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Abstract 

Acinetobacter baumannii is one of the major causes of hospital acquired infections all over the 

world and one the most frequently isolated nosocomial pathogen in India. This Gram-negative 

coccobacillus causes a myriad of diseases like hospital acquired pneumonia, meningitis, 

bacteraemia, urinary tract infections, wound infections and other soft tissue infections. However, 

the bacterium has gained worldwide notoriety for rapidly developing resistance to most of the 

antimicrobials and global dissemination of pan-drug resistant strains. Much of the information 

on determinants of antimicrobial resistance, virulence factors and survival strategies of this 

bacterium has poured in recently which includes our foray into identification of small RNA in 

this highly successful nosocomial pathogen. 

Small RNAs are short non-coding regulatory RNA molecules that interact with their target 

mRNAs in antisense manner, thereby affecting their translation, and adding an extra post-

transcriptional layer to the overall gene regulation scheme in bacteria. This sRNA-mRNA 

interaction is often assisted by chaperone proteins, of which Hfq is a major player throughout the 

Gram-negative genera. We identified 31 putative sRNA in A. baumannii and characterized a 

novel sRNA, AbsR25, in our previous study. This subsequently led to the identification of Hfq 

protein in A. baumannii. The A. baumannii Hfq is unusually long due to an unstructured C-

terminal extension. Our experiments prove that this seemingly unimportant part is required for 

efficient sRNA interaction and plays a significant role in maintaining the phenotype that is 

dependent on the presence of functional Hfq.  

In an earlier endeavor of our research group, AbsR25 was identified as a novel sRNA that 

regulates the expression of efflux pump genes including A1S_1331. Such efflux pumps are 

determinants of antibiotic resistance and A1S_1331, rechristened as AbaF, was indeed found in 

this study to be responsible for intrinsic fosfomycin resistance in A. baumannii. Apart from 

antibiotic efflux, AbaF was also determined to be involved in extruding biofilm material and 

important for virulence of A. baumannii. 

From the aforementioned 31 candidate sRNA, AbsR1, a novel small RNA was validated by 

Northern blotting in the present work. This 89 nt long sRNA is present in the intergenic region 

between 50S ribosome subunit coding genes and conserved throughout the A. baumannii strains. 

The over expression of AbsR1 at acidic challenge and decreased viability of A. baumannii 

ΔAbsR1 cells in acidic conditions indicates that AbsR1 might be involved in regulation of cellular 

response to acidic stress.  
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From the same list of candidate sRNAs, AbsR10 coding region was identified to be exclusive to 

A. baumannii. PCR primers designed to amplify this unique target region could identify all the 

clinical strains present in the lab with 100% accuracy. Moreover, the detection was specific as 

no amplification was achieved when the template DNA from other Gram negative and Gram-

positive pathogens was used. The PCR based detection system was shown to rapidly detect A. 

baumannii from simulated clinical surfaces without any enrichment. Quantitative detection of A. 

baumannii could also be made using qPCR, which also led to enhancement in the sensitivity of 

the detection system. 
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1� Introduction 

Acinetobacter baumannii has emerged as an extremely troublesome Gram-negative nosocomial 

pathogen. It is a non-motile, strictly aerobic coccobacilli that has gained notoriety for causing 

nosocomial infections in critically ill patients all over the world [1]. Perhaps the most striking 

feature of A. baumannii is not its virulence but its drug resistance [2]. In the 1970s, A. baumannii 

infections were easily treated using the prevalent antibiotics, however, now more than 63% of A. 

baumannii infections are caused by multi-drug resistant A. baumannii [3]. The Infectious 

Diseases Society of America (IDSA) has recommended A. baumannii as one of the most drug 

resistant bacterial pathogens collectively known as ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa, and Enterobacter species) [4]. Drug resistance in A. baumannii is a result of 

alteration in membrane permeability, modification in antibiotic targets, expression of antibiotic 

modifying enzymes and active efflux of antibiotics. The expression of various determinants of 

antibiotic resistance is regulated by mobile genetic elements and A. baumannii strains are 

reportedly naturally competent, which aids in rapid acquisition of antibiotic resistance. There are 

numerous reports on isolation of multi-, extremely- and pan-drug resistant strains of A. 

baumannii from various geographical locations [5]. Initially considered a harmless commensal, 

A. baumannii accounts for 20% of the infectious outbreaks in ICUs worldwide [6]. It is 

responsible for about 80% of all the infections caused by Acinetobacter species [7]. Although it 

can colonize healthy individuals, it causes severe soft tissue infections in immunocompromised 

individuals especially children and the elderly. The bacterium has a formidable ability to 

maintain viability even under harsh environmental conditions [1]. It forms sturdy biofilms and 

resists the action of many detergents and cleaning agents which aid its persistence in hospital 

environments. Equipment like the catheters are one of the most frequent modes of dissemination 

of A. baumannii infections which range from hospital-acquired pneumonia, burn infections, 

wound infections to severe bacteremia and meningitis. The clinical importance of A. baumannii 

garnered mainstream attention when it was isolated from wounded American soldiers returning 

from Iraq, leading to the bacterium being labelled as ‘Iraqibacter’ [8]. Since then, a lot of progress 

has been made in studying this interesting bacterium in terms of its physiology. Numerous 

virulence factors including capsular polysaccharides, porins, lipopolysaccharides, outer 

membrane proteins, proteases, phospholipases, secretion systems, and metal-chelating systems 

have been identified and characterized [9]. 
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Our group has a long-standing interest in understanding the molecular basis of regulation of drug 

resistance and virulence in A. baumannii. We focused our research efforts in small RNA (sRNA) 

which are known to play important regulatory roles in pathogenic bacteria. Small RNA are 

versatile post-transcriptional regulators of gene expression in bacteria. They are 50-500 

nucleotide long non-coding RNA molecules that are generally present in the intergenic regions 

and carry rho-independent terminators [10]. Much like their eukaryotic counterparts, miRNA, 

they base-pair with their mRNA targets in an antisense manner and result in either stabilization 

of the mRNA or its degradation, depending on the type of interaction. Based on their genomic 

locus, sRNA could be cis-acting, that are transcribed from the strand opposite to their target 

mRNA, or trans-acting, which are transcribed from a location away from their target mRNA. 

Unlike the cis-acting sRNA, trans-acting sRNA have a limited complementarity to their targets 

for antisense based interaction. This interaction is often assisted by an RNA chaperone protein, 

creating a complex circuit involving sRNA-mRNA-chaperone protein. In an attempt to unravel 

this circuitry in A. baumannii, our group reported computational prediction of 31 candidate small 

RNA [11]. Further studies were conducted on one of these candidates, AbsR25. This small RNA 

was found to be overexpressed in presence of increasing amounts of NaCl and repressed in 

presence of efflux substrate EtBr. Of the other sRNA, two, AbsR11 and AbsR28 were also 

validated but no further studies were carried out to assess the characteristics and physiological 

roles of other putative sRNA. Prediction of AbsR25 targets revealed a lot of transporter proteins 

which are generally involved in solute transport including drugs. Such transporters or efflux 

pumps have been widely reported to extrude out antibiotics which leads to ineffective build-up 

of antibiotic inside the cell and protects the cellular targets. These proteins work up against the 

concentration gradient by actively deriving energy from ATP hydrolysis or proton/ion gradients, 

depending upon the family to which they belong [12]. Efflux pumps could be specific for a 

particular substrate or might be able to efflux put a range of unrelated substrates with different 

specificities. This correlates with their ability to confer antibiotic resistance as efflux pumps 

could be multi-drug or specific for a single drug. Most of the predicted targets of AbsR25 

belonged to the Major Facilitator Superfamily (MFS) of transporters. Of these targets, 

A1S_1331, was negatively regulated by AbsR25 as there was a several fold decrease in the 

expression of A1S_1331 when AbsR25 was overexpressed in A. baumannii. Although MFS 

transporters have been implicated in antibiotic resistance, the importance of A1S_1331 in 

maintaining this phenotype was not known. 

Since trans-acting small RNA require an RNA chaperone protein for assistance in interaction 

with their cognate mRNA targets and there were no such proteins reported in A. baumannii, it 
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was pertinent to identify and characterize the RNA chaperone in A. baumannii. Bacteria express 

many RNA binding proteins of which only a few fulfil the chaperoning functions. Even among 

the common chaperone proteins like cold shock proteins (Csp), ribosomal proteins, StpA, Ro 

proteins, Hfq is the major player in sRNA based regulation [13]. Lately, chaperones like ProQ, 

RocC and FinO have been identified, but these chaperones are restricted, as yet, to only a certain 

sRNA in select bacterial species and have been speculated to be important in bacteria lacking a 

functional Hfq homolog [14]. Hfq was first identified as the host factor required for Qβ phage 

replication. It is a distant homolog of eukaryotic Sm like proteins that interact with RNA 

molecules. It forms a donut shaped hexamer which presents two different faces, distal and 

proximal, for RNA interaction and a central pore [15]. The rim of the donut forms an additional 

surface of sRNA-mRNA interaction. Hfq assists the sRNA-mRNA interaction as well as sRNA-

mRNA-protein interactions by increasing the local concentration of the interacting partners [16]. 

