen tension. 

(A) Rd KW20 and (B) ∆adhC; EP readings of (C) Rd KW20 and (D) ∆adhC. Bacteria were grown at 37
o
C in CDM with 

or without single carbon sources on 96-wells plates. Carbon sources used are sodium pyruvate, glucose, galactose, 

fructose, mannose, ribose and fucose. Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 

630nm. For EP readings, absorbance was taken at 24
th

 hour by optical density at 630nm. Results are presented as 

the mean of triplicates per strain (± standard deviation). OD: Optical Density; EP: Endpoint 
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3.8  EstD is essential for growth in high oxygen tension. 

adhC and estD coexists in the same operon in H. influenzae Rd KW20 and are both regulated by 

NmlR. To demonstrate whether EstD has a similar role in aerobic growth of H. influenzae as 

AdhC, mutants without estD were created and grown under high oxygen tension. Our results 

(Fig 3.12) showed that the mutants were not able to grow in high tension. This indicated that 

EstD might be required in the normal growth of H. influenzae. However, it should be noted that 

even in low oxygen tension, the estD mutants were growing poorly. 

 

 

Figure 3.12: Growth profiles of Rd KW20 and estD mutants at different oxygen tensions. Bacteria grown 

overnight in BHI broth was washed twice before inoculating into CDM at a 1:50 bacterial suspension to media ratio. 

High oxygen tension was achieved by shaking cells inoculated into 10mL CDM in flasks at 210rpm while low oxygen 

tension was achieved by shaking cells inoculated into 30mL CDM in flasks at 90rpm. Absorbance was taken at 0
th

, 

2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. Results are presented as the mean of duplicates per strain 

(± standard deviation). OD: Optical Density; h: hours 
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3.9  AdhC is not involved in superoxide detoxification processes 

There was a possibility that AdhC is linked to superoxide detoxification and therefore, it would 

be explained why adhC mutants were not able to grow in high oxygen tension where the 

superoxide (a by-product of short-chain sugar auto-oxidation) content is high. The addition of 

superoxide into the cell would presumably result in an increase of oxidised products including 

reactive aldehydes and thereby an increase in the requirement of AdhC in the cell. Therefore, 

there would be a higher sensitivity of the adhC mutants to menadione, which is an intracellular 

superoxide generator. The menadione generates a limited turnover of superoxide and the cell 

would switch on specific detoxification processes for this response and there would be 

differences in the pathways involved in growth under high oxygen and the ROS generated 

through this process. To test this hypothesis, menadione was added to the culture media and 

the growth of Rd KW20 and adhC mutants was monitored over 8 hours. The experiment was 

only done under high oxygen tension since more ROS was produced and menadione requires 

oxygen to generate intracellular superoxide. Rd KW20 growing without menadione in the media 

was used as a negative control. Our results showed that there were no changes (Fig 3.13) 

between the growth of Rd KW20 and the adhC mutants. Although there was a difference in 

growth between Rd KW20 growing with and without menadione, this was more likely due to 

the toxicity of menadione, an indication that the increment of superoxide within the media due 

to menadione can affect the growth of the bacteria.  
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Figure 3.13: Growth profiles of Rd KW20 and adhC mutants in presence of menadione. Bacteria grown 

overnight in BHI broth was washed once before inoculating into CDM at a 1:40 bacterial suspension to media 

ratio. Menadione was added at a concentration of 5M. High oxygen tension was achieved by shaking cells 

inoculated into 10mL CDM in flasks at 210rpm. Absorbance was taken at 2nd, 3rd, 4th, 6th and 8th hour by 

optical density at 630nm. Results are presented as the mean of duplicates per strain (± standard deviation). 

OD: Optical Density; h: hours 

 

 

3.10  Discussion 

AdhC from eukaryotic sources has previously been shown to exhibit dual functions in 

formaldehyde oxidation as well as GSNO reduction. The study within this chapter has shown a 

similar dual function for AdhC in H. influenzae, and that AdhC is regulated by a MerR-like 

regulator NmlR in H. influenzae. Initial bioinformatics were done to compare the nmlR-adhC-

estD operon across genome-sequenced strains of H. influenzae and the results indicated that 

the operon is broadly conserved and similar throughout H. influenzae strains Rd KW20, R2846, 

R2866 and 86-028NP but specific differences do exist. A sequence alignment of the NmlR 

protein sequence further revealed a 92.6% identity (Fig 3.2), which correlated with the 

information by Kidd et al. (2005) that there is a 93% identity between HI0186 (NmlRHI) and 

NmlR of N. gonorrhoeae. This high homology strongly suggested a similar mode of action 



DJ Chapter 3: Characterisation of H. influenzae Rd KW20 adhC 

68 

between NmlR of different strains of H. influenzae and N. gonorrhoeae NmlR. The characteristic 

cysteines, C54, C71 and C95, found to be conserved throughout the NmlR subfamily, are also 

conserved within these strains. Cysteine 40, 54, 71 and 95 in N. gonorrhoea NmlR were 

described to be involved in the binding of Zn (II) and with that, the stabilisation of the repressor 

form of the enzyme (Kidd et al., 2005). Alignments with strains of H. influenzae have revealed 

that three of these cysteines are found to be conserved. A possible similar mechanism could 

therefore be predicted in H. influenzae although the absence of the cysteine at position 40 may 

indicate slight functional variation. 

 

Interestingly, the intergenic space regions (IGS), which harbours the O/P sequences, between 

the different strains of H. influenzae were found to be very different (Fig 3.3). This is especially 

true for strain R2846. The dyad symmetry of the NmlR binding site was found to be very long in 

Rd KW20, suggesting strong interactions between NmlR and the DNA operator/ promoter, and 

therefore a strong role in regulation within Rd KW20. This dyad symmetry is 2bp different in 

strain R2866 resulting in a disrupted symmetry. This suggested a possible alteration in the 

binding affinity and indicated a weaker binding site of NmlR as compared to Rd KW20. In R2846 

however, no dyad symmetry could be found. There is a possibility that the dyad symmetry may 

be found elsewhere within the genome and that in this strain, NmlR is part of a larger 

regulatory network. 

 

Previous studies have shown that under no exogenous stress, NmlRHI was required for AdhC 

activity. This indicates that AdhC has a role in normal growth (Kidd et al., 2007). This is 

consistent with our results where both the adhC (Fig 3.5) mutants and the mutants of its 

regulator nmlR (Fig 3.6) were not able to grow under high oxygen tension. However, adhC 

mutants were able to grow under low oxygen tension and this therefore suggested the 

importance of the gene to the bacteria’s growth under these defined aerobic conditions. AdhC 

(from other sources) (Chen et al., 2013) is able to use different aldehydes as substrates (when 

combined with GSH), and thereby detoxifying them. These aldehydes, that could include 
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glycolaldehyde, are toxic themselves but the products of their auto-oxidation, which occurs in 

the presence of oxygen or superoxide are --dicarbonyls, and these --dicarbonyls are far 

more reactive and toxic. As a result, in the presence of high oxygen tension, bacteria are 

exposed to more oxygen and superoxide, resulting in more reactive aldehydes and reactive 

oxygen species. We hypothesised that it is this pathway during growth with high levels of 

oxygen for which AdhC is required. 

 

We grew mutants in the presence of formaldehyde (Fig 3.7) and glycolaldehyde (Fig 3.8). Both 

aldehydes, in particularly glycolaldehyde, are relevant to the bacteria. Although it is unknown 

whether H. influenzae encounter formaldehyde in the host environment, the bacteria do 

encounter other aldehydes within the host. These aldehydes, for example glycolaldehyde and 

acrolein, are produced endogenously as metabolic by-products and also exogenously by 

phagocytic cells. Our results demonstrated that adhC mutants grew poorly in the presence of 

glycolaldehyde and formaldehyde, suggesting that AdhC was required to utilise these aldehydes 

as substrates. By doing so, AdhC reduced the toxic effects of these aldehydes. The experiment 

was limited to glycolaldehyde and formaldehyde, but it has been shown in other studies that 

adhC of H. influenzae, was also able to use other aldehydes, namely glyoxal, glyceraldehyde and 

methyglyoxal, as substrates (Kidd et al., 2012). 

 

H. influenzae has traditionally been defined as having an absolute requirement for heme. 

Expression studies by Whitby et al. (2006, 2009) have revealed that adhC was one of the 

highest expressed genes in an iron/heme supplemented environment, suggesting that it was 

induced by high levels of iron/heme. We observed that adhC mutants (Fig 3.9B) were not able 

to grow in media with depleting iron/heme. Although hemin was not added into CDM and 

deferoxamine mesylate (DAM) was added to chelate free iron within the media, traces of 

iron/heme remained despite the concentrations of DAM used, as Rd KW20 was still able to 

grow (Fig 3.9E). This remarkably was proven when a further increment of DAM was able to 
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deplete all iron within the media and Rd KW20 was not able to grow. The concentrations used 

did show that there were depleting levels of iron, and therefore resulting in reduced free iron 

for unfavourable reactions. The results presented here suggested that adhC mutants were 

more sensitive to iron depletion under high oxygen tension and this sensitivity was not 

observed in low oxygen tension. Alcohol dehydrogenase class III can contain or bind iron 

instead of zinc (Scopes, 1983; Echave et al., 2003; Bakshi et al., 1989) and H. influenzae AdhC 

might be one of such. By binding iron to AdhC, H. influenzae will be able to reduce the lethal 

effects of Fenton chemistry, where more highly reactive ROS are produced in the presence of 

iron. Interestingly, our results also showed that adhC mutants were able to grow in the 

presence of iron suggesting that AdhC might have other roles in the presence of iron. One such 

role might be linked to iron acquisition or uptake pathways. The adhC gene might be sensitive 

to iron concentration and In the presence of excess iron/heme, H. influenzae was able to obtain 

iron freely but when iron is depleting, AdhC might be involved in iron scavenging. This is not 

uncommon in microbiology. At least one independent study (Reyes-Lopez et al., 2011) has 

shown that the alcohol dehydrogenase in Entamoeba histolytica acts as a receptor for obtaining 

iron. Further analysis and tests however, are required to test the hypothesis but these studies 

are out of the scope of this project. 

 

Different carbon sources yield different metabolic by-products and these by-products could be 

acting as substrates for AdhC. Therefore, by changing the compositions of the CDM (possible 

carbon sources), H. influenzae might be able to avoid the toxic effects caused by the by-

products of a certain metabolic pathway. Our results (Fig 3.10) showed that in the presence of 

galactose and fucose as the main carbon sources, adhC mutants were not able to grow within 

the first 8 hours. This indicated that the metabolic by-products that were produced during the 

metabolism of these sugars can be utilised by AdhC as substrates and reducing their toxicity in 

the process. Indeed, as one clear example, fucose metabolism produces 1,2-propanediols 

(Hacking and Lin, 1976) which is then degraded into propionaldehydes (Zagalak et al., 1966). 

Propionaldehyde is a toxic aldehyde and this aldehyde might be utilised by AdhC, thereby 
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reducing its toxicity.  All defects were seen in both high (Fig 3.10) and low (Fig 3.11) oxygen 

tensions, indicating that the production of toxic by-products in this case is a carbon-dependent 

process and not oxygen-dependent. adhC mutants were able to grow eventually after 24hours, 

indicating that there were other mechanisms within H. influenzae, beside adhC, that may utilise 

the metabolic by-products. 

 

The estD gene, in an operon with adhC, is regulated by NmlR. Our results (Fig 3.12) 

demonstrated the failure of estD mutants to grow in high oxygen tension. Its growth in low 

oxygen tension were also severely attenuated, suggesting that the requirement of the gene was 

not dependent on oxygen level and that EstD could have a role that was not restricted to 

aerobic conditions. It also indicated that EstD is more central to H. influenzae growth than AdhC 

(this is studied in more detail in other parts of this project). 

 

There was a possibility that AdhC was linked to pathways that detoxify the superoxide 

produced in high oxygen tension and that the poor growth under high oxygen tension was due 

to the accumulation of superoxide and its subsequent oxidising events. However, our 

observation (Fig 3.13) proved that this was not the case. When both adhC mutants and wild 

type Rd KW20 were grown in the presence of the superoxide generator, menadione, there was 

no difference in growth between the mutants and the wild type. This indicated that the 

attenuated growth of adhC mutants were not due to the inability of the cell to detoxify excess 

superoxide (produced through the auto-oxidation of short-chain sugars) or ROS, but rather, the 

reactive aldehydes that were produced as metabolic by-products. Rd KW20 grown without 

menadione was used as a negative control and it was observed that there was a drop in growth 

for both Rd KW20 and adhC mutants in the presence of menadione. This indicated that H. 

influenzae are generally sensitive to superoxide and its toxic effects. The nature of this assay, 

adding in menadione, indeed does have complication in assessing the role of intracellular 

superoxide. The menadione itself can be used by the cell in biosynthetic pathways. The 

menadione also has a requirement for oxygen in its redox turnover and production of 
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intracellular superoxide, a process that has limited kinetics and short production of superoxide. 

The cell’s superoxide response could work well with this response and the whole cell 

implications (such as oxidation of other biomolecules) would be quite different to that 

experienced when ROS are generated when cells are grown with high oxygen.  

 

It should be made clear that CDM was used for all growth. CDM was able to depict a more 

accurate growth profile in 8 hours than BHI media. In addition, the concentrations of 

components within CDM could be made consistent between experiments. Furthermore, the 

growth defects that were observed in CDM were not observed in BHI, indicating that the rich 

media BHI was not a good media for physiological tests. Efforts were also made to create a 

complementation system but to no avail. Although a complementation system would have 

been valuable in confirming our results, the failure to create one would have minimal effects on 

the validity of the results, as we have previously shown that there are no polar effects using the 

methods we used. 

 

It seems from these results presented in this chapter, that AdhC does clearly function during H. 

influenzae Rd KW20 growth with high oxygen and this is linked to particular metabolic 

pathways and the production of reactive aldehydes. AdhC seems to be able to use different 

substrates that combine with GSH (previously shown with GSNO) such as formaldehyde, 

glycolaldehyde from these results and other reactive aldehydes from other studies within the 

Kidd laboratory. 
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4.1  Introduction 

H. influenzae grows in aerobic conditions, but is able to generate metabolic energy via 

anaerobic respiration or fermentation. One of the key environmental factors that is known to 

be altered when H. influenzae transits from commensalism to occupy other niches and cause 

disease, is the oxygen tension (reviewed in Harrison et al., 2012). There has been some 

research into the global transcriptional pathways that respond to oxygen; FNR and ArcAB 

(Bartolini et al., 2006; Reents et al., 2006; Crack et al., 2008; Loui et al., 2009; Wong et al., 2007) 

but intriguingly our studies have highlighted a specific pathway that seems to be separated 

from these model systems. Our studies have identified a toxicity that is introduced as oxygen 

tension increases through the intracellular production of reactive aldehydes (RA, see Chapter 

1.3.2), a result of the auto-oxidation of short chain sugars, many of which are the normal by-

products of growth. As part of this, we have seen that the NmlR-AdhC pathway is important in 

the response to these toxic aldehydes and bacterial survival under high oxygen (see Fig 3.7 and 

3.8). This pathway does not appear in the only two previous studies (Raghunathan et al., 2004; 

Wong et al., 2007) on H. influenzae oxygen response and this could be due to strain variation or 

the experimental design. We noted in our studies the intrinsic toxicity of oxygen required a high 

level of aeration in the growth conditions; conditions we have used and believe to be relevant.  

 

The presence of oxygen during active aerobic growth pathways can also lead to generation of 

ROS, which are normal by-products of cellular metabolism under this condition. As discussed in 

detail in Chapter 1.3, common ROS generated endogenously under aerobic conditions include 

superoxide anion (O2
-•), hydrogen peroxide (H2O2), and hydroxyl radical (HO•) (Gibson et al., 

2007; Gibson et al., 2008) that can cause lipid peroxidation (even in bacterial cells) (Girotti 1998; 

Gibson et al., 2008), protein inactivation as well as damage to nucleic acid (Gibson et al., 2008). 

To survive and subsequently grow under such stressed conditions, H. influenzae needs to adapt 

metabolically. Although there have been evidence about the responses that provide protection 

against oxidative stress including the metabolic adaptation to the stress, the regulatory signal 

network that activates this response and the details of downstream target network remains 
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unclear (Zhang et al., 2006). To approach this question, a new transcriptomics technique (RNA-

seq) was adopted. 

 

RNA-seq (Figure 4.1) utilises a Next-Gen or Deep Sequencing technologies as an approach to 

transcriptome profiling. The bacterial transcriptome is the complete set of transcripts within a 

cell, and their quantity for a specific development stage or physiological condition (Wang et al., 

2009). Understanding the transcriptome is essential for interpreting the functional elements of 

the genome and revealing the molecular constituents of cells that are active. In order to 

determine the transcriptional pathways that function in the normal growth of H. influenzae in 

Rd KW20, this chapter will highlight the RNA-seq work done on Rd KW20 under two conditions: 

high oxygen tension and low oxygen tension. 

 

 

 

  

Figure 4.1: Flow diagram of the steps involved in typical microbial transcriptome sequencing. The starting 

material is a mix of RNA, followed by optional subtraction of tRNA or rRNA, generation of cDNA libraries, 

sequencing, bioinformatics and generation of cDNA reads histograms. (Taken from van Vliet, 2010) 
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4.2 Differentially expressed genes 

In this study, it was sought to identify the genes that were highly expressed in Rd KW20 under 

normal (high) aerobic conditions. These highly expressed genes were subsequently compared 

to those of low aerobic conditions to obtain a picture of the transcriptional difference due to 

oxygen tensions. Sequencing results from 2 libraries of Rd KW20 under high aerobic conditions 

generated an average of 31.3 ± 1.07 million reads with lengths of 65 bp, corresponding to 6.66 

± 0.52 Gbp. Results from 2 libraries of Rd KW20 under low aerobic conditions generated an 

average of 26.2 ± 9.8 million reads with lengths of 65 bp, corresponding to 5.40 ± 2.0 Gbp. All 

reads were mapped to the reference genome Rd KW20 (Accession number: NC_000907) as 

described in Chapter 2.10.6. 

 

Normalised results of highly expressed genes are presented in log2 RPKM values and ranked in 

descending order. Overall, there were 1789 expressed genes in both conditions, which were 

aligned to the reference genome. It was found that there were 1531 highly expressed (log2 

RPKM ≥ 2.0) genes under high oxygen tension while there were only 1378 genes that were 

highly expressed (log2 RPKM ≥ 2.0) in low oxygen tension. The differentially expressed genes in 

Rd KW20 grown at high oxygen tension over Rd KW20 grown at low oxygen tension with 

statistically significant fold change (log2 ≥ ±2.0) ranged from -4.32 to 4.94. There were 49 

upregulated and 62 downregulated genes in Rd KW20 grown at high oxygen tension with at 

least log2 ≥ 2.0 fold changes over Rd KW20 grown at low oxygen tension. Genes related with 

rRNA were excluded. A list of these differentially expressed genes in fnr mutants grown at high 

oxygen tension over low oxygen tension with statistically significant fold change (log2 ≥ ±1.0) 

can be found in supplementary file Sup 1. 

 

A short list of the genes that were up- or down- regulated genes in high oxygen tension with a 

cut off of log2 2.0 is shown in Table 4.1. Differentially expressed genes were mapped and 

categorised based on Gene Ontology (GO) functions. In response to high oxygen, many genes 
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involved in metabolic pathway were upregulated. These genes include the genes that encode 

tryptophan biosynthesis (trpEAG), aerobic nitrate reductase (napABGH), aspartate/ arginine 

metabolism (argGH, aspC and asnA) as well as oxaloglutarate dehydrogenase (sucAB) and 

glycerol-3-phosphate dehydrogenase (glpAB). In particularly, trpE which encodes the 

anthranilate synthase component I stood out as the highest up-regulated gene with log2 fold 

change of 4.9. Interestingly, two pseudogenes (fdnG and napA) that contain frameshifts were 

also upregulated. Among the other upregulated genes, lctP, which is involved in L-lactate 

excretion was upregulated 4.1 (log2) fold. Genes involved in arginine ABC uptake (artPMIQ) and 

the arginine repressor argR were all highly uprelated as well. Stress response genes (deaD and 

recR) were also found to be upregulated. 

 

Among the highly down-regulated genes, the virulence-associated protein vapA stood out as 

the highest down-regulated gene at -4.3 (log2) fold change. moaCD which encodes proteins 

involved in molybdenum cofactor biosynthesis were highly down-regulated. On top of moaCD, 

genes that encode the membrane associated molybdate transporters modA (HI1525) and 

modAB (HI1692 and HI1693) were also downregulated. Many other membrane associated 

genes were also down-regulated. These include the genes that encode the iron chelatin ABC 

transporters (HI1471 and Hi1472) as well as the heme/ hemopexin transporter (hxuB). Genes 

such as HI1695 and HI1697 (LOS biosynthesis), siaA (sialic acid transferase) and nanM (sialic 

acid epimerase) were also down-regulated. These genes are often associated with 

lipooligosaccharides (LOS). Other genes that were down-regulated include the genes that 

encode the stress responsive molecular chaperone (htpG) and LuxS (HI1368) and the gene 

regulators xylR and fucR which encodes a xylose operon regulator and L-fucose operon 

activator respectively.  
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Table 4.1: Rd KW20 genes differentially expressed between high and low oxygen 

Genes up-regulated in high oxygen 
Gene/s Description Changea 

Metabolic pathway   
trpE-trpA-trpG tryptophan biosynthesis 2.1-4.9 
fdnG formate dehydrogenase 3.8 
napABGH nitrate reductase (aerobic) 2.2-3.7 
lldD L-lactate dehydrogenase; cyt.c-dependent 3.4 
glpAB glycerol-3-phosphate dehydrogenase 3.2-3.4 
argG§-argH-aspC-asnA aspartate/arginine metabolism 2.3-3.4 
sucAB§ oxaloglutarate dehydrogenase 2.2-2.7 
gdhA glutamate dehydrogenase 2.5 
   
Membrane/transporters   
artP*MIQ arginine ABC uptake 2.6-4.3 
lctP L-lactate uptake 4.1 
HI1080* (HI1078) PAAT; amino acid transporter 3.4 
HI1154 Na+/carboxylate symporter 2.7 
dppA heme uptake; ABC transporter 2.6 
potD spermidine/putrescine transporter 2.2 
licC LOS; 6A2-epitope 2.1 
mtgA peptidoglycan biosynthesis 2.1 
   
Stress response   
deaD RNA helicase 3.5 
recR recombination protein, DNA repair 2.0 
   
Gene regulation   
argR arginine biosynthesis/catabolism 3.5 
   

Genes down-regulated in high oxygen 

Gene/s Description Changea 

Metabolic pathway   
HI0243 (HI0242) HHE/Heme binding protein 4.1 
moaCD molybdenum cofactor biosynthesis 2.9-4.1 
xylA* xylose isomerase 2.7 
dmsBCD DMSO reductase 2.0-2.6 
mobA molybdopterin-guanine biosynthesis 2.6 
glpK glycerol kinase 2.3 
neuA sialic acid synthase 2.0 
   
Membrane/transporter   
potE§ putrescine:ornithine antiporter 3.6 
modA (HI1525) molybdate transporter 3.0 
modAB (HI1692/93) molybdate transporter 2.6 
glpF glycerol uptake 2.8 
HI1471/72 FeCT, iron chelate ABC transporter 2.6 
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HI1695/97 LOS biosynthesis 2.3-2.4 
siaA sialic acid transferase 2.3 
HI1104 aromatic amino acid:H+ symporter  
HI1307 Rht family; threonine efflux 2.3 
HI1690 Na+-dependent sympoter 2.3 
tbp2 iron-binding; OM receptor 2.2 
hxuB* heme/hemopexin transpoter 2.1 
nanM sialic acid epimerase 2.1 
   
Stress response   
HI1349§ Dps-family, ferritin-like protein 3.5 
HI1053 peroxiredoxin 2.9 
htpG molecular chaperone 2.8 
gcrA glycyl radical cofactor 2.6 
HI1368 metalloprotease; LuxS/M16-peptidase 2.0 
HI1384/rsgA ferritin 2.0 
   
Gene regulator   
vapA HTH regulator (toxin/antitoxin system) 4.3 
HI1459 sigma factor, putative 2.6 
lrp leucine responsive protein  2.5 
xylR xylose operon regulator 2.3 
fucR L-fucose operon activator 2.2 
a - Changes are expressed in log2 fold change.  
* - genes that are included in the set of predicted FNR targets; promoter includes a FNR binding site. 
§ - genes that are included in the ArcAB regulon. 
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4.3  Identification of potential small RNAs   

Small regulatory RNAs (sRNAs) in bacteria are a class of non-coding RNA genes (Li et al., 2013) 

that are typically 50 – 500bp long (Hershberg et al., 2003). They have the potential to regulate 

most bacterial genes directly or indirectly (Holmqvist et al., 2012) in response to changes in 

environmental condition (Li et al., 2013). Recent evidence indicates that sRNA networks 

participate in the precise coordination of gene expression in many infectious processes and are 

involved in microbial pathogenesis by acting as central signal transducers (Papenfort and Vogel, 

2010). RNA sequencing techniques has the potential of finding small RNAs since it is a full 

transcriptomics profile (total RNA depleted of tRNA and rRNA but leaving mRNA and sRNA) of 

expression at a particular condition. Should high expression be detected in non-coding region, 

there is a possibility that small RNAs are found in these regions. Likewise, in a comparison 

between samples taken from different conditions, should there be a significant change in the 

quantity of a transcript corresponding to a non-coding region, this may also indicate a sRNA 

associated with this region. It may also indicate a region on the genome previously annotated 

non-coding region is in fact a region encoding a gene. 

 

Lists of potential sRNAs were obtained from our data generated and were filtered to a refined 

set based on the following criteria: 1) Expression of the intergenic spacer regions must be 

higher than 1.0 log2 RPKM. 2) As small RNAs are typically 50 – 500bp long, intergenic spacer 

regions that are less than 45bp and larger than 600bp were excluded. 3) The intergenic spacer 

regions should not be upstream or downstream of a rRNA or tRNA related gene. 3) Finally, the 

spike of expression of the intergenic spacer regions (non-coding region) must be more than 0.5 

log2 RPKM than the upstream and downstream genes (to eliminate the possibly that the region 

is simply an extension of the transcript from the up/ downstream genes or operon). Based on 

these criteria, final lists of 48 (Table 4.2) and 44 (Table 4.3) potential small RNAs were obtained 

for Rd KW20 grown in high oxygen tension and low oxygen tension respectively. Out of these 

lists of potential small RNAs, 28 were only highly expressed in high oxygen tension, while 25 

were unique for low oxygen tension (Tables 4.4 and 4.5). It is not in the scope of this project to 
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identify and confirm these RNA species as sRNA or to characterise their roles in response to 

oxygen levels. 

 

Table 4.2: List of potential sRNAs in high oxygen tension 
Start Position End Position Length of IGS Between (Locus Tag) And (Locus Tag) 

30173 30228 56 HI0028 HI0029 

60250 60320 71 HI0058 HI0059 

214820 214866 47 HI0198 HI0199 

215823 215880 58 HI0199 HI0200m 

227258 227576 319 HI0212 HI0213 

265833 265900 68 HI0235 HI0236 

272748 273091 344 HI0244 HI0245 

357268 357366 99 HI0329 HI0330 

383722 383821 100 HI0358 HI0359 

495290 495355 66 HI0471 HI0472 

505422 505477 56 HI0484 HI0485 

560826 560900 75 HI0535 HI0536 

584709 584754 46 HI0565 HI0566 

670033 670123 91 HI0630 HI0631 

732528 732622 95 HI0687 HI0688 

887818 887871 54 HI0837 HI0838 

897172 897573 402 HI0850 HI0851 

919138 919375 238 HI0866 HI0867 

999449 999494 46 HI0941 HI0942 

1013338 1013385 48 HI0953 HI0954 

1014693 1014759 67 HI0956 HI0957 

1015434 1015798 365 HI0957 HI0958 

1090065 1090114 50 HI1024 HI1025 

1095970 1096041 72 HI1030 HI1031 

1176626 1176676 51 HI1110 HI1111 

1243179 1243517 339 HI1172 HI1173 

1264915 1264962 48 HI1198 HI1199 

1281109 1281397 289 HI1213 HI1214 

1295614 1295679 66 HI1225.1 HI1227 

1339463 1339750 288 HI1261 HI1262 

1347230 1347454 225 HI1266 HI1268 

1350830 1350885 56 HI1274 HI1275 

1366362 1366453 92 HI1285 HI1286 

1402066 1402134 69 HI1322 HI1323 

1476320 1476414 95 HI1379 HI1380 

1484678 1484726 49 HI1388 HI1388.1 

1501639 1502126 488 HI1406 HI1407 

1523519 1523683 165 HI1434.2 HI1435 

1536715 1536781 67 HI1449 HI1450 

1552466 1552524 59 HI1466m HI1467 

1575624 1575714 91 HI1501 HI1502 

1614493 1614540 48 HI1542 HI1543 

1637207 1637330 124 HI1568 HI1570 

1638563 1638625 63 HI1571.1 HI1572 

1689723 1689782 60 HI1623 HI1625 

1793645 1793695 51 HI1720 HI1721 

1794463 1794525 63 HI1721 HI1722 
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Table 4.3: List of potential sRNAs in low oxygen tension 
Start Position End Position Length of IGS Between (Locus Tag) And (Locus Tag) 

75997 76081 85 HI0069 HI0070 

227258 227576 319 HI0212 HI0213 

272748 273091 344 HI0244 HI0245 

327712 327786 75 HI0291 HI0292 

357268 357366 99 HI0329 HI0330 

370391 370451 61 HI0343 HI0344 

505118 505167 50 HI0483 HI0484 

548265 548375 111 HI0524 HI0525 

584709 584754 46 HI0565 HI0566 

593448 593535 88 HI0572 HI0573 

670033 670123 91 HI0630 HI0631 

725397 725507 111 HI0682 HI0683 

732528 732622 95 HI0687 HI0688 

734040 734269 230 HI0689 HI0690 

766904 766957 54 HI0718 HI0719 

887818 887871 54 HI0837 HI0838 

897172 897573 402 HI0850 HI0851 

919138 919375 238 HI0866 HI0867 

999449 999494 46 HI0941 HI0942 

1014693 1014759 67 HI0956 HI0957 

1015434 1015798 365 HI0957 HI0958 

1109542 1109653 112 HI1044 HI1045 

1132345 1132421 77 HI1068 HI1069 

1155051 1155108 58 HI1090 HI1091 

1176626 1176676 51 HI1110 HI1111 

1218785 1218835 51 HI1150 HI1151 

1243179 1243517 339 HI1172 HI1173 

1259634 1260107 474 HI1193 HI1194m 

1281109 1281397 289 HI1213 HI1214 

1297655 1297778 124 HI1228 HI1229 

1331908 1332179 272 HI1256 HI1258 

1339463 1339750 288 HI1261 HI1262 

1347230 1347454 225 HI1266 HI1268 

1426727 1427000 274 HI1349 HI1350 

1493621 1493865 245 HI1395 HI1397 

1495929 1496056 128 HI1398 HI1399 

1501639 1502126 488 HI1406 HI1407 

1532725 1532813 89 HI1444 HI1445 

1533542 1533644 103 HI1445 HI1446 

1541415 1541570 156 HI1457 HI1458m 

1637207 1637330 124 HI1568 HI1570 

1763109 1763282 174 HI1692 HI1693 

1787168 1787238 71 HI1714 HI1715 

1829200 1829262 63 HI1742 HI1743 
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Table 4.4: Unique potential small RNAs in high oxygen tension 
Start Position End Position Length of IGS Between (Locus Tag) And (Locus Tag) 

30173 30228 56 HI0028 HI0029 

60250 60320 71 HI0058 HI0059 

214820 214866 47 HI0198 HI0199 

215823 215880 58 HI0199 HI0200m 

265833 265900 68 HI0235 HI0236 

383722 383821 100 HI0358 HI0359 

495290 495355 66 HI0471 HI0472 

505422 505477 56 HI0484 HI0485 

560826 560900 75 HI0535 HI0536 

1013338 1013385 48 HI0953 HI0954 

1090065 1090114 50 HI1024 HI1025 

1095970 1096041 72 HI1030 HI1031 

1264915 1264962 48 HI1198 HI1199 

1295614 1295679 66 HI1225.1 HI1227 

1350830 1350885 56 HI1274 HI1275 

1366362 1366453 92 HI1285 HI1286 

1402066 1402134 69 HI1322 HI1323 

1476320 1476414 95 HI1379 HI1380 

1484678 1484726 49 HI1388 HI1388.1 

1523519 1523683 165 HI1434.2 HI1435 

1536715 1536781 67 HI1449 HI1450 

1552466 1552524 59 HI1466m HI1467 

1575624 1575714 91 HI1501 HI1502 

1614493 1614540 48 HI1542 HI1543 

1638563 1638625 63 HI1571.1 HI1572 

1689723 1689782 60 HI1623 HI1625 

1793645 1793695 51 HI1720 HI1721 

1794463 1794525 63 HI1721 HI1722 
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Table 4.5: Unique potential small RNAs in low oxygen tension 
Start Position End Position Length of IGS Between (Locus Tag) And (Locus Tag) 

75997 76081 85 HI0069 HI0070 

327712 327786 75 HI0291 HI0292 

370391 370451 61 HI0343 HI0344 

505118 505167 50 HI0483 HI0484 

548265 548375 111 HI0524 HI0525 

593448 593535 88 HI0572 HI0573 

725397 725507 111 HI0682 HI0683 

734040 734269 230 HI0689 HI0690 

766904 766957 54 HI0718 HI0719 

1109542 1109653 112 HI1044 HI1045 

1132345 1132421 77 HI1068 HI1069 

1155051 1155108 58 HI1090 HI1091 

1218785 1218835 51 HI1150 HI1151 

1259634 1260107 474 HI1193 HI1194m 

1297655 1297778 124 HI1228 HI1229 

1331908 1332179 272 HI1256 HI1258 

1426727 1427000 274 HI1349 HI1350 

1493621 1493865 245 HI1395 HI1397 

1495929 1496056 128 HI1398 HI1399 

1532725 1532813 89 HI1444 HI1445 

1533542 1533644 103 HI1445 HI1446 

1541415 1541570 156 HI1457 HI1458m 

1763109 1763282 174 HI1692 HI1693 

1787168 1787238 71 HI1714 HI1715 

1829200 1829262 63 HI1742 HI1743 

 

 

4.4   Discussion 

H. influenzae is a facultative anaerobe that can grow in both aerobic and anaerobic conditions. 

As a strict human pathogen with an ability to grow in different anatomical niches, it encounters 

various external stresses, such as acid stress, anaerobiosis, oxidative stress and nutrient 

starvation, which may be present during the course of invasion and growth within the host cells 

(Lungu et al., 2009). There is interplay between these stresses and indeed some stresses 

exacerbate the damage of another stress that may be present. For example, the presence of 

oxygen during aerobic growth can lead to the generation of ROS, which are normal by-products 

of cellular metabolism under aerobic growth condition. The presence of oxygen however, can 

also lead to the auto-oxidation of metabolic by-products which consequently generates reactive 

aldehydes or ,-dicarbonyls. Auto-oxidation is a process further damaging when superoxide is 

present as would be the case during growth with oxygen (Mazoch and Kučera, 2002). Therefore, 
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it is understandable that different genes, and combined responses and pathways will be 

activated under particular conditions. We employed RNA-seq (RNA sequencing) techniques to 

define the transcriptomics profile of H. influenzae strain Rd KW20 in two conditions, high 

oxygen tension and low oxygen tension. 

 

RNA sequencing analysis of Rd KW20 grown in high aerobic conditions compared to Rd KW20 

grown in low aerobic condition identified 221 genes that were upregulated (log2 fold change ≥ 

1.0) and 49 extensively upregulated genes (log2 fold change ≥ 2.0) at high aerobic condition. On 

the other hand at the same condition, 284 genes were downregulated (log2 fold ≥ 1.0), with 

only 62 genes highly downregulated (log2 fold change ≥ 2.0).  

 

In the presence of oxygen, aerobic respiration is the preferred metabolic mode and it is the 

most productive as it allows the complete oxidation of a growth substrate (Partridge et al., 

2006). During aerobic metabolism, glucose is converted to pyruvate through glycolysis and the 

oxidation decarboxylation of pyruvate by the pyruvate dehydrogenase complex leads to the 

formation of acetyl-CoA, which feeds into the citric acid cycle. Oxidation of the acetyl units 

generates reducing equivalents that are transferred to oxygen via aerobic electron transport 

chains, creating proton gradients that can be used to generate ATPs (Partridge et al., 2006). Our 

results showed that no genes that encode for enzymes of glycolysis were upregulated. This 

could be due to the fact that pyruvate is present in the CDM media and therefore, the bacterial 

cells utilised pyruvate instead of glucose. Indeed, genes encoding proteins involved in the 

pyruvate oxidation of acetyl CoA (aceEF and lpdA) were upregulated (log2 fold change ≥ 1.0), 

confirming that pyruvate was being utilised.  

 

Acetyl-CoA from pyruvate oxidation next enters the citric acid (TCA) cycle. The TCA cycle in H. 

influenzae itself is incomplete but it was observed that only sucAB were upregulated. Therefore, 

it was deduced that -ketoglutarate, synthesised via glutamate dehydrogenase (encoded by 
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gdhA) from L-glutamate that was presented in the media, was decarboxylated into succinyl-CoA 

via 2-oxoglutarate dehydrogenase (sucAB). This reaction reduced NAD+ to NADH which was 

required for NADH-quinone reductase (HI0164, nqrB, HI0167-68, HI0170 and nqr6) as well as 

formate dehydrogenase (fdnG, fdxHI and fdhE), and the genes that encode for these two 

enzymes were also upregulated (log2 fold change ≥ 1.0). ATP was produced from the enzymes 

and addition ATP was produced through ATP synthetase (atpACFH; log2 fold change ≥ 1.0) for 

the increased consumption of the energy during aerobic growth (Tran and Unden, 1998) as 

shown by the upregulation of ATP dependent genes (deaD, hrpA and recG; log2 fold change ≥ 

1.0). These data certainly provide an intriguing and new profile of the metabolism of H. 

influenzae under aerobic conditions.  