The gene coding for Hfq protein is an important factor for maintaining normal growth and stress 

response in many Gram-negative bacteria. Its deletion abolishes the sRNA based regulation, 

leading to impaired ability of the bacterial cells to adapt to the environmental conditions [17]. 

The Hfq protein in a closely related bacterium A. baylyi was observed to carry a long C-terminal 

extension that is unique to the Moraxellaceae family [18]. This C-terminus shows a 

compositional bias towards the flexible amino acid glycine, which means that this C-terminus 

adopts a flexible coil like secondary structure instead of adopting a regular secondary structure 

like α-helix of β-sheet. Recent studies on functional importance of Hfq in A. baumannii have 

alluded that this extension might not serve any importance [19]. However, its presence in all of 

the members of Moraxellaceae family seems to be more than just a random mutation event 

carried down the line as proteins carrying amino acid repeats are known to play specific roles in 

bacterial physiology [20]. Therefore, further studies were required to determine the physiological 

importance of Hfq and its enigmatic extended C-terminus in A. baumannii.  

In addition to providing information on a novel sRNA and its targets, our group’s previous 

computational analysis led us to an interesting and unique candidate sRNA, AbsR10 [11]. Careful 

analysis of AbsR10 sequence revealed a particular region that was exclusively present in all of 

the sequenced A. baumannii genomes. Such unique signatures could be employed for PCR based 

detection of pathogens [21]. A. baumannii is a widespread clinical pathogen and conventional 

detection techniques often take long time and skilled personnel for precise identification. Since 

A. baumannii forms resistant biofilms on clinical surfaces, PCR based methods can be directly 

applied using the biofilm material to detect the bacterium. These methods are often amenable to 
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quantitative detection of bacteria using qPCR. However, the specificity of such a method could 

only be claimed after experimental validation.  

Thus, our group’s prior findings opened a lot of new avenues in understanding the physiology of 

A. baumannii. This thesis is an attempt to follow them in detail. The major objectives were to 

identify and characterize the small RNA chaperone Hfq in A. baumannii; characterize the MFS 

transporter A1S_1331, the primary target of AbsR25; validate a novel sRNA in A. baumannii; 

and develop a PCR based assay to identify A. baumannii using the candidate sRNA. The thesis 

has been split into multiple chapters according to these objectives. Chapter 2 provides a detailed 

review of already known information about A. baumannii, its biology, role of efflux pumps in 

drug resistance, sRNA, and the RNA chaperone Hfq. Chapter 5 is an attempt to address the 

enigmatic presence of an extra-long glycine rich C-terminus in Hfq protein of A. baumannii. It 

deals with determining what roles Hfq plays in physiology of A. baumannii and if the presence 

of this flexible tail is really important for this bacterium. Experiments were carried out to study 

the phenotype of hfq deletion mutant of A. baumannii and its subsequent complementation by 

truncated versions of Hfq carrying varying length of C-terminus. Chapter 6 seeks to functionally 

characterize the transport proteins that were found to be regulated by AbsR25. Studies were 

carried out to determine whether the primary target of AbsR25, A1S_1331 is involved in 

antibiotic efflux or not. A1S_1331 was cloned and expressed in an efflux deficient strain, E. coli 

KAM32, and its antibiotic susceptibility was determined. The gene coding for A1S_1331 was 

inactivated in A. baumannii and its effect on the phenotype was studied. Chapter 7 deals with the 

characterization of another candidate sRNA from the list of 31 sRNA determined previously. 

The sRNA, AbsR1, was characterized in terms of its expression, transcription start and stop sites, 

and its putative targets. The effect of deletion of AbsR1 on the physiology of A. baumannii was 

studied using some basic experiments which forms the foundation of the chapter. Finally, Chapter 

8 presents an application-based aspect of a unique candidate sRNA, AbsR10. A PCR based assay 

was designed and optimized for detection of A. baumannii from clinical samples and hospital 

surfaces. 
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2� Review of literature 

2.1� Acinetobacter baumannii 

Acinetobacter baumannii is a well-known nosocomial pathogen associated with multi-drug 

resistant infections in patients receiving medical attention in the Intensive Care Units (ICUs) 

[22]. The genus Acinetobacter have been known for long, probably been isolated first in 1914, 

and have been known by different names before forming a separate genus [23,24]. The name 

‘Acinetobacter’ (from Greek ‘akinetos’, meaning non-motile) was suggested by Brisou and Pevot 

in 1954 but it didn’t come to use till 1968 when Baumann et al. published a detailed study of the 

genus [25,26]. Acinetobacter genus contains about 50 species and most of them are harmless 

environmental microorganisms [27]. However, there is an increasing incidence of infections of 

A. baumannii ever since it was designated as a separate species in 1986 [28]. Other Acinetobacter 

species that cause clinical infections are: A. calcoaceticus, A. lwoffii, A. seifertii, A. haemolyticus, 

A. junii, A. johnsonii, A. nosocomialis, A. pitti, A. schindleri and A. ursingii [29–39]. However, 

A. baumannii is considered the most virulent of all the Acinetobacter species [40]. It is an oxidase 

negative, catalase positive, nonfermenting Gram negative bacterium that forms smooth and 

mucoid colonies on laboratory media. The A. baumannii cells are coccobacilli and appear as short 

rods when viewed microscopically (Figure 2.1). Acinetobacter spp are generally ubiquitous in 

nature found in moist environments, soil, wastewater, farms, wetlands, etc. [27]. However, the 

same cannot be said for A. baumannii as they are almost exclusive to the hospital environment 

with ICUs in particular. Although other infectious Acinetobacter spp like A. calcoaceticus, A. 

lwoffii, A. nosocomialis and A. pitti have been found on edible items like vegetables and meat 

and even on human skin, such incidence of A. baumannii is few and far between [41]. There are 

scattered as well as inconclusive reports of A. baumannii isolation from soil, vegetables, park 

benches and gaming consoles [42–44]. Although A. baumannii has been infrequently isolated 

from non-human animals, it is not clear if they are a primary reservoir or the isolation is just a 

result of contamination [45]. Healthy humans don’t seem to harbor A. baumannii, therefore its 

unusual colonization of wounded American soldiers returning from Iraq earned it the moniker, 

‘Iraqibacter’ [46].  Ironically, the frequency and severity of once considered a commensal 

opportunist, A. baumannii, has increased proportionately with improvement in medical 

equipment and sophistication. The A. baumannii outbreaks worldwide have been recognized to 

be caused by three major clonal lineages and most recently six such international clonal lineages 

(ICL) have been identified [47]. According to the US National Health Safety Network (NHSN) 

2009-2010 report, A. baumannii was responsible for 1.8% of all hospital acquired infections [48]. 
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The frequency was quite similar across Europe and some countries in South America [49–53]. 

However, in some South American countries, China, Thailand, Vietnam and India, the incidence 

is much higher and A. baumannii is the predominant nosocomial pathogen [54–64]. According 

to an estimate, there are about 45,000 cases of A. baumannii infections per year in US and a mean 

one million infections worldwide, every year [65]. 

 

Figure 2.1. Scanning electron micrograph of Acinetobacter baumannii ATCC 17978. 

2.1.1� Clinical manifestations 

Acinetobacter baumannii causes a range of nosocomial infections including wound infections, 

skin and soft tissue infections, urinary tract infections and secondary meningitis [66]. Although 

the predominant sites of nosocomial infections change with time, the most important infections 

by A. baumannii with the resulting in highest mortality are ventilator-associated pneumonia 

(nosocomial pneumonia) and bloodstream infections (bacteremia) [67,68]. Respiratory infections 

are more common in patients already suffering from underlying ailments or who have undergone 

surgical operations. A. baumannii finds its way into the body through their open wounds, 

intravascular catheters and mechanical ventilators. The bacterial cells adhere to the plastic tubes 

and form resistant biofilms that assist their dissemination [69]. Aspiration of droplets 

contaminated with A. baumannii cells allows a direct passage unhindered by the host defense 

mechanisms. A. baumannii pneumonia is similar to most Gram negative pneumonias [70] with 

symptoms like fever, sputum production, neutrophilia, etc. In some reports, pneumonia has been 

the predominant, being responsible for 26.7% [71], 33% [72] and even 47.9% [73] of all A. 

baumannii nosocomial infections. Crude mortality rates range from 30% to as high as 75% 

[70,73]. A. baumannii infections are more frequently associated with male gender and older age 

as well [22]. A. baumannii can also cause community-acquired infections, majorly pneumonia 

(accounting for 85% of all community-acquired A. baumannii infections) [30,74]. Such 
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infections are common in warm and humid environments found in countries like Australia, 

China, India, Taiwan and Thailand [74–76]. Again, these infections seem to be common among 

males and associated with old age, alcoholism, diabetes, smoking and pulmonary diseases. 

Community-acquired pneumonia is more dangerous as mortality rates could be as high as 60% 

[77].  Bacteremia is often the outcome of excessive pneumonia, trauma, surgical operations, 

catheters and intravenous devices and burns [70,78,79]. 

2.1.2� Antibiotic resistance 

Unlike other serious pathogens, A. baumannii is not highly virulent and does not produce any 

major toxins or cytolysins [80]. However, what makes this bacterium stand out is its ability to 

resist the action of antibiotics. A. baumannii has become resistant to most of the antibiotics in 

used including β-lactams, aminoglycosides, quinolones leading to frequent isolation of multi-

drug and pan-drug resistant strains [81–83] (Table 2.1). The Infectious Diseases Society of 

America (IDSA) has listed A. baumannii as one of the most drug resistant ESKAPE 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa and Enterobacter spp.) organisms [4]. Drug resistance in 

A. baumannii results from one or more of the following mechanisms: alteration in membrane 

permeability to avoid the entry of drugs, enzymatic modification of the drugs which makes them 

ineffective, mutations in the drug targets that allow them to escape the drugs and active efflux of 

drugs that doesn’t allow an effective build-up of drug in the cellular milieu (Figure 2.2). Not 

surprisingly, A. baumannii strains are multi-drug resistant (MDR, resistant to more than one 

antibiotic of at least three classes), extremely-drug resistant (XDR, resistant to more than one 

antibiotic of all but two classes), and pan-drug resistant (PDR, resistant to all antibiotics) [84]. A 

serious problem is the widespread dissemination of carbapenem resistant A. baumannii (Figure 

2.3). Such bacteria are often resistant to most of the antibiotics and their treatment requires the 

use of antibiotics of last resort like colistin and tigecycline [2]. Unfortunately, these drugs have 

a dubious safety profile and A. baumannii has evolved resistance against them as well [2]. 
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Figure 2.2. The four major mechanisms of antibiotic resistance in bacteria: (i) Alteration of membrane 

permeability, (ii) Enzymatic modification of antibiotics, (iii) Mutation of target sites, and (iv) active efflux of 

antibiotics.   

Table 2.1. A summary of antibiotic resistance mechanisms in Acinetobacter baumannii. 

Antimicrobial Resistance 

mechanism 

Class/ 

family 

Protein Reference 

β-Lactams Chromosomal 

cephalosporinase 

Class 

C 

AmpC [85] 

 Carbapenem-

hydrolyzing class D β-

lactamases 

Class 

D 

OXA-51-like 

OXA-23-like 

[86] 

[87] 
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OXA-24/40-like 

OXA-58-like 

OXA-143-like 

[88] 

[89] 

[90] 

 Metallo-β-lactamases Class 

B 

IMP 

VIM 

SIM-1 

NDM 

[91] 

[91] 

[91] 

[92] 

 Other 

β-lactamases 

Class 

A 

TEM 

SHV 

SCO-1 

CARB 

PER 

VEB 

CTX-M 

GES 

KPC 

[93] 

[94] 

[95] 

[96] 

[97] 

[98] 

[99] 

[100] 

[101] 

  Class 

D 

OXA-2, 10, 20, 37 [93,102,103] 

 Decreased 

permeability 

 CarO 

47 kDa OMP 

44 kDa OMP 

37 kDa OMP 

[104] 

[105] 

[105] 

[105] 
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33-36 kDa OMP 

22-33 kDa OMP 

HMP-AB 

43 kDa OMP 

[106] 

[107] 

[108] 

[109] 

 Efflux pump RND AdeABC 

AdeIJK 

[110] 

[111] 

 Modified penicillin-

binding proteins 

 PBP [112] 

Aminoglycosides Aminoglycoside-

modifying enzymes 

 Acetyltransferases 

Nucleotidyltransferases 

Phosphotransferases 

[113] 

[113] 

[113] 

 Target binding site 

modification 

ArmA 16S rRNA methylases [114] 

 Efflux RND AdeABC [110] 

  MATE AbeM [115] 

Quinolones Target site mutations  GyrA/ParC [116] 

 Efflux pump RND AdeABC [110] 

   AdeIJK [111] 

   AdeFGH [117] 

  MATE AbeM [115] 

  SMR AbeS [118] 

Chloramphenicol Efflux pump RND AdeABC [110] 



 11 

   AdeIJK [111] 

   AdeFGH [117] 

  MFS CmlA [119] 

   CraA [120] 

  MATE AbeM [115] 

  SMR AbeS [118] 

Tetracyclines Efflux pump MFS TetA [121] 

   TetB [119] 

 Ribosomal protection  TetM [122] 

Tigecycline Efflux pump RND AdeABC [110] 

   AdeIJK [111] 

Fosfomycin Efflux pump MFS AbaF [123] 

Polymyxins Lipid A modification  PmrCAB [124] 

 Loss of 

lipopolysaccharide 

 LpxABC [125] 

 Porin loss   [126] 
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Figure 2.3. Global incidence of carbapenem resistant Acinetobacter baumannii (CRAB) [127]. 

The rapid evolution of drug resistance in A. baumannii could be attributed to acquisition of novel 

genetic elements through lateral gene transfer and modification of intrinsic determinants of 

resistance. Insertion sequences, integrons, transposons and plasmids are responsible for 

providing novel genetic information to the bacterium whereas modification of intrinsic 

determinants occurs via mutations or insertion/deletion of mobile genetic elements that lead to 

altered expression of intrinsic mechanisms of resistance or alter the membrane permeability. 

Moreover, the dynamic proteomic changes also allow the bacterium to switch from drug-

sensitive to drug resistant phenotype [128].  

2.1.2.1� Cephalosporins 

Cephalosporins are one of the classes of β-lactams that were initially less prone to inhibition by 

β-lactamases. Most of the A. baumannii strains are resistant to cephalosporins, including third- 

and fourth-generation agents, due to the production of AmpC β-lactamase [85]. Although it is 

expressed at basal levels, presence of upstream insertion sequences and presence of a strong 

promoter enhance its expression, leading to clinically relevant resistance [129]. Additionally, A. 

baumannii also produces extended-spectrum β-lactamases (ESBL) which lead to clinically 

relevant cephalosporin resistance [130,131].  

2.1.2.2� Carbapenems 

The expression of carbapenem degrading carbapenemases is the primary reason for carbapenem 

resistance in A. baumannii. Similar to the aforementioned AmpC β-lactamase, the bacterium 

naturally expresses a chromosomally encoded OXA-51-group carbapenemase. However, its 

expression, again analogous to AmpC, increases due to insertion of strong promoter upstream 
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the gene leading to elevated carbapenem resistance [86,132]. Carbapenemases are often acquired 

through mobile plasmids. Major groups of acquired carbapenemases in A. baumannii include, 

OXA-23, -43, -48, -58 and -143 [133]. Non-OXA group of carbapenemases include the dreadful 

metallo-β-lactamase, NDM-1 which has been reported in multiple isolates of A. baumannii 

[134,135]. 

2.1.2.3� Aminoglycosides 

A. baumannii produces various aminoglycoside modifying enzymes as acquired determinants of 

resistance [136]. Apart from this, the bacterium has a new mechanism to resist the 

aminoglycosides, 16S ribosomal RNA methyltransferase like ArmA. ArmA methylases a 

guanine residue in the A site of 16s rRNA and prevents aminoglycoside binding [137]. ArmA 

producing A. baumannii are highly resistant to gentamycin, tobramycin and amikacin. 

2.1.2.4� Fluoroquinolones 

Fluoroquinolones are the most widely used first line antibiotics for regular treatment of 

respiratory and urinary tract infections caused by bacterial pathogens including A. baumannii. 

These antibiotics inhibit DNA synthesis by binding to DNA gyrase and topoisomerase IV, 

leading to cell death. The primary mechanism of fluoroquinolone resistance is mutations in the 

target genes [138]. However, many efflux pumps are over expressed in A. baumannii leading to 

effective fluoroquinolone resistance [117]. There is a speculation that yet unknown mechanisms 

also result in fluoroquinolone resistance as a study isolated fluoroquinolone resistant A. 

baumannii without any detectable changes in the genotype of the cells [139].  

2.1.2.5� Colistin 

Colistin is a cyclic cationic peptide that exerts its bactericidal action via binding to the lipid A. 

Being one of the very few drugs that are active against carbapenem resistant A. baumannii 

(CARB), colistin is often considered as the antibiotic of last resort [2]. Therefore, emergence of 

resistance against colistin is of grave concern. Modification of the target is the major mode of 

colistin resistance. A. baumannii often adds phosphoethanolamine to the lipid A as a modification 

mechanism [140]. Another proposed mechanism is the complete loss of polysaccharide, which 

is more common in laboratory isolates than the clinical strains [141].   

2.1.2.6� Tetracyclines 

Tetracyclines are also inhibitors of protein synthesis due to their affinity towards 30S ribosomal 

subunit. A. baumannii has achieved tetracycline resistance by expressing multiple Tet efflux 
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pumps. Apart from this, certain Tet proteins, especially the homologs of the S. aureus TetM 

protein, bind to the 70S ribosome and protect the ribosome from tetracycline binding [142].  