 

Most bacteria have an absolute requirement for extracellular sources of iron (Harrison et al., 

2013). A feature of H. influenzae is its absolute aerobic growth requirement for heme (Whitby 

et al., 2009) or exogenous source of protoporphyrin IX (PPIX) (Morton et al., 2005) and our data 

showed that dppA, which encodes an ABC transporter for heme uptake, was highly upregulated. 

This could also be due to the fact that heme was directly added into the CDM. In addition, 

several genes that were upregulated upon iron supplementation as shown by Whitby et al. 

(2009) and Whitby et al. (2006) were also upregulated. These upregulated genes included fdnG, 

fdxHI and fdhE (nitrate-inducible formate dehydrogenase), HI0164, nqrB, HI0167-68, HI0170 

and nqr6 (Na(+)-translocating NADH-quinone reductase), deaD (RNA helicase) and HI1080 

(amino acid ABC transporter periplasmic-binding protein). These results further highlighted the 

importance of iron to the aerobic growth of H. influenzae as several of the upregulated iron-

related genes are tightly coupled to the proper respiratory display within the cell and a 

depletion of iron/ heme to the system might result in a system shutdown. 

 

In E. coli, ArcA (Aerobic Respiratory Control) is one of the main transcriptional regulators 

involved in a metabolic shift from anaerobic to aerobic conditions and it controls the enzymatic 

defences of bacteria against ROS (Salmon et al., 2005; Evans et al., 2011). The arcAB two-
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component system is most active under low oxygen condition and least active under high 

conditions (Wong et al., 2007). Our results supported this premise and arcA was not 

upregulated under high oxygen compared to low oxygen in our RNA sequencing results, but 

was downregulated. Wong et al. (2007) provided data from DNA microarray experiments with 

wild type (of strain Rd, different to the Rd KW20 used in our study) and arcA mutants and found 

that ArcA regulated 23 genes (Appendix 3). In this context, our results with Rd KW20 at high 

oxygen correlated with their study. At least 6 genes (lctP, sucAB, HI1731, argG and lldD) that 

were upregulated in arcA mutants in the study was also highly upregulated in our study, with a 

further 6 (fdxHI, fdhE, HI0608, HI1728 and HI1730) upregulated if the criteria was reduced to 

(log2 fold change ≥ 1.0). On the other hand, Wong et al. (2007) has also shown that in the arcA 

mutants there was a downregulation of potE, speF, HI0592, arcA and HI1349. Our results 

correlated to these results and apart from arcA and HI0592, all the other 3 genes that were 

downregulated in the arcA mutants were also downregulated in our study. It should be noted 

that HI0592 has no matching gene-centered information in NCBI (GenBank database) and was 

therefore excluded in our study. 

 

The arginine biosynthesis/ catabolism regulator argR was highly upregulated. Caldara et al. 

(2006) has shown that ArgR regulates arginine metabolism as well as arginine transport. Indeed, 

our results showed that these genes (argGH, aspC and asnA for aspartate/ arginine metabolism 

and artPMIQ, which are involved in arginine ABC uptake) were upregulated. Genes argGH are 

involved in urea cycle, which produces NADH and fumarate. The NADH generated is a source of 

energy for the bacteria. The production of fumarate from the urea cycle can also enter the TCA 

cycle to provide more energy for the bacteria. All these results indicate the importance of 

certain amino acids for aerobic growth, most probably as a source for the production of energy. 

Genes encoding tryptophan synthase (trpAB) were highly upregulated under high oxygen and 

this was despite the fact that tryptophan could already be found in the CDM. This also indicated 

that amino acids might have another role in H. influenzae during aerobic growth, perhaps as a 

co-factor for some metabolic processes. 
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Growth in aerobic conditions produces ROS and RA as discussed in Chapter 3. The adhC 

encodes a glutathione-dependent formaldehyde dehydrogenase and we have shown that in H. 

influenzae, adhC protects the bacteria against GSNO. In Chapter 3, we further proved that AdhC 

was able to protect against RA and it is required for normal aerobic growth, indicating its 

importance in stress responses of the bacteria when it is grown in aerobic condition. Part of the 

expected outcomes from the transcriptomics was to identify genes upregulated under high 

oxygen that would be responsible for generating a toxic by-product that correspondingly 

required AdhC. This was not apparent. In addition, adhC itself was not found to be upregulated 

in the aerobic conditions of our transcriptomics conditions. Presumably, although not a limited 

condition, if adhC was required under high oxygen (as seen in Chapter 4), then it would be up-

regulated under high oxygen. There are several possible reasons for this discrepancy. A 

metabolic pathway may not be regulated to the degree that would be seen in the 

transcriptomics studies, an enzyme may be more active under oxygen conditions because of co-

factors (even oxygen itself) or the presence of other pathways. Furthermore, under a particular 

condition (such as high oxygen), a pathway and metabolite may be present in that condition in 

only a very small capacity but have a big impact (in terms of toxicity). In addition, although our 

levels of oxygen were maintained as similar as possible between the growth assays and the 

transcriptomics conditions, the amount of initial inoculum for the transcriptomics growth was 

adjusted so that the bacteria will be able to grow to an exponential phase within 4 hours and 

this discrepancy might also contribute to the results we obtained. Nonetheless, the data 

generated by this study certainly provides unique and important information on the 

metabolism of H. influenzae under specific oxygen levels. The role of AdhC will need further 

analysis to determine how it interacts with these pathways  

 

Genes of gluconeogenesis were downregulated (aspA and ansB). Gluconeogenesis is the 

conversion of substrates such as lactate, glycogen or pyruvate back to glucose. Since pyruvate is 

part of the CDM, there was a high chance that it was used as the substrate. Gluconeogenesis 
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has previously been shown to be repressed by the addition of iron/heme (Whitby et al., 2006) 

and upregulated upon iron/heme limitation (Whitby et al., 2009). Since CDM contained excess 

heme, it would be expected that genes associated with gluconeogenesis were downregulated, 

as was the case as their activation has been suppressed. 

 

One of the anaerobic respiratory systems, the anaerobic dimethyl sulfoxide (DMSO) reductase 

(dmsBCD) where DMSO is the terminal electron acceptor, was downregulated in Rd KW20 

growing in high oxygen. Since the bacteria were growing in a highly aerobic conditions, as 

expected these genes for an anaerobic respiratory system which uses alternative electron 

acceptors other than oxygen were suppressed. DMSO reductase is a molybdenum-containing 

enzyme under anaerobic condition. Our results showed that many of the 

molybdate/molybdenum related genes, including moaCD, modA (HI1525) and modAB 

(HI1692/93), were downregulated under high oxygen conditions. This fitted into the overall 

picture that the molybdenum that was acquired was used as a cofactor for DMSO reductase in 

anaerobic conditions. 

 

FNR is a global regulator that responds to oxygen limitation. Our downregulated genes or 

otherwise upregulated in Rd KW20 growing in low oxygen condition showed many genes that 

were regulated by fnr. These genes included HI007, dmsBC, moaCDE (Tan et al., 2001); ompP2, 

arcB, napF, hxuB and aspA (Virtual Footprint); and ansB (Gerasimova et al., 2001). These genes 

highlighted the importance of FNR and its regulation in response to oxygen limitation. 

 

A list of potential sRNAs has been generated from our RNA-seq dataset. However, more 

experimentation such as Northern blots, transcript mapping and qRT-PCR should be done to 

confirm their status as sRNAs. It should also be noted that Rd KW20 that was growing in high 

oxygen tension was compared to Rd KW20 that was growing in low oxygen tension and not 

with Rd KW20 grown anaerobically where no oxygen was supplied. Therefore, although the 
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results gathered from low oxygen tension can give a general picture of the metabolism and 

genes regulation in an anaerobic condition, there might still be discrepancies when compared 

to an actual Rd KW20 that was grown in anaerobic condition. There is perhaps more legitimate 

as there is clinical significance associated with low oxygen and its switch to high oxygen levels. 

The alterations in gene expression we have described here from the complete transcriptomes 

determined under these conditions have relevance to H. influenzae metabolism in different 

anatomical niches within the host. 
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5.1  Introduction 

Non-typeable Haemophilus influenzae (NTHi) causes significant morbidity in children and adults 

(Murphy et al., 2009). It is a common cause of middle ear infection, sinusitis and conjunctivitis 

(St Geme 2002) and is frequently associated with exacerbations of chronic bronchitis and 

chronic obstructive pulmonary diseases (COPD). It is also an important cause of community 

acquired pneumonia, especially in children in developing countries, the elderly and patients 

with underlying chronic lung diseases. The burden of NTHi is therefore high. Even with 

successful therapy, infections due to NTHi can produce long term sequelae. In the developing 

world, pneumonia due to NTHi is an important cause of childhood mortality (Rao et al., 1999). 

On top of that, COPD is the third leading cause of death in United States and the economic 

burden of the disease in US alone in 2009 was $49.9B (National Heart Lung and Blood Institute, 

2009). The niches within the human body in which NTHi are able to persist, and subsequently 

cause diseases, vary from the typeable H. influenzae strains. In addition, there seems to be a 

difference in the lifestyle of NTHi, their metabolism and broad phenotypic aspects of their 

physiology. This includes their stress response and biofilm formation. This is noted in some 

studies into aspects for this such as genetic variations, metabolism and iron transport. 

 

86-028NP is a NTHi clinical isolate from a paediatric patient with otitis media and in this strain, 

adhC is a pseudogene (Kidd et al., 2007). As discussed in Chapter 3, besides involved in GSNO 

reduction and formaldehyde oxidation, adhC has other roles in H. influenzae. These roles 

include detoxification of aldehydes, enabling bacteria to grow under high oxygen tension as 

well as being linked to iron levels and iron acquisition. The metabolic variation of 86-028NP 

would mean that it does not generate the same RA as Rd KW20 or it possesses a different 

system for detoxification. It is therefore interesting to understand the physiology of this strain, 

particularly pertaining to the function of adhC. Our studies are aimed at both the broad whole 

cell responses to oxygen between Rd KW20 and 86-028NP and then specifically attempting to 

clarify the basis for 86-028NP for being able to have adhC as a pseudogene while Rd KW20 

absolutely requires it during high oxygen tension. 
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RNA sequencing is a high throughput Next-Gen sequencing technique and one application of 

this technology allows the determination about a sample’s whole mRNA content. In this 

chapter, we will present results from RNA-Seq that has been performed for 86-028NP and 

compared it with Rd KW20 under high oxygen tension. Given AdhC has been shown to be 

required for Rd KW20 to grow at high oxygen levels (Chapter 3) and adhC is a pseudogene in 

86-028NP, it would be intriguing to compare the whole set of genes expressed under these 

conditions between the two strains. This methodology has enabled us to gain a better insight of 

the whole transcriptomics of 86-028NP at high oxygen tension, thereby determining the 

pathways that each strain uses to adapt to growth with oxygen. A further RNA-seq experiment 

was performed with both high and low oxygen tensions. 

 

 

5.2  adhC is a pseudogene in 86-028NP 

To demonstrate that adhC-estD gene arrangements within Rd KW20 and 86-028NP are the 

same, comparisons were done and as illustrated (Fig 5.1), the genes within the 2 strains have 

the same arrangements.  

 

 

 

adhC within 86-028NP was denoted a pseudogene and therefore, a Clustal W arrangement 

between the 2 adhCs of 86-028NP and Rd KW20 was performed. Indeed, despite having a high 

96% identity between them, a premature stop codon at position 324 (Fig 5.2) rendered the 

gene non-functional. Previous studies have shown that 86-028NP has no GSNO reductase 

activity (the AdhC enzymatic function) (Kidd et al., 2007). 

Figure 5.1: Graphical gene arrangement of nmlR/adhC in 86-028NP. adhC of 86-028NP is annotated as a 

pseudogene which resulted from a frameshift which introduce a stop codon.  



DJ  Chapter 5: Physiology of NTHi 86-028NP 

94 

 

 

 

 

5.3  86-028NP grew poorly under low oxygen 

AdhC was shown in Chapter 3 to be required for the growth of H. influenzae Rd KW20 under 

aerobic conditions. In 86-028NP, adhC exists as a pseudogene. Therefore it was hypothesized 

firstly that 86-028NP might grow poorly in high oxygen tension. To determine the behaviour of 

86-028NP under oxygen tensions, both wild type Rd KW20 and 86-028NP were grown as per 

described in Chapter 2.7.1. It was observed (Fig 5.3) that 86-028NP had a longer lag phase 

under high oxygen tension and displayed a slower growth rate when compared to Rd KW20. 

However, both strains were able to reach a similar OD630 absorbance at the 8th hour. In low 

oxygen tension, Rd KW20 grew slightly poorer than its growth under high oxygen tension. 

Similarly, 86-028NP grew poorer than itself when grown under high aerobic condition. When 

both strains were compared, 86-028NP was observed to have a much lower growth rate than 

Rd KW20 under low oxygen tension. This observation however, might also be due to cell-cell 

86-028NP_adhC      ATGGAAATTAAACAAATCAACTCAACCATCAAATCTCGTGCGGCGGTAGCATTCGCCCCA 60 

RdKW20_adhC        ATGGAAATTAAACAAATCAATTCAACCATCAAATCTCGTGCGGCGGTAGCATTCGCCCCA 60 

                   ******************** *************************************** 

 

86-028NP_adhC      AATCAACCCTTACAAATTGTGGAAATCGACGTAGAAATGCCTCGCAAAGGCGAAGTGTTA 120 

RdKW20_adhC        AATCAACCCTTACAAATTGTAGAAATCGACGTAGAAATGCCACGCAAAGGTGAAGTGTTA 120 

                   ********************.********************:******** ********* 

 

86-028NP_adhC      ATTCGTAACACGCACACGGGCGTTTGCCATACTGATGCGTTTACGTTATCAGGAAGCGAT 180 

RdKW20_adhC        ATCCGCAACACTCACACGGGCGTTTGCCATACTGATGCGTTTACGTTATCAGGAAGCGAT 180 

                   ** ** ***** ************************************************ 

 

86-028NP_adhC      CCTGAAGGGGTATTCCCTGTGGTGCTAGGACACGAAGGTGCGGGTGTGGTTGTTGCGGTT 240 

RdKW20_adhC        CCTGAAGGGGTATTCCCTGTGGTGCTAGGACACGAAGGTGCGGGTGTGGTTGTTGCGGTT 240 

                   ************************************************************ 

 

86-028NP_adhC      GGCGAAGGTGTGTTAAGCGTAAAACCGGGCGATCACGTCATTCCTCTTTATACTGCTGAA 300 

RdKW20_adhC        GGCGAAGGTGTGTTAAGCGTAAAACCGGGCGATCACGTCATTCCTCTTTATACAGCTGAA 300 

                   *****************************************************:****** 

 

86-028NP_adhC      TGTGGCGAATGTGAGTTTTGTCGCTAGGGTAAAACCAACCTATGCGTCTCAGTGCGTGAC 360 

RdKW20_adhC        TGTGGCGAATGTGAGTTTTGCCGCTCGGGTAAAACCAACTTATGCGTCTCAGTGCGTGAC 360 

                   ******************** ****.************* ******************** 

 

86-028NP_adhC      ACGCAAGGTAAAGGCTTAATGCCTGATTGCACGACACGTTTTTCTTATCAAGGTCAGCCG 420 

RdKW20_adhC        ACGCAAGGTAAAGGCTTAATGCCTGATTGCACGACACGTTTTTCTTATCAAGGTCAGCCG 420 

                   ************************************************************ 

 

86-028NP_adhC      ATCTATCACTATATGGGCTGTTCGACTTTCAGTGAATACTCAGTTGTTGCAGAAGTTTCA 480 

RdKW20_adhC        ATCTATCACTATATGGGCTGTTCAACCTTCAGTGAATACTCAGTTGTTGCGGAAGTTTCA 480 

                   ***********************.** ***********************.********* 

 

86-028NP_adhC      CTGGCGAAAATCAACCCAGAAGCCAACCACGAACAAGTATGTTTACTTGGCTGTGGCGTT 540 

RdKW20_adhC        CTGGCGAAAATCAACCCTGAAGCGAACCACGAACAAGTGTGTTTGCTCGGCTGCGGTGTC 540 

                   *****************:***** **************.*****.** ***** ** **  

 

86-028NP_adhC      ACCACAGGTATTGGTGCGGTACATAATACGGCAAAAGTGCAAGAAGGCGACTCTGTTGCC 600 

RdKW20_adhC        ACTACAGGTATTGGTGCGGTGCATAATACAGCAAAAGTACAAGAAGGCGACTCTGTTGCC 600 

                   ** *****************.********.********.********************* 

 

86-028NP_adhC      GTGTTTGGCTTGGGTGCGATTGGTTTAGCGGTAGTGCAAGGTGCACGTCAAGCCAAAGCC 660 

RdKW20_adhC        GTGTTTGGCTTGGGTGCGATTGGTTTAGCGGTAGTGCAAGGTGCGCGTCAAGCCAAAGCA 660 

                   ********************************************.**************. 

 

86-028NP_adhC      GGCCGTATTATCGCCATTGATACCAATCCTGCAAAATTTGAGTTGGCAAAACAGTTTGGT 720 

RdKW20_adhC        GGTCGCATTATCGCTATTGATACCAATCCTGCAAAATTTGAGTTGGCAAAACAGTTTGGT 720 

                   ** ** ******** ********************************************* 

 

86-028NP_adhC      GCAACGGATTGTTTAAACCCTAATGATTACGATAAGCCGATCAAAGATGTGTTGTTAGAT 780 

RdKW20_adhC        GCAACGGATTGTTTAAACCCTAATGATTACGATAAGCCGATCAAAGATGTGTTGTTAGAT 780 

                   ************************************************************ 

 

86-028NP_adhC      ATTAATAAATGGGGCATTGACCATACCTTTGAATGTATCGGTAATGTAAACGTAATGCGT 840 

RdKW20_adhC        ATTAATAAATGGGGCATTGACCATACCTTTGAATGTATCGGTAATGTAAACGTAATGCGT 840 

                   ************************************************************ 

 

86-028NP_adhC      CAAGCATTAGAAAGTGCTCACCGTGGCTGGGGACAATCCATTATCATCGGCGTAGCGGGT 900 

RdKW20_adhC        CAAGCATTAGAAAGTGCTCACCGTGGCTGGGGACAATCCATTATCATCGGCGTAGCGGGT 900 

                   ************************************************************ 

 

86-028NP_adhC      GCAGGACAAGAAATTTCAACGCGTCCGTTCCAATTGGTAACAGGCCGTGTTTGGAAAGGC 960 

RdKW20_adhC        GCAGGACAAGAAATTTCAACGCGTCCGTTCCAATTGGTAACAGGCCGTGTTTGGAAAGGT 960 

                   ***********************************************************  

 

86-028NP_adhC      TCGGCATTTGGTGGCGTGAAAGGTCGCTCTGAACTTCCGCAAATGGTGGAAGATTCAATG 1020 

RdKW20_adhC        TCGGCATTTGGTGGCGTGAAAGGTCGCTCTGAACTTCCGCAAATGGTGGAAGATTCAATG 1020 

                   ************************************************************ 

 

86-028NP_adhC      AAAGGCGACATCCAGTTAGAACCGTTTGTGACTCACACAATGCCACTTGATCAAATTAAT 1080 

RdKW20_adhC        AAAGGCGACATCCAGTTAGAACCGTTTGTGACTCACACAATGCCACTTGATAAAATTAAT 1080 

                   ***************************************************.******** 

 

86-028NP_adhC      GAAGCCTTTGAGTTAATGCACGAAGGTAAATCGATCCGCACAGTTATTCATTACTAA 1137 

RdKW20_adhC        GAAGCCTTTGAATTAATGCACGAAGGTAAATCAATCCGTACTGTTATTCACTACTAA 1137 

                   ***********.********************.***** **:******** ****** 

Figure 5.2: ClustalW alignment of adhC between Rd KW20 and 86-028NP. adhC of 86-028NP is as a pseudogene 

which resulted from a frameshift that has introduced a stop codon at position 324. 
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aggregates (or flocs) that were observed to be formed in 86-028NP at low oxygen tension. At 

8th hour, these flocs were much denser than was grown at high oxygen (i.e. there was very little 

aggregates in high oxygen).  

 

  

 

 

Figure 5.3: Growth of 86-028NP under different oxygen tensions. Bacteria grown overnight in BHI broth was 

washed twice before inoculating into CDM at a 1:50 bacterial suspension to media ratio. High oxygen tension was 

achieved by shaking cells inoculated into 10mL CDM in flasks at 210rpm while low oxygen tension was achieved by 

shaking cells inoculated into 30mL CDM in flasks at 90rpm. Absorbance was taken at 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by 

optical density at 630nm. Results are presented as the mean of duplicates per strain (± standard deviation). OD: 

Optical Density; h: hours 
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5.4  86-028NP is sensitive to formaldehyde and glycolaldehyde 

One of the major roles of adhC is the defence against toxic levels of formaldehyde and other 

aldehydes. Since adhC is a pseudogene in 86-028NP, 86-028NP was perhaps expected to have a 

similar sensitivity towards formaldehyde as an adhC mutant of an aldehyde resistant strain (Rd 

KW20). To test this hypothesis, 86-028NP was grown with a range of formaldehyde 

concentration and compared with Rd KW20 over 8 hours. The growth assays were performed 

under high and low oxygen conditions to find out if the level of oxygen affects the 

formaldehyde toxicity, if any. The results (Fig 5.4) demonstrated that Rd KW20 was able to 

grow in the presence of 0.001% formaldehyde although the lag phase was longer than when 

grown without formaldehyde. 86-028NP, on the other hand, as with the Rd KW20 adhC 

mutants, had a severely attenuated growth in the presence of 0.001% formaldehyde. Increasing 

the formaldehyde concentration further reduced the growth of both wild type Rd KW20 and 

86-028NP. Both strains failed to grow in the presence of 0.004% formaldehyde (Fig 5.4). The 

same growth pattern was observed for both high and low oxygen tensions. It should be noted 

that 86-028NP had a lower growth rate in the presence of low oxygen. Therefore, even though 

86-028NP had similar growth for high and low oxygen tensions in the presence of 0.001% 

formaldehyde, the sensitivity of 86-028NP in the presence of formaldehyde in high oxygen 

tension was actually higher than that in low oxygen tension.  

 

We demonstrated that Rd KW20 adhC has a role in the metabolism of aldehydes and this is 

linked to cell’s central metabolism. Since adhC is a pseudogene in 86-028NP, we hypothesized 

that 86-028NP would have a lower growth rate in the presence of certain aldehydes, in this 

case, glycolaldehyde. To determine if 86-028NP ability to grow in aldehydic conditions was 

affected, 86-028NP was grown in media with glycolaldehyde and its growth was compared to 

that of Rd KW20. As expected (Fig 5.5), the addition of up to 1.0mM of glycolaldehyde had no 

effects on Rd KW20. All growth of Rd KW20, with or without the additional of glycolaldehyde, 

was able to grow at a similar rate. The growth rate of 86-028NP on the other hand, decreased 

as the concentration of glycolaldehyde increased. 
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 Figure 5.4: Growth profiles of Rd KW20 and 86-028NP in presence of formaldehyde. (A) Rd KW20 in high O2 

tension; (B) 86-028NP in high O2 tension; (C) Rd KW20 in low O2 tension; and (D) 86-028NP in low O2 tension. 

Bacteria were grown over 8 hours in 37
o
C with different concentration of formaldehyde (0%, 0.001%, 0.002% and 

0.004%) in 96-wells plates. Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. 

Results are presented as the mean of triplicates per strain (± standard deviation).  

Figure 5.5: Growth profiles of Rd KW20 and 86-028NP in presence of glycolaldehyde. Bacteria were grown over 8 

hours in 37
o
C with different concentration of formaldehyde (0%, 0.001%, 0.002% and 0.004%) aerobically in 50mL 

flasks. Absorbance was taken at 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. Results are presented as 

the mean of duplicates per strain (± standard deviation).  
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5.5  86-028NP has attenuated growth in the absence of iron 

adhC is one of the most highly expressed genes in an iron-heme supplemented environment 

(Whitby et al., 2006; Whitby et al. 2009) and we have shown that it was required in an iron/ 

heme-depleted environment. As this gene is a pseudogene in 86-028NP, it was therefore 

expected that in an iron depleting environment, 86-028NP might grow similarly to adhC 

mutants. To determine if 86-028NP was affected in a low iron environment, both Rd KW20 and 

86-028NP were grown in an iron scavenged environment. Hemin was the heme source in CDM 

and was therefore not added into the CDM without iron/ heme. In order to minimise the 

presence of trace amounts of iron, deferoxamine mesylate (DAM) was added in different 

concentration to chelate free iron. The experiments were done in both high and low oxygen 

tensions to find out whether oxygen will affect the growth of bacteria in an iron free condition. 

We observed that in high oxygen (Fig 5.6B), 86-028NP generally had a slower growth than Rd 

KW20. However, the lag phase increased as iron was depleted; there was a decreased ability to 

adapt to iron depleted conditions. The rate of growth during the exponential phase was also 

slower and decreased as free iron decreases. This was not observed at low oxygen tension, 

where both Rd KW20 and 86-028NP displayed similar growth pattern. 

 

End point readings (Fig 5.6E) were taken at 24th hour to determine if the limited growth of 86-

028NP could be compensated by other factors or genes throughout growth. H. influenzae has 

an absolute heme requirement at high oxygen tension and therefore, a higher concentration of 

DAM was used to ensure that the iron within the media was indeed depleting. The results 

showed that at 1mM DAM, both strains were not able to grow suggesting that the iron within 

the media had been depleted. It was also observed that 86-028NP growth was only half of Rd 

KW20’s when there was no iron/ heme source within the media and this attenuated growth 

remained even after 24 hours. 
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Figure 5.6: Growth profiles of Rd KW20 and 86-028NP in iron depleting environment. (A) Rd KW20 in high 

oxygen tension; (B) 86-028NP in high oxygen tension; (C) Rd KW20 in low oxygen tension; and (D) 86-028NP in 

low oxygen tension; (E) Endpoint readings of Rd KW20 and 86-028NP. Bacteria were grown at 37
o
C in CDM with 

or without hemin. Deferoxamine mesylate (0.2mM, 0.4mM and 1mM) was added to chelate free iron. 

Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. For endpoint readings, 

absorbance was taken at 24
th

 hour by optical density at 630mm. Results are presented as the mean of duplicates 

per strain (± standard deviation). OD: Optical Density; DAM: Deferoxamine mesylate. 



DJ  Chapter 5: Physiology of NTHi 86-028NP 

100 

5.6  86-028NP has a different growth pathway 

It was expected that 86-028NP utilises different growth pathways to Rd KW20 based on several 

genetic studies (and the previous studies from this chapter). Therefore it seems reasonable, 

and especially perhaps considering the nature of adhC in these different cells, that there would 

be a difference in their growth with different CDM. In Chapter 3, it was demonstrated that the 

adhC mutants were not able to grow when galactose or fucose was used in the CDM instead of 

glucose. Since 86-028NP has a non-functional adhC, it too may be affected by galactose and 

fucose metabolism. To determine the effects alternative CDM compositions have on 86-028NP 

growth, Rd KW20 and 86-028NP were grown with different carbon sources, instead of glucose, 

added into CDM. These carbon sources were sodium pyruvate, glucose, galactose, fructose, 

mannose, sucrose and fucose. The concentration of these carbon sources added into the media 

was adjusted to mimic the manufacturer’s recipe in which glucose was used as the main carbon 

source. The experiment was performed in 96-wells plates and growth was monitored over 8 

hours in both high and low oxygen tensions. End point readings were also taken at the 24th hour. 

 

It was observed (Fig 5.7) that as with Rd KW20, the 86-028NP strain was able to grow when any 

of these carbon sources were used in the CDM, although it was not able to grow as well with 

fucose as the main carbon source. Growth was similar for all other carbon sources and no 

significant differences were observed for all, with the exception of fucose. At 24th hour, it was 

observed that the most preferred carbon source for Rd KW20 was glucose followed by ribose. 

This preference was not seen in 86-028NP. At low oxygen (Fig 5.8), growth was similar in both 

Rd KW20 and 86-028NP for all carbon sources. No preference for any carbon sources was 

observed for both strains. 
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Figure 5.7: Growth profiles of Rd KW20 and 86-028NP with different carbon sources in high oxygen tension. (A) Rd 

KW20 and (B) 86-028NP; EP readings of (C) Rd KW20 and (D) 86-028NP. Bacteria were grown at 37
o
C in CDM with or 

without single carbon sources on 96-wells plates. Carbon sources used are sodium pyruvate, glucose, galactose, 

fructose, mannose, ribose and fucose. Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 

630nm. For EP readings, absorbance was taken at 24
th

 hour by optical density at 630nm. Results are presented as the 

mean of triplicates per strain (± standard deviation). OD: Optical Density; EP: Endpoint 
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Figure 5.8: Growth profiles of Rd KW20 and 86-028NP with different carbon sources in low oxygen tension. (A) Rd 

KW20 and (B) 86-028NP; EP readings of (C) Rd KW20 and (D) 86-028NP. Bacteria were grown at 37
o
C in CDM with or 

without single carbon sources on 96-wells plates. Carbon sources used are sodium pyruvate, glucose, galactose, 

fructose, mannose, ribose and fucose. Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 

630nm. For EP readings, absorbance was taken at 24
th

 hour by optical density at 630nm. Results are presented as 

the mean of triplicates per strain (± standard deviation). OD: Optical Density; EP: Endpoint 
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5.7  Differentially expressed genes in 86-028NP under high oxygen 

tension 

In this study, it was sought to identify the genes that were highly expressed in 86-028NP under 

normal (high) aerobic conditions. These highly expressed genes were subsequently compared 

to those of Rd KW20 to obtain a picture of the transcriptional difference between these two 

strains under high oxygen tension. Each 86-028NP gene was mapped to its homologue Rd 

KW20 gene through bioinformatics. Illumina mRNA sequencing results from 2 libraries of 86-

028NP under high aerobic conditions generated an average of 30.97 ± 9.21 million reads with 

lengths of 65 bp, corresponding to 6.39 ± 1.90 Gbp. All reads were mapped to the reference 

genome 86-028NP (Accession number: NC_007146) as described in Chapter 2.10.6. Overall, 

there are 1900 expressed genes in 86-028NP, which were aligned to the reference genome. 

Alnmost 300 genes were found to be unique to 86-028NP.  

 

It was then sought to identify the genes that were highly expressed in 86-028NP under low 

aerobic conditions. These highly expressed genes were subsequently compared to those of high 

aerobic conditions to obtain a picture of the transcriptional difference due to oxygen tensions. 

Sequencing results for 86-028NP from the Ion Torrent platform under high aerobic conditions 

generated 3,530,702 reads of mean length 87bp, of which 280Mbps were aligned to the 

reference genome to give an average coverage of 146.4X. Sequencing results for 86-028NP  

under low aerobic conditions generated 3,930,083 reads of mean 98bp long, of which 346Mbps 

were aligned to the reference genome to give an average coverage of 181.1X. All reads were 

mapped to the reference genome Rd KW20 (Accession number: NC_000907) as described in 

Chapter 2.10.6. 

 

The differentially expressed genes in 86-028NP grown at high oxygen tension over 86-028NP 

grown at low oxygen tension with statistically significant fold change (log2 ≥ ±2.0) ranged from -

6.79 to 4.44. There were 44 upregulated and 41 downregulated genes in 86-028NP grown at 
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high oxygen tension with at least log2 ≥ 2.0 fold change when compared with 86-028NP grown 

at low oxygen tension. Genes related with rRNA were excluded. List of these differentially 

expressed genes in 86-028NP grown at high oxygen tension over 86-028NP grown at low 

oxygen tension with statistically significant fold change (log2 ≥ ±2.0) can be found in 

Supplementary file Sup 3. 

 

A short list of the genes that were up- or down- regulated genes in high oxygen tension with a 

cut off of log2 2.0 is shown in Table 5.1. Differentially expressed genes were mapped and 

categorised based on Gene Ontology (GO) functions. Based on Table 5.1, many genes that 

encode key components of the cellular metabolism were upregulated. These genes included 

the glutamate dehydrogenase gdhA, which was upregulated at 4.4 (log2) fold, asparagine 

synthetase asnA, which was upregulated at 3.88 (log2) fold and the aspartate-semialdehyde 

dehydrogenase asd, which was upregulated at 2.05 (log2) fold. They contribute as substrates or 

intermediates in fundamental processes such as glycolysis, gluconeogenesis and citric acid cycle. 

It was also noticed that the NTHI1391, the gene which encodes a L-lactate permease involves in 

lactic acid fermentation, was also upregulated at 3.32 (log2) fold. Among the highest 

downregulated genes are the genes encoding for molybdate transport, modABC. These genes 

encode the molybdate-binding periplasmic protein (modA), molybdate ABC transporter 

permease protein (modB) and the molybdate transporter ATP-binding protein (modC). They 

were downregulated at 4.71, 4.61 and 2.39 (log2) fold respectively. The genes that encode the 

anaerobic dimethyl sulfoxide reductase, dmsABC were also downregulated. dmsA encodes the 

DMSO reductase chain A and was downregulated at 6.79 (log2) fold. dmsB and dmsC which 

encode the DMSO reductase chain B and C were downregulated at 5.48 and 3.14 (log2) fold 

respectively. Two gene regulators were also down-regulated. They are nmlR, which is a redox 

sensitive gene regulator downregulated at 3.0 (log2) fold, and nimR, the nickel-responsive gene 

regulator, downregulated at 2.7 (log2) fold. 
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Table 5.1: 86-028NP genes differentially expressed between high and low oxygen.  

Genes up-regulated in high oxygen 
Gene/s Description Changea 

Metabolic pathway   

gdhA glutamate dehydrogenase 4.4 
asnA, aspC, asd aspartate metabolism 2.0-3.8 
argF, arcC arginine metabolism 2.2-2.3 
napA, napF, napD nitrite reductase, aerobic 2.2-2.8 
NTHI0646 pyruvate-formate lyase 2.1 
rbsA, rbsC ribose metabolism 2.3-2.9 
acpD acyl  carrier protein 3.0 

   

Membrane/transporter   

lctP L-lactate permease 3.2 
NTHI0689 OPT/oligopeptide transporters 3.1 
artI/artP arginine uptake 2.2-2.5 
sdaC serine transporter 2.1 
NTHI1598 sodium/serine symporter 2.2 
hicB pilus formation 2.9 
lsgD LOS galactosyl transferase 2.6 
NTHI0735 membrane protein, citrate transporter 2.1 
   

Stress response   

hslR heat shock protein, 15-like protein 2.7 
   

Gene regulation   

asnC HTH protein; asparagine-dependent activator 2.4 

Genes down-regulated in high oxygen 
Gene/s Description Changea 

Metabolic pathway   

dmsABC DMSO reducatse 3.1-6.8 
aspA aspartate-ammonia lyase 2.7 
mreD, ampD, NTHI1061 cell wall/peptidoglycan processes 2.3-3.4 
   

Membrane/transporter   
modABC molybdate uptake 2.4-4.7 
hemR OM hemin receptor 2.0 
   
Stress response   
hslA ATP-dependent protease 2.9 
dnaK, htpG molecular chaperones 2.3-2.4 
  

 
 

 



DJ  Chapter 5: Physiology of NTHi 86-028NP 

106 

Gene regulation   

nmlR redox sensitive gene regulator 3.0 
nimR nickel-responsive gene regulator 2.7 
a - Changes are expressed in log2 fold change.  

 

 

Table 5.2: Upregulated genes in 86-028NP against Rd KW20 in high aerobic condition 
Locus Tag Gene Symbol Gene Description 

NTHI1704 purM phosphoribosylaminoimidazole synthetase 

NTHI1396 sapZ hypothetical protein 

NTHI1706 purN phosphoribosylglycinamide formyltransferase 

NTHI1034 lic3A2 CMP-neu5Ac--lipooligosaccharide alpha 2-3 sialyltransferase 

NTHI1439   phosphate transport regulator 

NTHI0117 radC2 DNA repair radC-like protein 

NTHI1774 pstS phosphate-binding periplasmic protein PstS 

NTHI0196 corB Mg2+ and Co2+ transporter 

NTHI0236   protein-S-isoprenylcysteine methyltransferase 

NTHI0626 potD2 spermidine/putrescine-binding periplasmic protein 2 

NTHI0303 nadN NAD nucleotidase 

NTHI1788 mukF condesin subunit F 

NTHI0623 aphA acid phosphatase/phosphotransferase 

NTHI0677 lic2A UDP-Gal--lipooligosaccharide galactosyltransferase 

NTHI1077 mutT mutator protein MutT 

NTHI0804 ilvC ketol-acid reductoisomerase 

NTHI1666 sixA phosphohistidine phosphatase SixA-like protein 

NTHI1707   ABC transporter periplasmic protein 

NTHI0570 recR recombination protein RecR 

NTHI1775 pstC phosphate transport system permease protein PstC 

NTHI0015 holD DNA polymerase III subunit psi 

NTHI0680   hypothetical protein 

NTHI1838 hsdM3 type I restriction enzyme HindVIIP M protein 

NTHI1056   zinc-binding protein 

NTHI0796 gpt xanthine-guanine phosphoribosyltransferase 

NTHI0406 pilD type 4 prepilin-like protein specific leader peptidase 

NTHI0088 nrdD anaerobic ribonucleoside triphosphate reductase 

NTHI0809 glpT glycerol-3-phosphate transporter 

NTHI1677 msaB bifunctional methionine sulfoxide reductase A/B protein 

NTHI1597 licA LicA 

NTHI1438   phosphate permease 

NTHI1918   phosphoglycerol transferase-like protein 

NTHI0018 era, bex, rbaA, sdgE, 
yqfH 

GTP-binding protein Era 

NTHI1295   carbon starvation protein, membrane protein 

NTHI0308 pgpB phosphatidylglycerophosphatase B 

NTHI1055 coaE dephospho-CoA kinase 

NTHI0790   hypothetical protein 

NTHI1654   hypothetical protein 

NTHI0514 pth peptidyl-tRNA hydrolase 

NTHI0615 atpB ATP synthase F0F1 subunit A 

NTHI1057 rhlB ATP-dependent RNA helicase RhlB 

NTHI0679 apaH diadenosine tetraphosphatase 

NTHI0637 menA 1,4-dihydroxy-2-naphthoate octaprenyltransferase 
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Table 5.3: Downregulated genes in 86-028NP against Rd KW20 in high aerobic condition 
Locus Tag Gene Symbol Gene Description 

NTHI1563   hypothetical protein 

NTHI0595 rpiA ribose-5-phosphate isomerase A 

NTHI1561   hypothetical protein 

NTHI0935 atoD acetyl-CoA:acetoacetyl-CoA transferase subunit alpha 

NTHI0933 atoE short-chain fatty acids transporter 

NTHI1743 traN phage Mu protein gp30-like protein 

NTHI0063   hypothetical protein 

NTHI0934 atoA acetate CoA-transferase subunit beta 

NTHI2037   allophanate hydrolase subunit 2 

NTHI2036   LamB/YcsF family protein 

NTHI2018 pmi  

NTHI0870   L-fuculokinase 

NTHI0476   transcription activator 

NTHI0867   fucose operon protein FucU 

NTHI0057   D-mannonate oxidoreductase 

NTHI0788   HTH-type transcriptional regulator 

NTHI0596 serA D-3-phosphoglycerate dehydrogenase 

NTHI2038   allophanate hydrolase subunit 1 

NTHI1287 oppD oligopeptide transporter ATP-binding protein 

NTHI1408   aspartokinase 

NTHI1289 oppB oligopeptide transporter permease 

NTHI0062   TRAP-type C4-dicarboxylate transport system, periplasmic component 

NTHI1288 oppC oligopeptide transport system permease protein 

NTHI0173   hypothetical protein 

NTHI0559   competence protein F 

NTHI0632 rbsB D-ribose transporter subunit RbsB 

NTHI0061   TRAP-type C4-dicarboxylate transport system, small permease 

NTHI1473 pcp outer membrane lipoprotein PCP 

NTHI1818 pepT peptidase T 

NTHI0871   L-fucose isomerase 

NTHI1286 oppF oligopeptide transport ATP-binding protein 

NTHI1979   regulator of cell morphogenesis and NO signaling 

NTHI2035   manganese transporter NRAMP 

NTHI0783   ABC transporter ATP-binding protein 
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5.8   Discussion 

In this chapter, we demonstrated that 86-028NP has a functionless adhC gene despite a similar 

gene arrangement of the nmlR-adhC-estD operon as in other H. influenzae strains such as Rd 

KW20. This had since been confirmed in other studies. The presence of this functionless gene, 

due to a premature stop codon at sequence position 324, renders the strain sensitive to some 

of the stresses and growth conditions that adhC protects against. One such stress is GSNO. 