2.1.3 Efflux pumps 

As noted above, there are four broad mechanisms of antibiotic resistance, (i) alteration in 

membrane permeability to avoid antibiotic entry, (ii) mutations in the antibiotic targets, (iii) 

enzymatic modifications in antibiotic to inactivate it, and (iv) expression of efflux pumps that 

actively pump out antibiotic from the cellular milieu [143]. These efflux pumps prevent the 

antibiotic from reaching its target by expelling them against the concentration gradient 

representing a major mechanism of resistance [144]. These pumps are energized either by ATP 

lysis (primary efflux pumps) or by ion/proton gradients (secondary efflux pumps). These 

membrane-bound proteins can be classified according to their structural similarity, energy usage 

(electrochemical gradient or ATP hydrolysis) and substrate specificity. Five recognized families 

of bacterial efflux pumps are: (i) the ATP-binding cassette (ABC) superfamily, (ii) the resistance-

nodulation division (RND) superfamily; (iii) the major facilitator superfamily (MFS), (iv) the 

multidrug and toxic compound extrusion (MATE) family, and (v) the small multidrug resistance 

(SMR) family (Figure 2.4) [12]. Efflux pumps belonging to all but ABC superfamily have been 

identified and characterized in A. baumannii (Table 2.2) [145]. 

 

Figure 2.4. The five families of bacterial efflux pumps. 
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Table 2.2 A summary of efflux pumps characterized in A. baumannii and their substrates. 

Efflux pump Substrate antibiotics Reference 

RND superfamily 

AdeABC Aminoglycosides, fluoroquinolones, trimethoprim, 

tetracyclines, macrolides, chloramphenicol, β-lactams 

[146] 

AdeIJK β-lactams, quinolones, chloramphenicol, trimethoprim, fusidic 

acid, lincosamides, tetracyclines, sulfadoxine, macrolides 

[146] 

AdeFGH Quinolones, chloramphenicol [146] 

EmrA Aminoglycosides, imipenem, colistin [147] 

AbeD Ceftriaxone, gentamycin, tobramycin, rifampin, erythromycin, 

ertapenem, amikacin 

 

MFS 

Tet(A) and 

Tet(B) 

Tetracyclines, minocycline [148] 

AmvA Amikacin, fluoroquinolones, erythromycin, novobiocin, 

tetracycline 

[149] 

AbaF Fosfomycin [123] 

CraA Chloramphenicol [120] 

MATE family 

AbeM Aminoglycosides, Quinolones, β-lactams, imipenem, 

erythromycin, chloramphenicol 

[115] 

SMR family 

AbeS Erythromycin, novobiocin, chloramphenicol, Chlorhexidine, 

fluoroquinolones,  

[118] 

2.1.4� Virulence factors 

Acinetobacter baumannii is the most virulent species in the genus Acinetobacter, superseding A. 

calcoaceticus, A. lwoffii, A. junii, A. baylyi and A. haemolyticus [150]. However, studying A. 

baumannii virulence has been difficult due to unavailability of suitable infection models. Healthy 
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mice are generally resistant to infection by A. baumannii unless used at very high inoculum (>109 

CFU), which is not very relevant physiologically [151,152]. Thus, artificial models for A. 

baumannii infections have been made in mice by using intraperitoneal route of infection or by 

using porcine mucin as an adjuvant [66]. Apart from this, induced neutropenia has also been used 

to simulate immunocompromised state [153]. Some studies have found that rats are susceptible 

to lethal Acinetobacter pneumonia without being immunocompromised [154]. Skin and wound 

infection models in rats have also been utilized to study the difference in virulence pattern of 

different strains [154]. 

The larva of wax moth Galleria has also found application as model for Acinetobacter infection. 

Studies have revealed that seemingly considered avirulent strains of A. baumannii (like ATCC 

17978) caused lethal infections in Galleria. A very interesting observation made using this 

infection model is that the sessile bacteria obtained after disrupting the biofilms are more virulent 

than the planktonic forms [155]. Caenorhabditis elegans has also been used as an infection model 

is some studies [156]. Recently, A. baumannii virulence was studied in zebrafish larvae [157]. 

However, A. baumannii ATCC 17978 that is avirulent in mice and humans was found to be 

highly virulent in zebrafish, which casts a doubt over the suitability of this model. Unfortunately, 

in vitro assays for virulence factors correlate very poorly with clinical outcomes [155,158]. 

Therefore, more effort and sincere consideration is required while defining virulence factors in 

A. baumannii. With the availability of a suitable infection model, new and interesting information 

could be obtained on virulence of A. baumannii as the pathogen-host crosstalk remains largely 

unexplored in the bacterium [159].  

Despite such setbacks, technological advances in genetics and molecular biology have helped 

immensely in studying A. baumannii virulence factors. Transposon libraries and whole genome 

sequencing is a great resource to identify potential virulence factors. Much of the new 

information on virulence factors of A. baumannii has emerged as a result (Table 1.3).  

Motility is one of the virulence factors for this otherwise non motile bacterium [66]. A. baumannii 

is resistant to the action of disinfectants and is desiccation resistant. Under desiccation stress, the 

bacterium develops thick cell walls and stays viable on the surfaces for years [160]. Ethanol 

exposure has been reported to increase A. baumannii virulence in Galleria [161]. The bacterial 

capsule also serves as a primary virulence factor being responsible for bacterial defense against 

opsonization and complement mediated destruction [162,163]. The LPS has also been shown to 

have a major impact on virulence of A. baumannii [164,165]. However, its exact role is not so 

clear. Iron acquisition, biofilm formation, adherence, phospholipases, outer membrane vesicles 
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and altered penicillin-binding proteins (PBPs) are some other notable virulence factors in A. 

baumannii. The outer membrane protein A (OmpA/Omp38) has received considerable attention 

as a virulence factor as it is involved in adhesion to host epithelium, biofilm formation, and 

induction of host apoptosis and complement resistance.  

Table 2.3. A summary of virulence factors described for A. baumannii. Taken with permission from [166]. 

Virulence 

factor(s) 

Model Outcome(s) Reference 

In vitro only 

OmpA Cell cytotoxicity OmpA was 

administered to 

eukaryotic cells and 

induced cell death 

(note that endotoxin 

levels on the protein 

not reported) 

[167] 

OmpA Complement lysis of OmpA 

mutant of A. baumannii 19606 vs. 

wild type 

OmpA mutant 

resisted alternative 

pathway complement 

lysis in vitro 

[168] 

CpaA Blood coagulation  Purified CpaA 

protease reduced 

coagulation of human 

plasma  

[169] 

BfmS Various assays comparing BfmS 

mutant on ATCC 17978 

background to the wild type  

BfmS mutant had 

diminished biofilm 

formation, reduced 

adherence to cells, 

and sensitization to 

serum killing  

[170] 
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Porins (CarO and 

OprD-like) 

Growth rate, cytotoxicity of a 

clinical isolate vs ATCC 19606 

strain (non-isogenic pair)  

A clinical pan-drug-

resistant isolate with 

reduced CarO and 

OprD-like expression 

grew more slowly 

and was less 

cytotoxic in a cellular 

assay  

[109] 

CFTR inhibitory 

factor (CiF)  

Gene expression and function Gene homologous to 

CiF from 

Pseudomonas 

aeruginosa is found 

in A. nosocomialis 

and A. baumannii 

[171] 

Biofilm gene 

(LH92_11085) 

Characterization of gene 

expression and biofilm formation 

in A. baumannii MAR002 

MAR002 

overexpresses 

biofilm and has 25-

fold increased 

expression of 

LH92_11085 

[172] 

Oxidative 

resistance (KatG 

and KatE) 

Mutants of A. baumannii and A. 

nosocomialis tested in vitro 

Mutants had 

increased 

susceptibility to 

oxidative killing and 

neutrophil killing

  

[173] 

Adherence, 

invasion, and 

cytotoxicity 

5 clinical isolates of A. baumannii 

and 6 clinical isolates of A. pittii 

tested in adherence, invasion, and 

cytotoxicity of lung epithelial 

cells  

Adherence, invasion, 

and cytotoxicity not 

detected despite 

testing strains that 

[174] 
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had caused clinical 

disease 

In vivo–invertebrate models 

NfuA (iron 

acquisition 

scaffold protein) 

NfuA knockout in ATCC 19606 

strain vs wild-type strain 

Knockout strain more 

sensitive to oxidative 

stress and modestly 

less lethal in Galleria

  

[175] 

EntA (enterobactin 

precursor synthetic 

gene) 

EntA knockout in ATCC 19606 vs 

wild-type strain 

Knockout strain 

modestly less lethal 

in Galleria 

[176] 

Superoxide 

dismutase (SOD) 

SOD knockout in ATCC 17978 vs 

wild-type strain 

Knockout strain more 

sensitive to oxidative 

stress and less lethal 

in Galleria 

[177] 

TonB (energetics 

of nutrient uptake) 

TonB mutant of ATCC 19606 vs 

wild-type strain 

Variable impact on 

lethality in Galleria 

but impacted 

adherence to 

epithelial cells 

[178] 

OXA-40 gene 

(carbapenemase) 

Clinical isolates with or without 

the OXA-40 gene 

OXA-40-containing 

isolates appeared to 

kill Galleria more 

slowly 

[179] 

AbuO (outer 

membrane protein) 

AbuO knockout of A. baumannii 

AYE (origin unclear) with 

infection in C. elegans 

Knockout displayed 

increased 

susceptibility to 

antibiotics and 

disinfectant and 

modestly reduced 

[180] 
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lethality in C. 

elegans 

SecA (iron 

acquisition) 

Transposon mutant disruption of 

SecA in A. baumannii 19606 

Mutant displayed 

modest reduction in 

lethality in Galleria 

[181] 

pmrB (colistin 

resistance due to 

altered LPS 

charge) 

Clinical isolate with spontaneous 

pmrB mutation 

Mutant displayed no 

reduction in strain 

fitness, growth, or 

lethality in Galleria 

[182] 

lpxACD, pmrB 

(colistin resistance 

due to loss of LPS 

synthesis genes 

[lpx] or altered 

LPS charge [pmr]) 

Clinical strains serially passaged 

on colistin  

lpxACD mutants had 

growth defects and 

loss of virulence, 

whereas pmrB 

mutants had no 

change in growth or 

virulence in Galleria 

[165] 

Phospholipase D Disruption of 3 phospholipase D 

genes in ATCC 19606 

Reduced virulence in 

Galleria 

[183] 

Type VI secretion 

system (T6SS) 

T6SS was compared in ATCC 

17978, a nonclinical isolate 

(DSM30011), and 3 clinical 

isolates 

Only the nonclinical 

isolate expressed a 

highly functional 

T6SS, which played 

a role in colonization 

in Galleria 

[184] 

SurA1 (surface 

antigen protein) 

Knockout of SurA1 from A. 

baumannii CCGGD201101 (an 

isolate from diseased chicks) 

Knockout had 

decreased growth 

rate, increased killing 

in serum, and 

decreased virulence 

in Galleria 

[185] 
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AdeRS 

(Acinetobacter 

drug efflux pump 

regulator) 

Deletion of AdeRS from A. 

baumannii AYE or S1 

Knockouts had 

decreased biofilm 

formation; S1 but not 

AYE knockout had 

decreased virulence 

in Galleria 

[186] 

gacA and gacS 

(regulator genes), 

abaI (quorum 

sensing), paaA 

(phenylalanine 

catabolism) 

ATCC 17978 and knockouts 

infected via blood in zebrafish 

embryos 

Knockout strains had 

attenuated virulence 

in the zebrafish 

model, and the paaA 

knockout produced 

more phenylalanine, 

which triggered more 

neutrophil attraction 

to the site of 

infection 

[157] 

Multiple genes 

regarding stress 

response, osmotic 

stress, capsule, and 

LPS genes 

Comparison of Acinetobacter 

strains in Galleria, including 

transposon disruptants 

Galleria 

distinguished known 

avirulent (ATCC 

17978) and virulent 

(5075) strains of A. 

baumannii, with the 

former causing some 

lethality and the latter 

100% fatal. A. baylyi 

ADP1 was less 

virulent than A. 

baumannii ATCC 

17978. A variety of 

genes disrupted by 

transposon insertion 

in A. baumannii 5075 

[187] 
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modulated mortality 

in Galleria. 

In vivo–nonlethal vertebrate models 

Serum/complement 

resistance 

Clinical isolates in Long-Evans rat 

soft tissue infection 

(subcutaneous) 

Sensitivity to 

complement 

correlated with 

rapidity of soft tissue 

clearance in vivo 

[154] 

Phospholipase D C57BL/6 intranasal lung infection 

(>3 × 108 inoculum) with 

transposon mutant clinical CSF 

isolate 98-37-09 vs wild type 

Disruption resulted in 

serum sensitivity and 

no difference in lung 

bacterial density, but 

the mutant strain had 

lower bacterial blood 

density following 

pneumonia 

[152] 

Heme consumption Nonlethal intranasal infection with 

A. baumannii LAC-4 clinical 

isolate, treatment with an inhibitor 

of heme acquisition vs placebo 

Mice infected with 

LAC-4 and treated 

with heme 

acquisition inhibitor 

had modestly 

reduced lung 

bacterial density and 

bacteremia  

[188] 

PTK and EpsA 

(capsular 

polysaccharide 

regulators) 

Long-Evans rat soft tissue 

infection with knockouts on A. 

baumannii 307-0294 clinical 

isolate background vs wild type 

Disruption resulted in 

diminished growth in 

human ascitic fluid, 

human serum, and rat 

soft tissue 

[162] 
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OmpA, LpsB, 

GacA 

Transposon mutant library of A. 

baumannii ATCC 17978 infected 

intranasally into C57BL/6 mice 

CFU differences at 

24 h detected for 

strains with 

mutations of various 

genes, including lpsB 

(LPS biosynthesis), 

ompA, and gacA

  

[189] 

LipA (lipase) Tail vein infection of DBA mice 

made neutropenic with 

cyclophosphamide and infected 

with LipA knockout in A. 

baumannii ATCC 17978 vs wild 

type  

LipA knockout 

demonstrated 

reduced competition 

fitness during 

nonlethal infection in 

mice  

[153] 

AdeABC and 

AdeIJK (efflux 

pump regulators) 

intranasal and intraperitoneal 

infection of C57BL/6 mice with 

clinical isolate A. baumannii 

BM4587 or its isogenic Ade 

mutants 

Increase in bacterial 

burden during 

intraperitoneal 

infection with the 

adeABC mutant, 

decreased with 

adeIJK mutant, no 

change after lung 

infection (intranasal) 

[190] 

Zur (zinc uptake 

regulator) 

Intranasal infection of C57BL/6 

mice with A. baumannii ATCC 

17978 or a Zur knockout strain 

No difference in lung 

bacterial burden, but 

liver burden lower 

for the Zur knockout 

strain 

[191] 

ZigA (zinc 

chaperone) 

Intranasal infection of C57BL/6 

mice with A. baumannii ATCC 

17978 or a ZigA knockout strain 

No difference in lung 

bacterial burden, but 

liver burden lower 

[192] 
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for the ZigA 

knockout strain 

FeoB (ferrous iron 

transport), DDC 

(cell wall cross-

linking), PntB 

(pyridine 

metabolism), FepA 

(enterobactin 

receptor) 

Intravenous infection in CBA/J 

mice with a transposon mutant 

library of A. baumannii ATCC 

17978 treated with 

cyclophosphamide to make them 

neutropenic, using competitive 

growth by spleen bacterial 

density, or in human serum, as 

read-outs 

Defects in these 

genes altered 

competitive 

growth/relative 

bacterial density in 

the spleens or serum 

[193] 

In vivo–lethal vertebrate models  

Inoculum mixed with porcine mucin 

pmrB Intraperitoneal infection in 

C57BL/6 mice with ≥108 

organisms of pmrB mutant in A. 

baumannii ATCC 19606 vs wild 

type 

pmrB mutant had 

lower bacterial 

density and less 

mortality 

[194] 

pmrB Intraperitoneal infection in 

C57BL/6 mice with ≥107.9 

organisms of a clinical 

spontaneous pmrB mutant of A. 

baumannii CR17 (cerebrospinal 

fluid strain) vs its pretreatment 

parent strain  

pmrB mutant had 

reduced in vivo 

fitness in competition 

with wild type and 

lower mortality at 

low, but not high 

(i.e., >105) inocula

  

[195] 

pmrA (altered LPS 

charge) 

Intratracheal lung infection in 

Sprague-Dawley rats with a 

spontaneous mutant of A. 

baumannii respiratory clinical 

pmrA mutant had 

reduced lethality 

[196] 
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isolate vs its pretreatment isogenic 

strain  

Ciprofloxacin 

resistance 

(mutation not 

described) 

Intraperitoneal infection in 

C57BL/6 mice with 106, 107, or 

108 A. baumannii clinical strain 

serially passaged in subtherapeutic 

ciprofloxacin vs its parent 

Ciprofloxacin-

resistant strain 

induced lower 

mortality 

[197] 

Acinetobactin (iron 

siderophore) 

Galleria as well as intraperitoneal 

infection in C57BL/6 mice with 

106 or 105 A. baumannii 

acinetobactin knockouts in ATCC 

19606 vs wild type 

Knockout strain 

induced lower 

mortality in Galleria 

and in mice  

[198] 

pglC (capsule) Intraperitoneal infection in 

BALB/c mice infected with pglC 

knockout in ATCC 17978 vs wild 

type 

Capsule-deficient 

mutant strain was 

avirulent compared 

to wild type 

[199] 

Omp33 Intraperitoneal infection in 

C57BL/6 mice with 106, 107, or 

108 Omp33 knockout in A. 

baumannii 17978 vs wild type

  

Knockout strain 

displayed growth 

defect in vitro, and 

reduced lethality in 

mice  

[200] 

MapA (Omp33-36) Intraperitoneal infection in 

C57BL/6 mice with Omp33-36 

knockout in A. baumannii 17978 

vs wild type 

Knockout displayed a 

12-h delay in death 

(but all mice died) 

[201] 

gacS (sensor 

kinase) and paaE 

(phenylacetic acid 

[PAA] catabolic 

pathway) 