AdhC in H. influenzae has been found to be essential for GSNO defence but 86-028NP had a low 

activity in GSNO reductase, which correlated to a low GSNO defence (Kidd et al., 2007). 

 

However, the difference between strains of H. influenzae is not only limited to a pseudo-adhC 

gene. Rd KW20, for the comparison to 86-028NP, is a capsular strain while the NTHi strain 86-

028NP was isolated from a paediatric patient with otitis media. Therefore, these two strains 

have adapted to very different anatomical niches and have very different genetics. Even if they 

are to utilise the same growth substrates for instance, they might produce different 

intermediates and by-products of their metabolic pathways. Therefore, a transcriptomics 

approach (RNA sequencing) was employed to answer some questions about the complete 

metabolism of 86-028NP, the genes and pathways it uses, when growing with high oxygen 

compared to low oxygen and how this compared to Rd KW20. 

 

The adhC mutants in Rd KW20 was not able to grow in high oxygen tension, which suggested 

that the gene protected the bacteria from oxidative insults associated with this growth and that 

adhC is required for aerobic growth. 86-028NP however, was able to grow in high oxygen, 

despite growing poorly in low oxygen. This discrepancy between the 86-028NP (with adhC as a 

pseudogene) from adhC mutants in Rd KW20 suggested that 86-028NP might utilise other 

metabolic pathways for growth or have other pathways for protection from damaging 

metabolic by-products from growth under these conditions. These metabolic pathways may 

produce less toxic by-products, thereby evading the lethal effects of RA and ROS and allowing 
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the bacteria to grow in high aerobic conditions without AdhC. RNA sequencing results revealed 

that when grown in high oxygen tension, many genes that were involved in oxidative stress 

defence (Harrison et al., 2005) were highly expressed and upregulated as compared with Rd 

KW20. These genes include sodA (superoxide dismutase), pdgX (peroxiredoxin/ glutaredoxin) 

(Pauwels et al., 2003), tsaA (peroxiredoxin) and the genes that encode ferritin (iron binding and 

storage, thereby removing free iron that is damaging under these conditions), ftnA and ftnB 

(Touati et al., 1995). These upregulated genes suggested that 86-028NP has a more efficient 

system that deals with ROS than Rd KW20, thereby allowing the strain to grow in high oxygen 

tension. In addition, genes that are responsible for nucleotides synthesis (purMN) (Aimi et al., 

1990) and phosphate transporter proteins (pstSCAB) (Yuan et al., 2006) suggested that 86-

028NP had different energy requirements. This in turn clearly indicates that 86-028NP 

undertakes different metabolic pathways to Rd KW20. 

 

86-028NP grew poorly when grown in the presence of formaldehyde and glycolaldehyde. This 

may be due to the fact that adhC is a pseudogene in the strain. AdhC was show in Chapter 3 to 

protect against these aldehydes by utilising them as substrates. Since it is functionless in 86-

028NP, these reactive aldehydes may not be able to be detoxified. It was observed that in the 

presence of glycolaldehyde, 86-028NP was able to grow by the 24th hour (stationary phase), 

despite not being able to grow much during the first 8 hours (an extended lag phase and low 

growth rate; indicative of an inability to successfully adapt to the conditions). Since RNA 

sequencing had revealed that under high aerobic conditions, many genes involved in oxidative 

stress defence are upregulated as compared to Rd KW20, these genes might be able to defend 

against the ROS produced during carbohydrate auto-oxidation. In addition, 86-028NP might 

have other systems that use reactive aldehydes as substrates. However, it should be noted that 

the recovery of the 86-028NP due to other pathways was not as efficient as AdhC in Rd KW20. 

 

The Rd KW20 adhC mutants were not able to grow in an iron/heme depleting environment and 

since adhC is a pseudogene in 86-028NP, we wondered whether 86-028NP was able to grow in 
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an iron/heme depleting environment. 86-028NP did grow, although poorly, in the iron/heme 

depleting media. This suggested that pathways for iron utilisation and iron uptake systems that 

are definitely linked to AdhC function in Rd KW20 are not present in 86-028NP. Iron acquisition 

is not only a key virulence factor for H. influenzae but also many other pathogens and the 

pathways are complex. Furthermore, iron acquisition is linked to other roles for iron in the cell 

and other features of iron chemistry and toxicity. It is interesting that AdhC is part of this in Rd 

KW20 and not in 86-028NP. Iron is essential for growth and survival of the bacteria, but at the 

same time, has lethal effects through Fenton chemistry. In an iron depleting environment, 

bacteria need to possess a very efficient iron uptake system so that iron can be acquired for the 

bacteria’s growth. At the same time, bacteria need to nullify Fenton chemistry by producing 

enzymes which binds or utilises iron/heme. RNA sequencing comparison between 86-028NP 

and Rd KW20 growing at high oxygen tension showed that many genes that encode proteins 

with a role in iron acquisition (Harrison et al., 2005) were either not significantly regulated, or 

were significantly downregulated in 86-028NP. This suggested that 86-028NP has a lower 

requirement for iron under high oxygen tension as compared to Rd KW20. Although 86-028NP 

might produce enzymes to bind or utilise iron/heme so as to avoid the Fenton chemistry, this 

might not be the case under normal aerobic conditions, which were used in the iron depletion 

assays. Instead, many genes that were involved in oxidative stress defence were upregulated. 

Therefore, the lethal effects of ROS due to Fenton chemistry might not be so obvious. Taking 

this evidence together, it may explain why 86-028NP, with a functionless AdhC, was able to 

survive in an iron/heme depleting environment as opposed to the adhC mutants.  

 

Transcriptomics (RNA sequencing) on H. influenzae strains Rd KW20 and 86-028NP grown in 

high oxygen tension with glucose as the main carbon source revealed that the fucose 

transporters were highly downregulated in 86-028NP at that condition. This suggests that Rd 

KW20 might be able to uptake and utilise fucose more efficiently. Indeed, when both strains 

were grown with different carbon sources, 86-028NP was not able to utilise fucose as efficiently 

as Rd KW20 and they grew poorly as compared to Rd KW20 in the presence of fucose. The 
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experiment was done in both high and low oxygen tension, but no significant differences in the 

growth patterns of the two strains were observed. Interestingly, the fucose transporters were 

upregulated in 86-028NP during low oxygen tension and not high oxygen tension, suggesting 

that 86-028NP uses fucose as a main carbon source during low oxygen tension and not high 

oxygen tension. This was consistent with our findings where 86-028NP was able to grow 

normally when fucose was used as the main carbon source in low oxygen tension. Once again, 

this highlights the significant variation in the growth pathways utilised by Rd KW20 and 86-

028NP. 

 

We compared 86-028NP grown in high oxygen tension with 86-028NP grown in low oxygen 

tension and we discovered that many genes that were upregulated are also upregulated in Rd 

KW20 grown in high oxygen tension compared to Rd KW20 grown in low oxygen tension. These 

genes included many genes that encode the key components for metabolic pathways (Table 5.1) 

such as gdhA and genes encoding for transporters such as lctP and artP. Interestingly, three 

genes (napDAF) that are involved in encoding nitrate reductase were also upregulated. Nitrate 

reductase uses nitrate as an electron acceptor during anaerobic respiration but the bacteria in 

this case was grown in high oxygen tension. 86-028NP is an isolate from otitis media and the 

middle ear is often anaerobic. Therefore, the upregulation of these genes are most likely due to 

evolution changes of the bacterial strain. In contrast, genes that were significantly 

downregulated (or upregulated under low oxygen tension) include genes that encode proteins 

involved in molybdate transport, modABC. Molybdate, when reacted with molybdopterins, are 

a class of cofactors found in most molybdenum enzymes such as DMSO reductase. The fact that 

genes encoding the subunits of DMSO reductase were also highly downregulated indicated that 

the molybdate transportation was essential for the DSMO reductase (a known anaerobic 

process). One prominent gene that was downregulated was nmlR which in turn indicated that 

nmlR is not required during low oxygen tension. As discussed in Chapter 3, this gene regulates 

adhC which in turn protects the bacteria against reactive stresses. We have also shown in 

Figure 3.6 that nmlR itself, can protect Rd KW20 during normal growth. It was deduced that this 
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happened because nmlR regulates adhC, and without nmlR, adhC would therefore not be 

expressed and protect Rd KW20 from environmental stresses encountered during normal 

growth. Since adhC is a pseudogene in 86-028NP, this would not have happened in 86-028NP. 

Therefore perhaps in 86-028NP, nmlR itself protects the bacteria from stresses encountered 

during normal growth. On top of that, it could be indicative that nmlR is regulating other genes 

in response to stresses encountered during normal growth. 
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6.1  Introduction 

It has been shown in Chapter 3 that there is an association between adhC metabolism and 

oxygen level, when CDM with glucose was used. Therefore, it was reasonable to suspect that 

there would be some interplay between global regulators and the function that was previously 

shown for AdhC in the cell, especially FNR and CRP which regulates genes in response to oxygen 

and carbon metabolism. Recent work has estimated that global regulators are integrated into a 

larger regulatory scheme by which the cell coordinates the flow through key metabolic 

intersections in response to a small number of specific signalling molecules (Abraham, 2007).  

This shows a direct link between transcriptional networks that control metabolic pathways in 

response to its environment as well as being linked to the intracellular profile that is resultant 

of the general cell state - its energetics, growth phase and physioco-chemical properties, and 

these are key processes for bacterial survival within its host. Global regulators and signalling 

molecules mediate this communication between cells and cellular processes within bacteria 

(McDougald et al., 2002). A more detailed description of global regulators can be found in 

Chapter 1.4.3. As discussed, two of the most important global regulators in the context of 

metabolism and stress response are CRP (that largely mediates carbon source utilisation) and 

FNR (that controls responses to oxygen levels).  

 

CRP and FNR, and 5 other regulatory proteins (including the two-component systems CpxAR 

and ArcAB), have been shown to be sufficient for directly modulating the expression of 51% of 

genes in E. coli (Martinaz-Anotnio and Collado-Vides, 2003). It is worth noting that a recent 

study has shown that in E. coli, all seven of these global regulators are altered by oxygen 

availability (Rolfe et al., 2012). In each case, these regulators respond to the dynamic cellular 

shifts or energetics of the cell and the oxygen levels directly mediate the chemistry or physical 

nature of the response(s) that control these cellular states. For FNR (cytoplasmically) and ArcA 

(membrane associated), the regulation is directly responding to oxygen (for ArcA it is through 

its partner ArcB’s detection of the redox state of membrane bound quinones). The intrinsic 

nature of the pathways and the energetics that are associated with aerobic growth, micro-
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aerobic, anaerobic or fermentative growth all affect the intracellular nutritional composition 

and these are variously sensed by these different regulators. Also, the presence or absence of 

oxygen impacts on molecules, such as the oxidative state of metals or toxicity of chemicals. It 

was not within the scope of this project to map the interactions between all these 

transcriptional pathways in H. influenzae in response to oxygen levels. Rather, the metabolic 

changes observed with a change in oxygen levels (from “low” to “high”) was focused and to 

how this relates directly to the intracellular changes that are being accordingly regulated by 

FNR, a global regulator that has not been studied on a whole-cell basis in H. influenzae 

previously.   

 

This chapter outlines the work done to investigate the regulation that connects oxygen and 

carbon metabolism in H. influenzae. In addition, transcriptomics studies using RNA sequencing 

will present data, with the aim of identifying the genes that FNR might directly regulate in 

response to oxygen levels. 

 

 

6.2 Construction of crp and cpx mutant strains in Rd KW20 

To understand the roles of Cpx and CRP in H. influenzae, cpx and crp were inactivated in strain 

Rd KW20 as described in Chapter 2.4.3. Primers (Table 2.4) were designed to disrupt crp and 

cpx respectively. For cpx, PCR product A (using cpxKOF and cpxKOKan2F), PCR product B (using 

KanGenF and KanGenR) and PCR product C (cpxKOKan2R and cpxKOR) were combined in a 

three way PCR and spliced using primers CpxKOF and CpxKOR. For crp, PCR product A (using 

CrpKOF and crpKOKan2F), PCR product B (KanGenF and KanGenR) and PCR product C (using 

crpKOKan2R and CrpKOR) were combined in a three way PCR and spliced using primers CrpKOF 

and CrpKOR. The final PCR products were purified and introduced into Rd KW20 as described by 

Herbert et al. (2002). Transformants were screened using either primers Cpx CHECK and 
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CpxKOR (Table 2.3) for cpx mutants or primers CRP CHECK and CrpKOR (Table 2.3) for crp 

mutants. 

 

6.3  CRP and its link to growth with carbon sources 

The E. coli CRP has been shown to participate or co-participate in the control of the expression 

of over 100 genes (Busby and Ebright, 1999; Körner et al., 2003). In particular, CRP was 

suggested to be required for carbon metabolism (Barth et al, 2009; Husnain et al., 2009). 

Therefore, to determine the effects of CRP on the utilisation of carbon sources in H. influenzae 

and to identify which carbon sources can be utilised and subsequently regulated by CRP, the crp 

mutants were grown with different carbon sources and were compared to wild type Rd KW20. 

These studies used CDM made without the addition, as in the published CDM, of glucose or 

sodium pyruvate (that is, CDM made using RPMI 1640 (Appendix 2) without glucose, and 

sodium pyruvate was not added into the CDM). In this conformation, the media has no obvious 

carbon sources and for analysis, a single carbon source, specifically sodium pyruvate, glucose, 

galactose, fructose, mannose, sucrose or fucose was added. The concentration of these carbon 

sources added into the media was adjusted to 11.11mM, which is the concentration of the 

glucose in the original manufacturer’s recipe. It should be noted however that surprisingly, 

there was still growth in the CDM that did not have addition of glucose or sodium pyruvate 

(there is no added carbon source). This could mean that carbon was being resourced through 

non-sugar sources intrinsic in the other parts of the media, such as the amino acids (Lindsay, 

1980; Amrane et al., 2003). The experiment was performed in 96-wells plates and growth was 

monitored over 8 hours (to cover the lag and log phases of H. influenzae growth) in both high 

and low oxygen tensions. End point readings (final stationary phase readings) were also taken 

at the 24th hour.  

 

It was observed that in high oxygen, the growth rate of the crp mutants in the initial 8 hours 

were similar to wild type Rd KW20 when sodium pyruvate, glucose, galactose or fructose was 
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used (Fig 6.1). However, at the 24th hour, crp mutants grown with glucose showed a much 

lower growth than Rd KW20 while growth with galactose or fructose was higher when 

compared to Rd KW20. On the other hand, when the crp mutants were grown with mannose, 

ribose or fucose, their growth rate was slow and by the 8th hour, the growth of the mutants 

grown with these carbon sources was about a fold lower than that of Rd KW20. At the 24th hour, 

growth of the mutants in mannose or fucose recovered to the level of Rd KW20, but growth 

with ribose remained lower.  

 

At low oxygen tension (Fig 6.2), growth rates of Rd KW20 and crp mutants were similar when, 

sodium pyruvate, glucose, fructose or fucose was used as the main carbon source in the CDM. 

Growth rate of crp mutants was lower when mannose or ribose, in particularly, was used. At 

the 24th hour, growth of the mutants with mannose and ribose remained low. Growth of crp 

mutants with glucose was also lower than Rd KW20 but their growth with galactose or fructose 

was higher. This was also observed in high oxygen tension. 

 

 

6.4  fnr mutants in Rd KW20 have low growth in high or low oxygen 

tension 

FNR is the major bacterial transcription factor known to be involved in the adaptation to oxygen 

restrictive condition. It has an iron-sulfur cluster that stabilises FNR in a dimer that is able to 

bind DNA but this dimer is oxidised in the presence of oxygen and pushes the protein into a 

monomer and inactive form (Bartolin et al., 2006). To determine if FNR in H. influenzae has the 

same function, fnr mutants were previously constructed. The fnr mutants were grown in 

differing concentration of oxygen as described in Chapter 2.7.1 and their growth were 

compared to the wild type strain Rd KW20. It was observed (Fig 6.3) that the growth rate of the 

mutants in both high and low oxygen tension was lower than Rd KW20. This was particularly 
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obvious in high oxygen tension where the lag phase was exceptionally long. However, even in 

the absence of this key global regulator, the cell was able to adapt to changes in oxygen levels 

eventually 

. 
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Figure 6.1: Growth profiles of Rd KW20 and crp mutants with different carbon sources in high oxygen tension. 
(A) Rd KW20 and (B) ∆crp; EP readings of (C) Rd KW20 and (D) ∆crp. Bacteria were grown at 37

o
C in CDM with or 

without single carbon sources on 96-wells plates. Carbon sources used are sodium pyruvate, glucose, galactose, 
fructose, mannose, ribose and fucose. Absorbance was taken at 0

th
, 2

nd
, 3

rd
, 4

th
, 6

th
 and 8

th
 hour by optical density 

at 630nm. For EP readings, absorbance was taken at 24
th

 hour by optical density at 630nm. Results are presented 
as the mean of triplicates per strain (± standard deviation). OD: Optical Density; EP: Endpoint 
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Figure 6.2: Growth profiles of Rd KW20 and crp mutants with different carbon sources in low oxygen tension. (A) 
Rd KW20 and (B) ∆crp; EP readings of (C) Rd KW20 and (D) ∆crp. Bacteria were grown at 37

o
C in CDM with or 

without single carbon sources on 96-wells plates. Carbon sources used are sodium pyruvate, glucose, galactose, 
fructose, mannose, ribose and fucose. Absorbance was taken at 0

th
, 2

nd
, 3

rd
, 4

th
, 6

th
 and 8

th
 hour by optical density 

at 630nm. For EP readings, absorbance was taken at 24
th

 hour by optical density at 630nm. Results are presented 
as the mean of triplicates per strain (± standard deviation). OD: Optical Density; EP: Endpoint 
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Figure 6.3: Growth profiles of Rd KW20 and fnr mutants at different oxygen tensions. Bacteria grown overnight in 

BHI broth was washed before inoculating into CDM at a 1:40 bacterial suspension to media ratio. High oxygen 

tension was achieved by shaking cells inoculated into 10mL CDM in flasks at 210rpm while low oxygen tension was 

achieved by shaking cells inoculated into 30mL CDM in flasks at 90rpm. Absorbance was taken at 0
th

, 2
nd

, 3
rd

, 4
th

, 

6
th

 and 8
th

 hour by optical density at 630nm. Results are presented as the mean of duplicates per strain (± standard 

deviation). OD: Optical Density; h: hours 
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6.5  Transcriptomics by RNA sequencing on the fnr mutants in Rd KW20 

FNR is a global regulator that is present in many bacteria and it regulates genes involved in the 

adaptation to oxygen restrictive conditions. During infection, bacterial pathogens encounter 

anatomical niches with low oxygen levels and most pathogenic bacteria are capable of utilising 

anaerobic pathways (Brook, 2012) for provision of energy. This strongly suggests that anaerobic 

metabolism plays an important role in infection processes (Bartolini et al., 2006). To provide 

additional information on the interplay between oxygen availability and FNR, and the genes 

FNR regulates in relation to oxygen and in part how this couples with AdhC, we performed 

transcriptomics through RNA sequencing with the fnr mutants under high and low oxygen using 

Ion Torrent PGM (as described in 2.10.5) and compared the gene expression (also determined 

by mRNAseq) under these conditions with the wild type cells.  

 

In this study, it was sought to identify the genes that were highly expressed in fnr mutants 

under normal (high) aerobic conditions. These highly expressed genes were subsequently 

compared to those of low oxygen conditions to obtain a picture of the transcriptional 

difference due to oxygen tensions. Sequencing results for the fnr mutants from the Ion Torrent 

platform under high aerobic conditions generated 3,816,897 reads of mean length 96bp, of 

which 328Mbps were aligned to the reference genome to give an average coverage of 179.5X. 

Sequencing results for the fnr mutants under low aerobic conditions generated 3,886,186 reads 

of mean 100bp long, of which 341Mbps were aligned to the reference genome to give an 

average coverage of 186.8X. All reads were mapped to the reference genome Rd KW20 

(Accession number: NC_000907) as described in Chapter 2.10.6. To indicate the genes that are 

linked to FNR regulation, fnr mutants RNAseq profile was further compared with the RNAseq 

profile of Rd KW20. 

 
Overall, the differentially expressed genes in fnr mutants grown at high oxygen tension over fnr 

mutants grown at low oxygen tension with statistically significant fold change (log2 ≥ ±2.0) 

ranged from -3.57 to 3.33. There were 21 upregulated genes and 29 genes with decreased 
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expression in fnr mutants grown at high oxygen tension with at least log2 ≥ 2.0 fold changes 

over fnr mutants grown at low oxygen tension. Genes related with rRNA were excluded. A list of 

these differentially expressed genes in fnr mutants grown at high oxygen tension over low 

oxygen tension with statistically significant fold change (log2 ≥ ±2.0) can be found in 

supplementary file Sup 3. 

 

A short list of the genes that were up- or down- regulated under high oxygen tension compared 

to low oxygen with a cut-off of log2 2.0 is presented in Table 6.1. Based on Table 6.1, folA, which 

encodes for the dihydrofolate reductase, was the highest up-regulated gene. This gene is 

involved in folic acid biosynthesis and is up-regulated at 3.3 (log2) fold. The anaerobic glycerol-

3-phosphate dehydrogenase subunit B, glpB was also upregulated at 2.8 (log2) fold. glpB has 

been shown to mediate electron transfer from soluble GlpAC dimer to the terminal electron 

acceptor fumarate via the membrane bound menaquione pool. Interestingly however, both 

glpA and glpC did not increase expression. galR, which encodes a LacI family transcriptional 

repressor involved in galactose operon regulation was up-regulated, as well as nmlR (Chapter 

1.4.2), which is a redox-sensitive regulator. Both genes are upregulated 2.5 and 2.3 (log2) fold 

respectively. Among the genes that were decreased in expression were rbsC which encodes the 

ribose ABC transporter permease and rbsB which encodes a D-ribose transporter subunit RbsB 

Genes rbsBC are required for growth and ribose uptake and were downregulated at 2.3 to 2.6 

(log2) fold. Malate dehydrogenase, mdh, which is a key enzyme in the citric acid cycle, was also 

downregulated at 2.4 (log2) fold.  
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Table 6.1: Rd KW20 fn- mutants genes differentially expressed between high and low oxygen 

Genes up-regulated in high oxygen 
Gene/s Description Changea 
   
Metabolic pathways   
folA folic acid biosynthesis 3.3 
glpB anaerobic glycerol metabolism 2.8 
cysQ phosphatase 2.3 
gidB glucose-inhibited cell division 2.3 
   
Membrane/transporters   
HI1699 LOS/sialic acid transferase 2.3 
sanA membrane protein 2.3 
   
Gene regulation   
HI1008 DNA binding/competence 2.6 
galR galactose operon regulator 2.5 
nmlR redox-sensitive regulator 2.3 
HI0850 sigma-E regulatory protein 2.3 
   

Genes down-regulated in high oxygen 
Gene/s Description Changea 
   
Metabolic pathways   
ansB/asnA asparagine  metabolism 2.9/2.6 
gdhA glutamate dehydrogenase 2.7 
mdh malate dehydrogenase 2.4 
rsgA ferritin 2.4 
ilvC/ilvI isoleucine/valine biosynthesis 2.3 
dmsC DMSO reductase 2.2 
yecK reductase 2.2 
   
Membrane/transporters   
glpG intramembrane serine protease 2.8 
HI1457 opa/porin autotransporter 2.8 
rbsBC ribose transport 2.3-2.6 
argI arginine transport 2.4 
opsX LOS biosynthesis 2.2 
   
Stress response   
htpG protease 3.1 
   
Gene regulation   
glpR glycerol-3-phosphate operon repressor 2.2 
vapA toxin-antitoxin regulator 2.1 
a - Changes are expressed in log2 fold change.  
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The differentially expressed genes in fnr mutants grown at high oxygen tension over the wild 

type counterpart, Rd KW20 grown at high oxygen tension with statistically significant fold 

change (log2 ≥ ±2.0) ranged from -7.2 to 4.7. There were 57 genes that showed increased 

expression (upregulated) and 115 genes that showed decreased expression (downregulated) in 

fnr mutants grown at high oxygen tension with at least log2 ≥ 2.0 fold changes over Rd KW20 

grown at high oxygen tension. Similarly, the fnr mutants grown at low oxygen tension were 

compared to Rd KW20 grown at low oxygen tension. The differentially expressed genes in fnr 

mutants grown at low oxygen tension over the wild type counterpart, Rd KW20 grown at low 

oxygen tension with statistically significant fold change (log2 ≥ ±2.0) ranged from -5.7 to 5.8. 

There were 80 upregulated and 81 downregulated genes in fnr mutants grown at low oxygen 

tension with at least log2 ≥ 2.0 fold change when compared to Rd KW20 grown at low oxygen 

tension. List of these differentially expressed genes in fnr mutants over Rd KW20 under high 

and low oxygen tensions with statistically significant fold change (log2 ≥ ±2.0) can be found in 

supplementary files Sup 4 and Sup 5. What is presented in this section is a description of the 

changes in whole cell gene expression profiles under the conditions as described and compared 

between the wild type and fnr mutants. A model for the basis and the possible reasons for 

these changes in gene expression are then discussed in the Discussion section of this chapter.  

 

A short list of the genes that were either up or down expressed in the fnr mutants against Rd 

KW20 at high oxygen tension with a cut-off of log2 2.0 is presented in Table 6.2. Based on Table 

6.2, two of the highest up-regulated genes (HI0242 and HI0243), encode for heme binding 

proteins, with many others (aroK, lipA, HI0144, etc) involved in metabolic pathways. On top of 

that, many of the genes that were up-regulated in the fnr mutants compared to the wild type 

encoded for stress responses. These includes proteases hslUV which are associated with mis-

folded proteins and degQ, the chaperones dnaKJ, htpG, groES as well as uvr which encodes 

proteins involved in DNA repair. The virulence associated protein vapA and vapC1, which are 

essential for intracellular growth of some pathogens and their virulence, also showed increase 

expression by 2.5 – 2.8 (log2) fold.  
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Among the genes that were down-regulated in the mutants (meaning in the wild type cells, FNR 

is still acting as an activator for these genes in the conditions provided) was the peptidase T, 

pepT, which hydrolyses variety of tripeptides. It was downregulated at 4.8 (log2) fold. Members 

of the nrf operon were also downregulated, with nrfA (cytochrome c552) and nrfC (nitrite 

reductase Fe-S protein) among the highest genes that showed decreased expression. They were 

downregulated 5.7 and 4.7 (log2) folds respectively. Other members of the nrf operon, nrfB 

(cytochrome nitrite reductase pentaheme subunit) and nrfD (nitrite reductase transmembrane 

protein) were downregulated at 3.9 and 4.5 (log2) fold respectively. dmsA, which encodes an 

anaerobic dimethyl sulfoxide reductase chain A, was down expressed at 5.4 (log2) fold while 

other members of the DMSO reductase family of molybdoenzymes, dmsB and dmsC were 

downregulated at 3.1 and 3.0 (log2) folds respectively. One interesting gene that was highly 

down-expressed in high oxygen in the fnr mutants compared to the wild type was arcA, which 

encodes a two-component response regulator of the ArcAB system. ArcA is part of the ArcAB 

system that responds to redox status of membrane bound quinones. arcA has been shown to 

be regulated by FNR (Levanon et al., 2005) but it was shown to be activated during the 

transition of aerobic to microaerobic growth and the gene remained active throughout 

anaerobic growth. Our results however, indicate that arcA was downregulated at 4.5 (log2) fold 

in the fnr mutants growing in the conditions we used as high oxygen tension. It could well be 

that these conditions remain microaerobic intracellularly (this is further argued in the 

Discussion). At least15 genes that were down-regulated was also found to correlate with our 

set of predicted FNR targets (Table 6.10). These genes include nrfA, napDF, ccmAH,arcB as well 

as the peptidases pepT and pepE 
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Table 6.2: Genes differentially expressed in Rd KW20 compared to Rd KW20 fnr mutants under high oxygen 

Genes up regulated in fnr mutants 

Gene/s Description Changea 
   
Metabolic pathways   
HI0243 (HI0242) HHE/heme binding protein 3.9-4.6 
pyrD/pyrE dihydroorotate oxidase/phosphotransferase 2.3-2.9 
dlgD 2,3-DKG reductase 2.6 
menA menaquinone biosynthesis 2.3 
aroK shikimate kinase 2.3 
lipA lipoate biosynthesis 2.2 
folP-2 dihydropteroate synthase 2.1 
HI0144 glucose kinase 2.1 
   
Membrane/transporters   
HI1085 MlaD family 3.3 
corA Mg2+ transporter 3.3 
HI1104 aromatic amino acid:H+ symporter 3.1 
fbpB iron transporter 2.5 
HI1695 LOS biosynthesis 2.3 
HI0894 RND family; hydrophobe/amphiphile efflux 2.3 
sapFC peptide transporter 2.1 
HI1029 TRAP (DctM) transporter 2.1 
   
Stress response   
hslV*/hslU ATP-dep protease 2.1-3.7 
dnaKJ, htpG, groES molecular chaperone 2.3-3.6 
relB toxin-antitoxin module 3.5 
uvrB DNA repair 3.4 
degQ protease 2.9 
   
Gene regulators   
HI0420 Ribbon-Helix-Helix; regulator 4.7 
nusA transcription regulation 2.9 
vapA/vapC1 toxin-antitoxin module 2.5-2.8 
rimP ribosome maturation 2.6 
rpoH alternative sigma factor 2.2 
lrp AsnC-type regulator 2.1 
fis DNA binding protein 2.0 
   

Genes down-regulated in fnr mutants 
Gene/s Description Changea 
   
Metabolic pathways   
nrfA*BCD nitrate reductase 3.9-5.7 
dmsABC DMSO reductase 3.0-5.3 
torY/bisC Biotin/TMAO reductase 3.6-5.2 
gdhA glutamate dehydrogenase 4.7 
napHGAD*BF* nitrate reductase 2.5-4.3 
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bioD* (HI1445) biotin biosynthesis 3.8 
abgA M20 family peptidase 3.7 
dcuB C4-dicarboxylate transporter 3.7 
glpAB anaerobic glycerol metabolism 2.4-3.7 
ansB/asnA L-asparaginase 3.7 
mdh malate dehydrogenase 3.7 
fumC fumarate hydratase 3.5 
ccmA*BDH*FCE heme-exporter, cytochrome biogenesis 2.2-3.5 
aspC aspartate metabolism 3.4 
trpGE tryptophan biosynthesis 2.0-3.2 
cpdB* nucleotidase, RNA degradation 3.1 
argG§/arc/arcB* arginine biosynthesis 2.0-3.1 
gpmA* phosphoglycerate mutase; glycolysis 2.9 
purH IMP synthase 2.8 
frdADB fumarate reductase 2.2-2.8 
ppc*/pckA* PEP carboxylase 2.7/2.2 
pfl* pyruvate-formate lyase 2.6 
tpiA triose phosphate isomerase 2.3 
folK folate biosynthesis 2.2 
gmk GMP cycling 2.2 
   
Membrane/transporters   
artIP*QM arginine transport 2.8-4.2 
oppDCFBA oligopeptide transporter 2.4-3.4 
glgB glycogen branching enzyme 3.1 
HI0664 membrane protein 2.4 
HI0181-focA formate transporter 2.4 
tyrP tyrosine transporter 2.3 
modA molybdenum transporter 2.3 
hbpA/dppC heme transporter 2.0-2.3 
crcB fluoride transporter 2.2 
mtgA transglycoslase, cell wall biogenesis 2.2 
rbsBD ribose transporter 2.1 
metQ methionine transport 2.1 
HI1728 NRAMP 2.1 
HI1080* amino acid transporter 2.1 
   
Stress response   
pepT* peptidase 4.8 
pepE* peptidase 3.1 
sbcB nuclease, DNA repair 2.7 
comA competence protein 2.5 
   
Gene regulators   
arcA§ redox responsive regulator 4.5 
nrdR ribonucletide reductase genes 2.1 

a - Changes are expressed in log2 fold change.  
* - genes that are included in the set of predicted FNR targets; promoter includes a FNR binding site. 
§ - genes that are included in the ArcAB regulon. 
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A short list of the genes that were either up or down expressed in the fnr mutants against Rd 

KW20 at low oxygen tension with a cut-off of log2 2.0 is presented in Table 6.3. Based on Table 

6.3, the highest upregulated genes in the mutants under a low oxygen tension as compared to 

Rd KW20 (genes that are presumably directly repressed by FNR as the oxygen is now low 

enough and the protein is completely in its active, dimer and DNA-bound state) genes encoding 

members of the chaperone network. The fact that these same genes were upregulated with 

high or low oxygen importantly indicates that these form part of a response to the loss of FNR 

that is independent to oxygen levels. These genes include the chaperone genes dnaJK, groELS, 

htpG, clpB and hflCK. The ATP-dependent protease ATP-binding subunit hsIU was  upregulated 

at 4.1 (log2) fold with the other gene involved in protein degradation, ATP-dependent protease 

peptidase subunit hsIV, also highly upregulated at 3.9 (log2) fold; these two genes form part of 

the stress response associated with mis-folded proteins. dsbA which is involved in oxidative 

stress repair, was also found to be upregulated at 2.3 (log2) fold. Together, these stress 

responsive genes suggest that the cell, in the absence of FNR, is in a stressed state and unable 

to maintain the redox balance through its role in the direct activation of a certain set of genes. 

Therefore, there are a range of secondary genes that are responding to this stressed state and 

this continues even in the fnr mutants with an increase in oxygen. The L-lactate dehydrogenase 

lldD is a gene involved in lactic acid fermentation and was also highly upregulated at 3.5 (log2) 

fold.  

 

The gene modA encodes a molybdenum ABC transporter periplasmic binding protein. It was the 

highest downregulated gene at 5.7 (log2) fold in the fnr mutants in low oxygen (which would 

translate as genes that are activated under low oxygen by FNR in a wild type state, FNR in its 

active form, the low oxygen ensuring DNA-bound FNR and direct activation). On top of that, 

modBC were also found to be down-regulated. Another gene that was highly downregulated 

and involved in molybdate uptake is HI1525, which was downregulated at 4.7 (log2) fold. Genes 

which encodes the anaerobic DMSO reductase, dmsABC were all highly downregulated. Their 

(log2) fold changes in expression were -3.3-5.7. Many members of the nitrite and nitrate 
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reductases were also downregulated. Genes of the nitrite reductases nrfABCD operon are nrfA 

(4.1 (log2) fold), which encodes a cytochrome c552, nrfB (2.5 (log2) fold) which encodes 

cytochrome c nitrite reductase pentaheme subunit, nrfC (2.8 (log2) fold) which encodes the 

nitrite reductase Fe-S protein and nrfD (3.0 (log2) fold) which encodes the nitrite reductase 

transmembrane protein. Another gene, HI1677, which encodes an iron-sulfur cluster repair di-

iron protein involved in the repairment of damages by oxidative and nitrosative stresses, was 

upregulated at 4.5 (log2) fold. Last but not least, nmlR was also found to be downregulated. 