Intraperitoneal infection in 

BALB/c mice infected with 

knockouts in ATCC 17978 vs 

wild type 

gacS and paaE 

mutant strains had 

attenuated mortality 

in mice 

[202] 
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Infections in wild-type mice without porcine mucin 

RecA (DNA 

damage repair) 

Intraperitoneal infection in CD1 

mice with 2 × 108 RecA knockout 

of A. baumannii ATCC 17978 vs 

wild type 

RecA mutant was 

more sensitive to 

oxidative damage, 

macrophage killing, 

and heat exposure in 

vitro and caused 

mildly reduced 

lethality compared to 

wild-type strain (7% 

vs 20%) 

[203] 

pmrB, lpxA, lpxA, 

lpxC, lpxD (LPS 

genes) 

Intraperitoneal infection in 

BALB/c mice with knockouts in 

A. baumannii 19606 vs wild type 

lpx mutants had 

reduced in vitro 

growth while pmrB 

mutant did not; lpx 

mutants had 

attenuated virulence 

in both C. elegans 

and in mice, but 

pmrB mutant had 

attenuated virulence 

only in C. elegans 

and not in mice 

[164] 

OmpA In vitro studies followed by 

tracheal aspiration pneumonia 

using Ab5075 strain in wild-type 

C57BL/6 mice 

Transposon-disrupted 

OmpA strain was 

nonlethal in 5 mice, 

whereas 3 of 4 mice 

infected with wild-

type died (note the 

small numbers of 

mice) 

[204] 
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Capsule Intraperitoneal infection of 

C57BL/6 mice with A. baumannii 

ATCC 17978 strains which were 

induced to overproduce capsule or 

strains with mutations in capsule 

production 

Strains expressing 

enhanced capsule 

were resistant to 

serum/complement, 

and more lethal in 

mice 

[163] 

UspA (universal 

stress protein A) 

Intranasal and intraperitoneal 

infection of C57BL/6 mice with 

UspA knockout in A. baumannii 

ATCC 17978 vs wild type 

Modest difference in 

lung CFU during 

nonlethal infection 

and no significant 

difference in survival 

during intraperitoneal 

lethal infection

  

[205] 

2.2� Small RNA 

Bacteria regulate many physiological processes using non coding small RNA (sRNA) [206]. 

These post-transcriptional regulators of gene expression are 50-500 nt long and assist bacteria to 

adapt, survive and cope up with various environmental conditions (Table 2.4) [207]. Similar to 

their eukaryotic counterparts, miRNA, sRNA modulate the expression of their target mRNA by 

base pairing [208]. Based on their origin, sRNA could be cis- or trans-acting relative to their 

target mRNA. Most of the cis-encoded sRNA are present in vicinity of their target mRNAs, 

whereas the trans-encoded sRNA are generally present at sites away from the target mRNAs 

[206]. Unlike the cis-encoded sRNA, the trans-encoded sRNA display limited complementarity 

to their targets and often require a chaperone Hfq for stable interaction with their targets. This 

immensely expands their repertoire of targets and imparts them ability to be global regulators of 

physiological response [15].  

Since the discovery of the first sRNA, MicF, hundreds of small RNA have been reported across 

the bacterial species. Initial attempts at identification of sRNA in bacteria were made using 

computational algorithms, exploiting the characteristics of these regulators [209]. With 

advancements in technology, microarray and deep sequencing have enabled identification of 

hundreds of sRNA in a relatively short period of time and with exemplary accuracy [210,211].  
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Table 2.4 Summary of functional roles of small RNA with a prototype example. 

Prototype 

sRNA 

Physiological role Reference 

Iron homeostasis  

RyhB Expressed under iron limiting conditions, inhibits non-essential 

iron utilizing proteins, and activates ShiA for siderophore 

synthesis. 

[212] 

Membrane and surface remodeling 

MicF Represses the expression of OmpF to regulate cellular response 

to change in osmolarity 

[213] 

MicA Represses OmpA translation and curtails the de novo synthesis, 

represses PhoPQ two-component system 

[214] 

Motility and biofilm 

OmrAB, 

RydC, McaS 

Prevent curli synthesis and stabilize biofilms [215] 

Regulation of transporters 

GcvB Downregulates peptide transporters and other amino acid 

transporters, also targets a global transcription factor to adapt to 

nutrient availability 

[216] 

Sugar metabolism 

Spot42 Expressed in presence of glucose and repressed in presence of 

other carbon sources. Participates in catabolite repression. 

[217] 

SgrS Targets uptake of phospho-sugars to prevent accumulation of 

nonmetabolizable sugars. Also codes for a protein SgrT which 

blocks glucose import. 

[218] 
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Regulation of transcription factors 

DsrA, RprA, 

ArcZ 

Activate the translation of rpoS mRNA (σS expression). [219] 

VqmR Regulates VpdT, a transcription factor that controls biofilm 

formation. 

[220] 

Controlling virulence gene expression 

TarB Indirectly regulates (through a cascade of effectors) chemotaxis 

and intestinal colonization by V. cholerae. 

[221] 

IsrJ and IsrM Affect effector protein translocation into the host cells and 

pathogenesis. 

[222,223] 

InvR Represses OmpD expression and affects virulence [224] 

Toxin-antitoxin systems 

IstR1 Represses a membrane inserting toxin TisB [225] 

The general mode of sRNA action is achieved by antisense base pairing to their target mRNA 

[226]. This interaction either leads to inhibition or activation of expression of the target gene. 

The effective base pairing is determined by the sequence complementarity but also depends on 

other factors like a stable stem-loop structure, a U-rich tract and a seed region of initiation of 

interaction [227]. For the trans-encoded sRNA, Hfq assisted base pairing is a common 

phenomenon. A U-rich sequence provides for Hfq interaction and/or stability of sRNA [228]. 

This interaction stabilizes the sRNA and promotes base-pairing with the targets. Although most 

of the sRNA exert a negative regulation, there are certain sRNA that activate the expression of 

target genes.  

2.2.1� Repression of gene expression by trans-encoded sRNA 

Most of the reported sRNA negatively regulate the expression of their targets. For efficient 

translation, the Shine Dalgarno (SD) sequence on the mRNA is recognized by the anti-SD 

sequence on the 16S rRNA. This base-pairing forms the basis of translation initiation, a rate 

limiting step in bacterial gene expression [229]. Any hindrance to the SD: anti-SD base pairing 

inhibits translation of mRNA [230]. Under stress, bacteria downregulate the expression of 
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metabolic genes to favour survival and sRNA assist in inhibition of translation by disturbing the 

SD: anti-SD base pairing and a few other mechanisms. 

2.2.1.1� Base-pairing with RBS of mRNA 

Complementary base-pairing between sRNA and the boundary of RBS prevents 30S ribosome 

interaction and initiation of translation. A majority of regulatory sRNA exert their negative 

regulation through this mechanism. This base-pairing often occludes the SD sequence and/or the 

AUG start codon. In a few cases, this pairing extends to nucleotides downstream the first codon 

as well [231]. RyhB is a 90 nt long sRNA in E. coli that follows this mechanism of regulatory 

action [232]. This small RNA is negatively regulated by the ferric uptake regulator (Fur). Under 

iron abundance, Fur represses the expression of RyhB, however, when iron is limiting, the RyhB 

levels increase (Figure 2.5). RyhB negatively regulates the expression of numerous iron-

metabolizing non-essential genes. With assistance from Hfq, RyhB downregulates the expression 

of methionine sulfoxide reductase (MsrB), by interacting with two different sites in the msrB 

mRNA [233]. Base-pairing on the first site inhibits the entry of 30S ribosome, whereas 

interaction with a second site, that includes the SD sequence, signals RNase E mediated 

degradation of RyhB-msrB duplex. 
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Figure 2.5. sRNA mediated repression of gene expression by masking RBS and recruitment of RNase E. 
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2.2.1.2� RNase recruitment and degradation of target RNA 

Inhibition of translation by sRNA often leads to degradation of the sRNA-mRNA duplex by 

ribonucleases. In E. coli, RNase E is the major ribonuclease involved in sRNA-mRNA turnover 

[234]. The sRNA are generally protected from RNase E mediated degradation by Hfq. However, 

Hfq dependent sRNA-mRNA duplex formation helps in recruitment of RNase E and subsequent 

duplex degradation. Hfq interacts with the unstructured C-terminus of RNase E, leading to the 

formation of a complex including the sRNA-mRNA duplex [235]. This increases the local 

concentration of RNase E, facilitating its attack on the double stranded RNA. This scheme is 

common for many sRNA like RyhB, SgrS, OmrA and MicA. Apart from RNAse E, other 

ribonucleases like RNase Z and RNase III are also involved in RNA turnover [236,237]. 

2.2.1.3� Interference by Hfq 

Another mechanism of translational repression is the recruitment of accessory proteins like Hfq 

in the vicinity of sRNA-mRNA binding [238]. This leads to interference in ribosome recruitment 

and inhibition of translation. The Spot42 small RNA in E. coli regulates the expression of sdhC 

mRNA in a similar manner [217]. The sRNA binds about 48 nt upstream the start codon with no 

direct interaction with the RBS. However, its interaction with mRNA recruits Hfq which binds 

to the mRNA at the site where S1 ribosomal protein interacts. This leads to inhibition of 

translation initiation and repression of sdhC (Figure 2.6).  

 

Figure 2.6. sRNA mediated repression of gene expression by recruitment of Hfq for occlusion of RBS. 
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2.2.2� Activation of gene expression by trans-encoded sRNA

Contrary to a majority of sRNA that negatively regulate the expression of their targets, some 

sRNA positively regulate the expression of their targets leading to increased expression of the 

mRNA.  

2.2.2.1� Stabilization of target mRNA 

mRNA is unstable and absence of a sRNA regulator might make it further unstable by exposing 

the mRNA to the ribonuclease attacks. Pairing between sRNA and mRNA can prevent 

degradation by ribonucleases. Such a scheme is observed in case of SgrS sRNA in E. coli and 

Salmonella sp. [239]. This small RNA is responsible for regulation of glucose phosphate induced 

stress. A phosphatase responsible for removal of phosphate from sugars is coded by yigL gene. 

SgrS base pairs with the yigL mRNA. This interaction masks an RNase E sensitive site on the 

mRNA which prevents the progression of RNase E. The SgrS pairing also exposes RBS by 

disrupting an intrinsic inhibitory structure, thereby facilitating yigL expression [240] (Figure 2.7). 

 

Figure 2.7. sRNA mediated activation of expression by protection of mRNA transcript from RNase E. 
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2.2.2.2� Initiation of translation 

The 5’ UTR of an mRNA may contain a sequence complementary to the mRNA resulting in a 

secondary structure that sequesters the RBS. sRNA can bind to this leader sequence, releasing 

the RBS and leading to subsequent translation [241]. The expression of σS, a stationary phase 

sigma factor in E. coli is dependent on this mechanism [242]. The 5’ UTR of rpoS, the gene 

coding for σS, folds into a complex hairpin structure, sequestering the RBS. This secondary 

structure is recognized by the RNase III as a substrate. However, the RNase mediated degradation 

is prevented by at least three different sRNA, DsrA, RprA and AcrZ [219]. These sRNA bind to 

specific sites on the rpoS mRNA, preventing the folding of 5’ UTR into the inhibitory secondary 

structure and exposing the RBS (Figure 2.8).  

 

Figure 2.8. sRNA mediated activation of gene expression by melting the inhibitory secondary structure to 

allow ribosome binding. 

2.2.2.3� Transcription antitermination 

Although rpoS activation is achieved by the so-called anti-antisense mechanism, a new mode of 

sRNA dependent rpoS activation has recently been reported. This antitermination system 



 35 

operates to inhibit Rho-dependent termination of transcription in the 5’ UTR of rpoS [243]. Rho 

can potentially bind to a Rho loading site in the 5’ UTR of rpoS, leading to premature 

transcription termination and repression of expression. However, the three sRNA that bind to the 

rpoS leader, DsrA, ArcZ and RprA, bind in proximity to this Rho loading site. This prevents the 

Rho dependent transcription termination and activates the expression of rpoS.  

2.3� Hfq 

Hfq was first identified as the host factor required for Qβ phage replication in E. coli [244].  It is 

a hexameric protein that serves as a central sRNA chaperone in many Gram negative bacteria 

[245]. Hfq is related to the eukaryotic Sm or the archaeal Lsm proteins which carry a Sm domain 

that is involved in RNA binding [246]. Hfq assists small RNA with limited complementarity to 

bind to its cognate target mRNA, making it an important factor in sRNA mediated regulatory 

circuitry [247]. In fact, deletion or inactivation of hfq results in pleotropic affects reflecting its 

importance in sRNA mediated regulation [17]. In addition to sRNA, Hfq interacts with many 

protein partners helping in their recruitment. 

2.3.1� Hfq interacts with sRNA and proteins in vivo 

Various immunoprecipitation experiments have revealed that Hfq binds to a host of sRNA and 

proteins in vivo [248]. In vitro studies have confirmed that it binds to sRNA rather strongly. 

Typically, hundreds of sRNA are available for binding at a particular moment and Hfq protein 

pool is saturated. Hfq, therefore, serves as a platform on which the interacting RNA partners 

meet. A molar excess of Hfq would be problematic, since it is rarely possible for two RNAs to 

be present simultaneously on an Hfq hexamer [249]. Several proteins also co-purify with Hfq, 

suggesting protein-protein interactions [250]. Ribosomal proteins, helicases, RNases, H-NS, 

poly-A-polymerase are some of the proteins that have been found associated with Hfq [251–255] 

2.3.2� Binding surfaces on Hfq structure 

The structurally important part of the Hfq sequence is conserved and a consensus structure has 

been determined by crystallographic studies [256]. The N-terminus of Hfq carries the Sm domain 

that allows it to form hexamers with a doughnut like structure that presents two distinct faces for 

RNA binding (Figure 2.9). The distal face preferentially binds to the polyA-tract in RNAs 

(AAYAAYAA or ARNx), with up to 18 nt accommodated on the hexamer [257]. These motifs 

are generally found in the 5’ end of the target mRNAs. The proximal face of Hfq binds shorter 

A/U-rich sequences and its affinity is increased by the 3’-OH [258]. 
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Figure 2.9. E. coli Hfq and its different faces for RNA interaction (clockwise from the top left) proximal face, 

distal face and the rim [259]. 

This also suggests how sRNA bind with U-rich internal sequences anchored by a terminator and 

also explain the protection from 3’ exonucleolytic degradation [260]. The lateral rim of Hfq also 

presents another surface for RNA binding. The region consists of arginine residues which assist 

in RNA binding [16]. The residues important for RNA binding have been determined by 

mutational analysis. Beyond the core Sm motif (after 66 amino acid residues), the length and 

composition of C-terminus of Hfq is highly variable. The residues in the C-terminus do not 

conform to any secondary structure and are thought to impart flexibility to Hfq to interact with 

the protein and RNA partners. Studies with C-terminal truncated Hfq proteins have yielded 

controversial results, however, the importance of C-terminus in cycling of sRNA is now 

universally accepted [261–264]. 

2.3.3 RNA binding and sRNA-mRNA pairing 

Typically, sRNA are preferentially bound to the proximal face with the mRNAs preferentially 

taking up the binding site on the distal face [265]. However, there is no rule of thumb. A model 

for sRNA binding to the Hfq has been designed. mRNA binds to the Hfq distal face through its 

A-rich sequences and the sRNA binding begins at the proximal face and the lateral rim. For Hfq 
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mediated assistance in base pairing, the target sequence in mRNA and the seed sequence in the 

sRNA should not be bound to Hfq but present as free sequences to interact. This is assisted by 

folding changes induced by Hfq and the arginine patches on the rim could promote the alignment 

of the seed and the target single strands [266]. This model is in line with the information obtained 

from a recent co-crystal structure of RydC-Hfq (Figure 2.10) [267]. In case of rpoS/DsrA 

interaction, based in SHAPE and SAXS analysis, a specific model of Hfq action has  

 

Figure 2.10. E. coli Hfq with RydC sRNA [267].  

been proposed [268]. After base-pairing. sRNA-mRNA complex dissociates from the Hfq by 

RNA-driven cycling [265]. The progression of the duplex itself may also disrupt the RNA-Hfq 

contacts [16].  
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There are two different models for describing how Hfq promotes this RNA pairing. The first 

takes in to account the binding rates of sRNA-mRNA pairs, which are low but increase 

dramatically in presence of Hfq [265,269,270]. The other model suggests that Hfq causes a 

decreased Kd values of sRNA-target RNA pairs [271]. It is still debatable as to which model is 

better.  

2.3.4� Cycling of RNA on Hfq 

For Hfq to assist base pairing of multiple sRNA and mRNA pairs, a rapid exchange of RNAs is 

required. There are hundreds of RNA with nanomolar Kd values and considering limited cellular 

pool of Hfq molecules, rapid and efficient cycling of RNA is very important [272]. The in vivo 

time for sRNA to exert its effects on targets is typically 1-2 minutes which cannot be explained 

with in vitro identified tight sRNA-Hfq binding and slow dissociation [265].  It is unlikely that a 

passive cycling, where a particular RNA must dissociate before binding of an incoming RNA, 

would be able to account for the fast regulation seen in vivo as it is limited by slow first-order 

dissociation. However, an active cycling model, where the incoming RNA competitively binds 

to an RNA-Hfq complex and replaces the resident RNA (following second order kinetics), can 

match with the time frame of in vivo regulation. The active cycling model fits the properties of a 

homohexamer too. RNA contacts a particular monomer at a time and at the same time another 

monomer is available for the competitive incoming RNA to bind. In vivo studies support that 

active cycling works best when Hfq is limiting [249,273]. The importance of cycling was 

addressed in a theoretical study aimed to address the complexity induced by numerous sRNA 

and target mRNAs vying for Hfq chaperoning [274].  