 

Table 6.3: Genes differentially expressed in Rd KW20 compared to Rd KW20 fnr mutants under low  oxygen 

Genes up-regulated in fnr mutants 
Gene/s Description Changea 

 
Metabolic pathways   
fabA fatty acid biosyntheiss 3.6 
lldD L-lacate DH 3.5 
trpE tryptophan biosynthesis 3.2 
queA queuosine biosynthesis protein 3.0 
dlgD DKG reductase 3.0 
fdnG formate DH 2.9 
gmhA sugar isomerase 2.5 
folP-1, glmM folate biosynthesis 2.4 
asnA asp-ammonia ligase 2.3 
purD purine biosynthesis 2.3 
lipA, fabH lipoate, lipid biosynthesis 2.1 
   
Membrane/transporters   
potD spermidine/putrescine transporter 3.1 
artM arginine transport 2.9 
lpxD lipid A biosynthesis 2.9 
uraA uracil permease 2.4 
licD ChoP onto LOS 2.2 
HI1252 EF3 (ABC) family 2.1 
   
Stress responses   
dnaJK, htrA, hslUV, htpG, 
groELS, hflCK, clpB 

Molecular chaperones 2.8-5.8 

dsbA oxidative stress repair 2.3 
   
Gene regulation   
mclA/rseA sigma-E regulatory protein 3.1 
argR arginine repressor 2.7 
rpoH, rpoE alternative sigma factor 2.4 
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fis transcription factor 2.0 

 
Genes down-regulated in fnr mutants 
Gene/s Description Changea 

 
Metabolic pathways   
dmsABC DMSO reductase (anaerobic respiration 3.3-5.7 
nrfADCB nitrate reductase 2.5-4.1 
fucA fuculose-1-P aldolase 4.1 
speF ornithine decarboxylase 3.4 
folB aldolase (folate biosynthesis) 2.8 
bioD (HI1445), mioC biotin biosynthesis, electron transfer for biotin 

synthase 
2.3-2.5 

torY TMAO reductase/anaerobic respiration 2.4 
glpBEK glycerol metabolism (anaerobic) 2.0-2.2 
moaC Mo-cofactor biosynthesis 2.1 
cysE cysteine biosynthesis 2.2 
   
Membrane/transporters 
modA (HI1693/HI1525), 
modC, modB 

molybdenum transport (5.7/4.7), 2.7, 2.3 

HI1471/72 FeCT, Fe-chelate uptake 2.9-3.3 
atoE short chain fatty acid transporter 3.3 
ccmAB cytochrome C biosyhnthesis 2.6-2.8 
lpxH glycolipid biosynthesis 2.7 
fucP fucose:H+ symporter 2.7 
bolA cell morphogenesis 2.3 
nanM, HI1699 sialic acid biosynthesis, LOS 2.1-2.3 
potE putrescine:ornithine antiporter 2.3 
HI0867 LOS biosynthesis 2.2 
   
Stress response 
HI1677 RIC family, repair of Fe-S 4.5 
pepT, pepE peptidase 3.0-3.5 
HI1349 ferritin 3.0 
mazG toxin-antitoxin system 2.4 
   
Gene regulation 
HI1052 AraC-like regulator 2.8 
galR galactose operon regulator 2.3 
asnC AsnC-like regulator 2.2 
nmlR redox sensitive regulator 2.2 
fucR L-fucose operon activator 2.1 

a - Changes are expressed in log2 fold change.  
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The transcriptomics experiments performed with Rd KW20 wild type and fnr mutants, both 

with high and then low oxygen provide an interesting array of data comparing the cellular 

switch in response to oxygen and then in the presence and absence of the major cytoplasmic 

oxygen-sensing transcription factor, FNR. The various categories of outcomes in gene 

expression are summarised in Figure 6.4 and the genes in each category are listed in Tables 6.4 

– 6.9. Only genes that changed in expression with a cut-off of log2 2.0 are presented here. From 

these comparisons, we are able to determine the genes that change based on oxygen switches 

in the environment, the genes that change due to FNR controlled systems and the genes that 

require oxygen-dependent FNR regulation. 

Figure 6.4: An outline of the expected changes in gene expression observed from the transcriptomics of Rd KW20 
and its isogenic fnr mutant. Genes in set A are those that change (arrow head is up-regulated and a filled circle is 
down-regulated) between Rd KW20 and fnr in high oxygen, genes in set B change between Rd KW20 and fnr in high 
oxygen and then also in the fnr mutant between high and low oxygen. Set C are those that change in the fnr 
mutant from high to low oxygen. Set D change in wild type between high and low oxygen. Set E genes are those 
that change in expression in the wild type between high and low oxygen as well as between Rd KW20 and fnr 
under low oxygen. The set F genes change between Rd KW20 and fnr under low oxygen. Set G are those genes that 
change in expression between high and low oxygen in the wild type and then as well between in the fnr mutant 
under high oxygen. 
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Table 6.4: Genes differentially expressed between Rd KW20 and fnr mutans at high oxygen. 

Genes up-regulated in the fnr mutants 
Locus Tag Gene Symbol Gene Description 
HI1508 HI1508 hypothetical protein 

HI1069 nrfA cytochrome c552 

HI1047 dmsA anaerobic dimethyl sulfoxide reductase chain A 

HI0644 yecK cytochrome C-like protein 

HI1348 pepT peptidase T 

HI1513 HI1513 hypothetical protein 

HI0189 gdhA glutamate dehydrogenase 

HI1067 nrfC nitrite reductase Fe-S protein 

HI1505 HI1505 hypothetical protein 

HI1520 HI1520 hypothetical protein 

HI1066 nrfD nitrite reductase transmembrane protein 

HI0884 arcA two-component response regulator 

HI1509 HI1509 hypothetical protein 

HI0346 napH quinol dehydrogenase membrane component 

HI0345 napG quinol dehydrogenase periplasmic component 

HI1179 artI arginine ABC transporter periplasmic-binding protein 

HI0344 napA   

HI1504 HI1504 I protein 

HI1512 HI1512 hypothetical protein 

HI1068 nrfB cytochrome c nitrite reductase pentaheme subunit 

HI1445 bioD dithiobiotin synthetase 

HI0584 HI0584 hydrolase 

HI1180 artP arginine transporter ATP-binding subunit 

HI0746 dcuB anaerobic C4-dicarboxylate transporter 

HI0685 glpA sn-glycerol-3-phosphate dehydrogenase subunit A 

HI0745 ansB L-asparaginase II 

HI1210 mdh malate dehydrogenase 

HI1511 HI1511 sheath protein gpL 

HI0585 HI0585 hypothetical protein 

HI0643 bisC biotin sulfoxide reductase 

HI1398 fumC fumarate hydratase 

HI1089 ccmA cytochrome c biogenesis protein CcmA 

HI1356 malQ 4-alpha-glucanotransferase 

HI1121 oppD oligopeptide transporter ATP-binding protein 

HI1617 aspC aromatic amino acid aminotransferase 

HI0343 napD NapD 

HI1388 trpG anthranilate synthase component II 

HI1500 HI1500 hypothetical protein 

HI1090 ccmB heme exporter protein B 

HI1522 HI1522 hypothetical protein 

HI0583 cpdB bifunctional 2',3'-cyclic nucleotide 2'-phosphodiesterase/ 
3'-nucleotidase periplasmic protein HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B 

HI1357 glgB glycogen branching enzyme 

HI0587 pepE peptidase E 

HI1727 argG argininosuccinate synthase 

HI1049 merT mercuric ion transport protein 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

HI0757 gpmA phosphoglyceromutase 

HI1519 HI1519 hypothetical protein 

HI1178 artQ arginine transporter permease subunit ArtQ 

HI1515 muN 64 kDa virion protein 

HI1122 oppC oligopeptide ABC transporter permease 

HI0887 purH bifunctional phosphoribosylaminoimidazolecarboxamide  
formyltransferase/IMP cyclohydrolase 
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HI1177 artM arginine transporter permease subunit ArtM 

HI1316 HI1316 sulfatase-like protein 

HI0835 frdA fumarate reductase flavoprotein subunit 

HI1092 ccmD heme exporter protein D 

HI1377 sbcB exonuclease I 

HI1636 ppc phosphoenolpyruvate carboxylase 

HI0564 asnA asparagine synthetase AsnA 

HI0595 arcC carbamate kinase 

HI0620.1 HI0620.1   

HI1094 ccmF cytochrome C-type biogenesis protein 

HI1120 oppF oligopeptide ABC transporter ATP-binding protein 

HI0180 HI0180 formate acetyltransferase 

HI1514 HI1514 monofunctional biosynthetic peptidoglycan transglycosylase 

HI1123 oppB oligopeptide transporter permease 

HI0740 yhxB phosphomannomutase 

HI0035 HI0035 hypothetical protein 

HI0093 HI0093 hypothetical protein 

HI0347 napB periplasmic nitrate reductase 

HI0439 comA competence protein A 

HI0597 HI0597 hypothetical protein 

HI0688 HI0688 hypothetical protein 

HI0907 HI0907 hypothetical protein 

HI1096m ccmH cytochrome C-type biogenesis protein 

HI1208 HI1208 hypothetical protein 

HI1677 HI1677 iron-sulfur cluster repair di-iron protein 

HI0342 napF   

HI1091 ccmC heme exporter protein C 

HI0664 HI0664 ABC transporter ATP-binding protein 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B 

HI0181 HI0181 formate transporter 

HI1124 oppA oligopeptide ABC transporter periplasmic-binding protein 

HI0832 frdD fumarate reductase subunit D 

HI1162 HI1162 hypothetical protein 

HI0678 tpiA triosephosphate isomerase 

HI0477 tyrP tyrosine-specific transport protein 

HI1693 modA molybdenum ABC transporter periplasmic-binding protein 

HI0656.1 HI0656.1 hypothetical protein 

HI0853 dppA heme-binding lipoprotein 

HI1093 ccmE cytochrome c-type biogenesis protein CcmE 

HI1154 HI1154 proton glutamate symport protein 

HI0064 folK 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase 

HI0597.1 ccrB camphor resistance protein CrcB 

HI0831 mtgA monofunctional biosynthetic peptidoglycan transglycosylase 

HI1487 HI1487 hypothetical protein 

HI0809 pckA phosphoenolpyruvate carboxykinase 

HI1743 gmk guanylate kinase 

HI0834 frdB fumarate reductase iron-sulfur subunit 

HI0504 rbsB D-ribose transporter subunit RbsB 

HI0620 hlpA D-methionine-binding lipoprotein MetQ 

HI0596 arcB ornithine carbamoyltransferase 

HI1516m HI1516m   

HI1298 HI1298 hypothetical protein 

HI1728 HI1728 hypothetical protein 

HI1518 HI1518 hypothetical protein 

HI0943 nrdR transcriptional regulator NrdR 

HI1521 HI1521 hypothetical protein 

HI1080 HI1080 amino acid ABC transporter periplasmic-binding protein 
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HI1397 holC DNA polymerase III subunit chi 

HI0501 rbsD D-ribose pyranase 

HI1186 dppC dipeptide ABC transporter permease 

HI1387 trpE anthranilate synthase component I 

HI1462.2 HI1462.2 hypothetical protein 

Genes up-regulated in the fnr mutants 
Locus Tag Gene Symbol Gene Description 
HI0980 fis DNA-binding protein Fis 

HI1329 HI1329   

HI1572 HI1572   

HI0144 HI0144 N-acetylmannosamine kinase 

HI0721 HI0721 sulfur transfer protein SirA 

HI1029 HI1029 hypothetical protein 

HI1596 lrp leucine-responsive transcriptional regulator 

HI1605 HI1605 hypothetical protein 

HI1626 HI1626 hypothetical protein 

HI1640 sapC peptide ABC transporter permease 

HI1642 sapF anti peptide resistance ABC transporter ATPase 

HI0497 hslU ATP-dependent protease ATP-binding subunit HslU 

HI1464 folP-2 dihydropteroate synthase 

HI0026 lipA lipoyl synthase 

HI1082 HI1082 hypothetical protein 

HI0269 rpoH RNA polymerase factor sigma-32 

HI0395 HI0395 hypothetical protein 

HI0894 HI0894 membrane-fusion protein 

HI1005 HI1005 hypothetical protein 

HI1684 HI1684 electron transport complex protein RnfB 

HI1695 HI1695 UDP-galactose--lipooligosaccharide galactosyltransferase 

HI0207 aroK shikimate kinase 

HI0272 pyrE orotate phosphoribosyltransferase 

HI0542 groES co-chaperonin GroES 

HI0509 menA 1,4-dihydroxy-2-naphthoate octaprenyltransferase 

HI1243 rsuA 16S pseudouridylate 516 synthase 

HI1281 HI1281   

HI1736 HI1736 hypothetical protein 

HI0322 HI0322 virulence-associated protein C 

HI1629 HI1629 hypothetical protein 

HI0098 hitB iron(III) ABC transporter permease 

HI1010 HI1010 3-hydroxyisobutyrate dehydrogenase 

HI1031 HI1031 2,3-diketo-L-gulonate reductase 

HI1282 HI1282 hypothetical protein 

HI1251 vapA virulence-associated protein A 

HI1400 HI1400 hypothetical protein 

HI1419 HI1419 hypothetical protein 

HI1259 HI1259 periplasmic serine protease 

HI1401 pyrD dihydroorotate dehydrogenase 2 

HI1283 nusA transcription elongation factor NusA 

HI1413 HI1413 hypothetical protein 

HI1424 HI1424 integrase/recombinase 

HI1104 HI1104 transporter protein 

HI0104 htpG heat shock protein 9 

HI1035 corA magnesium/nickel/cobalt transporter CorA 

HI1085 HI1085 ABC transporter periplasmic protein 

HI1238 dnaJ chaperone protein DnaJ 

HI1247 uvrB excinuclease ABC subunit B 

HI1420 HI1420 hypothetical protein 
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HI0710 HI0710 hypothetical protein 

HI1237 dnaK molecular chaperone DnaK 

HI0633 HI0633 hypothetical protein 

HI0496 hslV ATP-dependent protease peptidase subunit 

HI0242 HI0242 hypothetical protein 

HI0420.1 HI0420.1   

HI0243 HI0243 hypothetical protein 

HI0420 HI0420 hypothetical protein 

 

There were 57 genes that showed increased expression (upregulated) and 115 genes that 

showed decreased expression (downregulated) in fnr mutants grown at high oxygen tension 

with at least log2 ≥ 2.0 fold changes over Rd KW20 grown at high oxygen tension.  

 

Table 6.5: Genes differentially expressed between Rd KW20 and its fnr mutants under high oxygen and 
further changed in the fnr mutants with low oxygen 

Genes down-regulated in Rd KW20 in high oxygen and also down-regulated in fnr mutants in high 
oxygen compared to low. 
Locus Tag Gene Symbol Gene Description 
HI0745 ansB L-asparaginase II 

HI1316 HI1316 sulfatase-like protein 

HI0564 asnA asparagine synthetase AsnA 

HI1179 artI arginine ABC transporter periplasmic-binding protein 

HI1210 mdh malate dehydrogenase 

HI0504 rbsB D-ribose transporter subunit RbsB 

HI0644 yecK cytochrome C-like protein 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

Genes down-regulated in Rd KW20 in high oxygen as well as up-regulated in the fnr mutants in high 
oxygen compared to low. 
Locus Tag Gene Symbol Gene Description 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B 

Genes up-regulated in Rd KW20 in high oxygen and up-regulated in the fnr mutants in high oxygen 
compared to low. 
Locus Tag Gene Symbol Gene Description 

HI0395 HI0395 hypothetical protein 

HI1414 HI1414 hypothetical protein 

Genes up-regulated in Rd KW20 in high oxygen and down-regulated in the fnr mutants in high 
oxygen compared to low. 
Locus Tag Gene Symbol Gene Description 

HI0104 htpG heat shock protein 9 

HI1251 vapA virulence-associated protein A 

 

These genes changed in expression between Rd KW20 and its fnr mutants under high oxygen 

and further changed in fnr mutants with low oxygen. This indicates that these genes are 
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dependent on oxygen and independent on fnr. These genes are therefore oxygen dependent 

regulon that is independent of FNR. A total of 13 genes can be found in this set. 

 

Table 6.6: Genes differentially expressed between Rd KW20 fnr high and low oxygen condition 

Genes down-regulated in high oxygen 
Locus Tag Gene Symbol Gene Description 
HI0665 HI0665 hypothetical protein 

HI1240 HI1240 hypothetical protein 

HI1376 HI1376 hypothetical protein 

HI0104 htpG heat shock protein 9 

HI0745 ansB L-asparaginase II 

HI0618 HI0618 glp protein 

HI1250 HI1250 hypothetical protein 

HI1399 HI1399 hypothetical protein 

HI1457 HI1457 opacity protein 

HI0024 citD citrate lyase subunit gamma 

HI0028 HI0028 hypothetical protein 

HI0189 gdhA glutamate dehydrogenase 

HI0503 rbsC ribose ABC transporter permease 

HI0907 HI0907 hypothetical protein 

HI1316 HI1316 sulfatase-like protein 

HI0564 asnA asparagine synthetase AsnA 

HI1179 artI arginine ABC transporter periplasmic-binding protein 

HI1210 mdh malate dehydrogenase 

HI1384 rsgA ferritin like protein 1 

HI0682 ilvC ketol-acid reductoisomerase 

HI0541 ureA urease subunit gamma 

HI1585 ilvI acetolactate synthase 3 catalytic subunit 

HI0504 rbsB D-ribose transporter subunit RbsB 

HI0261 HI0261 lipopolysaccharide biosynthesis protein 

HI0644 yecK cytochrome C-like protein 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

HI0619 glpR glycerol-3-phosphate regulon repressor 

HI1251 vapA virulence-associated protein A 

HI0989 leuD isopropylmalate isomerase small subunit 

Genes up-regulated in high oxygen 
Locus Tag Gene Symbol Gene Description 
HI0395 HI0395 hypothetical protein 

HI1577 HI1577   

HI0850 HI0850 sigma-E factor regulatory protein 

HI0186 HI0186 HTH-type transcriptional regulator 

HI0486 gidB 16S rRNA methyltransferase GidB 

HI0559 cysQ sulfite synthesis pathway protein 

HI0984 HI0984 hypothetical protein 

HI1262 sanA SanA 

HI1414 HI1414 hypothetical protein 

HI1687 rnfG electron transport complex protein RnfG 

HI1699 HI1699 lipopolysaccharide biosynthesis protein 

HI0407 HI0407 hypothetical protein 

HI0821 galR LacI family transcriptional repressor 

HI1413 HI1413 hypothetical protein 
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HI1570 HI1570   

HI0910 mutT mutator protein 

HI1008 HI1008 hypothetical protein 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B 

HI1631 HI1631 hypothetical protein 

HI1502 HI1502 hypothetical protein 

HI0265 HI0265 dihydroneopterin aldolase 

 

There were 21 upregulated genes and 29 genes with decreased expression in fnr mutants 

grown at high oxygen tension with at least log2 ≥ 2.0 fold changes over fnr mutants grown at 

low oxygen tension. 

 

Table 6.7: Genes differentially expressed between Rd KW20 under high and low oxygen as well as changed 
in fnr mutants in low oxygen condition 

Genes up-regulated in Rd KW20 under low oxygen and then down-regulated in fnr mutants 
Locus Tag Gene Symbol Gene Description 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

HI1525 HI1525 molybdate-binding periplasmic protein 

HI0611 fucA L-fuculose phosphate aldolase 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B 

HI1471 HI1471 iron chelatin ABC transporter permease 

HI1349 HI1349 hypothetical protein 

HI1472 HI1472 iron chelatin ABC transporter periplasmic-binding protein 

HI1624 HI1624 branched chain amino acid ABC transporter periplasmic protein 

HI1244 HI1244 hypothetical protein 

HI1692 modB molybdate ABC transporter permease 

HI0148 HI0148 N-acetylneuraminic acid mutarotase 

HI0590 potE putrescine transporter 

HI1675 moaC molybdenum cofactor biosynthesis protein MoaC 

HI0615 fucR L-fucose operon activator 

Genes up-regulated in Rd KW20 under low oxygen and up-regulated in fnr mutants 
Locus Tag Gene Symbol Gene Description 

HI0104 htpG heat shock protein 9 

Genes down-regulated in Rd KW20 in low oxygen and up-regulated in fnr mutants 
Locus Tag Gene Symbol Gene Description 

HI1218 lctP L-lactate permease 

HI0246 HI0246 hypothetical protein 

HI1739.1 lldD L-lactate dehydrogenase 

HI0231 deaD ATP-dependent RNA helicase 

HI0333 rumA 23S rRNA 5-methyluridine methyltransferase 

HI1344 potD spermidine/putrescine ABC transporter periplasmic-binding protein 

HI006m fdnG   
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HI1209 argR arginine repressor 

HI0564 asnA asparagine synthetase AsnA 

Genes down-regulated in Rd KW20 under low oxygen and down-regulated in fnr mutants in 
low oxygen  
None     

 

These genes changed in expression between Rd KW20 under high oxygen and low oxygen. 14 

genes that were up-regulated in Rd KW20 under low oxygen and then down-regulated in fnr 

mutants suggested that fnr activates theses genes or represses their repressors in high oxygen 

and the loss of the fnr gene therefore stopped the activation and these genes are 

downregulated. Genes in this set includes modB which encodes a molybdate ABC transporter 

permease and moaC which encodes the molybdenum cofactor biosynthesis protein MoaC. 

Similarly, 9 genes that were down-regulated in Rd KW20 under low oxygen but up-regulated in 

fnr mutants suggested that fnr represses these genes or activates the suppressor of these genes 

under low oxygen. Genes that are found in this set includes the L-lactate permeases lctP as well 

as the L-lactate dehydrogenase lldD, both of which are involved in lactic acid fermentation. 

htpG which encodes a heat shock protein 9, was upregulated in Rd KW20 under low oxygen and 

remains up-regulated in fnr mutants. This suggested that this gene is influenced by the low 

oxygen and is independent of fnr regulation.  

 

Table 6.8: Genes differentially expressed between Rd KW20 and its fnr mutants under low oxygen 
condition 

Genes down-regulated in the fnr mutants 
Locus Tag Gene Symbol Gene Description 
HI1047 dmsA anaerobic dimethyl sulfoxide reductase chain A 

HI1693 modA molybdenum ABC transporter periplasmic-binding protein 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B 

HI1502 HI1502 hypothetical protein 

HI1677 HI1677 iron-sulfur cluster repair di-iron protein 

HI1525 HI1525 molybdate-binding periplasmic protein 

HI1520 HI1520 hypothetical protein 

HI1577 HI1577 
 HI1069 nrfA cytochrome c552 

HI0611 fucA L-fuculose phosphate aldolase 

HI1504 HI1504 I protein 

HI1509 HI1509 hypothetical protein 

HI1508 HI1508 hypothetical protein 

HI1348 pepT peptidase T 
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HI0591 speF ornithine decarboxylase 

HI0256 HI0256 lipoprotein 

HI1505 HI1505 hypothetical protein 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

HI1471 HI1471 iron chelatin ABC transporter permease 

HI0772 atoE short chain fatty acids transporter 

HI1622 HI1622 hypothetical protein 

HI1515 muN 64 kDa virion protein 

HI1066 nrfD nitrite reductase transmembrane protein 

HI0587 pepE peptidase E 

HI1008 HI1008 hypothetical protein 

HI1522 HI1522 hypothetical protein 

HI1349 HI1349 hypothetical protein 

HI1467 HI1467 ABC transporter ATP-binding protein 

HI1506 HI1506 hypothetical protein 

HI1472  HI1472  iron chelatin ABC transporter substrate-binding protein 
HI1067 nrfC nitrite reductase Fe-S protein 

HI0265 HI0265 dihydroneopterin aldolase 

HI0562 HI0562 hypothetical protein 

HI1052 HI1052 AraC family transcriptional regulator 

HI1089 ccmA cytochrome c biogenesis protein CcmA 

HI0735 HI0735 UDP-2,3-diacylglucosamine hydrolase 

HI1691 modC molybdate transporter ATP-binding protein 

HI0559 cysQ sulfite synthesis pathway protein 

HI1624 HI1624 branched chain amino acid ABC transporter periplasmic protein 

HI0234 HI0234 hypothetical protein 

HI0585 HI0585 hypothetical protein 

HI0610 fucP L-fucose permease 

HI1407 HI1407 plasmid RP4 TraN-like protein 

HI1090 ccmB heme exporter protein B 

HI1068 nrfB cytochrome c nitrite reductase pentaheme subunit 

HI0607 aroE shikimate 5-dehydrogenase 

HI1244 HI1244 hypothetical protein 

HI1445 bioD dithiobiotin synthetase 

HI0601 tfoX DNA transformation protein 

HI1500 HI1500 hypothetical protein 

HI1512 HI1512 hypothetical protein 

HI0108 HI0108 hypothetical protein 

HI0644 yecK cytochrome C-like protein 

HI0584 HI0584 hydrolase 

HI0460 mazG nucleoside triphosphate pyrophosphohydrolase 

HI1660 nrdB ribonucleotide-diphosphate reductase subunit beta 

HI0163 bolA transcriptional regulator 

HI0821 galR LacI family transcriptional repressor 

HI1692 modB molybdate ABC transporter permease 

HI0669 mioC flavodoxin 

HI0148 HI0148 N-acetylneuraminic acid mutarotase 

HI0590 potE putrescine transporter 

HI0867 HI0867 lipopolysaccharide biosynthesis protein 

HI1513 HI1513 hypothetical protein 

HI0563 asnC DNA-binding transcriptional regulator AsnC 

HI1016 HI1016 hypothetical protein 

HI0186 HI0186 HTH-type transcriptional regulator 

HI0606 cysE serine acetyltransferase 

HI0691 glpK glycerol kinase 

HI0679 glpE GlpE 

HI0805 aslB 
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HI1631 HI1631 hypothetical protein 

HI1699 HI1699 lipopolysaccharide biosynthesis protein 

HI0746 dcuB anaerobic C4-dicarboxylate transporter 

HI1675 moaC molybdenum cofactor biosynthesis protein MoaC 

HI1511 HI1511 sheath protein gpL 

HI1358 glgX glycogen operon protein 

HI0615 fucR L-fucose operon activator 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B 

HI0984 HI0984 hypothetical protein 

HI1056 HI1056 type III restriction-modification system methyltransferase-like protein 

Genes up-regulated in fnr mutants 
Locus Tag Gene Symbol Gene Description 
HI0384 tolR colicin uptake protein TolR 

HI0980 fis DNA-binding protein Fis 

HI0409 HI0409 hypothetical protein 

HI1465 HI1465 cell division FtsH-like protein 

HI1216 pfs 5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 

HI1572 HI1572 
 HI0026 lipA lipoyl synthase 

HI0157 fabH 3-oxoacyl-ACP synthase 

HI0462 lon ATP-dependent proteinase 

HI1518 HI1518 hypothetical protein 

HI1084 HI1084 ABC transporter 

HI1252 HI1252 ABC transporter ATP-binding protein 

HI1032 HI1032 transcriptional regulator 

HI1248 HI1248 hypothetical protein 

HI1481 muB DNA transposition protein 

HI0894 HI0894 membrane-fusion protein 

HI1540 licD lic-1 operon protein 

HI1424 HI1424 integrase/recombinase 

HI0720 htpX heat shock protein HtpX 

HI1327 HI1327 hypothetical protein 

HI1423 HI1423 hypothetical protein 

HI1519 HI1519 hypothetical protein 

HI0630 rseB periplasmic negative regulator of sigmaE 

HI0564 asnA asparagine synthetase AsnA 

HI0628 rpoE RNA polymerase sigma factor RpoE 

HI0888 purD phosphoribosylamine--glycine ligase 

HI0634 HI0634 tRNA-dihydrouridine synthase A 

HI0062 dksA dnaK suppressor protein 

HI1604 HI1604 phosphate permease 

HI0846 por periplasmic oxidoreductase 

HI0160 psd phosphatidylserine decarboxylase 

HI1337 glmM phosphoglucosamine mutase 

HI0269 rpoH RNA polymerase factor sigma-32 

HI1463 glmM phosphoglucosamine mutase 

HI0842 HI0842 hypothetical protein 

HI1336 folP-1 dihydropteroate synthase 

HI1227 uraA uracil permease 

HI1657 HI1657 hypothetical protein 

HI0839 HI0839 nucleoid-associated protein NdpA 

HI1209 argR arginine repressor 

HI1410 HI1410 terminase large subunit-like protein 

HI0916 HI0916 outer membrane protein 

HI0151 hflK HflK 

HI1334 rrmJ 23S rRNA methyltransferase J 
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HI0915 lpxD UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase 

HI0006m fdnG   

HI1177 artM arginine transporter permease subunit ArtM 

HI1246 HI1246 hypothetical protein 

HI1031 HI1031 2,3-diketo-L-gulonate reductase 

HI1343 HI1343 hypothetical protein 

HI0245 queA S-adenosylmethionine:tRNA ribosyltransferase-isomerase 

HI0859 clpB ATP-dependent Clp protease ATPase subunit 

HI1344 potD spermidine/putrescine ABC transporter periplasmic-binding protein 

HI0333 rumA 23S rRNA 5-methyluridine methyltransferase 

HI1030 HI1030 hypothetical protein 

HI1085 HI1085 ABC transporter periplasmic protein 

HI1282 HI1282 hypothetical protein 

HI1603 HI1603 phosphate transport regulator 

HI0231 deaD ATP-dependent RNA helicase 

HI0629 mclA sigma-E factor negative regulatory protein 

HI0443 recR recombination protein RecR 

HI0150 hflC hypothetical protein 

HI1387 trpE anthranilate synthase component I 

HI1739.1 lldD L-lactate dehydrogenase 

HI1419 HI1419 hypothetical protein 

HI1420 HI1420 hypothetical protein 

HI0246 HI0246 hypothetical protein 

HI0543 groEL chaperonin GroEL 

HI0420.1 HI0420.1   

HI1325 fabA 3-hydroxydecanoyl-ACP dehydratase 

HI0104 htpG heat shock protein 9 

HI0666 HI0666 hypothetical protein 

HI0542 groES co-chaperonin GroES 

HI0496 hslV ATP-dependent protease peptidase subunit 

HI0497 hslU ATP-dependent protease ATP-binding subunit HslU 

HI1218 lctP L-lactate permease 

HI0420 HI0420 hypothetical protein 

HI1237 dnaK molecular chaperone DnaK 

HI1259 HI1259 periplasmic serine protease 

HI1238 dnaJ chaperone protein DnaJ 

 

There were 80 genes that showed are upregulated and 81 down-regulated genes in fnr mutants 

grown at low oxygen tension with at least log2 ≥ 2.0 fold changes over Rd KW20 grown at low 

oxygen tension. 
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Table 6.9: Genes differentially expressed between Rd KW20 high and low oxygen conditions and further 
changed in the fnr mutants in high oxygen 

Genes down-regulated at high oxygen in RdKW20 and up-regulated in fnr mutants 
Locus Tag Gene Symbol Gene Description 
HI0243 HI0243 hypothetical protein 

HI0242 HI0242 hypothetical protein 

HI0710 HI0710 hypothetical protein 

HI1247 uvrB excinuclease ABC subunit B 

Hi0104 htpG heat shock protein 9 

HI1104 HI1104 transporter protein 

HI1251 vapA virulence-associated protein A 

HI1736 HI1736 hypothetical protein 

HI1695 HI1695 UDP-galactose--lipooligosaccharide galactosyltransferase 

HI1684 HI1684 electron transport complex protein RnfB 

HI0395 HI0395 hypothetical protein 

HI1596 lrp leucine-responsive transcriptional regulator 

Genes up-regulated in high oxygen in Rd KW20 and then up-regulated in fnr mutants 
None     

Genes down-regulated in high oxygen in Rd KW20 and further down-regulated in fnr 
mutants 
Locus Tag Gene Symbol Gene Description 
HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

HI1693 modA molybdenum ABC transporter periplasmic-binding protein 

Genes up-regulated in high oxygen in Rd KW20 and then down-regulated in fnr mutants 
Locus Tag Gene Symbol Gene Description 
HI0189 gdhA glutamate dehydrogenase 

HI0346 napH quinol dehydrogenase membrane component 

HI0345 napG quinol dehydrogenase periplasmic component 

HI1179 artI arginine ABC transporter periplasmic-binding protein 

HI0344 napA   

HI1180 artP arginine transporter ATP-binding subunit 

HI0685 glpA sn-glycerol-3-phosphate dehydrogenase subunit A 

HI1617 aspC aromatic amino acid aminotransferase 

HI1388 trpG anthranilate synthase component II 

HI1500 HI1500 hypothetical protein 

HI1727 argG argininosuccinate synthase 

HI1519 HI1519 hypothetical protein 

HI1178 artQ arginine transporter permease subunit ArtQ 

HI1177 artM arginine transporter permease subunit ArtM 

HI0564 asnA asparagine synthetase AsnA 

HI0347 napB periplasmic nitrate reductase 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B 

HI0853 dppA heme-binding lipoprotein 

HI1154 HI1154 proton glutamate symport protein 

HI0834 frdB fumarate reductase iron-sulfur subunit 

HI1518 HI1518 hypothetical protein 

HI1521 HI1521 hypothetical protein 

HI1080 HI1080 amino acid ABC transporter periplasmic-binding protein 

HI1387 trpE anthranilate synthase component I 
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These genes changed in expression between Rd KW20 under high oxygen and low oxygen. 

These genes further changed in fnr mutant grown in high oxygen. 12 genes were down-

regulated at high oxygen in Rd KW20 and up-regulated in fnr mutants while 24 genes were 

upregulated in high oxygen in Rd KW20 but were down-regulated in fnr mutant. This suggested 

that these genes are either activated or repressed by fnr and the loss of fnr will therefore 

stopped the regulation and the genes therefore behaved differently. Similarly, fnr could be 

binding to their activators and repressing them or activating their repressors. Three genes were 

down-regulated in high oxygen and were further down-regulated in fnr mutants. These genes 

are dmsBC and modA. This suggested that under high oxygen, these genes are normally low in 

expression and fnr maybe binding to their repressors which is not activated at high oxygen level. 

However, a loss of fnr will release the repressors, which will bind to these genes and further 

represses their expression.  

 

Table 6.10: List of FNR regulated genes (from the Virtual Footprint in silico analysis) 
Locus Tag Gene Symbol Gene Description 

HI0018 ung uracil-DNA glycosylase 

HI0139 ompP2 outer membrane protein P2 

HI0153 dcuB   

HI0181 HI0181 formate transporter 

HI0198 HI0198 hypothetical protein 

HI0246 HI0246 hypothetical protein 

HI0263 hxuB heme/hemopexin-binding protein B 

HI0342 napF   

HI0343 napD NapD 

HI0496 hslV ATP-dependent protease peptidase subunit 

HI0521 HI0521 hypothetical protein 

HI0522 HI0522 hypothetical protein 

HI0534 aspA aspartate ammonia-lyase 

HI0583 cpdB bifunctional 2',3'-cyclic nucleotide 2'-phosphodiesterase/3'-nucleotidase periplasmic 
protein HI0587 pepE peptidase E 

HI0588 HI0588 allantoate amidohydrolase 

HI0596 arcB ornithine carbamoyltransferase 

HI0608 HI0608 di- and tricarboxylate transporter 

HI0661 oapA hemoglobin-binding protein 

HI0726 narP nitrate/nitrite response regulator protein 

HI0734 plsC 1-acylglycerol-3-phosphate O-acyltransferase 

HI0735 HI0735 UDP-2,3-diacylglucosamine hydrolase 

HI0757 gpmA phosphoglyceromutase 

HI0809 pckA phosphoenolpyruvate carboxykinase 

HI0875 pepB   

HI1019 tbpA thiamin ABC transporter periplasmic-binding protein 

HI1020 thiP thiamine transporter membrane protein 
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Locus Tag Gene Symbol Function 

HI1021 HI1021 thiamin ABC transporter ATP-binding protein 

HI1041 HI1041 modification methylase 

HI1042 HI1042   

HI1043 napF ferredoxin-type protein 

HI1069 nrfA cytochrome c552 

HI1076 cydA cytochrome D ubiquinol oxidase subunit I 

HI1077 pyrG CTP synthetase 

HI1080 HI1080 amino acid ABC transporter periplasmic-binding protein 

HI1088 sodA superoxide dismutase 

HI1089 ccmA cytochrome c biogenesis protein CcmA 

HI1096m ccmH cytochrome C-type biogenesis protein 

HI1098 HI1098 hypothetical protein 

HI1107 nhaC Na+/H+ antiporter 

HI1112 xylA xylose isomerase 

HI1129 HI1129 cell division protein MraZ 

HI1180 artP arginine transporter ATP-binding subunit 

HI1249 HI1249 hypothetical protein 

HI1252 HI1252 ABC transporter ATP-binding protein 

HI1255 HI1255 hypothetical protein 

HI1313 ihfA integration host factor subunit alpha 

HI1347 potA putrescine/spermidine ABC transporter ATPase protein 

HI1348 pepT peptidase T 

HI1425 fnr fumarate/nitrate reduction transcriptional regulator 

HI1430 HI1430 short chain dehydrogenase/reductase 

HI1445 bioD dithiobiotin synthetase 

HI1597 radA DNA repair protein RadA 

HI1636 ppc phosphoenolpyruvate carboxylase 

HI1653 tldD hypothetical protein 

HI1659 nrdA ribonucleotide-diphosphate reductase subunit alpha 

HI1669 HI1669   

HI1676 moaA molybdenum cofactor biosynthesis protein A 



DJ  Chapter 6: Regulation connected to Oxygen levesl & 
Carbon Metabolism in H. influenzae 

145 

6.6  Discussion 

The Rd KW20 crp mutants grew poorly with mannose, ribose and fucose, suggesting that the 

gene was involved in the regulation of genes that were responsible for utilising these carbon 

sources, or the pathways for their transport and metabolism. It is possible that these carbon 

sources produced metabolic by-products which were toxic to the cells and were not cleared by 

the bacteria efficiently. This ineinefficient clearance of toxic by-products might result from the 

inability of the mutants to regulate genes involved in stress. This in turn would result in a build-

up of toxic by-products and would therefore affect growth. CRP is activated at low glucose 

concentration (through signalling by cAMP) (Shimada et al., 2011) but our growth assays that 

used glucose as the main carbon source showed that the crp mutants were not able to grow as 

well as the wild type. This suggested that CRP might also be involved in glucose metabolism in H. 

influenzae. It was also observed that growth with galactose or fructose was higher than Rd 

KW20. This suggested that under normal condition where glucose was available, CRP represses 

genes that were involved in galactose and fructose metabolism. When glucose was no longer 

the main carbon source, i.e. was limiting, crp was activated and regulated genes that were 

involved in alternative carbon sources, in this case, galactose and fructose mechanism.  

 

FNR is a global regulator that responds to oxygen limitation (Bartolini et al., 2006). In many 

bacteria including the model systems of E. coli (Spiro and Guest, 1991) and Bacillus subtilis 

(Zigha et al., 2007), fnr was down-regulated in the presence of oxygen and upregulated during 

anaerobic fermentation by an insertion of oxygen labile [4Fe-4S] cluster into the N-terminal 

sensory domain (Popescu et al., 1998). Conformational changes enable the C-terminal DNA 

binding domain to recognise specific binding sites within FNR-controlled promoters (Scott et al., 

2003). Upon exposure to oxygen, 2.5 molecules of O2 per cluster for complete cluster 

conversion (Jordan et al., 1997), FNR dimer dissociates into monomers and converts into a 

transcriptionally inactive state which limits the interactions between the target DNA and its 

transcription machinery (Crack et al., 2012; Lazazzera et al., 1996; Green et al., 1996). The 

model mode of action is that as the cell moves into low oxygen, FNR binds its target promoters 



DJ  Chapter 6: Regulation connected to Oxygen levesl & 
Carbon Metabolism in H. influenzae 

146 

and activates the genes required for anaerobiosis and likewise, as oxygen levels increases, there 

is de-activation of these genes. Our results however, indicated that fnr was essential and was 

required for both growth in the conditions we have used as batch culture, and high and low 

oxygen tensions. Rd KW20, with an inactivated fnr, has attenuated growth in both conditions 

and the growth in high oxygen tension had an extended lag phase. A recent study by Edwards 

et al. (2010) indicated that in Neisseria meningitidis, FNR was less sensitive to oxygen than E. 

coli FNR and that the activity of FNR dependent promoters is only weakly inhibited by the 

presence of oxygen (Rock et al., 2007). In the study, it was found that N. meningitidis FNR was 

able to bind to DNA containing consensus FNR box sequence and this stabilises the iron-sulfur 

cluster in the presence of oxygen. Partial degradation of the [4Fe-4S] cluster to a [3Fe-4S] 

cluster occurs and this form remains bond to the DNA. It was also found that the [3Fe-4S] 

cluster can convert spontaneously back to a [4Fe-4S] cluster under subsequent anaerobic 

reducing condition in the presence of ferrous iron (Edwards et al., 2010). Our results strongly 

indicate that this might be the situation in H. influenzae as well.  

 

It is worth noting that recent studies have investigated the interplay between oxygen levels and 

the global regulators of E. coli and in particular, the level of oxygen and the role of FNR, which is 

cytoplasmic, and ArcAB, which is membrane bound (Rolfe et al., 2012). It is interesting to note a 

few points. Firstly, the level of oxygen needs to be very high to alter FNR from its active, DNA-

bound form and this is consistent with our results where anaerobic and FNR-regulated genes 

still seemed to be activated by FNR under our “high” oxygen conditions. Secondly, ArcA 

responds to oxygen at a lower level and switches on its oxygen responsive circuits at a micro-

aerobic level and there is a spatial oxygen response which is linked to exogenous oxygen and 

membrane oxygen consumption which therefore uses the oxygen before it transits into the cell 

for FNR to sense. At moderate levels of oxygen, ArcAB can be altered and this is occurring at the 

membrane level (through the redox state quinone pool). At this level of oxygen, the membrane 

systems for oxygen consumption use and removes the oxygen so FNR remains totally in its 

active, dimer state. It is only when the level of oxygen exceeds this rate of consumption 
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(reported at 115% by Rolfe et al., 2012) that FNR is oxidised. Furthermore, RNA sequencing 

results with Rd KW20 had confirmed that FNR was not downregulated at high oxygen tension. 

Rd KW20 fnr mutants growing in both high and low oxygen tension produced similar reads 

(data not shown).  

 

There were 279 genes that were regulated (up- or down-regulated; Tables 6.4 and 6.8) in fnr 

mutants grown in both high and low oxygen conditions, suggesting the importance of FNR in 

the regulation of these genes in H. influenzae during its growth.  Among the 279 genes, many of 

the genes have already been identified or suggested through in silico predictions to be FNR 

regulated. At least 36 of these genes have been identified in these studies (Appendices 4 and 5) 

(Tan et al., 2001; Gerasimova et al., 2001) and by the Virtual Footprint in silico analysis that was 

done for this project (Table 6.10). Genes that have been identified by other studies include 

genes that encode for energy metabolism such as the oxidative phosphorylation genes 

napABDFGH (quinone dehydrogenase) as well as dmsABC (anaerobic DMSO reductase) and 

nrfABCD (cytochrome c nitrite reductase).  

 

Out of the 279 genes, there were genes that are iron/heme repressible (23) and iron/heme 

inducible (30) (Whitby et al., 2006), suggesting a link between regulation of FNR and iron/heme 

homeostasis. In addition, the presence of many iron requiring enzymes such as nrfABCD in the 

list of FNR regulated genes further showed that iron/heme can affect FNR’s regulation of genes. 

Examples of iron repressible genes include genes involved in iron/heme transport such as hitB 

(iron(III) ABC transporter permease) and metabolic pathways such as the genes pckA, fumC, 

mdh and ansB, which are involved in gluconeogenesis. The genes that are iron inducible and fnr 

regulated include the ccmABCDEFH genes which encode a heme exporter that is involved in 

cytochrome c biosynthesis, as well as the periplasmic nitrate reductase genes napDAGHB. 
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In anaerobically growing E. coli, one ATP generating electron transport pathway is the transfer 

of reducing equivalents from sn-glycerol-3-phosphate (G-3-P) to a short electron chain 

terminating with fumarate as the electron acceptor (Ingledew and Poole, 1984). In our list of 

FNR dependent genes (Tables 6.4 and 6.8), glpA and glpB were found to be regulated. They 

encode the anaerobic sn-glycerol-3-phosphate dehydrogenase (Cole et al., 1988). To support 

this, fumarate reductase (frdABD) was also found in the list of FNR regulated genes (Tables 6.4 

and 6.8). 

 

Many other genes found in the list of FNR regulated genes (Table 6.6) are expressed or 

suppressed mainly due to the composition of the bacteria’s growth media (i.e., for the uptake 

of nutrients) (Appendix 2). These genes include argR and artMQIP (amino acids transporters), 

peptides transporters (oppABCDF), ccmABCDEFH (cytochrome c maturation and heme 

exporters) and glgB, glgX and malQ (glycogen synthesis). In particularly, ccm genes have been 

demonstrated to be important for growth in low iron, intracellular infection as well as virulence 

(Naylor and Cianciotto, 2004).  

 

During low oxygen condition, it is less likely that the bacteria will be exposed to oxidative 

stresses so chaperones and proteases which are involved in DNA misfoldings during stresses are 

therefore not expressed. It is not frequent that FNR is associated with the regulation of 

chaperones but our analysis shows that some chaperones such as dnaJK, groELS and hsiUV 

(these have also been found to be regulated by FNR in high oxygen condition) are indeed part 

of the FNR regulon or the broader stimulon associated with conditions which ensue as a result 

of FNR not being present. This stress remains the case as the oxygen levels changes. 

 

Among the 279 downregulated genes during growth in low and high oxygen condition in the fnr 

mutants, 54 genes were found to be regulated by FNR in both conditions. Among these genes, 

many of them are expected to be only expressed in anaerobic conditions (such as dmsABC and 
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nrfABCD). It is therefore reasonable to predict that the conditions we use as “high” oxygen are 

still less than those required to switch FNR totally to its monomer state (Crack et al., 2004; 

Jordan et al., 1997). Therefore, FNR remains bound to some promoters and in control of those 

genes (either activating or repressing them). 

 

HI0186 or nmlR, which encodes the transcriptional factor NmlR, is also a regulator of adhC 

(Chapter 3). It was found to be downregulated in the fnr mutants during low oxygen condition, 

implying that this gene is activated by FNR in a wild type strain during low oxygen condition. 

Evidence has shown that the product of nmlR, NmlR protein is a member of the MerR family of 

bacterial transcription factors (Chapter 1.4.1) and in H. influenzae, it regulates the expression of 

proteins involved in defence against oxidative stress (Kidd et al., 2005). It regulates adhC and 

this is required for growth under aerobic conditions. The link in this case may not be directly 

oxygen but its effects on the nature of the surrounding chemistry. Our studies indicate that 

AdhC can use reactive aldehydes as substrates and is important in the response and 

detoxification of these toxic chemicals. These toxic chemicals, known to be generated by host 

cells, are also produced as by-products of certain growth pathways. These chemical are far 

more toxic in the presence of oxygen, where oxygen facilitate their auto-oxidation and result in 

,-dicarbonyls and more reactive oxygen species (Benov and Fridovich, 2002; Okato-

Matsumoto and Fridovich, 2000) to be produced during this process as a reaction by-product. 

Although this result comes from bacteria grown in a low oxygen condition, there may still be 

traces of oxygen within the media and therefore, to protect against these associated stresses, 

nmlR was expressed. Importantly however, is that adhC itself was decreased in expression and 

this may indicate an expression of NmlR to maintain adhC levels in a repressed state. The 

complication arises as NmlR can exist in a repressor or activator state; repressing adhC-estD or 

activating these genes depending on the environmental signal and the resulting protein 

conformation switch upon binding that signal. 
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The signal for NmlR, although the focus of studies by several research groups, has not been 

found. The fact that adhC itself was not activated may indicate that there is a transcriptional 

network in which NmlR is lower in the hierarchy and is activated under certain conditions to 

maintain a cellular state. The activation of NmlR may be to keep adhC repressed (consistent 

with our results for adhC – so under low oxygen, there is repression). Upon a switch to higher 

oxygen levels, NmlR may lose this activation and a lessening of adhC repression by NmlR 

occurred (a state of de-repression as required as oxygen has increased, so some AdhC is 

required for the removal of oxidized by-products of growth that AdhC may be able to use as 

secondary substrates). However, in this condition, there is still some NmlR present and it can 

respond directly to its signal (perhaps a reactive aldehyde or excess of a toxic metabolic by-

product), resulting in an NmlR switch to its activator protein conformation (a state of adhC 

activation directly for removal of the cognate stress) in this environment. The results of our 

transcriptomics with changes in oxygen did not clearly indicate a pathway from which there 

was an obvious substrate or signal that would require AdhC and in this context, further work is 

required. 

 

arcA has been shown to be activated in anaerobic environment and could be regulated by FNR 

(Compan and Tanati, 1994). Our results however, showed that arcA was actually slightly 

upregulated (1.0 (log2) change) in RdKW20 grown in high oxygen condition. In fnr mutants 

however, the gene was highly downregulated (4.5 (log2) change) when the mutant was grown 

in high oxygen tension. This suggested that FNR was required to regulate its expression in high 

aerobic condition and that without the regulating gene, it was not able to be expressed. In 

addition to arcA, nmlR was also downregulated in fnr mutants in low oxygen tension (2.2 (log2) 

fold, not significant in high), suggesting that FNR regulates the expression of nmlR in an oxygen 

restricted environment (as discussed earlier). 
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7.1  Introduction 

As discussed in Chapter 1, a strategy by bacteria in response to stress is the formation of biofilm. 

This mechanism of survival is part of their metabolic adaptation to an environment or niche 

within the host. H. influenzae is no exception. Recent studies have provided clear evidence that 

H. influenzae can produce biofilms during otitis media in human and in the model systems of 

chinchilla middle ear during experimental otitis media (Greiner et al., 2004). In order to develop 

strategies to treat and prevent infections caused by bacteria in biofilms, it will be important to 

elucidate the molecular characteristics of bacterial pathogens when in a biofilm lifestyle.  

 

NTHi forms biofilms in vivo. Studies have shown that NTHi isolates from children with otitis 

media and adults with chronic obstructive pulmonary diseases are able to form biofilms in 

model systems (Ehrlich et al., 2002) or ex vivo (Murphy et al., 2002). Although there was some 

doubt in the ability of H. influenzae to develop biofilms (Moxon et al., 2008), many studies have 

now shown that the expression of proteins such as LuxS (Armbruster et al., 2009) and PilA 

(Jurcisek et al., 2007), as well as the existence of LOS (Martí-Lliteras et al., 2011; Fox et al., 2006) 

contribute to NTHi’s ability to form biofilms. This chapter highlights our studies relating to 

biofilm formation within H. influenzae Rd KW20 and 86-028NP as a stress response, during 

carbon alterations as well as in response to changes in oxygen exposure. Biofilm formation 

involves a number of key and discrete stages from bacterial cell-cell aggregation through early, 

middle and late stages of maturation and then dispersion of cells from the biofilms. Each of 

these stages can be assayed. As the initiation of the changes in the bacterial cell (gene 

expression, surface structures and metabolism) that occur before the early stages of 

attachment was shown to involve cell-cell interaction and formation of cell aggregates (O’Toole 

et al., 2000), aggregation assays were performed.  
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7.2  adhC mutants form cell aggregates under GSNO stress, but not 

under formaldehyde and hydrogen peroxide stresses 

Formation of cell aggregates is an early stage of attachment which can be linked to inducing 

biofilm formation. Since biofilm formation is a form of stress response, the exposure to 

stressors is expected to enhance the formation of biofilms in bacteria. Besides, during our 

growth assays of H. influenzae, flocs (cell-cell aggregates) were observed in media under some 

conditions. These flocs were found in almost all strains but were particularly significant for 86-

028NP. Therefore, aggregation assays were performed on H. influenzae strains Rd KW20 and 

86-028NP, as well as the adhC mutant, to determine if these strains form aggregates with and 

without stressors. Cells were grown overnight in BHI broth with or without stressors and were 

left undisturbed on the bench over a period of 8 hours the following day. Samples were 

collected from the very top of the broth and their OD630 were taken. The results are presented 

as a percentage of the first reading. If the cells were to aggregate to the bottom of the broth, 

the OD630 from the top portion would decrease. It was observed that 86-028NP formed 

aggregates in general and cells settled to the bottom of the tubes within a couple of hours (Fig. 

7.1). Although the addition of stressors did enhance the aggregation, it was minimal and was 

not significant. In contrast, Rd KW20 remains distributed throughout the broth even after 8 

hours and addition of stressors had negligible effects on the cell aggregating properties of Rd 

KW20. Formaldehyde and H2O2 had no effects on adhC mutants’ aggregation but the addition 

of GSNO caused a dramatic increase in the aggregation of the adhC mutants (Fig 7.1). 
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7.3  86-028NP and fnr mutants form cell aggregates 

FNR and CRP are global regulators and have been shown (in Chapter 5) to be important for the 

growth of H. influenzae in oxygen tensions and under different carbon sources respectively. As 

such, the mutants might be able to form biofilms since they might be regulating genes that are 

involved in driving the lifestyle (metabolism and physiology) during biofilm formation. As 

aggregation is the first stage of cell-cell interaction, aggregation assays were done to determine 

the ability of these mutants in the formation of cell aggregates. Cell aggregation assays of Rd 

  A 

 
 

  B 

 
 

  C 

 
 

  D 

 
 

AggregatesNo Aggregates

Figure 7.1: Aggregation of H. influenzae Rd KW20, 86-028NP and adhC mutant in presence of stressors. (A) with 

GSNO, (B) with formaldehyde and (C) with H2O2. (D) shows the aggregates that can be found in 86-028NP and not Rd 

KW20. Bacteria grown overnight were left on bench undisturbed for a period of 8 hours. Samples were collected from 

just below the surface of the broth and measurements were taken at 0
th

,2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density 

at 630nm. Results are displayed as a mean percentage over the initial measurement at t = 0 per strain (± standard 

deviation). GSNO: S-nitrosogluthatione; FDH: formaldehyde; H2O2: Hydrogen peroxide; h: hours. 
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KW20 and 86-028NP were done with fnr and crp mutants as they served as negative and 

positive controls respectively. Aggregation assays were done without any stresses in BHI media 

but bacterial cells were grown aerobically in 37oC overnight. Results showed that fnr mutants 

formed aggregates faster and more efficiently than 86-028NP. The crp mutants on the other 

hand, did not form aggregates and the broth remained turbid. The formation of aggregates in 

the crp mutants were very similar to wild type Rd KW20. 

 

 

  

 

 

 

 

Figure 7.2: Aggregation of H. influenzae Rd KW20, 86-028NP, crp mutant and fnr mutant. (A) Aggregation 

graph. Bacteria grown overnight in BHI media was left undisturbed for a period of 8 hours. Samples were 

collected from just below surface of media and measurements were taken at 0
th

,2
nd

, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by 

optical density at 630nm. Results are displayed as a mean percentage over the initial measurement at t = 0 per 

strain (± standard deviation). (B) View of Rd KW20 aggregates under 60X. Arrows depict cells. (C) View of 86-

028NP aggregates under 60X. Arrows depicts cells aggregates 

A 
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7.4  Cell aggregates formation increases with decreasing oxygen tension 

in CDM 

FNR is the major regulator protein involved in the adaptation to oxygen restrictive condition 

(Bartolini et al., 2006; Reents et al., 2006) and it was shown in Chapter 5 that fnr mutants were 

not able to grow as efficiently as Rd KW20 in high oxygen tension. In addition, Chapter 7.3 has 

shown that fnr mutants formed aggregates in BHI under aerobic condition. Therefore, it was 

deduced that oxygen tension might be an environmental factor in the signalling of the cell to 

switch to its cell aggregation properties. To determine if oxygen tension affects the rate and 

efficiency of aggregates formation in fnr mutants, fnr mutants and Rd KW20 were grown 

overnight in 10mL, 30mL and 50mL CDM in 50mL falcon tubes to simulate environments of 

different oxygen tensions. Tubes were left undisturbed on bench over 8 hours and samples 

were collected from just below the broth surface. Optical densities at 630nm were then taken. 

It was observed (Fig 7.3) that fnr mutants in all oxygen tensions form aggregates faster and 

more efficiently than their Rd KW20 counterparts. Importantly, the rate of aggregation did 

increase as the oxygen tension decreases for both strains. It was also observed that only in fnr 

mutants did CDM turn yellow. As the pH indicator in the CDM, phenol red, turns from red to 

yellow as the pH decreases, this change in colour indicated that the media had become acidic. 
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7.5  H. influenzae forms biofilms within 24 hours and biofilms increases 

with time 

Evidence has shown that H. influenzae strains formed biofilms in vitro as well as in vivo. To 

determine the extent of biofilm formation within a certain period of time, H. influenzae strains 

Rd KW20 and 86-028NP were grown in 96-wells microtitre plates and incubated at 37oC 

A 

B 

Figure 7.3: Aggregation of H. influenzae Rd KW20 and fnr mutants in different oxygen tensions. A) Aggregation 

graph. Bacteria were grown overnight in 10mL, 30mL and 50mL CDM in 50mL falcon tubes and were left on bench 

undisturbed for a period of 8 hours. Samples were collected from just below surface of media and measurements 

were taken at 0
th

, 2nd, 3
rd

, 4
th

, 6
th

 and 8
th

 hour by optical density at 630nm. Results are displayed as a mean 

percentage over the initial measurement at t = 0 per strain (± standard deviation). B) Aggregation in tubes at 8
th

 

hour.  
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overnight. The adhC, nmlR and fnr mutants were also grown to determine any variation in their 

ability to form biofilms. Biofilms were stained with crystal violet (CV) and washed thrice until 

negative control samples (liquid media without growth) were clear. Samples were then 

resuspended with 70% ethanol to extract the CV bound to the biofilm and absorbance readings 

at 630nm were taken. It was observed that H. influenzae strains formed biofilms (Fig 7.4) within 

24 hours and this formation of biofilms was enhanced over time throughout the assay, which 

continued for up to 72 hours (data not shown). In particular, it is worth nothing that in our 

assays, 86-028NP was not able to form any biofilms in either BHI or CDM. This is contrary to the 

published information on biofilm formation by 86-028NP but it is worth noting that those 

previous studies were performed in cell or animal model systems (Armbruster et al., 2009; 

Jurcisek and Bakaletz, 2007; Jurcisek et al., 2007). Throughout our studies, it was seen that the 

86-028NP strain formed flocs or cell aggregates as they enter stationary phase, which is an 

intrinsic consequence of batch culture. Although this was an indication of the first stage of 

biofilm formation, the subsequent attachment and maturation were not seen in the microtitre 

plates assays that were employed. More biofilms were observed when CDM was used and CDM 

was therefore selected to be the media of choice for biofilm studies. It should be noted that the 

usage of ethanol for CV solubilisation was ineffective as much of the CV were not able to be 

solubilised effectively. A new CV solubilisation method was thereafter adopted.  

 

 

 

 

 

 

 

 

Figure 7.4: Biofilm formation of H. influenzae. A) In 24 hours. B) In 48 hours. Bacteria cells grown overnight was 

diluted and inoculated onto 96-wells plates. Plate was incubated at 37
o
C for 24 hours or 48 hours. Biofilm 

formation was quantified by solubilising crystal violet stain retained by adhered cells with 70% ethanol and 

measuring the absorbance at 630nm. Results are presented as the mean of triplicate per strain (± standard 

deviation). A630: Absorbance at 630nm; BHI: Brain-heart infusion media; CDM: Chemically defined media. 
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7.6  Mutants form much biofilm with and without GSNO 

All the mutants in this project have, in one way or another, compromised growth and therefore 

was expected to form biofilms in order to increase their chances of survival. The introduction of 

additional stressors might enhance the formation of biofilms since they are stressed and 

biofilms are formed as a response to stress. AdhC has been shown to be important for GSNO 

detoxification. Together with biofilm formation, AdhC might combine as part of the systems 

that change the cell in response to GSNO. Therefore, adhC or nmlR mutants might show 

changes in its biofilm formation in the presence of GSNO stress. It was also expected that global 

regulators, in this case FNR and CRP, might have alterations in their biofilm forming properties 

in the presence of GSNO. In addition, it has been demonstrated that adhC and fnr mutants 

formed aggregates more readily than Rd KW20. Since formation of cell aggregates is a part of 

cell-cell interaction, which in turn is the first stage of biofilm formation, it was expected that 

these mutants do continue to form biofilms. 

 

To determine if GSNO stress induces biofilm formation, cells were grown aerobically in the 

presence of GSNO for 24 hours in 96-well microtitre plates. Biofilm formation was quantified using 

absorbance at 630nm. It was observed that all mutants formed higher biofilms as compared to wild 

type Rd KW20 (Fig 7.5). When GSNO was added, biofilm formation for most mutants as well as Rd 

KW20 decreased. In particularly adhC and nmlR mutants, as well as Rd KW20, the decrement was 

significant (Rd KW20 and adhC: P ≥ 0.0001; nmlR: P = 0.0003). A slight decrease was observed for 

crp mutants and while for fnr mutants, biofilm formation remained the same. 
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Figure 7.5: Microtitre plate biofilm formation of Rd KW20, 86-028NP and mutants in presence of GSNO. Bacteria 

were grown for 24 hours in 37
o
C. Plates were stained with 0.1% crystal violet. Biofilm formation was quantified by 

solubilising crystal violet stain retained by adhered cells with 30% acetic acid and measuring the absorbance at 

630nm. Results were presented as mean absorbance reading of crystal violet at 630nm (± standard deviation). 

Wild type Rd KW20 was used as a standard and strains were scored as stronger or poorer biofilm formers. *P ≤ 

0.005, **P ≤ 0.01, ****P ≤ 0.0001 (determined by Student’s unpaired one–tailed t test. A630: Absorbance at 

630nm; GSNO: S-nitrosogluthathione. 
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7.7  adhC and nmlR mutants form much less biofilm in presence of 

formaldehyde 

AdhC was shown in Chapter 3 to be involved in formaldehyde oxidation and detoxification and 

therefore formaldehyde was included as one of the stressors for the study of biofilm formation. 

To determine if formaldehyde had any effects on biofilm formation, bacteria were grown with 

and without formaldehyde for 24 hours. As with the original killing experiments, these biofilm 

assays were also done under different oxygen tensions. At high oxygen tension, 200L of 

culture in each well were grown shaking aerobically in 37oC at 210rpm. At low oxygen tension, 

300L of culture in each well were grown statically in 37oC incubator, 5% CO2. 

 

It was observed (Fig 7.6) that biofilm formation was stronger in high oxygen tension than in low 

oxygen tension. This was especially significant in Rd KW20, adhC and nmlR mutants. At high 

oxygen tension, the addition of formaldehyde did not increase biofilm formation, with most of 

the strains actually registering a decrease in biofilms. For adhC and nmlR, this was significant 

and the biofilms decreased more than 50% upon the addition of 0.001% formaldehyde. For the 

crp and fnr mutants, there was a slight increase but the difference was insignificant. All mutants 

did not produce any biofilms upon exposure to higher concentration of formaldehyde. Rd KW20 

wild type cells formed weak biofilms at 0.002% formaldehyde. However, at 0.004% 

formaldehyde, Rd KW20 was not observed to form biofilms, as with the other strains. In low 

oxygen tension, a similar downward trend was observed in all strains.  
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Figure 7.6: Microtitre plate biofilm formation of Rd KW20, 86-028NP and mutants in presence of 

formaldehyde. (A) Quantitiy of biofilm formation at high O2 tension. (B) Quantitiy of biofilm formation at low 

O2 tension. (C) Statically incubated microtitre plate after 24 hours before crystal violet staining. (D) Statically 

incubated microtitre plate after crystal violet staining. Bacteria were grown for 24 hours in 37
o
C. Plates were 

stained with 0.1% crystal violet. Biofilm formation was quantified by solubilising crystal violet stain retained by 

adhered cells with 30% acetic acid and measuring the absorbance at 630nm. Results were presented as mean 

absorbance reading of crystal violet at 630nm (± standard deviation). A630: Absorbance at 630nm; FDH: 

Formaldehyde; O2: Oxygen. 
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7.8  adhC mutants produce biofilms in presence of glucose and ribose in 

high oxygen tension and in presence of fructose in low oxygen tension  

In Chapter 3, it was shown that carbon sources affect the growth of Rd KW20, 86-028NP as well 

as the adhC and crp mutants. This difference in growth might be due to the different toxic by-

products of their growth associated with different carbon metabolism. As a response to stress, 

in this case to an increased production of the toxic intracellular products produced during 

metabolism, H. influenzae might form biofilms in the presence of specific carbon sources and 

environmental conditions. To determine whether the changes in carbon sources affect biofilm 

production, cells were grown with different carbon sources for 24 hours in high or low oxygen 

levels (as described previously, the oxygen tension directly effects the toxicity of the aldehyde 

by-products of metabolism). Carbon sources used were sodium pyruvate, glucose, galactose, 

fructose, mannose, ribose and fucose. High oxygen tension and low oxygen tension were 

achieved as mentioned in Chapter 7.7. Rd KW20 and 86-028NP wild type cells were used as well 

as crp and adhC mutants.  

 

In high oxygen tension, all strains tested formed weak biofilms when grown with CDM without 

additional sugars (and sodium pyruvate) that were used in the assay (Fig 7.7). Rd KW20 had 

increased biofilms in the presence of glucose but the difference was not significant compared 

to biofilms formed with other carbon sources. 86-028NP did not form much biofilm regardless 

of carbon sources added. In the adhC mutants, strong biofilms were formed when glucose or 

ribose was used while weak biofilms were formed with the other carbon sources. In the crp 

mutants, strong biofilms were produced when glucose or fructose was used. Regardless of the 

strain or the carbon source, biofilm formation was stronger in low oxygen tension as compared 

to biofilms formed in high oxygen tension. Rd KW20 and 86-028NP formed more biofilms when 

grown with glucose or ribose than the other carbon sources. With galactose as the main carbon 

source, adhC mutants did not produce any biofilm but with fructose, they produced the most 

biofilms among all the sugars that were added as carbon sources. In crp mutants, biofilm 

production was similar regardless of the sugars that were added as carbon sources. 
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Figure 7.7: Microtitre plate biofilm formation of Rd KW20, 86-028NP and mutants with different carbon 

sources. (A) Quantitiy of biofilm formation at high O2 tension. (B) Quantitiy of biofilm formation at low O2 tension. 

(C) Biofilm at high O2 tension after crystal violet staining. (D) Biofilm at low O2 tension after crystal violet staining. 

Bacteria were grown for 24 hours in 37
o
C. Plates were stained with 0.1% crystal violet. Biofilm formation was 

quantified by solubilising crystal violet stain retained by adhered cells with 30% acetic acid and measuring the 

absorbance at 630nm. Results were presented as mean absorbance reading of crystal violet at 630nm (± standard 

deviation). A630: Absorbance at 630nm; O2: Oxygen; NaPy: Sodium pyruvate; Glu: Glucose; Gal: Galactose; Fru; 

Fructose; Man: Mannose; Rib: Ribose; Fuc: Fucose. 
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7.9 RNA sequencing on nikQ mutants 

There are a limited number of known H. influenzae factors that have been clearly shown to 

drive the cell towards biofilm formation (a biofilm state), either directly through the induction 

of surface structures or through changes to physiology that switch the lifestyle to that of a 

biofilm. The nikQ mutant of H. influenzae is a biofilm forming mutant that alters cellular growth 

(the cell’s physiology) and its surface properties (Ng and Kidd, 2013). Given this link between 

cell physiology and biofilm formation, the study of this mutant was seen as a possible pathway 

for analysis of the systems that interplay with the mutants that have been studied, and their 

role in cell physiology and biofilm formation. The creation of a biofilm forming whole cell profile 

in H. influenzae using this mutant as a template for transcriptomics analysis was therefore 

sough. For this study, Rd KW20 wild type and nik mutants were grown under high and low 

oxygen tensions. The genes that were highly expressed in nikQ mutants under normal (high) 

aerobic conditions were identified. Sequencing results for nikQ mutants from the Ion Torrent 

platform under high aerobic conditions generated 3,451,061 reads of mean length 92bp, of 

which 303Mbp were aligned to the reference genome to give an average coverage of 165.6X. 

All reads were mapped to the reference genome Rd KW20 (Accession number: NC_000907) as 

described in Chapter 2.10.6. 

 

To determine the whole cell gene expression that is affected in the nikQ strain and predisposes 

the cell to a biofilm-lifestyle, the nikQ mutants RNA sequencing profile at high oxygen tension 

was further compared with the RNA sequencing profile of Rd KW20 at a similar oxygen tension. 

The differentially expressed genes in nikQ mutants grown at high oxygen tension over the wild 

type counterpart, Rd KW20 grown at high oxygen tension with statistically significant fold 

change (log2 ≥ ±2.0) ranged from -7.17 to 6.05. There were 66 upregulated and 69 

downregulated genes in nikQ mutants grown at high oxygen tension with at least log2 ≥ 2.0 fold 

change over Rd KW20 grown at high oxygen tension. List of differentially expressed genes in 

nikQ mutants over Rd KW20 at high oxygen tension with statistically significant fold change 

(log2 ≥±2.0) can be found in supplementary file Sup 6. 
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A short list of the genes that were up- or down- regulated genes in high oxygen tension with a 

cut off of log2 2.0 is shown in Table 7.1. Many of the highly upregulated genes are the genes 

encoded for stress responses. These genes including the molecular chaperones involved in 

protein foldings (htpG, dnaJK, hslVU, groES and groEL) and the restriction modification system 

(hsdMRS) are among the highest upregulated genes in nikQ mutants. Genes involved in 

thiamine (HI0357 and thiE) and folic acid biosynthesis (folP-2) were also found to be 

upregulated. Membrane transporters such as nikKLM (nickel uptake) and hitB (iron uptake) and 

membrane proteins such as HI1697, HI1695 (both involved in LOS biosynthesis) and nanK (sialic 

acid metabolism) were also found to be highly expressed in a nikQ mutant. Finally, vapA which 

is essential for intracellular growth and virulence was also upregulated at 3.0 (log2) fold. 

 

Many of the genes that were down-regulated in nikQ mutant are involved in anaerobic 

metabolism. These genes include the DMSO reducatase (dmsABC; -2.3 – 7.2 (log2) fold), nitrite 

reducate (nrfDC; -2.4 – 3.4 (log2) fold) as well as the genes encoding for anaerobic glycerol 

metabolism glpAB (-3.2 (log2) fold). Genes involved in TCA cycle (fumC and mdh) were also 

downregulated at 2.2 (log2) fold. Other genes that were downregulated includes modA, which is 

involved in molybdenum uptake and downregulated at 3.3 (log2) fold and dppA, which is 

involved in heme uptake and downregulated at 2.8 (log2) folds. oxyR, one of the global 

regulators involved in gene regulation, was also downregulated. 
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Table 7.1: Genes differentially expressed in Rd KW20 compared to Rd KW20 nikQ mutants 

Genes up-regulated in nikQ mutants 
Gene/s  Description Changea 
   
Metabolic pathways   
HI0243/HI0242 HHE/heme binding 3.9 
HI0357/thiE thiamine biosynthesis 3.1-3.3 
pyrD dihydroorotate dehydrogenase 2.6 
neuA CMP-sialic acid synthase 2.5 
HI0152 acetyl carrier protein 2.3 
folP-2 folic acid biosynthesis 2.2 
   
Membrane/transporters   
nikKLM Ni2+ uptake 2.6-3.2 
prlC peptidase, removal of signal peptide 3.1 
hitB iron uptake 3.1 
HI1697/HI1695 LOS biosynthesis 2.4-2.6 
bolA cell morphology 2.3 
nanK sialic acid metabolism 2.3 
HI0894 RND efflux pummp 2.2 
potD spermidine/putrescine transporter 2.2 
sapC peptide transporter 2.2 
dctM TRAP transporter 2.2 
   
Stress response    
htpG, dnaJK, hslVU, groES, 
groEL, clpB 

molecular chaperones, protein folding 3.2-6.1 

hsdMRS restriction system 3.3-4.2 
hindIIM/R mod/res system 2.5-2.6 
htrA, hflKC proteases 2.0-2.4 
   
Gene regulation   
vapA toxin-antitoxin system 3.0 
HI0420 RHH regulator 3.0 
nusA transcription factor 2.8 
sprT regulator of bolA 2.1 
   

Genes down-regulated in nik mutants 
Gene/s  Description Changea 
   
Metabolic pathways   
dmsABC DMSO reductase 2.3-7.2 
nrfDC nitrite reductase 2.4-3.4 
glpAB anaerobic glycerol metabolism 3.2 
bisC/yecK biotin co-factored reductase 2.0-3.2 
frdD fumarate reductase 2.9 
acpP acyl carrier protein 2.8 
gdhA glutamate dehydrogenase 2.6 
malQ amylomaltase 2.4 
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bioD (HI1445) biotin biosynthesis 2.4 
napG nitrate reductase 2.2 
mdh malate dehydrogenase 2.2 
fumC fumarate hydratase 2.2 
pfl pyruvate-formate lyase 2.2 
gapdH glyceraldehyde-3-phospohate dehydrogenase 2.1 
gpmA phosphoglyceromutase 2.1 
   
Membrane/transporters   
HI1078/79/80 PAAT (amino acid) transporter 2.1-3.5 
HI1154 Na+/dicarboxylate symporter 3.7 
modA Mo uptake 3.3 
nikO Ni2+ uptake 3.3 
dppA heme uptake 2.8 
pal OMP P6 2.6 
pilC pilin biosynthesis 2.3 
   
Gene regulation   
infA translation initiation factor 2.7 
HI0093 sugar di-acid regulator 2.5 
oxyR oxidative stress regulator 2.1 
trpR trp operon repressor 2.0 
a - Changes are expressed in log2 fold change.  

 

 

7.10  Discussion 

Haemophilus influenzae has been shown to form biofilms as a switch in lifestyle. This formation 

of biofilm responses to toxic, stressed or non-optimal conditions (reviewed in Chapter 1.4.4) 

and cell-cell aggregation is usually the first step in the process (O'Toole et al., 2000). Our results 

showed that adhC mutants formed aggregates under GSNO stress. This was expected as adhC 

encodes a glutathione-dependent formaldehyde dehydrogenase which provides protection 

against GSNO stresses in H. influenzae. Therefore, without the gene, H. influenzae will become 

more prone to GSNO toxicity. To protect themselves, H. influenzae aggregated as the initial step 

of attachment for biofilms as a stress response. It was also demonstrated that adhC mutants 

did not form aggregates in the presence of H2O2 (Fig 7.1C). As AdhC does not protect against 

H2O2, the mutants were still able to grow after the addition of H2O2 into the media and the 

formation of aggregates and biofilms was not a priority. Our results also showed that adhC 
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mutants did not form aggregates when grown in the presence of formaldehyde. This was 

however, not expected and conflicted with our findings that adhC mutants were sensitive to 

formaldehyde. This discrepancy might be due to the low concentration of formaldehyde that 

was used in the experiment. This low concentration was not able to simulate an environment 

toxic enough for the bacteria to form aggregates. In addition, the mutants might have adapted 

to the formaldehyde after growing in the presence of formaldehyde for more than 24 hours. 

Therefore, this created a new population of adhC mutants that were resistant to formaldehyde 

killing. 

 

86-028NP formed aggregates in the presence of all chemicals and stressors tested. However, as 

the strain was also able to form aggregates without any chemical, it was deduced that 86-

028NP was able to form aggregates and the addition of chemical would only increase the speed 

of aggregation marginally. Rd KW20 and its crp mutants did not form aggregates. The fnr 

mutants formed aggregates the most efficiently among the four strains and mutants tested. 

The fact that fnr mutants, which are sensitive to oxygen, aggregated at a higher rate than all 

other strains suggested that there might be traces of oxygen in the growth conditions. These 

traces of oxygen could also in turn be responsible for ROS production which can be toxic to the 

bacteria cells. In any case, the fnr mutant cells, to protect themselves, clumped together and 

aggregated. 

 

An increased amount of oxygen tension was expected to result in a higher amount of ROS and 

more toxic RA (reviewed in Chapter 1.3). As a form of protection when usual protecting 

enzymes and processes are exhausted or when stress is beyond their capability, bacterial cells 

could be expected to form biofilms to defend themselves against these reactive species. Our 

results (Fig 7.3) however, showed that fnr mutants aggregated faster in lower oxygen tension 

than in higher tension. There were a couple of intrinsic aspects of our assays that may have 

skewed the results. A possible reason for the high amount of aggregates in low oxygen tension 
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could be due to the amount of bacteria within the media and likewise, the composition of cell 

numbers in stationary phase or death phase (and perhaps lysed cells).  

 

In our assays, bacteria were grown overnight in 50mL falcon tubes filled with 10mL, 30mL and 

50mL media and were shaken at 210rpm to simulate environments of low, mid and high oxygen 

tensions respectively. They were then left undisturbed on the lab bench for a period of 8 hours 

and aggregation was monitored. As there were more nutrients with more media, more bacteria 

were able to grow overnight. Figure 7.3B showed the amount of aggregates that were found in 

the tubes after leaving undisturbed on the bench for 8 hours. As observed, there was a higher 

volume of bacteria in the tubes with low oxygen tension which has 50mL of media within. It 

was therefore deduced that the amount of bacteria within the media would also affect the rate 

of aggregation, possibly because there would be a higher chance of cells clumping together and 

forming aggregates. 

 

H. influenzae has been shown to form biofilms (reviewed in Chapter 1.3.4). Our results 

supported this and it was found that the intensity of biofilms increased with time. However, the 

experiment (data not shown) was only performed to a maximum of 72 hours and there could 

be a possibility that the intensity would fall over time since the final stages of biofilm formation 

involves the dispersal of cells back into the environment.  

 

In the first instances of biofilm assays, 70% ethanol was used as the solvent to solubilise crystal 

violet after staining (O’ Toole et al., 1999) and absorbance at 630nm was taken. The amount of 

dye solubilised is directly proportional to the biofilm size (Pantanella et al., 2013). 70% ethanol 

however, was ineffective for H. influenzae and false results were common. The ineffectiveness 

of ethanol to fully extract CV from biofilms was likely due to the high amount of CV staining that 

occurred. In addition, the matrices materials of H. influenzae might bind tightly to CV and 

therefore, the solvent was not strong enough to elute the CV from the biofilm. This was later 
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remedied by using acetic acid as the solubilising solvent for CV. To gain a better understanding 

of the biofilm forming properties of H. influenzae, more detailed and refined experiments, such 

as scanning electron microscopy could be done to study the polymeric matrices and compare 

them across different strains, species and genus. It should be noted that part of the assay was 

done with BHI media BHI media appeared to affect the adherence of the biofilms and increased 

the background in the assay. As a result, only CDM was subsequently used. 

 

The effects of stressors to biofilm formation were assessed. In general, adhC and nmlR mutants 

produced more biofilms than wild type Rd KW20. As these genes protect the bacteria against 

stresses, even during normal growth when both are functional with no exogenous stresses, the 

loss of these genes will expose the bacteria to more stresses and this may predispose the cells 

to produce more biofilms to protect themselves against stressors encountered as a 

consequence of normal growth. These stresses include ROS and RA, both known by-products of 

growth and linked to the function of NmlR and AdhC (as discussed in Chapter 3).  

 

The addition of GSNO caused a decrease in biofilm formation in all strains and mutants tested 

with the exception of the fnr mutants. As the wild type Rd KW20 also produced lesser biofilms 

with the addition of GSNO, the concentration of GSNO added might have been too toxic for the 

strains. The fact that the biofilm formation in fnr mutants was unchanged indicated that the 

loss of fnr activated certain genes that were able to detoxify GSNO perhaps equally substituting 

the role of adhC. In another words, FNR might be suppressing genes that are involved in nitric 

oxide tolerance in wild type H. influenzae. These genes were not identified in this project but 

one possible gene that could be suppressed is the flavohaemoglobin hmp (Flatley et al., 2005). 

 

Figure 7.6 demonstrated that biofilm formation was higher in high oxygen tension (Fig 7.6A) 

than in low oxygen tension (Fig 7.6B). This could be due to the increased ROS and RA stresses 

encountered by the bacteria during high oxygen tension. The fact that adhC and nmlR mutants 
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formed high level of biofilms under normal aerobic growth but not in low oxygen tension 

indicated that they have a role in normal growth, possibly via detoxification of RA (as previously 

discussed, see Chapter 3). However, many studies (Brooks and Trust, 1983; Mohamed et al., 

1999; Li et al., 2000; Thomas et al., 2002) have shown that bacterial adhesion is enhanced by 

shear force. Therefore, there seems to be a greater possibility that the increased biofilm 

formation in our assays were due to the higher shear stress encountered in high oxygen tension. 

On the other hand, fnr mutants had less biofilms possibly due to lower growth under normal 

condition or non-stressed condition when the assay was carried out aerobically. This further 

suggested, as expected from other studies (Akerley et al., 2002) that FNR might also be involved 

in normal aerobic growth and was therefore required for H. influenzae’s normal growth in high 

oxygen conditions.  

 

When formaldehyde was added under high oxygen tension, biofilm formation for wild type Rd 

KW20 and mutants of crp and fnr did not show much differences. As compared, both adhC and 

nmlR mutants showed a significant reduction in biofilms formed. Therefore, the addition of 

formaldehyde created a very toxic environment for these mutants and this toxicity simply 

caused much of the cells to die, resulting in a lower amount of biofilm formed.  

 

Kroukamp and Wolfaardt (2009) have demonstrated that the concentration of available carbon 

influenced the initial rate of biofilm development as well as the metabolic activity of mature 

biofilms. Furthermore, Bester et al. (2011) showed that the carbon availability affected biofilm 

architecture, metabolic activity and planktonic cell yield (Kroukamp and Wolfaardt, 2009; 

Bester et al., 2011). Indeed, our results (Fig 7.7) showed that wild type Rd KW20, 86-028NP and 

mutants of crp and adhC were all weak biofilm formers when no carbon sources were added 

into CDM, suggesting the importance of carbon sources to H. influenzae’s ability to form 

biofilms. 
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adhC mutants formed a lot of biofilms when glucose was used as the main carbon source. 

Glucose is normally the main carbon source for growth but under normal conditions, glucose 

metabolism and degradation generate products such as acetylaldehydes, glyoxal and 

methyglyoxal. These RA are toxic to bacterial cells and bacteria are therefore required to 

detoxify these RA. Our results from Chapter 3 have shown that AdhC protected H. influenzae 

against various reactive aldehydes. As a result, mutants that lacked adhC, or its regulator nmlR, 

were therefore unable to detoxify these RA and produced more biofilms as a counter measure 

to protect themselves. 

 

As this only occurred in high oxygen tension, it indicated that the presence of oxygen, in 

addition to being ROS themselves, can enhance the toxicity of RA (Miyamoto et al., 2003; Myers 

et al., 2011), resulting in the cells switching their lifestyle to a more stress-responsive form and 

therefore producing more protective biofilms (Chapter 1.4.4). At high oxygen tension, adhC 

mutants was also found to form much biofilms when ribose was used as the main carbon 

source. This indicated that utilising ribose created toxic by-products that cannot be cleared by 

the adhC mutants which in turn suggested that AdhC might have a role in ribose utilisation. 

Other sugars tested did not produce lots of biofilms. This showed that alternative pathways 

taken by the mutants due to a change of carbon sources did not generate the same toxic by-

products. On the other hand at low oxygen tension, adhC mutants formed less biofilms in the 

presence of galactose as main carbon source, suggesting that utilisation of galactose at low 

oxygen condition or even anaerobically, is the most favourable as utilising galactose would 

result in the least amount of toxic by-products. 

 

CRP ensures the utilisation of the most favourable carbon and energy source available (Tomás-

Gallardo et al., 2012). In contrast to a study in which biofilm formation decreases in crp mutants 

in E. coli MG1655 (Jackson et al., 2002), our results showed an increase of biofilm formation in 

the mutants with glucose or fructose added as the main carbon source. This suggested a 

difference in gene regulation in different bacteria and that the genes activated by CRP might be 
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different in E. coli and H. influenzae. Indeed, another study by Kalivoda et al. (2008) 

demonstrated that the growth of Serratia marcescens in glucose rich media strongly stimulate 

biofilms in low cAMP concentration. This may well be the case in H. influenzae. 

 

86-028NP was found to produce little biofilms in all biofilm assays in this project. This 

contrasted with many of the studies done where 86-028NP was found to produce biofilms. 

Perhaps, scanning electron microscopy (Sutton et al., 1994) would have been a better 

alternative to study biofilms in 86-028NP. In addition, our experiments were done on microtitre 

plates in vitro and it might have been different if the biofilm assays were done in vivo with 

animal models. It was observed that 86-028NP did indeed form much aggregates efficiently and 

aggregation is the first step of surface attachment which in turn is the first step of biofilm 

formation. It should therefore be determined that the reason our 86-028NP failed to form 

much biofilms was more of an experimental difference than the possibility that the strain itself 

does not produce biofilms. 

 

To further study H. influenzae and biofilms, we performed RNA sequencing with nikQ mutants 

in order to obtain a transcriptome profile of the biofilm forming mutants. In addition to their 

biofilm forming property, nikQ mutants were also found to be less tolerant to acidic pH as NikQ 

is required for urease activity where urease protects the bacteria against acid stress (Kidd et al., 

2011). Indeed, RNA sequencing comparison between nikQ mutants grown in high oxygen 

tension and Rd KW20 grown in high oxygen tension revealed that many genes that were 

upregulated were genes that encoded for chaperones (hscB, dnaJK, groES, groEL, hscA and hslO) 

and heat shock proteins (grpE, htpG, htpX and hscB). Chaperones and heat shock proteins are 

involved in protein folding, repair and degradation (Bukau, 1993; Gething and Sambrook, 1992) 

and are turned on by stress conditions such as elevation in temperatures, oxidative stresses or 

pH changes (Gophna and Ron, 2003). nikQ mutants are less tolerant to acid stresses, therefore 

acidic changes in the media due to acidic metabolites during growth resulted in more protein 

misfoldings and denaturation. As such, chaperones and heat shock proteins were regulated to 
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remedy this. To support this, the global regulator, rpoH, which regulates some of these 

chaperones and heat shock proteins (Gamer et al., 1996) was also found to be upregulated. 

 

Genes encoding for lipopolysaccharides associated proteins were upregulated. These proteins 

may contribute to the overall ability of the mutants to form biofilms and the fact that they were 

upregulated might indicate that they are involved in biofilm formation. These genes included 

the sialometabolic genes (nagA, nanA, siaR and nanK) and the TRAP transporter gene HI1429 

(dctM) which are involved in sialic acid biosynthesis (Severi et al., 2005). Similarly, genes 

involved in lipooligosaccharide biosynthesis (HI1695, HI1697 and HI1550) were also 

upregulated. The gene encoding the fimbrial biogenesis and twitching protein (Watson et al., 

1996) HI0366 was slightly upregulated, suggesting that these proteins might contribute to the 

ability of nikQ mutants in forming biofilms, possibly by enhancing the surface attachment. In 

addition to upregulated genes involved in the virulence factors of lipopolysaccharides and 

surface proteins, the gene encoding the virulence associated proteins (vapA) was also 

upregulated, indicating that the nikQ mutants might be more virulent than Rd KW20. 

 

Beside the upregulation of genes nikKLM, which encodes for nickel uptake, the gene encoding 

for the iron(III) ABC transporter permease (hitB) was also upregulated, highlighting the higher 

requirement for both nickel and iron by the nikQ mutants. H. influenzae requires iron in order 

to cause disease, therefore iron acquisition and utilisation are important. Surprisingly, only hitB 

(Sanders et al., 1994) was upregulated, therefore suggesting that this gene might be important 

for utilising iron within the biofilm community. 

E. coli OxyR transcription factor activates the expression of antioxidant defense activities in 

response to elevated levels of oxidation, in particularly H2O2 (Aslund et al., 1999). Our data 

showed that oxyR is downregulated in nikQ mutants. This maybe because in biofilms, bacteria 

are protected from reactive stresses and therefore, bacteria encounters lower levels of 

oxidative stresses. As such, oxyR was not oxidised and activated. 



DJ  Chapter 7: The Role of Oxygen linked Pathways for 
H. influenzae Survival Mechanisms in the Host 

176 

  



DJ  Chapter 8: Conclusion 

177 

 

 

 

 

CHAPTER 8: 

Conclusion 

  



DJ  Chapter 8: Conclusion 

178 

In conclusion, this thesis has enhanced our knowledge of the strain-specific interplay of 

exogenous stress responses and the growth pathways in H. influenzae. It has provided an 

understanding of how this pathogen grows under specific conditions relevant to the host 

environment (changes in oxygen levels) and the role of specific molecular factors relevant to 

these conditions and their associated stresses, including a switch to a biofilm state. Detailed 

transcriptomics profiles (using state-of-the-art technologies for RNAseq) were obtained of a 

reference strain and a NTHi isolate under changed oxygen conditions and then of key mutants 

required for growth (the fnr mutants) and stress responses (the nikQ mutants). There are 

definitely some conclusive results that can be derived from this thesis. It was shown that AdhC 

is essential for H. influenzae’s growth and survival under high oxygen tension and this is linked 

to particular metabolic pathways and the production of reactive aldehydes. AdhC seems to be 

able to use different substrates that combine with GSH, previously shown with GSNO, but also 

formaldehyde and glycolaldehyde from these results. The adhC mutants were shown to be 

more sensitive to iron depletion under high oxygen tension, but not low oxygen tension, and 

this is an indication that AdhC might be involved in iron acquisition or linked to the iron uptake 

pathways and the stress response required in the presence of iron. 

 

86-028NP has a pseudo-adhC gene. Our results provided evidence that 86-028NP utilises other 

metabolic pathways for growth than Rd KW20 (particularly aerobically) and may be able to 

undertake different pathways for protection from damaging metabolic by-products. The lack of 

a functioning AdhC protein renders 86-028NP more sensitive to formaldehyde and 

glycolaldehyde, although the NTHi strain may utilise other less efficient pathways that detoxify 

these reactive aldehydes. 86-028NP demonstrated a lesser requirement for iron under high 

oxygen tension than Rd KW20 and this may explain why 86-028NP, with a functionless AdhC, 

was still able to survive in an iron/heme depleting environment. 

 

FNR, one of the global regulators that regulate genes in response to oxygen changes, was found 

to be essential for H. influenzae growth in both high and low oxygen tensions. Our RNA 
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sequencing also revealed that FNR regulates at least 279 genes under both high oxygen tension 

and low oxygen tension. Another global regulator, CRP, was shown to be required for utilising 

mannose and glucose, or the pathways for their transport and metabolism. In addition, our 

results provided evidences that CRP represses genes that were involved in galactose and 

fructose metabolism under normal conditions where glucose was available. 

 

Cell-cell aggregation is usually the first step to biofilm formation (O'Toole et al., 2000). Our 

results indicate that H. influenzae forms biofilms and the intensity of biofilms increases with 

time and stresses. In addition, the formation of biofilm is also affected by the metabolic 

pathways that the bacteria utilised during growth. 86-028NP has been shown to form biofilms, 

but the NTHi strain was found not to produce much biofilms in our biofilm assays in this project. 

However, it was also observed that 86-028NP did indeed form much aggregates efficiently and 

does express surface adhesins. It should therefore be determined that our 86-028NP failed to 

form much biofilms was more of experimental (in vitro microtitre plates assays compared to in 

vivo animal and tissue models) differences. 

 

RNA sequencing has been successfully employed to derive strain-specific transcriptomics 

profiles of the differences under high and low oxygen tension. In addition, RNAseq was 

performed on a known biofilm-forming mutant (nikQ mutants) in order to get the profile that 

caused biofilm expression under different oxygen tension. Furthermore, we were able to 

identify a set of potential sRNAs that may regulate genes as part of response to differing oxygen 

tension. However, it was not within the scope of the project to confirm these RNA species as 

sRNA or to characterise their roles in response to oxygen levels. 
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Appendix 1: Unrooted phylogenetic tree of MerR transcriptional regulators 

(Adapted from Kidd et al., 2005) 
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Appendix 2: Ingredients of RPMI 1640 (11875, Life Technologies, USA) 

Components Molecular Weight Concentration (mg/L) mM 
Amino Acids 
Glycine 75 10 0.133 
L-Arginine 174 200 1.15 
L-Asparagine 132 50 0.379 
L-Aspartic acid 133 20 0.15 
L-Cystine 2HCl 313 65 0.208 
L-Glutamic Acid 147 20 0.136 
L-Glutamine 146 300 2.05 
L-Histidine 155 15 0.0968 
L-Hydroxyproline 131 20 0.153 
L-Isoleucine 131 50 0.382 
L-Leucine 131 50 0.382 
L-Lysine hydrochloride 183 40 0.219 
L-Methionine 149 15 0.101 
L-Phenylalanine 165 15 0.0909 
L-Proline 115 20 0.174 
L-Serine 105 30 0.286 
L-Threonine 119 20 0.168 
L-Tryptophan 204 5 0.0245 
L-Tyrosine disodium salt dihydrate 261 29 0.111 
L-Valine 117 20 0.171 
Vitamins 
Biotin 244 0.2 0.00082 
Choline chloride 140 3 0.0214 
D-Calcium pantothenate 477 0.25 0.000524 
Folic Acid 441 1 0.00227 
Niacinamide 122 1 0.0082 
Para-Aminobenzoic Acid 137 1 0.0073 
Pyridoxine hydrochloride 206 1 0.00485 
Riboflavin 376 0.2 0.000532 
Thiamine hydrochloride 337 1 0.00297 
Vitamin B12 1355 0.005 0.0000037 
i-Inositol 180 35 0.194 
Inorganic Salts 
Calcium nitrate (Ca(NO3)2 4H2O) 236 100 0.424 
Magnesium Sulfate (MgSO4) (anhyd.) 120 48.84 0.407 
Potassium Chloride (KCl) 75 400 5.33 
Sodium Bicarbonate (NaHCO3) 84 2000 23.81 
Sodium Chloride (NaCl) 58 6000 103.45 
Sodium Phosphate dibasic (Na2HPO4) 
anhydrous 

142 800 5.63 

Other Components 
D-Glucose (Dextrose) 180 2000 11.11 
Glutathione (reduced) 307 1 0.00326 
Phenol Red 376.4 5 0.0133 
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Appendix 3: List of ArcA regulated genes (from Wong et al., 2007) 

Locus Tag Gene Symbol Function 

Gene repressed anaerobically by ArcA 

HI0007 fdxH formate dehydrogenase subunit beta 

HI0008 fdxI formate dehydrogenase subunit gamma 

HI0009 fdhE formate dehydrogenase accessory protein FdhE 

HI0018 ung uracil-DNA glycosylase 

HI0026 lipA lipoyl synthase 

HI0174 mnmA tRNA-specific 2-thiouridylase MnmA 

HI0608 HI0608 di- and tricarboxylate transporter 

HI0747 ndh NADH dehydrogenase 

HI0889 glyA serine hydroxymethyltransferase 

HI0890 HI0890   

HI1218 lctP L-lactate permease 

HI1444 metF 5,10-methylenetetrahydrofolate reductase 

HI1661 sucB 2-oxoglutarate dehydrogenase E2 component 
dihydrolipoamide succinyltransferase HI1662 sucA 2-oxoglutarate dehydrogenase E1 component 

HI1727 argG argininosuccinate synthase 

HI1728 HI1728 hypothetical protein 

HI1730 HI1730 hypothetical protein 

HI1731 HI1731 hypothetical protein 

HI1739.1 lldD L-lactate dehydrogenase 

Genes activated by ArcA anaerobially 

HI0590 potE putrescine transporter 

HI0591 speF ornithine decarboxylase 

HI0592 HI0592 hypothetical protein 

HI0884 arcA two-component response regulator 

HI1349 HI1349 hypothetical protein 
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Appendix 4: List of FNR regulated genes (from Tan et al., 2001) 

Locus Tag Gene Symbol Function 

HI0017 HI0017 autonomous glycyl radical cofactor GrcA 

HI0018 ung uracil-DNA glycosylase 

HI0342 napF   

HI0343 napD NapD 

HI0344 napA   

HI0345 napG quinol dehydrogenase periplasmic component 

HI0346 napH quinol dehydrogenase membrane component 

HI0347 napB periplasmic nitrate reductase 

HI0348 napC cytochrome C-type protein 

HI0583 cpdB bifunctional 2',3'-cyclic nucleotide 2'-phosphodiesterase/3'-

nucleotidase periplasmic protein 
HI0588 HI0588 allantoate amidohydrolase 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B 

HI1047 dmsA anaerobic dimethyl sulfoxide reductase chain A 

HI1066 nrfD nitrite reductase transmembrane protein 

HI1067 nrfC nitrite reductase Fe-S protein 

HI1068 nrfB cytochrome c nitrite reductase pentaheme subunit 

HI1069 nrfA cytochrome c552 

HI1075 cydB cytochrome oxidase subunit II 

HI1076 cydA cytochrome D ubiquinol oxidase subunit I 

HI1077 pyrG CTP synthetase 

HI1129 HI1129 cell division protein MraZ 

HI1130 mraW S-adenosyl-methyltransferase MraW 

HI1131 ftsL cell division protein 

HI1132 ftsI penicillin-binding protein 3 

HI1133 murE UDP-N-acetylmuramoylalanyl-D-glutamate--2,6-diaminopimelate ligase 

HI1134 murF UDP-MurNAc-pentapeptide synthetase 

HI1135 mraY phospho-N-acetylmuramoyl-pentapeptide-transferase 

HI1136 murD UDP-N-acetylmuramoyl-L-alanyl-D-glutamate synthetase 

HI1347 potA putrescine/spermidine ABC transporter ATPase protein 

HI1348 pepT peptidase T 

HI1425 fnr fumarate/nitrate reduction transcriptional regulator 

HI1426 HI1426 universal stress protein UspE 

HI1503 HI1503 G protein 

HI1673 moaE molybdopterin converting factor subunit 2 

HI1674 moaD molybdopterin synthase small subunit 

HI1675 moaC molybdenum cofactor biosynthesis protein MoaC 

HI1676 moaA molybdenum cofactor biosynthesis protein A 

HI1677 HI1677 iron-sulfur cluster repair di-iron protein 
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Appendix 5: List of FNR regulated genes (from Gerasimova et al., 2001) 

Locus Tag Gene symbol Function 

HI1075 cydB putative cytochrome oxidase subunit II 

HI1076 cydA cytochrome D ubiquinol oxidase subunit I 

HI0747 ndh NADH dehydrogenase 

HI1069 nrfA cytochrome c552 

HI1068 nrfB cytochrome c nitrite reductase pentaheme subunit 

HI1067 nrfC nitrite reductase Fe-S protein 

HI1066 nrfD nitrite reductase transmembrane protein 

HI0006m fdnG   

HI0007 fdxH formate dehydrogenase subunit beta 

HI0008 fdxI formate dehydrogenase subunit gamma 

HI0009 fdhE formate dehydrogenase accessory protein FdhE 

HI0180 pflB formate acetyltransferase 

HI0181 focA putative formate transporter 

HI0745 ansB L-asparaginase II 

HI1233 aceE pyruvate dehydrogenase subunit E1 

HI1232 aceF dihydrolipoamide acetyltransferase 

HI1231 lpdA dihydrolipoamide dehydrogenase 

HI0075 nrdD anaerobic ribonucleoside triphosphate reductase 

HI1155 nrdG anaerobic ribonucleotide reductase-activating protein 

HI1047 dmsA anaerobic dimethyl sulfoxide reductase chain A 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C 

HI1425 fnr fumarate/nitrate reduction transcriptional regulator 

HI0884 arcA two-component response regulator 

HI1077 pyrG CTP synthetase 

HI1228 upp uracil phosphoribosyltransferase 

HI1676 moaA molybdenum cofactor biosynthesis protein A 

HI0401 fadL long-chain fatty acid transport protein 

HI0274 gltX glutamyl-tRNA synthetase 

HI0117 mLtA murein transglycosylase A 
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Sup 1: Differentially expressed genes in Rd KW20 grown at high oxygen tension over Rd KW20 grown at 
low oxygen tension with statistically significant fold change (log2 ≥ ±1.0) 
Locus Tag Gene Symbol Gene Description log2 Fold pval padj 
HI1387 trpE anthranilate synthase component I 4.94 0.07 1.00 

HI1180 artP arginine transporter ATP-binding subunit 4.34 0.01 1.00 

HI1218 lctP L-lactate permease 4.15 0.01 1.00 

HI1177 artM arginine transporter permease subunit ArtM 4.04 0.04 1.00 

HI0006m fdnG   3.79 0.01 1.00 

HI0345 napG quinol dehydrogenase periplasmic component 3.73 0.01 1.00 

HI0344 napA   3.62 0.01 1.00 

HI0231 deaD ATP-dependent RNA helicase 3.49 0.02 1.00 

HI1209 argR arginine repressor 3.46 0.40 1.00 

HI1179 artI arginine ABC transporter periplasmic-binding protein 3.42 0.02 1.00 

HI1739.1 lldD L-lactate dehydrogenase 3.41 0.01 1.00 

HI0685 glpA sn-glycerol-3-phosphate dehydrogenase subunit A 3.40 0.02 1.00 

HI1080 HI1080 amino acid ABC transporter periplasmic-binding protein 3.35 0.02 1.00 

HI1727 argG argininosuccinate synthase 3.35 0.02 1.00 

HI1519 HI1519 hypothetical protein 3.34 0.05 1.00 

HI0346 napH quinol dehydrogenase membrane component 3.19 0.03 1.00 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B 3.14 0.05 1.00 

HI1154 HI1154 proton glutamate symport protein 2.77 0.04 1.00 

HI1518 HI1518 hypothetical protein 2.75 0.08 1.00 

HI1497 HI1497 hypothetical protein 2.72 0.64 1.00 

HI1617 aspC aromatic amino acid aminotransferase 2.70 0.06 1.00 

HI1661 sucB 2-oxoglutarate dehydrogenase E2 component dihydrolipoamide 

succinyltransferase 

2.69 0.06 1.00 

HI1178 artQ arginine transporter permease subunit ArtQ 2.67 0.09 1.00 

HI0853 dppA heme-binding lipoprotein 2.60 0.06 1.00 

HI0081 HI0081 hypothetical protein 2.58 0.14 1.00 

HI0189 gdhA glutamate dehydrogenase 2.57 0.07 1.00 

HI1500 HI1500 hypothetical protein 2.44 0.11 1.00 

HI0811 argH argininosuccinate lyase 2.41 0.11 1.00 

HI0246 HI0246 hypothetical protein 2.39 0.09 1.00 

HI0564 asnA asparagine synthetase AsnA 2.32 0.14 1.00 

HI1662 sucA 2-oxoglutarate dehydrogenase E1 component 2.32 0.09 1.00 

HI1510 HI1510 hypothetical protein 2.31 0.19 1.00 

HI0333 rumA 23S rRNA 5-methyluridine methyltransferase 2.31 0.38 1.00 

HI0649 rep ATP-dependent DNA helicase 2.26 0.21 1.00 

HI0347 napB periplasmic nitrate reductase 2.26 0.15 1.00 

HI1344 potD spermidine/putrescine ABC transporter periplasmic-binding protein 2.23 0.15 1.00 

HI1432 trpA tryptophan synthase subunit alpha 2.22 0.18 1.00 

HI1078 HI1078 amino-acid ABC transporter ATP-binding protein 2.20 0.16 1.00 

HI1493 HI1493 hypothetical protein 2.14 0.43 1.00 

HI0650 HI0650 hypothetical protein 2.14 0.82 1.00 

HI1539 licC lic-1 operon protein 2.14 0.51 1.00 

HI0831 mtgA monofunctional biosynthetic peptidoglycan transglycosylase 2.14 0.62 1.00 

HI0910 mutT mutator protein 2.14 0.43 1.00 

HI1388 trpG anthranilate synthase component II 2.14 0.43 1.00 

HI0107 HI0107 Mg2+/Co2+ transporter 2.09 0.23 1.00 

HI1521 HI1521 hypothetical protein 2.01 0.39 1.00 

HI0443 recR recombination protein RecR 2.01 0.39 1.00 

HI1731 HI1731 hypothetical protein 2.00 0.23 1.00 

HI1501 HI1501 hypothetical protein 2.00 0.24 1.00 

HI1641 sapD peptide ABC transporter ATP-binding protein 1.99 0.44 1.00 

HI1246 HI1246 hypothetical protein 1.97 0.33 1.00 

HI0343 napD NapD 1.93 0.22 1.00 

HI0409 HI0409 hypothetical protein 1.92 0.21 1.00 
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HI0245 queA S-adenosylmethionine:tRNA ribosyltransferase-isomerase 1.91 0.18 1.00 

HI1290 tyrA bifunctional chorismate mutase/prephenate dehydrogenase 1.90 0.33 1.00 

HI0160 psd phosphatidylserine decarboxylase 1.90 0.30 1.00 

HI0628 rpoE RNA polymerase sigma factor RpoE 1.89 0.17 1.00 

HI1740 recG ATP-dependent DNA helicase RecG 1.87 0.28 1.00 

HI0332 recO DNA repair protein RecO 1.87 0.36 1.00 

HI0909 secA preprotein translocase subunit SecA 1.86 0.21 1.00 

HI1093 ccmE cytochrome c-type biogenesis protein CcmE 1.86 0.20 1.00 

HI1259 HI1259 periplasmic serine protease 1.82 0.21 1.00 

HI1516m HI1516m   1.80 0.34 1.00 

HI0651 coaD phosphopantetheine adenylyltransferase 1.79 0.43 1.00 

HI1070 hrpa ATP-dependent RNA helicase HrpA 1.79 0.21 1.00 

HI1373 kicA condesin subunit E 1.79 0.43 1.00 

HI0167 HI0167 Na(+)-translocating NADH-quinone reductase subunit C 1.79 0.20 1.00 

HI0342 napF   1.79 0.23 1.00 

HI1506 HI1506 hypothetical protein 1.77 0.20 1.00 

HI0170 HI0170 Na(+)-translocating NADH-quinone reductase subunit E 1.77 0.23 1.00 

HI1094 ccmF cytochrome C-type biogenesis protein 1.75 0.20 1.00 

HI1522 HI1522 hypothetical protein 1.74 0.27 1.00 

HI1430 HI1430 short chain dehydrogenase/reductase 1.72 0.39 1.00 

HI1495 HI1495 hypothetical protein 1.72 0.76 1.00 

HI1568 HI1568 G protein 1.72 0.76 1.00 

HI0561 HI0561 hypothetical protein 1.72 0.26 1.00 

HI0967 HI0967 hypothetical protein 1.72 0.76 1.00 

HI1390 hybG   1.72 0.76 1.00 

HI1481 muB DNA transposition protein 1.72 0.58 1.00 

HI1636 ppc phosphoenolpyruvate carboxylase 1.72 0.22 1.00 

HI0188 HI0188 Sec-independent protein translocase protein TatC 1.69 0.33 1.00 

HI1325 fabA 3-hydroxydecanoyl-ACP dehydratase 1.69 0.27 1.00 

HI1372 kicB condesin subunit F 1.69 0.35 1.00 

HI1216 pfs 5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 1.69 0.27 1.00 

HI0915 lpxD UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase 1.68 0.22 1.00 

HI0202 trmD tRNA (guanine-N(1)-)-methyltransferase 1.67 0.20 1.00 

HI1520 HI1520 hypothetical protein 1.67 0.28 1.00 

HI1092 ccmD heme exporter protein D 1.66 0.35 1.00 

HI0150 hflC hypothetical protein 1.66 0.35 1.00 

HI0166 nqrB Na(+)-translocating NADH-quinone reductase subunit B 1.64 0.22 1.00 

HI1508 HI1508 hypothetical protein 1.64 0.24 1.00 

HI0183 HI0183 amino acid carrier protein 1.63 0.27 1.00 

HI0168 HI0168 Na(+)-translocating NADH-quinone reductase subunit D 1.63 0.27 1.00 

HI0501 rbsD D-ribose pyranase 1.62 0.57 1.00 

HI1509 HI1509 hypothetical protein 1.62 0.24 1.00 

HI1374 mukB cell division protein MukB 1.61 0.26 1.00 

HI0157 fabH 3-oxoacyl-ACP synthase 1.61 0.26 1.00 

HI1079m HI1079m ABC-type amino acid transport system permease component 1.61 0.31 1.00 

HI0083 HI0083 hypothetical protein 1.60 0.48 1.00 

HI1505 HI1505 hypothetical protein 1.56 0.24 1.00 

HI0171 nqr6 Na(+)-translocating NADH-quinone reductase subunit F 1.56 0.25 1.00 

HI0064 folK 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase 1.55 0.55 1.00 

HI1202 HI1202 hypothetical protein 1.55 0.55 1.00 

HI0002 HI0002 long chain fatty acid CoA ligase 1.55 0.39 1.00 

HI0354 HI0354 ABC transporter ATP-binding protein 1.55 0.71 1.00 

HI0629 mclA sigma-E factor negative regulatory protein 1.52 0.27 1.00 

HI0482 atpH FF1 ATP synthase subunit delta 1.52 0.26 1.00 

HI1540 licD lic-1 operon protein 1.50 0.54 1.00 

HI1252 HI1252 ABC transporter ATP-binding protein 1.50 0.29 1.00 

HI0007 fdxH formate dehydrogenase subunit beta 1.49 0.36 1.00 



 Supplementary Files 

S5 
 

HI1733 rnb exoribonuclease II 1.47 0.37 1.00 

HI0304 HI0304 hypothetical protein 1.46 0.53 1.00 

HI1095 dsbE thiol-disulfide interchange protein 1.44 0.42 1.00 

HI0742 HI0742 hypothetical protein 1.44 0.42 1.00 

HI1511 HI1511 sheath protein gpL 1.43 0.29 1.00 

HI1090 ccmB heme exporter protein B 1.43 0.32 1.00 

HI1504 HI1504 I protein 1.42 0.28 1.00 

HI1728 HI1728 hypothetical protein 1.40 0.33 1.00 

HI1091 ccmC heme exporter protein C 1.39 0.34 1.00 

HI0336 mogA molybdenum cofactor biosynthesis protein MogA 1.38 0.51 1.00 

HI0639 purB adenylosuccinate lyase 1.37 0.45 1.00 

HI1245 HI1245 malic enzyme 1.37 0.34 1.00 

HI0620.1 HI0620.1   1.36 0.36 1.00 

HI1026 HI1026 L-xylulose 5-phosphate 3-epimerase 1.36 0.63 1.00 

HI1498 HI1498 hypothetical protein 1.36 0.63 1.00 

HI0463 HI0463 coproporphyrinogen III oxidase 1.36 0.63 1.00 

HI0082 HI0082 hypothetical protein 1.36 0.63 1.00 

HI0012 rsmC 16S ribosomal RNA m2G127 methyltransferase 1.36 0.63 1.00 

HI1729m HI1729m LamB/YcsF family protein 1.35 0.44 1.00 

HI0215 HI0215   1.35 0.44 1.00 

HI0477 tyrP tyrosine-specific transport protein 1.35 0.44 1.00 

HI0608 HI0608 di- and tricarboxylate transporter 1.34 0.35 1.00 

HI0312 ruvB Holliday junction DNA helicase RuvB 1.34 0.39 1.00 

HI0835 frdA fumarate reductase flavoprotein subunit 1.34 0.30 1.00 

HI0621 metN DL-methionine transporter ATP-binding subunit 1.33 0.37 1.00 

HI1215 dsbA thiol-disulfide interchange protein 1.33 0.61 1.00 

HI0935 dsbE thiol-disulfide interchange protein 1.33 0.61 1.00 

HI1491m mor   1.33 0.61 1.00 

HI1120 oppF oligopeptide ABC transporter ATP-binding protein 1.31 0.35 1.00 

HI0230 HI0230 lipoprotein NlpI 1.30 0.38 1.00 

HI0834 frdB fumarate reductase iron-sulfur subunit 1.29 0.33 1.00 

HI1513 HI1513 hypothetical protein 1.29 0.39 1.00 

HI1604 HI1604 phosphate permease 1.29 0.58 1.00 

HI1258 mfd transcription-repair coupling factor 1.26 0.40 1.00 

HI0848 trmA tRNA (uracil-5-)-methyltransferase 1.26 0.42 1.00 

HI0172 HI0172 lipoprotein 1.25 0.42 1.00 

HI0406 accA acetyl-CoA carboxylase carboxyltransferase subunit alpha 1.25 0.38 1.00 

HI1514 HI1514 monofunctional biosynthetic peptidoglycan transglycosylase 1.23 0.37 1.00 

HI1314 nlpC lipoprotein 1.22 0.52 1.00 

HI0008 fdxI formate dehydrogenase subunit gamma 1.22 0.51 1.00 

HI0999 rnpA ribonuclease P 1.22 0.51 1.00 

HI1512 HI1512 hypothetical protein 1.22 0.41 1.00 

HI1134 murF UDP-MurNAc-pentapeptide synthetase 1.21 0.43 1.00 

HI0481 atpA FF1 ATP synthase subunit alpha 1.21 0.35 1.00 

HI0854 HI0854 heme iron utilization protein 1.20 0.42 1.00 

HI0057 uvrC excinuclease ABC subunit C 1.20 0.48 1.00 

HI1730 HI1730 hypothetical protein 1.18 0.46 1.00 

HI0129 afuB ferric transport system permease-like protein 1.18 0.41 1.00 

HI1232 aceF dihydrolipoamide acetyltransferase 1.18 0.36 1.00 

HI1233 aceE pyruvate dehydrogenase subunit E1 1.16 0.37 1.00 

HI1431 trpB tryptophan synthase subunit beta 1.16 0.41 1.00 

HI1126.1 HI1126.1   1.15 0.40 1.00 

HI0571 oxyR DNA-binding transcriptional regulator OxyR 1.15 0.40 1.00 

HI0740 yhxB phosphomannomutase 1.15 0.37 1.00 

HI0495m aphA acid phosphatase/phosphotransferase 1.14 0.93 1.00 

HI1242 bcr bicyclomycin/multidrug efflux system 1.14 0.61 1.00 

HI1206 cvpA colicin V production protein 1.14 0.75 1.00 
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HI0335 dgkA diacylglycerol kinase 1.14 0.68 1.00 

HI0009 fdhE formate dehydrogenase accessory protein FdhE 1.14 0.93 1.00 

HI1032 HI1032 transcriptional regulator 1.14 0.52 1.00 

HI1327 HI1327 hypothetical protein 1.14 0.93 1.00 

HI0135 HI0135 sugar efflux transporter 1.14 0.66 1.00 

HI1388.1 HI1388.1 hypothetical protein 1.14 0.85 1.00 

HI1309 HI1309 hypothetical protein 1.14 0.85 1.00 

HI1410 HI1410 terminase large subunit-like protein 1.14 0.93 1.00 

HI1423 HI1423 hypothetical protein 1.14 1.00 1.00 

HI1434.2 HI1434.2 hypothetical protein 1.14 0.93 1.00 

HI1485 HI1485 hypothetical protein 1.14 0.93 1.00 

HI1499 HI1499 hypothetical protein 1.14 0.71 1.00 

HI1522.1 HI1522.1 hypothetical protein 1.14 0.93 1.00 

HI1571 HI1571 hypothetical protein 1.14 1.00 1.00 

HI1619 HI1619   1.14 0.79 1.00 

HI0175 HI0175 hypothetical protein 1.14 0.64 1.00 

HI0282 HI0282 acyl-CoA thioester hydrolase YfbB 1.14 0.93 1.00 

HI0297 HI0297 type IV pilin secretion protein 1.14 0.85 1.00 

HI0303 HI0303 16S ribosomal RNA methyltransferase RsmE 1.14 0.61 1.00 

HI0510 HI0510 hypothetical protein 1.14 0.93 1.00 

HI0552 HI0552 hypothetical protein 1.14 0.79 1.00 

HI0826 HI0826 intracellular septation protein A 1.14 0.59 1.00 

HI0930 HI0930 hypothetical protein 1.14 0.59 1.00 

HI1221 ihfB integration host factor subunit beta 1.14 0.79 1.00 

HI0681 ilvY DNA-binding transcriptional regulator IlvY 1.14 1.00 1.00 

HI0652 kdtA 3-deoxy-D-manno-octulosonic-acid transferase 1.14 0.56 1.00 

HI0986 leuA 2-isopropylmalate synthase 1.14 0.71 1.00 

HI1155 nrdG anaerobic ribonucleotide reductase-activating protein 1.14 0.68 1.00 

HI1067 nrfC nitrite reductase Fe-S protein 1.14 0.40 1.00 

HI1429 purM phosphoribosylaminoimidazole synthetase 1.14 0.75 1.00 

HI0952 radC DNA repair protein RadC 1.14 1.00 1.00 

HI1687 rnfG electron transport complex protein RnfG 1.14 0.75 1.00 

HI0916 HI0916 outer membrane protein 1.12 0.43 1.00 

HI1445 bioD dithiobiotin synthetase 1.11 0.41 1.00 

HI0478 atpC FF1 ATP synthase subunit epsilon 1.11 0.42 1.00 

HI0678 tpiA triosephosphate isomerase 1.11 0.40 1.00 

HI0712 HI0712 hemoglobin-binding protein 1.09 0.45 1.00 

HI0229 pnp polynucleotide phosphorylase/polyadenylase 1.09 0.40 1.00 

HI0833 frdC fumarate reductase subunit C 1.09 0.43 1.00 

HI1515 muN 64 kDa virion protein 1.08 0.51 1.00 

HI0091 HI0091 hypothetical protein 1.07 0.54 1.00 

HI0184 HI0184 esterase 1.07 0.55 1.00 

HI0483 atpF FF1 ATP synthase subunit B 1.06 0.45 1.00 

HI0221.1 HI0221.1 inosine-5'-monophosphate dehydrogenase-like protein 1.06 0.50 1.00 

HI0860 HI0860 23S rRNA (guanosine-2'-O-)-methyltransferase 1.04 0.59 1.00 

HI1121 oppD oligopeptide transporter ATP-binding protein 1.03 0.44 1.00 

HI0348 napC cytochrome C-type protein 1.02 0.55 1.00 

HI1478 muA transposase 1.02 0.55 1.00 

HI0164 HI0164 Na(+)-translocating NADH-quinone reductase subunit A 1.02 0.43 1.00 

HI0839 HI0839 nucleoid-associated protein NdpA 1.01 0.57 1.00 

HI0422 srmB ATP-dependent RNA helicase SrmB 1.01 0.49 1.00 

HI0287 mtr tryptophan-specific transport protein 1.00 0.48 1.00 

HI1301 HI1301 carbonic anhydrase 1.00 0.66 1.00 

HI0743 secB preprotein translocase subunit SecB 1.00 0.48 1.00 

HI1066 nrfD nitrite reductase transmembrane protein 1.00 0.46 1.00 

HI1089 ccmA cytochrome c biogenesis protein CcmA 1.00 0.48 1.00 

HI0718 vacJ lipoprotein -1.00 0.55 1.00 
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HI1141 ftsQ cell division protein -1.01 0.65 1.00 

HI0614 fucI L-fucose isomerase -1.01 0.65 1.00 

HI0703 lppB lipoprotein B -1.01 0.61 1.00 

HI1239 proA gamma-glutamyl phosphate reductase -1.01 0.61 1.00 

HI1547 aroG phospho-2-dehydro-3-deoxyheptonate aldolase -1.02 0.50 1.00 

HI0290 HI0290 cation-transporting ATPase -1.02 0.49 1.00 

HI0532 dnaG DNA primase -1.02 0.50 1.00 

HI0024 citD citrate lyase subunit gamma -1.03 0.73 1.00 

HI0137 dnaQ DNA polymerase III subunit epsilon -1.03 0.66 1.00 

HI0125 HI0125 hypothetical protein -1.03 0.86 1.00 

HI0371 HI0371 hypothetical protein -1.03 0.86 1.00 

HI0380 HI0380 hypothetical protein -1.03 0.66 1.00 

HI0522 HI0522 hypothetical protein -1.03 0.73 1.00 

HI0677 HI0677 hypothetical protein -1.03 0.86 1.00 

HI0893 HI0893 transcriptional repressor -1.03 0.66 1.00 

HI0512 hindIIR type II restriction endonuclease -1.03 0.86 1.00 

HI0474 hisF imidazole glycerol phosphate synthase subunit HisF -1.03 0.55 1.00 

HI1739 metR transcriptional activator -1.03 0.62 1.00 

HI1401 pyrD dihydroorotate dehydrogenase 2 -1.03 0.86 1.00 

HI1642 sapF anti peptide resistance ABC transporter ATPase -1.03 0.86 1.00 

HI0048 HI0048 D-mannonate oxidoreductase -1.05 0.57 1.00 

HI0506 rbsR RBS repressor -1.05 0.57 1.00 

HI0292 merP mercuric ion scavenger protein -1.05 0.51 1.00 

HI1164 ompA outer membrane protein P5 -1.05 0.42 1.00 

HI1311 pheS phenylalanyl-tRNA synthetase subunit alpha -1.05 0.52 1.00 

HI0192 seqA replication initiation regulator SeqA -1.05 0.60 1.00 

HI0219 HI0219 hypothetical protein -1.06 0.48 1.00 

HI1614 pepN aminopeptidase N -1.06 0.47 1.00 

HI0669 mioC flavodoxin -1.06 0.51 1.00 

HI0485.1 HI0485.1 FF1 ATP synthase subunit I -1.07 0.60 1.00 

HI0049 kdgK 2-dehydro-3-deoxygluconokinase -1.07 0.60 1.00 

HI1658 HI1658 hypothetical protein -1.08 0.53 1.00 

HI0464 rpiA ribose-5-phosphate isomerase A -1.08 0.49 1.00 

HI1115 HI1115 thioredoxin -1.08 0.76 1.00 

HI1406 HI1406 hypothetical protein -1.08 0.76 1.00 

HI1480 HI1480 hypothetical protein -1.08 0.76 1.00 

HI0193 HI0193 esterase/lipase -1.08 0.64 1.00 

HI0322 HI0322 virulence-associated protein C -1.08 0.76 1.00 

HI0407 HI0407 hypothetical protein -1.08 0.76 1.00 

HI0635 HI0635 hemoglobin-binding protein -1.08 0.64 1.00 

HI0735 HI0735 UDP-2,3-diacylglucosamine hydrolase -1.08 0.58 1.00 

HI0076 tesB acyl-CoA thioesterase II -1.08 0.76 1.00 

HI0508 menG ribonuclease activity regulator protein RraA -1.09 0.48 1.00 

HI0745 ansB L-asparaginase II -1.09 0.42 1.00 

HI0461 HI0461 hypothetical protein -1.10 0.61 1.00 

HI0139 ompP2 outer membrane protein P2 -1.10 0.40 1.00 

HI0863 pdxH pyridoxamine 5'-phosphate oxidase -1.11 0.49 1.00 

HI0232 HI0232 transglycosylase -1.11 0.70 1.00 

HI0403 mutH DNA mismatch repair protein -1.11 0.70 1.00 

HI1056 HI1056 type III restriction-modification system methyltransferase-like protein -1.11 0.45 1.00 

HI1543 HI1543 component of anaerobic dehydrogenase -1.13 0.65 1.00 

HI0603m hemX heme biosynthesis-like protein -1.13 0.47 1.00 

HI0551 apaH diadenosine tetraphosphatase -1.14 0.62 1.00 

HI1353 cafA ribonuclease G -1.14 0.50 1.00 

HI0818 galM aldose 1-epimerase -1.14 0.59 1.00 

HI0218 HI0218   -1.15 0.57 1.00 

HI1462 HI1462 hypothetical protein -1.15 0.55 1.00 
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HI0377 iscU scaffold protein -1.15 0.55 1.00 

HI1632 HI1632 hypothetical protein -1.16 0.49 1.00 

HI1711 crr PTS system glucose-specific transporter subunit -1.17 0.43 1.00 

HI0264 hxuA heme-hemopexin utilization protein A -1.17 0.47 1.00 

HI1118 engB ribosome biogenesis GTP-binding protein YsxC -1.18 0.73 1.00 

HI0612 fucU fucose operon protein -1.18 0.95 1.00 

HI0565 gph phosphoglycolate phosphatase -1.18 0.57 1.00 

HI1323 HI1323 hypothetical protein -1.18 0.81 1.00 

HI1342 HI1342 ABC transporter ATP-binding protein -1.18 0.81 1.00 

HI1364 HI1364 transcriptional regulator -1.18 0.81 1.00 

HI1407 HI1407 plasmid RP4 TraN-like protein -1.18 0.67 1.00 

HI1409 HI1409 hypothetical protein -1.18 0.95 1.00 

HI1577 HI1577   -1.18 0.47 1.00 

HI1720 HI1720 hypothetical protein -1.18 0.95 1.00 

HI1731a HI1731a Hsf-like protein -1.18 0.45 1.00 

HI0366 HI0366 fimbrial biogenesis and twitching motility protein -1.18 0.95 1.00 

HI0423 HI0423 hypothetical protein -1.18 0.81 1.00 

HI0840 HI0840 hypothetical protein -1.18 0.60 1.00 

HI1287 hsdM type I modification enzyme -1.18 0.81 1.00 

HI0216 hsdS type I restriction/modification specificity protein -1.18 0.81 1.00 

HI0626 mscL large-conductance mechanosensitive channel -1.18 0.60 1.00 

HI0179 pflA pyruvate formate lyase-activating enzyme 1 -1.18 0.67 1.00 

HI1381 pstA phosphate ABC transporter permease -1.18 0.81 1.00 

HI0417 thiE thiamine-phosphate pyrophosphorylase -1.18 0.81 1.00 

HI1040 ureF urease accessory protein -1.18 0.51 1.00 

HI1174 HI1174 opacity protein -1.20 0.39 1.00 

HI1361 HI1361 hypothetical protein -1.20 0.41 1.00 

HI1129 HI1129 cell division protein MraZ -1.20 0.46 1.00 

HI0473 hisA 1-(5-phosphoribosyl)-5-[(5-phosphoribosylamino)methylideneamino] 

imidazole-4-carboxamide isomerase 

-1.20 0.46 1.00 

HI1589 aroA 3-phosphoshikimate 1-carboxyvinyltransferase -1.22 0.52 1.00 

HI0607 aroE shikimate 5-dehydrogenase -1.23 0.56 1.00 

HI0003 HI0003 haloacid dehalogenase-like protein -1.23 0.56 1.00 

HI1102 cysZ sulfate transport protein CysZ -1.23 0.58 1.00 

HI1476 HI1476 transcriptional regulatory protein -1.24 0.61 1.00 

HI1024 ulaD 3-keto-L-gulonate-6-phosphate decarboxylase -1.24 0.61 1.00 

HI1581 HI1581 hypothetical protein -1.25 0.51 1.00 

HI0113 hemR hemin receptor -1.25 0.47 1.00 

HI0005 fdhD formate dehydrogenase accessory protein -1.25 0.64 1.00 

HI1014 HI1014 hypothetical protein -1.25 0.52 1.00 

HI0509 menA 1,4-dihydroxy-2-naphthoate octaprenyltransferase -1.25 0.64 1.00 

HI1644 truA tRNA pseudouridine synthase A -1.25 0.64 1.00 

HI0668 HI0668 hypothetical protein -1.26 0.48 1.00 

HI1234 mgsA methylglyoxal synthase -1.26 0.54 1.00 

HI0044 HI0044 hypothetical protein -1.27 0.36 1.00 

HI0596 arcB ornithine carbamoyltransferase -1.27 0.38 1.00 

HI0025 citC citrate lyase ligase -1.28 0.46 1.00 

HI0821 galR LacI family transcriptional repressor -1.28 0.69 1.00 

HI1400 HI1400 hypothetical protein -1.28 0.69 1.00 

HI1721 HI1721 transposase -1.28 0.69 1.00 

HI0503 rbsC ribose ABC transporter permease -1.28 0.69 1.00 

HI0872 wbaP undecaprenyl-phosphate galactosephosphotransferase -1.28 0.56 1.00 

HI0752 purL phosphoribosylformylglycinamidine synthase -1.29 0.35 1.00 

HI1145 pheA chorismate mutase/prephenate dehydratase -1.31 0.38 1.00 

HI1646m cmk cytidylate kinase -1.32 0.47 1.00 

HI0434 comF competence protein F -1.32 0.76 1.00 



 Supplementary Files 

S9 
 

HI0613 fucK L-fuculokinase -1.32 0.76 1.00 

HI0689 glpQ glycerophosphodiester phosphodiesterase -1.32 0.35 1.00 

HI1456 HI1456 hypothetical protein -1.32 0.76 1.00 

HI0298 HI0298 protein transport protein -1.32 0.76 1.00 

HI1317 HI1317 hypothetical protein -1.34 0.47 1.00 

HI0647 HI0647 transporter -1.34 0.47 1.00 

HI0709 selB selenocysteine-specific elongation factor -1.34 0.47 1.00 

HI0588 HI0588 allantoate amidohydrolase -1.34 0.42 1.00 

HI1426 HI1426 universal stress protein UspE -1.34 0.44 1.00 

HI1310 HI1310 hypothetical protein -1.35 0.56 1.00 

HI1716 HI1716 undecaprenyl-phosphate alpha-N-acetylglucosaminyltransferase -1.35 0.46 1.00 

HI0162 HI0162 lipoprotein -1.35 0.42 1.00 

HI1149m HI1149m hypothetical protein -1.35 0.48 1.00 

HI1036 HI1036 hypothetical protein -1.35 0.48 1.00 

HI0966 HI0966 hypothetical protein -1.35 0.48 1.00 

HI0566 dod ribulose-phosphate 3-epimerase -1.36 0.44 1.00 

HI0928 hktE catalase -1.36 0.38 1.00 

HI0261 HI0261 lipopolysaccharide biosynthesis protein -1.36 0.66 1.00 

HI0828 HI0828 YciI-like protein -1.36 0.66 1.00 

HI0868 HI0868 hypothetical protein -1.36 0.66 1.00 

HI0923 holA DNA polymerase III subunit delta -1.36 0.46 1.00 

HI0408 yebM ABC transporter ATP-binding protein -1.36 0.52 1.00 

HI1050 merP mercuric ion scavenger protein -1.38 0.49 1.00 

HI0291 HI0291 periplasmic mercury transport-like protein -1.38 0.34 1.00 

HI1285 hsdR type I restriction enzyme -1.39 0.59 1.00 

HI0587 pepE peptidase E -1.39 0.36 1.00 

HI1622 HI1622 hypothetical protein -1.41 0.41 1.00 

HI0286 HI0286 aminotransferase AlaT -1.42 0.37 1.00 

HI1352 putP sodium/proline symporter -1.42 0.42 1.00 

HI0646 asd aspartate-semialdehyde dehydrogenase -1.43 0.30 1.00 

HI0227 HI0227 hypothetical protein -1.43 0.41 1.00 

HI0610 fucP L-fucose permease -1.45 0.42 1.00 

HI1532 grxA glutaredoxin -1.45 0.42 1.00 

HI0224 HI0224 transcriptional regulator -1.45 0.72 1.00 

HI0028 HI0028 hypothetical protein -1.45 0.72 1.00 

HI0045 HI0045 hypothetical protein -1.45 0.72 1.00 

HI0665 HI0665 hypothetical protein -1.45 0.72 1.00 

HI0775 HI0775 transcriptional regulator -1.45 0.63 1.00 

HI0867 HI0867 lipopolysaccharide biosynthesis protein -1.45 0.52 1.00 

HI0922 HI0922 rare lipoprotein B -1.45 0.57 1.00 

HI0513 hindIIM modification methylase -1.45 0.72 1.00 

HI0046 phnA alkylphosphonate uptake protein -1.45 0.88 1.00 

HI1640 sapC peptide ABC transporter permease -1.45 0.88 1.00 

HI0573 slyX hypothetical protein -1.45 0.88 1.00 

HI1610 tyrS tyrosyl-tRNA synthetase -1.45 0.39 1.00 

HI1340 HI1340 hypothetical protein -1.47 0.40 1.00 

HI0047 eda keto-hydroxyglutarate-aldolase/keto-deoxy-phosphogluconate aldolase -1.48 0.43 1.00 

HI0207 aroK shikimate kinase -1.49 0.38 1.00 

HI0563 asnC DNA-binding transcriptional regulator AsnC -1.49 0.47 1.00 

HI1016 HI1016 hypothetical protein -1.49 0.47 1.00 

HI0601.1 HI0601.1   -1.49 0.47 1.00 

HI0719 HI0719 hypothetical protein -1.50 0.29 1.00 

HI0280 udp uridine phosphorylase -1.52 0.26 1.00 

HI1168 HI1168 hypothetical protein -1.53 0.40 1.00 

HI1063 HI1063 hypothetical protein -1.53 0.60 1.00 

HI0074 HI0074 nucleotidyltransferase -1.53 0.60 1.00 

HI1058 HI1058 hypothetical protein -1.53 0.32 1.00 
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HI0386 HI0386 hypothetical protein -1.53 0.35 1.00 

HI1392 hindIIIM modification methylase -1.54 0.36 1.00 

HI1479 HI1479 hypothetical protein -1.56 0.68 1.00 

HI0237 perM   -1.56 0.68 1.00 

HI1167 serC phosphoserine aminotransferase -1.58 0.29 1.00 

HI1015 gntP gluconate permease -1.59 0.33 1.00 

HI1680 HI1680 hypothetical protein -1.59 0.35 1.00 

HI1027 lyx L-xylulose kinase -1.60 0.57 1.00 

HI1588 purU formyltetrahydrofolate deformylase -1.60 0.43 1.00 

HI1691 modC molybdate transporter ATP-binding protein -1.61 0.32 1.00 

HI1383m pstS phosphate ABC transporter substrate-binding protein -1.62 0.50 1.00 

HI0974.1 HI0974.1 hypothetical protein -1.62 0.32 1.00 

HI0103 HI0103 hypothetical protein -1.65 0.33 1.00 

HI0805 aslB   -1.67 0.64 1.00 

HI0896 ftsN cell division protein -1.67 0.64 1.00 

HI1281 HI1281   -1.67 0.82 1.00 

HI1738 HI1738 branched-chain amino acid ABC transporter permease -1.67 0.82 1.00 

HI0420.1 HI0420.1   -1.67 0.82 1.00 

HI0636 HI0636 hypothetical protein -1.67 0.54 1.00 

HI1433 usg1 aspartate-semialdehyde dehydrogenase -1.67 0.44 1.00 

HI1379 phoB phosphate regulon transcriptional regulatory protein PhoB -1.70 0.37 1.00 

HI1673 moaE molybdopterin converting factor subunit 2 -1.70 0.39 1.00 

HI0591 speF ornithine decarboxylase -1.70 0.30 1.00 

HI0050m HI0050m integral membrane protein transporter -1.71 0.33 1.00 

HI0806 HI0806 hypothetical protein -1.72 0.46 1.00 

HI0534 aspA aspartate ammonia-lyase -1.72 0.24 1.00 

HI1117 comM competence protein -1.74 0.38 1.00 

HI1028 HI1028 hypothetical protein -1.74 0.52 1.00 

HI0358 HI0358 transcriptional activator -1.74 0.52 1.00 

HI0376 HI0376 hypothetical protein -1.74 0.38 1.00 

HI0700 HI0700 hypothetical protein -1.74 0.38 1.00 

HI0772 atoE short chain fatty acids transporter -1.77 0.60 1.00 

HI1626 HI1626 hypothetical protein -1.77 0.60 1.00 

HI0554 HI0554 hypothetical protein -1.77 0.44 1.00 

HI0098 hitB iron(III) ABC transporter permease -1.77 0.60 1.00 

HI1043 napF ferredoxin-type protein -1.77 0.60 1.00 

HI1116 deoC deoxyribose-phosphate aldolase -1.78 0.24 1.00 

HI1035 corA magnesium/nickel/cobalt transporter CorA -1.79 0.32 1.00 

HI0256 HI0256 lipoprotein -1.80 0.28 1.00 

HI1587 hns DNA-binding protein H-NS -1.81 0.27 1.00 

HI0929 HI0929 hypothetical protein -1.83 0.38 1.00 

HI1385 rsgA ferritin -1.83 0.27 1.00 

HI1010 HI1010 3-hydroxyisobutyrate dehydrogenase -1.86 0.76 1.00 

HI0120 HI0120 hypothetical protein -1.86 0.47 1.00 

HI1222 HI1222 hypothetical protein -1.86 0.41 1.00 

HI1446 HI1446 hypothetical protein -1.86 0.76 1.00 

HI1544 HI1544 NAD(P)H oxidoreductase -1.86 0.47 1.00 

HI1286 hsdS type I restriction/modification specificity protein -1.86 0.57 1.00 

HI0039 mreD rod shape-determining protein MreD -1.86 0.76 1.00 

HI1110 xylG xylose transporter ATP-binding subunit -1.86 0.76 1.00 

HI1205 HI1205 hypothetical protein -1.87 0.22 1.00 

HI0504 rbsB D-ribose transporter subunit RbsB -1.96 0.18 1.00 

HI1384 rsgA ferritin like protein 1 -2.00 0.23 1.00 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B -2.01 0.19 1.00 

HI0255 dapA dihydrodipicolinate synthase -2.02 0.14 1.00 

HI0611 fucA L-fuculose phosphate aldolase -2.03 0.41 1.00 

HI1013 HI1013 hypothetical protein -2.03 0.71 1.00 



 Supplementary Files 

S11 
 

HI1244 HI1244 hypothetical protein -2.03 0.71 1.00 

HI1368 HI1368 zinc protease -2.03 0.51 1.00 

HI1466m HI1466m   -2.03 0.51 1.00 

HI1684 HI1684 electron transport complex protein RnfB -2.03 0.51 1.00 

HI0395 HI0395 hypothetical protein -2.03 0.51 1.00 

HI0618 HI0618 glp protein -2.03 0.51 1.00 

HI0710 HI0710 hypothetical protein -2.03 0.71 1.00 

HI1279 neuA acylneuraminate cytidylyltransferase -2.03 0.51 1.00 

HI1472 HI1472 iron chelatin ABC transporter periplasmic-binding protein -2.04 0.15 1.00 

HI1624 HI1624 branched chain amino acid ABC transporter periplasmic protein -2.05 0.17 1.00 

HI0771 atoB acetyl-CoA acetyltransferase -2.06 0.27 1.00 

HI1586 HI1586 isoleucyl-tRNA synthetase -2.06 0.27 1.00 

HI1247 uvrB excinuclease ABC subunit B -2.08 0.22 1.00 

HI0263 hxuB heme/hemopexin-binding protein B -2.11 0.48 1.00 

HI0148 HI0148 N-acetylneuraminic acid mutarotase -2.11 0.13 1.00 

HI0615 fucR L-fucose operon activator -2.18 0.45 1.00 

HI1104 HI1104 transporter protein -2.18 0.45 1.00 

HI1629 HI1629 hypothetical protein -2.18 0.36 1.00 

HI0995 tbp2 transferrin-binding protein 2 -2.18 0.45 1.00 

HI1736 HI1736 hypothetical protein -2.25 0.43 1.00 

HI1173 sprT hypothetical protein -2.25 0.43 1.00 

HI1307 HI1307 hypothetical protein -2.32 0.31 1.00 

HI0152 HI0152 hypothetical protein -2.32 0.61 1.00 

HI1690 HI1690 sodium-dependent transporter -2.32 0.26 1.00 

HI1695 HI1695 UDP-galactose--lipooligosaccharide galactosyltransferase -2.32 0.41 1.00 

HI0871 siaA N-acetylneuraminic acid synthase-like protein -2.32 0.31 1.00 

HI1106 xylR xylose operon regulatory protein -2.32 0.31 1.00 

HI0691 glpK glycerol kinase -2.36 0.08 1.00 

HI1380 pstB   -2.36 0.19 1.00 

HI1240 HI1240 hypothetical protein -2.45 0.57 1.00 

HI1297 HI1297 hypothetical protein -2.45 0.57 1.00 

HI1697 HI1697 UDP-GlcNAc--lipooligosaccharide N-acetylglucosaminyl glycosyltransferase -2.45 0.57 1.00 

HI0997m HI0997m   -2.45 0.57 1.00 

HI1044 HI1044 twin-argninine leader-binding protein DmsD -2.49 0.26 1.00 

HI1393 hindIIIR type II restriction endonuclease -2.49 0.26 1.00 

HI1596 lrp leucine-responsive transcriptional regulator -2.51 0.35 1.00 

HI0844 mobA molybdopterin-guanine dinucleotide biosynthesis protein MobA -2.56 0.53 1.00 

HI1471 HI1471 iron chelatin ABC transporter permease -2.59 0.08 1.00 

HI1692 modB molybdate ABC transporter permease -2.59 0.13 1.00 

HI0017 HI0017 autonomous glycyl radical cofactor GrcA -2.60 0.07 1.00 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C -2.61 0.12 1.00 

HI1693 modA molybdenum ABC transporter periplasmic-binding protein -2.61 0.05 1.00 

HI1459 HI1459 RNA polymerase sigma factor -2.62 0.31 1.00 

HI1038 HI1038 hypothetical protein -2.67 0.49 1.00 

HI1112 xylA xylose isomerase -2.67 0.49 1.00 

HI1005 HI1005 hypothetical protein -2.72 0.28 1.00 

HI0104 htpG heat shock protein 9 -2.77 0.46 1.00 

HI0690 glpF glycerol uptake facilitator protein -2.79 0.05 1.00 

HI1053 HI1053 hypothetical protein -2.86 0.43 1.00 

HI1674 moaD molybdopterin synthase small subunit -2.86 0.24 1.00 

HI1525 HI1525 molybdate-binding periplasmic protein -3.07 0.04 1.00 

HI1349 HI1349 hypothetical protein -3.50 0.03 1.00 

HI0242 HI0242 hypothetical protein -3.56 0.22 1.00 

HI0590 potE putrescine transporter -3.59 0.09 1.00 

HI1675 moaC molybdenum cofactor biosynthesis protein MoaC -4.09 0.04 1.00 

HI0243 HI0243 hypothetical protein -4.15 0.11 1.00 

HI1251 vapA virulence-associated protein A -4.32 0.08 1.00 
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Sup 2: Differentially expressed genes in 86-028NP grown at high oxygen tension over 86-028NP grown at 
low oxygen tension with statistically significant fold change (log2 ≥ ±2.0) 
Gene Symbol Gene Description log2 Fold pval padj 
dmsA anaerobic dimethyl sulfoxide reductase chain A -6.79 0.00 0.00 

dmsB anaerobic dimethyl sulfoxide reductase chain B -5.48 0.00 0.46 

modA molybdate-binding periplasmic protein -4.71 0.00 0.02 

modB,chlJ molybdate ABC transporter permease protein -4.61 0.00 0.62 

NTHI0763 hypothetical protein -3.89 0.08 1.00 

NTHI1204 twin-argninine leader-binding protein DmsD -3.53 0.15 1.00 

mreD rod shape-determining protein MreD -3.42 0.17 1.00 

dmsC anaerobic dimethyl sulfoxide reductase chain C -3.14 0.05 1.00 

NTHI0278 HTH-type transcriptional regulator -3.05 0.28 1.00 

NTHI1563 hypothetical protein -3.01 0.04 1.00 

hslV ATP-dependent protease peptidase subunit -2.95 0.01 1.00 

NTHI0422 hypothetical protein -2.89 0.33 1.00 

NTHI1417 HTH-type transcriptional regulator -2.72 0.38 1.00 

NTHI0051 hypothetical protein -2.69 0.05 1.00 

aspA aspartate ammonia-lyase -2.67 0.02 1.00 

NTHI0197 hypothetical protein -2.53 0.24 1.00 

ampD N-acetyl-anhydromuranmyl-L-alanine amidase -2.53 0.45 1.00 

NTHI0880 D,D-heptose 1,7-bisphosphate phosphatase -2.53 0.45 1.00 

moaD molybdopterin synthase small subunit -2.53 0.45 1.00 

dat diaminobutyrate--2-oxoglutarate aminotransferase -2.44 0.03 1.00 

htpG heat shock protein 90 -2.40 0.05 1.00 

NTHI1031 hypothetical protein -2.39 0.19 1.00 

modC molybdate transporter ATP-binding protein -2.39 0.04 1.00 

NTHI0198 hypothetical protein -2.31 0.54 1.00 

NTHI1061 cell division protein -2.31 0.31 1.00 

NTHI1756 hypothetical protein -2.31 0.54 1.00 

dnaK molecular chaperone DnaK -2.25 0.02 1.00 

NTHI1361 6-pyruvoyl tetrahydrobiopterin synthase -2.18 0.36 1.00 

NTHI0087 hypothetical protein -2.12 0.21 1.00 

NTHI1846 hypothetical protein -2.09 0.06 1.00 

NTHI1897 hypothetical protein -2.08 0.12 1.00 

NTHI0110 lipoprotein -2.05 0.64 1.00 

NTHI0885 hypothetical protein -2.05 0.64 1.00 

NTHI1215 hypothetical protein -2.05 0.64 1.00 

xylA xylose isomerase -2.05 0.41 1.00 

NTHI1565 hypothetical protein -2.05 0.64 1.00 

NTHI1731 hypothetical protein -2.05 0.19 1.00 

NTHI1733 hypothetical protein -2.02 0.09 1.00 

hemR hemin receptor -2.01 0.13 1.00 

nifS selenocysteine lyase -2.00 0.15 1.00 

ppc phosphoenolpyruvate carboxylase 2.00 0.05 1.00 

NTHI0444 primosomal replication protein N 2.01 0.35 1.00 

NTHI0274 Na+/alanine symporter 2.03 0.04 1.00 

oppB oligopeptide transporter permease 2.04 0.08 1.00 

asd aspartate-semialdehyde dehydrogenase 2.05 0.03 1.00 

sdaC serine transporter 2.08 0.04 1.00 

NTHI0439 hypothetical protein 2.08 0.44 1.00 

NTHI0735 hypothetical protein 2.13 0.07 1.00 

NTHI0646 pyruvate-formate lyase-activating enzyme 2.18 0.04 1.00 

napD NapD 2.20 0.04 1.00 

NTHI1534 hypothetical protein 2.20 0.17 1.00 

NTHI1589 serine/threonine transporter SstT 2.22 0.03 1.00 

arcC carbamate kinase 2.23 0.03 1.00 
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artI arginine-binding periplasmic protein 2.25 0.03 1.00 

NTHI0122 hypothetical protein 2.28 0.60 1.00 

NTHI0126 hypothetical protein 2.28 0.60 1.00 

rbsC ribose ABC transporter permease protein 2.28 0.60 1.00 

NTHI0693 transposase-like protein 2.28 0.11 1.00 

leuA 2-isopropylmalate synthase 2.28 0.60 1.00 

NTHI1443 hypothetical protein 2.28 0.60 1.00 

NTHI1525 hypothetical protein 2.28 0.60 1.00 

NTHI1544 hypothetical protein 2.28 0.60 1.00 

NTHI1546 hypothetical protein 2.28 0.36 1.00 

argF ornithine carbamoyltransferase 2.32 0.03 1.00 

NTHI1529 phage Mu protein gp30-like protein 2.36 0.08 1.00 

asnC DNA-binding transcriptional regulator AsnC 2.41 0.12 1.00 

NTHI1498 hypothetical protein 2.45 0.30 1.00 

napF ferredoxin-type protein NapF 2.48 0.02 1.00 

mutM formamidopyrimidine-DNA glycosylase 2.50 0.19 1.00 

artP arginine transporter ATP-binding subunit 2.54 0.03 1.00 

pldB lysophospholipase L2 2.57 0.04 1.00 

lsgD UDP-GlcNAc--lipooligosaccharide N-acetylglucosaminyl glycosyltransferase 2.60 0.48 1.00 

hslR heat shock protein 15-like protein 2.74 0.21 1.00 

aspC aromatic amino acid aminotransferase 2.82 0.01 1.00 

napA nitrate reductase catalytic subunit 2.82 0.00 0.73 

rbsA D-ribose transporter ATP binding protein 2.86 0.18 1.00 

hicB HicB 2.86 0.38 1.00 

NTHI1541 hypothetical protein 2.86 0.38 1.00 

acpD ACP phosphodieterase 3.08 0.31 1.00 

NTHI0689 hypothetical protein 3.12 0.00 0.46 

NTHI0425 hypothetical protein 3.28 0.05 1.00 

NTHI1391 L-lactate permease 3.32 0.00 0.38 

asnA asparagine synthetase AsnA 3.88 0.00 0.12 

gdhA glutamate dehydrogenase 4.44 0.00 0.02 
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Sup 3: Differentially expressed genes in fnr mutants grown at high oxygen tension over fnr mutants grown 
at low oxygen tension with statistically significant fold change (log2 ≥ ±2.0) 
Locus Tag Gene Symbol Gene Description log2 Fold pval padj 
HI0665 HI0665 hypothetical protein -3.57 0.14 1.00 

HI1240 HI1240 hypothetical protein -3.36 0.19 1.00 

HI1376 HI1376 hypothetical protein -3.25 0.22 1.00 

HI0104 htpG heat shock protein 9 -3.10 0.01 0.54 

HI0745 ansB L-asparaginase II -2.90 0.02 0.86 

HI0618 HI0618 glp protein -2.83 0.34 1.00 

HI1250 HI1250 hypothetical protein -2.83 0.34 1.00 

HI1399 HI1399 hypothetical protein -2.83 0.34 1.00 

HI1457 HI1457 opacity protein -2.83 0.34 1.00 

HI0024 citD citrate lyase subunit gamma -2.66 0.13 1.00 

HI0028 HI0028 hypothetical protein -2.66 0.40 1.00 

HI0189 gdhA glutamate dehydrogenase -2.66 0.05 1.00 

HI0503 rbsC ribose ABC transporter permease -2.66 0.40 1.00 

HI0907 HI0907 hypothetical protein -2.66 0.40 1.00 

HI1316 HI1316 sulfatase-like protein -2.66 0.20 1.00 

HI0564 asnA asparagine synthetase AsnA -2.58 0.04 1.00 

HI1179 artI arginine ABC transporter periplasmic-binding protein -2.47 0.06 1.00 

HI1210 mdh malate dehydrogenase -2.45 0.02 0.89 

HI1384 rsgA ferritin like protein 1 -2.38 0.04 1.00 

HI0682 ilvC ketol-acid reductoisomerase -2.31 0.06 1.00 

HI0541 ureA urease subunit gamma -2.31 0.16 1.00 

HI1585 ilvI acetolactate synthase 3 catalytic subunit -2.31 0.06 1.00 

HI0504 rbsB D-ribose transporter subunit RbsB -2.29 0.11 1.00 

HI0261 HI0261 lipopolysaccharide biosynthesis protein -2.25 0.56 1.00 

HI0644 yecK cytochrome C-like protein -2.25 0.33 1.00 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C -2.25 0.56 1.00 

HI0619 glpR glycerol-3-phosphate regulon repressor -2.21 0.13 1.00 

HI1251 vapA virulence-associated protein A -2.15 0.11 1.00 

HI0989 leuD isopropylmalate isomerase small subunit -2.12 0.38 1.00 

HI0395 HI0395 hypothetical protein 2.21 0.28 1.00 

HI1577 HI1577   2.21 0.28 1.00 

HI0850 HI0850 sigma-E factor regulatory protein 2.26 0.17 1.00 

HI0186 HI0186 HTH-type transcriptional regulator 2.34 0.24 1.00 

HI0486 gidB 16S rRNA methyltransferase GidB 2.34 0.58 1.00 

HI0559 cysQ sulfite synthesis pathway protein 2.34 0.18 1.00 

HI0984 HI0984 hypothetical protein 2.34 0.18 1.00 

HI1262 sanA SanA 2.34 0.58 1.00 

HI1414 HI1414 hypothetical protein 2.34 0.58 1.00 

HI1687 rnfG electron transport complex protein RnfG 2.34 0.58 1.00 

HI1699 HI1699 lipopolysaccharide biosynthesis protein 2.34 0.35 1.00 

HI0407 HI0407 hypothetical protein 2.45 0.21 1.00 

HI0821 galR LacI family transcriptional repressor 2.51 0.29 1.00 

HI1413 HI1413 hypothetical protein 2.51 0.29 1.00 

HI1570 HI1570   2.60 0.03 0.99 

HI0910 mutT mutator protein 2.66 0.24 1.00 

HI1008 HI1008 hypothetical protein 2.66 0.24 1.00 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B 2.80 0.20 1.00 

HI1631 HI1631 hypothetical protein 2.92 0.36 1.00 

HI1502 HI1502 hypothetical protein 3.12 0.02 0.86 

HI0265 HI0265 dihydroneopterin aldolase 3.34 0.23 1.00 
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Sup 4: Differentially expressed genes in fnr mutants over Rd KW20 at high oxygen tension 
with statistically significant fold change (log2 ≥ ±2.0) 
Locus Tag Gene Symbol Gene Description log2 Fold pval padj 
HI1508 HI1508 hypothetical protein -7.15 0.00 1.00 

HI1069 nrfA cytochrome c552 -5.67 0.00 1.00 

HI1047 dmsA anaerobic dimethyl sulfoxide reductase chain A -5.36 0.01 1.00 

HI0644 yecK cytochrome C-like protein -5.23 0.02 1.00 

HI1348 pepT peptidase T -4.87 0.02 1.00 

HI1513 HI1513 hypothetical protein -4.85 0.03 1.00 

HI0189 gdhA glutamate dehydrogenase -4.71 0.01 1.00 

HI1067 nrfC nitrite reductase Fe-S protein -4.70 0.01 1.00 

HI1505 HI1505 hypothetical protein -4.62 0.01 1.00 

HI1520 HI1520 hypothetical protein -4.60 0.04 1.00 

HI1066 nrfD nitrite reductase transmembrane protein -4.51 0.02 1.00 

HI0884 arcA two-component response regulator -4.46 0.05 1.00 

HI1509 HI1509 hypothetical protein -4.34 0.02 1.00 

HI0346 napH quinol dehydrogenase membrane component -4.31 0.02 1.00 

HI0345 napG quinol dehydrogenase periplasmic component -4.27 0.02 1.00 

HI1179 artI arginine ABC transporter periplasmic-binding protein -4.24 0.02 1.00 

HI0344 napA   -4.21 0.01 1.00 

HI1504 HI1504 I protein -4.20 0.02 1.00 

HI1512 HI1512 hypothetical protein -3.99 0.05 1.00 

HI1068 nrfB cytochrome c nitrite reductase pentaheme subunit -3.89 0.04 1.00 

HI1445 bioD dithiobiotin synthetase -3.84 0.04 1.00 

HI0584 HI0584 hydrolase -3.75 0.05 1.00 

HI1180 artP arginine transporter ATP-binding subunit -3.73 0.07 1.00 

HI0746 dcuB anaerobic C4-dicarboxylate transporter -3.71 0.03 1.00 

HI0685 glpA sn-glycerol-3-phosphate dehydrogenase subunit A -3.71 0.04 1.00 

HI0745 ansB L-asparaginase II -3.70 0.05 1.00 

HI1210 mdh malate dehydrogenase -3.70 0.03 1.00 

HI1511 HI1511 sheath protein gpL -3.65 0.04 1.00 

HI0585 HI0585 hypothetical protein -3.61 0.05 1.00 

HI0643 bisC biotin sulfoxide reductase -3.59 0.04 1.00 

HI1398 fumC fumarate hydratase -3.54 0.04 1.00 

HI1089 ccmA cytochrome c biogenesis protein CcmA -3.49 0.06 1.00 

HI1356 malQ 4-alpha-glucanotransferase -3.48 0.05 1.00 

HI1121 oppD oligopeptide transporter ATP-binding protein -3.43 0.05 1.00 

HI1617 aspC aromatic amino acid aminotransferase -3.39 0.06 1.00 

HI0343 napD NapD -3.38 0.09 1.00 

HI1388 trpG anthranilate synthase component II -3.21 0.37 1.00 

HI1500 HI1500 hypothetical protein -3.21 0.09 1.00 

HI1090 ccmB heme exporter protein B -3.19 0.09 1.00 

HI1522 HI1522 hypothetical protein -3.13 0.12 1.00 

HI0583 cpdB bifunctional 2',3'-cyclic nucleotide 2'-phosphodiesterase/3'-nucleotidase 

periplasmic protein 

-3.12 0.07 1.00 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B -3.11 0.24 1.00 

HI1357 glgB glycogen branching enzyme -3.11 0.08 1.00 

HI0587 pepE peptidase E -3.08 0.18 1.00 

HI1727 argG argininosuccinate synthase -3.07 0.07 1.00 

HI1049 merT mercuric ion transport protein -3.05 0.12 1.00 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C -3.02 0.43 1.00 

HI0757 gpmA phosphoglyceromutase -2.93 0.08 1.00 

HI1519 HI1519 hypothetical protein -2.92 0.13 1.00 

HI1178 artQ arginine transporter permease subunit ArtQ -2.91 0.13 1.00 

HI1515 muN 64 kDa virion protein -2.91 0.18 1.00 

HI1122 oppC oligopeptide ABC transporter permease -2.80 0.10 1.00 

HI0887 purH bifunctional phosphoribosylaminoimidazolecarboxamide 

formyltransferase/IMP cyclohydrolase 

-2.79 0.50 1.00 
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HI1177 artM arginine transporter permease subunit ArtM -2.79 0.18 1.00 

HI1316 HI1316 sulfatase-like protein -2.79 0.32 1.00 

HI0835 frdA fumarate reductase flavoprotein subunit -2.79 0.09 1.00 

HI1092 ccmD heme exporter protein D -2.73 0.22 1.00 

HI1377 sbcB exonuclease I -2.71 0.26 1.00 

HI1636 ppc phosphoenolpyruvate carboxylase -2.70 0.12 1.00 

HI0564 asnA asparagine synthetase AsnA -2.68 0.15 1.00 

HI0595 arcC carbamate kinase -2.65 0.13 1.00 

HI0620.1 HI0620.1   -2.62 0.17 1.00 

HI1094 ccmF cytochrome C-type biogenesis protein -2.62 0.12 1.00 

HI1120 oppF oligopeptide ABC transporter ATP-binding protein -2.62 0.14 1.00 

HI0180 HI0180 formate acetyltransferase -2.60 0.11 1.00 

HI1514 HI1514 monofunctional biosynthetic peptidoglycan transglycosylase -2.58 0.13 1.00 

HI1123 oppB oligopeptide transporter permease -2.56 0.17 1.00 

HI0740 yhxB phosphomannomutase -2.55 0.12 1.00 

HI0035 HI0035 hypothetical protein -2.53 0.13 1.00 

HI0093 HI0093 hypothetical protein -2.53 0.58 1.00 

HI0347 napB periplasmic nitrate reductase -2.53 0.18 1.00 

HI0439 comA competence protein A -2.53 0.58 1.00 

HI0597 HI0597 hypothetical protein -2.53 0.16 1.00 

HI0688 HI0688 hypothetical protein -2.53 0.58 1.00 

HI0907 HI0907 hypothetical protein -2.53 0.58 1.00 

HI1096m ccmH cytochrome C-type biogenesis protein -2.53 0.31 1.00 

HI1208 HI1208 hypothetical protein -2.53 0.58 1.00 

HI1677 HI1677 iron-sulfur cluster repair di-iron protein -2.53 0.24 1.00 

HI0342 napF   -2.48 0.17 1.00 

HI1091 ccmC heme exporter protein C -2.46 0.17 1.00 

HI0664 HI0664 ABC transporter ATP-binding protein -2.46 0.28 1.00 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B -2.45 0.19 1.00 

HI0181 HI0181 formate transporter -2.43 0.15 1.00 

HI1124 oppA oligopeptide ABC transporter periplasmic-binding protein -2.42 0.14 1.00 

HI0832 frdD fumarate reductase subunit D -2.40 0.16 1.00 

HI1162 HI1162 hypothetical protein -2.38 0.44 1.00 

HI0678 tpiA triosephosphate isomerase -2.35 0.15 1.00 

HI0477 tyrP tyrosine-specific transport protein -2.35 0.28 1.00 

HI1693 modA molybdenum ABC transporter periplasmic-binding protein -2.31 0.18 1.00 

HI0656.1 HI0656.1 hypothetical protein -2.28 0.30 1.00 

HI0853 dppA heme-binding lipoprotein -2.27 0.16 1.00 

HI1093 ccmE cytochrome c-type biogenesis protein CcmE -2.25 0.20 1.00 

HI1154 HI1154 proton glutamate symport protein -2.21 0.17 1.00 

HI0064 folK 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase -2.21 0.50 1.00 

HI0597.1 ccrB camphor resistance protein CrcB -2.21 0.41 1.00 

HI0831 mtgA monofunctional biosynthetic peptidoglycan transglycosylase -2.21 0.68 1.00 

HI1487 HI1487 hypothetical protein -2.21 0.68 1.00 

HI0809 pckA phosphoenolpyruvate carboxykinase -2.19 0.17 1.00 

HI1743 gmk guanylate kinase -2.17 0.26 1.00 

HI0834 frdB fumarate reductase iron-sulfur subunit -2.15 0.19 1.00 

HI0504 rbsB D-ribose transporter subunit RbsB -2.15 0.31 1.00 

HI0620 hlpA D-methionine-binding lipoprotein MetQ -2.14 0.19 1.00 

HI0596 arcB ornithine carbamoyltransferase -2.13 0.26 1.00 

HI1516m HI1516m   -2.13 0.34 1.00 

HI1298 HI1298 hypothetical protein -2.11 0.38 1.00 

HI1728 HI1728 hypothetical protein -2.10 0.23 1.00 

HI1518 HI1518 hypothetical protein -2.10 0.25 1.00 

HI0943 nrdR transcriptional regulator NrdR -2.08 0.45 1.00 

HI1521 HI1521 hypothetical protein -2.08 0.45 1.00 

HI1080 HI1080 amino acid ABC transporter periplasmic-binding protein -2.07 0.20 1.00 
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HI1397 holC DNA polymerase III subunit chi -2.04 0.32 1.00 

HI0501 rbsD D-ribose pyranase -2.02 0.56 1.00 

HI1186 dppC dipeptide ABC transporter permease -2.02 0.32 1.00 

HI1387 trpE anthranilate synthase component I -2.02 0.41 1.00 

HI1462.2 HI1462.2 hypothetical protein -2.02 0.56 1.00 

HI0980 fis DNA-binding protein Fis 2.03 0.32 1.00 

HI1329 HI1329   2.04 0.39 1.00 

HI1572 HI1572   2.04 0.39 1.00 

HI0144 HI0144 N-acetylmannosamine kinase 2.11 0.28 1.00 

HI0721 HI0721 sulfur transfer protein SirA 2.11 0.50 1.00 

HI1029 HI1029 hypothetical protein 2.11 0.36 1.00 

HI1596 lrp leucine-responsive transcriptional regulator 2.11 0.50 1.00 

HI1605 HI1605 hypothetical protein 2.11 0.68 1.00 

HI1626 HI1626 hypothetical protein 2.11 0.50 1.00 

HI1640 sapC peptide ABC transporter permease 2.11 0.68 1.00 

HI1642 sapF anti peptide resistance ABC transporter ATPase 2.11 0.50 1.00 

HI0497 hslU ATP-dependent protease ATP-binding subunit HslU 2.14 0.25 1.00 

HI1464 folP-2 dihydropteroate synthase 2.15 0.27 1.00 

HI0026 lipA lipoyl synthase 2.16 0.23 1.00 

HI1082 HI1082 hypothetical protein 2.21 0.25 1.00 

HI0269 rpoH RNA polymerase factor sigma-32 2.22 0.16 1.00 

HI0395 HI0395 hypothetical protein 2.25 0.46 1.00 

HI0894 HI0894 membrane-fusion protein 2.25 0.24 1.00 

HI1005 HI1005 hypothetical protein 2.25 0.46 1.00 

HI1684 HI1684 electron transport complex protein RnfB 2.25 0.46 1.00 

HI1695 HI1695 UDP-galactose--lipooligosaccharide galactosyltransferase 2.25 0.46 1.00 

HI0207 aroK shikimate kinase 2.27 0.21 1.00 

HI0272 pyrE orotate phosphoribosyltransferase 2.33 0.27 1.00 

HI0542 groES co-chaperonin GroES 2.33 0.20 1.00 

HI0509 menA 1,4-dihydroxy-2-naphthoate octaprenyltransferase 2.38 0.29 1.00 

HI1281 HI1281   2.38 0.60 1.00 

HI1736 HI1736 hypothetical protein 2.38 0.42 1.00 

HI0322 HI0322 virulence-associated protein C 2.46 0.31 1.00 

HI1629 HI1629 hypothetical protein 2.46 0.31 1.00 

HI0098 hitB iron(III) ABC transporter permease 2.49 0.38 1.00 

HI1010 HI1010 3-hydroxyisobutyrate dehydrogenase 2.60 0.53 1.00 

HI1031 HI1031 2,3-diketo-L-gulonate reductase 2.63 0.17 1.00 

HI1282 HI1282 hypothetical protein 2.64 0.16 1.00 

HI1251 vapA virulence-associated protein A 2.79 0.47 1.00 

HI1400 HI1400 hypothetical protein 2.79 0.23 1.00 

HI1419 HI1419 hypothetical protein 2.79 0.19 1.00 

HI1259 HI1259 periplasmic serine protease 2.86 0.08 1.00 

HI1401 pyrD dihydroorotate dehydrogenase 2 2.88 0.28 1.00 

HI1283 nusA transcription elongation factor NusA 2.89 0.09 1.00 

HI1413 HI1413 hypothetical protein 2.96 0.42 1.00 

HI1424 HI1424 integrase/recombinase 2.96 0.19 1.00 

HI1104 HI1104 transporter protein 3.11 0.22 1.00 

HI0104 htpG heat shock protein 9 3.25 0.34 1.00 

HI1035 corA magnesium/nickel/cobalt transporter CorA 3.25 0.08 1.00 

HI1085 HI1085 ABC transporter periplasmic protein 3.34 0.08 1.00 

HI1238 dnaJ chaperone protein DnaJ 3.36 0.08 1.00 

HI1247 uvrB excinuclease ABC subunit B 3.38 0.07 1.00 

HI1420 HI1420 hypothetical protein 3.40 0.09 1.00 

HI0710 HI0710 hypothetical protein 3.49 0.27 1.00 

HI1237 dnaK molecular chaperone DnaK 3.56 0.04 1.00 

HI0633 HI0633 hypothetical protein 3.60 0.25 1.00 

HI0496 hslV ATP-dependent protease peptidase subunit 3.65 0.13 1.00 
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HI0242 HI0242 hypothetical protein 3.96 0.17 1.00 

HI0420.1 HI0420.1   4.38 0.11 1.00 

HI0243 HI0243 hypothetical protein 4.60 0.08 1.00 

HI0420 HI0420 hypothetical protein 4.75 0.07 1.00 
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Sup 5: Differentially expressed genes in fnr mutants over Rd KW20 at low oxygen tension 
with statistically significant fold change (log2 ≥ ±2.0) 
Locus Tag Gene Symbol Gene Description log2 Fold pval padj 
HI1047 dmsA anaerobic dimethyl sulfoxide reductase chain A -5.73 0.01 1.00 

HI1693 modA molybdenum ABC transporter periplasmic-binding protein -5.70 0.00 1.00 

HI1570 HI1570   -4.94 0.01 1.00 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B -4.82 0.03 1.00 

HI1502 HI1502 hypothetical protein -4.57 0.02 1.00 

HI1677 HI1677 iron-sulfur cluster repair di-iron protein -4.54 0.05 1.00 

HI1525 HI1525 molybdate-binding periplasmic protein -4.47 0.02 1.00 

HI1520 HI1520 hypothetical protein -4.21 0.13 1.00 

HI1577 HI1577   -4.17 0.06 1.00 

HI1069 nrfA cytochrome c552 -4.11 0.03 1.00 

HI0611 fucA L-fuculose phosphate aldolase -4.10 0.15 1.00 

HI1504 HI1504 I protein -3.50 0.07 1.00 

HI1509 HI1509 hypothetical protein -3.49 0.09 1.00 

HI1508 HI1508 hypothetical protein -3.47 0.09 1.00 

HI1348 pepT peptidase T -3.47 0.08 1.00 

HI0591 speF ornithine decarboxylase -3.45 0.10 1.00 

HI0256 HI0256 lipoprotein -3.42 0.10 1.00 

HI1505 HI1505 hypothetical protein -3.34 0.08 1.00 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C -3.32 0.10 1.00 

HI1471 HI1471 iron chelatin ABC transporter permease -3.27 0.09 1.00 

HI0772 atoE short chain fatty acids transporter -3.25 0.31 1.00 

HI1622 HI1622 hypothetical protein -3.16 0.13 1.00 

HI1515 muN 64 kDa virion protein -3.10 0.22 1.00 

HI1066 nrfD nitrite reductase transmembrane protein -3.05 0.12 1.00 

HI0587 pepE peptidase E -3.01 0.12 1.00 

HI1008 HI1008 hypothetical protein -2.99 0.25 1.00 

HI1522 HI1522 hypothetical protein -2.99 0.25 1.00 

HI1349 HI1349 hypothetical protein -2.98 0.12 1.00 

HI1467 HI1467 ABC transporter ATP-binding protein -2.93 0.40 1.00 

HI1506 HI1506 hypothetical protein -2.93 0.15 1.00 

HI1472 HI1472 iron chelatin ABC transporter periplasmic-binding protein -2.86 0.12 1.00 

HI1067 nrfC nitrite reductase Fe-S protein -2.84 0.13 1.00 

HI0265 HI0265 dihydroneopterin aldolase -2.81 0.44 1.00 

HI0562 HI0562 hypothetical protein -2.81 0.23 1.00 

HI1052 HI1052 AraC family transcriptional regulator -2.81 0.44 1.00 

HI1089 ccmA cytochrome c biogenesis protein CcmA -2.77 0.16 1.00 

HI0735 HI0735 UDP-2,3-diacylglucosamine hydrolase -2.74 0.22 1.00 

HI1691 modC molybdate transporter ATP-binding protein -2.73 0.16 1.00 

HI0559 cysQ sulfite synthesis pathway protein -2.71 0.22 1.00 

HI1624 HI1624 branched chain amino acid ABC transporter periplasmic protein -2.68 0.15 1.00 

HI0234 HI0234 hypothetical protein -2.67 0.48 1.00 

HI0585 HI0585 hypothetical protein -2.67 0.14 1.00 

HI0610 fucP L-fucose permease -2.67 0.20 1.00 

HI1407 HI1407 plasmid RP4 TraN-like protein -2.67 0.32 1.00 

HI1090 ccmB heme exporter protein B -2.62 0.21 1.00 

HI1068 nrfB cytochrome c nitrite reductase pentaheme subunit -2.54 0.18 1.00 

HI0607 aroE shikimate 5-dehydrogenase -2.52 0.26 1.00 

HI1244 HI1244 hypothetical protein -2.52 0.52 1.00 

HI1445 bioD dithiobiotin synthetase -2.52 0.18 1.00 

HI0601 tfoX DNA transformation protein -2.46 0.19 1.00 

HI1500 HI1500 hypothetical protein -2.46 0.31 1.00 

HI1512 HI1512 hypothetical protein -2.46 0.24 1.00 

HI0108 HI0108 hypothetical protein -2.45 0.26 1.00 
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HI0644 yecK cytochrome C-like protein -2.44 0.20 1.00 

HI0584 HI0584 hydrolase -2.43 0.19 1.00 

HI0460 mazG nucleoside triphosphate pyrophosphohydrolase -2.41 0.33 1.00 

HI1660 nrdB ribonucleotide-diphosphate reductase subunit beta -2.38 0.21 1.00 

HI0163 bolA transcriptional regulator -2.35 0.41 1.00 

HI0821 galR LacI family transcriptional repressor -2.35 0.41 1.00 

HI1692 modB molybdate ABC transporter permease -2.30 0.23 1.00 

HI0669 mioC flavodoxin -2.29 0.24 1.00 

HI0148 HI0148 N-acetylneuraminic acid mutarotase -2.27 0.20 1.00 

HI0590 potE putrescine transporter -2.27 0.27 1.00 

HI0867 HI0867 lipopolysaccharide biosynthesis protein -2.25 0.33 1.00 

HI1513 HI1513 hypothetical protein -2.25 0.29 1.00 

HI0563 asnC DNA-binding transcriptional regulator AsnC -2.24 0.31 1.00 

HI0601.1 HI0601.1   -2.24 0.31 1.00 

HI1016 HI1016 hypothetical protein -2.24 0.31 1.00 

HI0186 HI0186 HTH-type transcriptional regulator -2.22 0.38 1.00 

HI0606 cysE serine acetyltransferase -2.20 0.32 1.00 

HI0691 glpK glycerol kinase -2.17 0.21 1.00 

HI0679 glpE GlpE -2.16 0.64 1.00 

HI0805 aslB   -2.16 0.47 1.00 

HI1631 HI1631 hypothetical protein -2.16 0.64 1.00 

HI1699 HI1699 lipopolysaccharide biosynthesis protein -2.16 0.47 1.00 

HI0746 dcuB anaerobic C4-dicarboxylate transporter -2.13 0.23 1.00 

HI1675 moaC molybdenum cofactor biosynthesis protein MoaC -2.12 0.28 1.00 

HI1511 HI1511 sheath protein gpL -2.11 0.26 1.00 

HI1358 glgX glycogen operon protein -2.10 0.28 1.00 

HI0615 fucR L-fucose operon activator -2.08 0.42 1.00 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B -2.05 0.50 1.00 

HI0984 HI0984 hypothetical protein -2.05 0.39 1.00 

HI1056 HI1056 type III restriction-modification system methyltransferase-like protein -2.00 0.27 1.00 

HI0384 tolR colicin uptake protein TolR 2.01 0.28 1.00 

HI0980 fis DNA-binding protein Fis 2.02 0.28 1.00 

HI0409 HI0409 hypothetical protein 2.02 0.27 1.00 

HI1465 HI1465 cell division FtsH-like protein 2.03 0.27 1.00 

HI1216 pfs 5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 2.03 0.27 1.00 

HI1572 HI1572   2.03 0.40 1.00 

HI0026 lipA lipoyl synthase 2.05 0.27 1.00 

HI0157 fabH 3-oxoacyl-ACP synthase 2.06 0.25 1.00 

HI0462 lon ATP-dependent proteinase 2.08 0.24 1.00 

HI1518 HI1518 hypothetical protein 2.09 0.28 1.00 

HI1084 HI1084 ABC transporter 2.10 0.25 1.00 

HI1252 HI1252 ABC transporter ATP-binding protein 2.10 0.24 1.00 

HI1032 HI1032 transcriptional regulator 2.11 0.26 1.00 

HI1248 HI1248 hypothetical protein 2.11 0.32 1.00 

HI1481 muB DNA transposition protein 2.11 0.41 1.00 

HI0894 HI0894 membrane-fusion protein 2.14 0.24 1.00 

HI1540 licD lic-1 operon protein 2.17 0.32 1.00 

HI1424 HI1424 integrase/recombinase 2.18 0.29 1.00 

HI0720 htpX heat shock protein HtpX 2.24 0.22 1.00 

HI1327 HI1327 hypothetical protein 2.24 0.51 1.00 

HI1423 HI1423 hypothetical protein 2.24 0.69 1.00 

HI1519 HI1519 hypothetical protein 2.24 0.27 1.00 

HI0630 rseB periplasmic negative regulator of sigmaE 2.28 0.22 1.00 

HI0564 asnA asparagine synthetase AsnA 2.28 0.22 1.00 

HI0628 rpoE RNA polymerase sigma factor RpoE 2.28 0.20 1.00 

HI0888 purD phosphoribosylamine--glycine ligase 2.29 0.27 1.00 

HI0634 HI0634 tRNA-dihydrouridine synthase A 2.32 0.24 1.00 
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HI0062 dksA dnaK suppressor protein 2.32 0.20 1.00 

HI1604 HI1604 phosphate permease 2.34 0.26 1.00 

HI0846 por periplasmic oxidoreductase 2.34 0.19 1.00 

HI0160 psd phosphatidylserine decarboxylase 2.34 0.23 1.00 

HI1337 glmM phosphoglucosamine mutase 2.35 0.19 1.00 

HI0269 rpoH RNA polymerase factor sigma-32 2.37 0.18 1.00 

HI1463 glmM phosphoglucosamine mutase 2.37 0.18 1.00 

HI0842 HI0842 hypothetical protein 2.39 0.28 1.00 

HI1336 folP-1 dihydropteroate synthase 2.39 0.19 1.00 

HI1227 uraA uracil permease 2.42 0.23 1.00 

HI1657 HI1657 hypothetical protein 2.46 0.22 1.00 

HI0839 HI0839 nucleoid-associated protein NdpA 2.60 0.16 1.00 

HI1209 argR arginine repressor 2.65 0.56 1.00 

HI1410 HI1410 terminase large subunit-like protein 2.65 0.38 1.00 

HI0916 HI0916 outer membrane protein 2.69 0.13 1.00 

HI0151 hflK HflK 2.74 0.13 1.00 

HI0915 lpxD UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase 2.86 0.11 1.00 

HI0006m fdnG   2.88 0.11 1.00 

HI1177 artM arginine transporter permease subunit ArtM 2.90 0.21 1.00 

HI1246 HI1246 hypothetical protein 2.94 0.14 1.00 

HI1031 HI1031 2,3-diketo-L-gulonate reductase 2.97 0.13 1.00 

HI1343 HI1343 hypothetical protein 2.97 0.46 1.00 

HI0245 queA S-adenosylmethionine:tRNA ribosyltransferase-isomerase 2.98 0.10 1.00 

HI0859 clpB ATP-dependent Clp protease ATPase subunit 3.03 0.10 1.00 

HI1344 potD spermidine/putrescine ABC transporter periplasmic-binding protein 3.11 0.10 1.00 

HI0333 rumA 23S rRNA 5-methyluridine methyltransferase 3.11 0.17 1.00 

HI1030 HI1030 hypothetical protein 3.11 0.26 1.00 

HI1085 HI1085 ABC transporter periplasmic protein 3.13 0.09 1.00 

HI1282 HI1282 hypothetical protein 3.14 0.10 1.00 

HI1603 HI1603 phosphate transport regulator 3.14 0.15 1.00 

HI0231 deaD ATP-dependent RNA helicase 3.14 0.09 1.00 

HI0629 mclA sigma-E factor negative regulatory protein 3.14 0.08 1.00 

HI0443 recR recombination protein RecR 3.15 0.13 1.00 

HI0150 hflC hypothetical protein 3.21 0.09 1.00 

HI1387 trpE anthranilate synthase component I 3.24 0.38 1.00 

HI1739.1 lldD L-lactate dehydrogenase 3.46 0.06 1.00 

HI1419 HI1419 hypothetical protein 3.46 0.09 1.00 

HI1420 HI1420 hypothetical protein 3.48 0.08 1.00 

HI0246 HI0246 hypothetical protein 3.48 0.06 1.00 

HI0543 groEL chaperonin GroEL 3.51 0.05 1.00 

HI0420.1 HI0420.1   3.60 0.08 1.00 

HI1325 fabA 3-hydroxydecanoyl-ACP dehydratase 3.61 0.05 1.00 

HI0104 htpG heat shock protein 9 3.64 0.06 1.00 

HI0666 HI0666 hypothetical protein 3.82 0.24 1.00 

HI0542 groES co-chaperonin GroES 3.84 0.04 1.00 

HI0496 hslV ATP-dependent protease peptidase subunit 3.92 0.06 1.00 

HI0497 hslU ATP-dependent protease ATP-binding subunit HslU 4.11 0.03 1.00 

HI1218 lctP L-lactate permease 4.52 0.02 1.00 

HI0420 HI0420 hypothetical protein 4.86 0.04 1.00 

HI1237 dnaK molecular chaperone DnaK 5.05 0.01 1.00 

HI1259 HI1259 periplasmic serine protease 5.35 0.01 1.00 

HI1238 dnaJ chaperone protein DnaJ 5.76 0.01 1.00 
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Sup 6: Differentially expressed genes in nikQ mutants over Rd KW20 at high oxygen tension 
with statistically significant fold change (log2 ≥ ±2.0) 
Locus Tag Gene Symbol Gene Description log2 Fold pval padj 
HI1047 dmsA anaerobic dimethyl sulfoxide reductase chain A -7.17 0.00 0.04 

HI1570 HI1570   -6.81 0.00 0.06 

HI1049 merT mercuric ion transport protein -4.59 0.02 0.69 

HI1046 dmsB anaerobic dimethyl sulfoxide reductase chain B -4.07 0.09 1.00 

HI1502 HI1502 hypothetical protein -3.97 0.03 0.87 

HI0109 HI0109 hypothetical protein -3.75 0.36 1.00 

HI1154 HI1154 proton glutamate symport protein -3.68 0.04 0.98 

HI1080 HI1080 amino acid ABC transporter periplasmic-binding protein -3.50 0.05 1.00 

HI1066 nrfD nitrite reductase transmembrane protein -3.38 0.06 1.00 

HI1693 modA molybdenum ABC transporter periplasmic-binding protein -3.35 0.07 1.00 

HI0857 HI0857 hypothetical protein -3.33 0.29 1.00 

HI0967 HI0967 hypothetical protein -3.33 0.49 1.00 

HI1618 HI1618 ABC transporter ATP-binding protein -3.33 0.49 1.00 

HI0643 bisC biotin sulfoxide reductase -3.21 0.07 1.00 

HI0685 glpA sn-glycerol-3-phosphate dehydrogenase subunit A -3.18 0.07 1.00 

HI0684 glpB anaerobic glycerol-3-phosphate dehydrogenase subunit B -3.05 0.10 1.00 

HI0832 frdD fumarate reductase subunit D -2.91 0.11 1.00 

HI0853 dppA heme-binding lipoprotein -2.84 0.10 1.00 

HI0154 acpP acyl carrier protein -2.75 0.11 1.00 

HI0495m aphA acid phosphatase/phosphotransferase -2.75 0.68 1.00 

HI0548 infA translation initiation factor IF-1 -2.75 0.21 1.00 

HI1079m HI1079m ABC-type amino acid transport system permease component -2.75 0.15 1.00 

HI1493 HI1493 hypothetical protein -2.75 0.31 1.00 

HI1500 HI1500 hypothetical protein -2.75 0.13 1.00 

HI1519 HI1519 hypothetical protein -2.63 0.16 1.00 

HI0189 gdhA glutamate dehydrogenase -2.60 0.14 1.00 

HI0381 pal peptidoglycan-associated outer membrane lipoprotein -2.57 0.13 1.00 

HI0082 HI0082 hypothetical protein -2.55 0.36 1.00 

HI1518 HI1518 hypothetical protein -2.49 0.17 1.00 

HI0093 HI0093 hypothetical protein -2.48 0.45 1.00 

HI0439 comA competence protein A -2.48 0.45 1.00 

HI1356 malQ 4-alpha-glucanotransferase -2.45 0.16 1.00 

HI1445 bioD dithiobiotin synthetase -2.45 0.16 1.00 

HI1095 dsbE thiol-disulfide interchange protein -2.44 0.23 1.00 

HI1520 HI1520 hypothetical protein -2.44 0.19 1.00 

HI1067 nrfC nitrite reductase Fe-S protein -2.36 0.17 1.00 

HI1505 HI1505 hypothetical protein -2.36 0.17 1.00 

HI0228 HI0228 hypothetical protein -2.33 0.60 1.00 

HI0297 HI0297 type IV pilin secretion protein -2.33 0.60 1.00 

HI0742 HI0742 hypothetical protein -2.33 0.25 1.00 

HI1205 HI1205 hypothetical protein -2.33 0.27 1.00 

HI1390 hybG   -2.33 0.60 1.00 

HI0745 ansB L-asparaginase II -2.30 0.19 1.00 

HI1506 HI1506 hypothetical protein -2.25 0.20 1.00 

HI0501 rbsD D-ribose pyranase -2.23 0.42 1.00 

HI1045 dmsC anaerobic dimethyl sulfoxide reductase chain C -2.23 0.42 1.00 

HI0180 HI0180 formate acetyltransferase -2.21 0.19 1.00 

HI1523 HI1523 hypothetical protein -2.18 0.27 1.00 

HI0035 HI0035 hypothetical protein -2.17 0.20 1.00 

HI0345 napG quinol dehydrogenase periplasmic component -2.17 0.20 1.00 

HI1210 mdh malate dehydrogenase -2.16 0.20 1.00 

HI1491m mor   -2.16 0.41 1.00 

HI1398 fumC fumarate hydratase -2.16 0.21 1.00 
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HI0597 HI0597 hypothetical protein -2.15 0.23 1.00 

HI1078 HI1078 amino-acid ABC transporter ATP-binding protein -2.14 0.24 1.00 

HI1522 HI1522 hypothetical protein -2.14 0.25 1.00 

HI0571 oxyR DNA-binding transcriptional regulator OxyR -2.13 0.22 1.00 

HI0620.1 HI0620.1   -2.12 0.24 1.00 

HI0001 gapdH glyceraldehyde-3-phosphate dehydrogenase -2.12 0.21 1.00 

HI1510 HI1510 hypothetical protein -2.11 0.28 1.00 

HI0757 gpmA phosphoglyceromutase -2.10 0.22 1.00 

HI0644 yecK cytochrome C-like protein -2.10 0.24 1.00 

HI0631 coaA pantothenate kinase -2.07 0.34 1.00 

HI1298 HI1298 hypothetical protein -2.07 0.34 1.00 

HI1508 HI1508 hypothetical protein -2.06 0.23 1.00 

HI0656.1 HI0656.1 hypothetical protein -2.05 0.31 1.00 

HI1676 moaA molybdenum cofactor biosynthesis protein A -2.02 0.27 1.00 

HI0830 trpR Trp operon repressor -2.01 0.49 1.00 

HI1370 mopI molybdenum-pterin binding protein -2.01 0.33 1.00 

HI0150 hflC hypothetical protein 2.01 0.27 1.00 

HI0239 secF preprotein translocase subunit SecF 2.01 0.32 1.00 

HI0043 HI0043 hypothetical protein 2.03 0.45 1.00 

HI1481 muB DNA transposition protein 2.03 0.35 1.00 

HI0252 exbD biopolymer transport protein 2.05 0.31 1.00 

HI0431 HI0431 hypothetical protein 2.06 0.43 1.00 

HI0828 HI0828 YciI-like protein 2.06 0.43 1.00 

HI1173 sprT hypothetical protein 2.06 0.52 1.00 

HI1436 HI1436 hypothetical protein 2.06 0.52 1.00 

HI1684 HI1684 electron transport complex protein RnfB 2.06 0.52 1.00 

HI0633 HI0633 hypothetical protein 2.16 0.67 1.00 

HI1029 HI1029 hypothetical protein 2.16 0.36 1.00 

HI1480 HI1480 hypothetical protein 2.16 0.40 1.00 

HI1605 HI1605 hypothetical protein 2.16 0.67 1.00 

HI1640 sapC peptide ABC transporter permease 2.16 0.67 1.00 

HI1344 potD spermidine/putrescine ABC transporter periplasmic-binding protein 2.16 0.21 1.00 

HI1464 folP-2 dihydropteroate synthase 2.17 0.28 1.00 

HI0894 HI0894 membrane-fusion protein 2.18 0.27 1.00 

HI1427 HI1427 hypothetical protein 2.22 0.26 1.00 

HI0151 hflK HflK 2.24 0.20 1.00 

HI1253 HI1253 hypothetical protein 2.25 0.45 1.00 

HI0144 HI0144 N-acetylmannosamine kinase 2.34 0.23 1.00 

HI0152 HI0152 hypothetical protein 2.34 0.61 1.00 

HI1082 HI1082 hypothetical protein 2.34 0.23 1.00 

HI1281 HI1281   2.34 0.61 1.00 

HI0573 slyX hypothetical protein 2.42 0.58 1.00 

HI1695 HI1695 UDP-galactose--lipooligosaccharide galactosyltransferase 2.42 0.40 1.00 

HI1259 HI1259 periplasmic serine protease 2.43 0.15 1.00 

HI1279 neuA acylneuraminate cytidylyltransferase 2.46 0.38 1.00 

HI0513 hindIIM modification methylase 2.50 0.37 1.00 

HI1375 HI1375 hypothetical protein 2.50 0.55 1.00 

HI1085 HI1085 ABC transporter periplasmic protein 2.54 0.21 1.00 

HI1282 HI1282 hypothetical protein 2.54 0.18 1.00 

HI0095 HI0095 hypothetical protein 2.58 0.53 1.00 

HI0242 HI0242 hypothetical protein 2.58 0.53 1.00 

HI1401 pyrD dihydroorotate dehydrogenase 2 2.58 0.35 1.00 

HI1619 HI1619   2.58 0.24 1.00 

HI1624 HI1624 branched chain amino acid ABC transporter periplasmic protein 2.58 0.14 1.00 

HI1622 HI1622 hypothetical protein 2.59 0.16 1.00 

HI0512 hindIIR type II restriction endonuclease 2.61 0.34 1.00 

HI1697 HI1697 UDP-GlcNAc--lipooligosaccharide N-acetylglucosaminyl glycosyltransferase 2.65 0.50 1.00 
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HI0240 secD preprotein translocase subunit SecD 2.81 0.11 1.00 

HI1283 nusA transcription elongation factor NusA 2.83 0.11 1.00 

HI1479 HI1479 hypothetical protein 2.93 0.25 1.00 

HI0420 HI0420 hypothetical protein 3.01 0.39 1.00 

HI1010 HI1010 3-hydroxyisobutyrate dehydrogenase 3.01 0.39 1.00 

HI1251 vapA virulence-associated protein A 3.01 0.39 1.00 

HI0417 thiE thiamine-phosphate pyrophosphorylase 3.06 0.22 1.00 

HI0098 hitB iron(III) ABC transporter permease 3.09 0.22 1.00 

HI0214 prlC oligopeptidase A 3.14 0.07 1.00 

HI0859 clpB ATP-dependent Clp protease ATPase subunit 3.19 0.07 1.00 

HI1621 HI1621 cobalt transport protein CbiM 3.22 0.14 1.00 

HI1286 hsdS type I restriction/modification specificity protein 3.28 0.18 1.00 

HI1456 HI1456 hypothetical protein 3.28 0.18 1.00 

HI0357 HI0357 thiamine biosynthesis protein 3.42 0.27 1.00 

HI0420.1 HI0420.1   3.71 0.20 1.00 

HI1285 hsdR type I restriction enzyme 3.74 0.06 1.00 

HI0243 HI0243 hypothetical protein 3.87 0.17 1.00 

HI0543 groEL chaperonin GroEL 3.97 0.02 0.61 

HI0497 hslU ATP-dependent protease ATP-binding subunit HslU 4.16 0.02 0.61 

HI1287 hsdM type I modification enzyme 4.21 0.06 1.00 

HI0542 groES co-chaperonin GroES 4.73 0.01 0.34 

HI0496 hslV ATP-dependent protease peptidase subunit 5.38 0.01 0.35 

HI1237 dnaK molecular chaperone DnaK 5.53 0.00 0.14 

HI1238 dnaJ chaperone protein DnaJ 5.53 0.00 0.17 

HI0104 htpG heat shock protein 9 6.05 0.01 0.33 
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