2.3.5� The C-terminus of Hfq 

The C-terminus of Hfq doesn’t conform to a fixed secondary structure. Moreover, a great deal of 

variation in the size of the C-terminus is observed. Early attempts to determine its significance 

resulted in studies reporting its importance in hexamer stabilization and nucleic acid binding 

[275]. There are conflicting reports on the utility of this C-terminal region in sRNA-Hfq based 

regulation. Hfq truncations lacking the C-terminus were found to be deficient in autoregulation 

and unable to promote RyhB dependent repression of sodB in E. coli. The shorter versions were 

also unable to activate in vivo expression of rpoS, which was achieved by the longer versions 

[261]. However, reports also suggest that the C-terminus plays only a minor role, if any, in sRNA 

based riboregulation. There was no significant difference in binding of sRNA to rpoS leader in 

presence of truncated Hfq in vitro [262]. In a more classical approach, based on genetic 
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complementation, the E. coli hfq null mutant was successfully complemented by Hfq with 

varying length of C-terminus [276]. Such studies suggest that the C-terminus of Hfq could be 

dispensable in terms of phenotypic effects. Recent studies have, however, revealed, that the 

flexible nature of C-terminus allows for the cycling of sRNA on the Hfq core. The acidic tip of 

the C-terminus competes for binding to the basic residues on the rim and helps the duplex RNA 

to detach from the chaperone surface [263,264].  

2.3.6� Hfq and pathogenic bacteria 

Much information on functional importance of Hfq has been derived from studying the 

phenotype of hfq deletion mutants. The impact of loss of hfq has been studied in various 

pathogenic bacteria in terms of growth, biofilm formation, motility, stress adaptation and 

virulence [17]. The deletion of hfq results in reduced growth in most of the cases (Table 2.5). 

The cells are often susceptible to stress conditions when hfq is deleted. This extends to virulence 

potential of the pathogens as most of them display reduced virulence in infection models and 

mammalian cell lines. Even antibiotic resistance profile of some pathogens is affected. These 

observations stem from the importance of sRNA-based regulation that is active in these 

pathogens. The impact of Hfq on virulence of pathogenic bacteria warrants the case for 

designating Hfq itself as an important virulence factor [277]. 
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3� Objectives 

Acinetobacter baumannii has established itself as a highly successful nosocomial pathogen 

owing to its formidable ability to rapidly develop drug resistance and survive on inanimate 

surfaces for long durations. Although the bacterium had been known for decades, it came to the 

fore after multiple outbreaks of drug resistant infections and isolation of pan-drug resistant strains 

worldwide. For better understanding and tackling infections caused by A. baumannii it is 

important to study the mechanisms of resistance, virulence factors and regulation of their 

expression. Small RNAs are regulators of gene expression at the post-transcriptional level and 

have been deemed important in bacterial physiology. With the aim explore sRNA landscape in 

A. baumannii, our research group’s previous endeavor resulted in identification of 31 candidate 

small RNAs in this bacterium. Out of these 31, three were validated by Northern blotting and 

one of those three, AbsR25 was studied in detail. The novel sRNA, AbsR25, was determined to 

be involved in regulation of efflux pump genes. However, the physiological roles of these 

putative efflux pump genes in A. baumannii was not known. Moreover, an important mediator 

of sRNA-mRNA interaction, the RNA chaperone protein Hfq, was not characterized in A. 

baumannii, whose presence was indicated by prediction of trans-acting sRNA.  

Apart from AbsR25, 11 and 28, our group’s previous report on small RNA in A. baumannii 

predicted 28 more candidate sRNA. Since sRNA are important regulators of stress response in 

Gram negative bacteria and one of the sRNA validated in the lab was implicated in regulation of 

efflux pumps, the characterization of the rest of the candidate sRNA was warranted. Interestingly, 

the sequences of a few predicted sRNA were specific for A. baumannii which could be exploited 

as markers of this bacterium. PCR based methods have been designed for rapid detection of 

pathogens with high accuracy using such marker sequences as conventional methods of pathogen 

detection are often time consuming and inaccurate. However, a non-coding region-based 

detection method had not been designed for identification of A. baumannii. 

Thus, based on the avenues opened up by the previous studies carried out in the lab, four major 

objectives were decided to be achieved in this work: 

1. To characterize the RNA chaperone protein, Hfq, in A. baumannii. 

2. To characterize A1S_1331, the primary target of AbsR25 sRNA. 

3. To validate and characterize a novel sRNA AbsR1 in A. baumannii. 

4. To develop a PCR based assay for detection of A. baumannii on clinical surfaces. 
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4� Experimental procedures 

4.1� Bioinformatic prediction of Hfq homolog in Acinetobacter baumannii 

Bioinformatic prediction of Hfq homolog in Acinetobacter baumannii was made using sequence 

similarity search tools like BLAST and ClustalW. The sequence information of the complete 

proteome and genome of Acinetobacter baumannii ATCC 17978 is available over the NCBI 

server. The sequence of Hfq proteins from different representative Gram-negative bacteria, 

including closely related Acinetobacter baylyi, Pseudomonas aeruginosa and Moraxella 

catarrhalis was analyzed by performing multiple sequence alignment using the EBI ClustalW 

tool (http://www.ebi.ac.uk/Tools/msa/clustalw2). The alignment was visualized using the 

ESPript server (http://espript.ibcp.fr/ESPript/ESPript/). 

4.2� Homology modelling of A. baumannii Hfq 

The sequence of A. baumannii Hfq, A1S_3785, was retrieved from the NCBI protein database. 

The sequence was used as a query to perform a BLAST search against the PDB database. The 

nearest homolog, the P. aeruginosa Hfq was selected as a template and the information was 

submitted to SWISS-MODEL for modelling (https://swissmodel.expasy.org/). The PDB file 

generated from SWISS-MODEL was downloaded and viewed using PyMOL 

(https://www.pymol.org/). 

4.3� Cloning of Hfq and the truncated versions 

The protein annotated as A1S_3785 was designated as Hfq in A. baumannii as it was evident 

from the sequence alignment that it was the Hfq homolog in A. baumannii. The gene coding for 

this protein, hfq, was amplified using the primers OligoRPT22 and OligoRPT23. The primers 

introduced restriction sites for PscI and XhoI restriction enzymes. PscI is an isocaudomer of NcoI 

and was used instead in the forward primer to avoid a frameshift mutation in the cloned sequence. 

The plasmid pET-28a plasmid (Novagen, Merck, USA) was selected for recombinant Hfq 

expression due to presence of C-terminus hexa-histidine tag for ease of purification. The hfq PCR 

product was digested with PscI and XhoI (Table 4.1). However, the plasmid pET 28 was digested 

with NcoI and XhoI restriction enzymes (Table 4.2). 
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Table 4.1 Restriction digestion of hfq PCR product. 

Component Amount 

10X Tango buffer 2.0 µl 

PCR product 500 ng 

PscI 0.5 µl 

XhoI 1.0 µl 

Nuclease free water To make up 20 µl 

Table 4.2 Restriction digestion of pET 28 plasmid. 

Component Amount 

10X Tango buffer 4.0 µl 

pET 28 500 ng 

NcoI 0.5 µl 

XhoI 0.5 µl 

Nuclease free water To make up 20 µl 

The digestion was carried out for 2 hours at 37°C. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 15 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 4.3): 

Table 4.3 Ligation of hfq PCR product and pET 28 plasmid. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested pET 28 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 

Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into 

electrocompetent E. coli DH5α and the colonies were selected on kanamycin (50µg/ml) 

containing medium. Plasmids were isolated from the colonies obtained and were digested by 

XbaI (NcoI site was destroyed due to use of PscI in cloning) and XhoI enzymes. The recombinant 

plasmid and the strain thus obtained was designated pRPT2 and RPT 150, respectively. The 

plasmid was transformed into E. coli BL21 DE3 for protein expression and the strain was 
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designated as RPT 125. In a similar manner Hfq66, Hfq72 and Hfq92 were also cloned in pET-28 

plasmid. The forward primer for all the constructs was the same however reverse primers 

(carrying XhoI site) were OligoRPT24, OligoRPT25 and OligoRPT26, respectively. The 

plasmids coding for Hfq66, Hfq72 and Hfq92 were named as pRPT3, pRPT4 and pRPT5, 

respectively and the E. coli DH5α strains carrying these plasmids were designated as RPT 180, 

115, 181, respectively. 

4.4� Heterologous expression of recombinant Hfq and its variants 

The full length and truncated Hfq proteins were expressed as hexa-histidine derivatives in E. coli 

BL21 DE3. A single colony was picked from LB agar plate supplemented with 50µg/ml 

kanamycin and inoculated into LB broth containing similar amount of antibiotic. The cells were 

allowed to grow overnight at 37°C with 250 rpm agitation. The overnight culture was diluted to 

1% in fresh medium containing kanamycin and incubated at 37°C with 250 rpm agitation till 

OD600 of the suspension reached 0.8. The culture was induced with the addition of 0.2 mM 

isopropyl β-D-thiogalactopyranoside (IPTG) and further incubated for 4 more hours at similar 

conditions. After four hours of incubation, the cells were harvested by centrifugation and the 

expression of protein was checked by boil prep SDS-PAGE. The samples were resolved on a 

Tricine-SDS-PAGE, which offers better resolution than conventional SDS-PAGE that involves 

glycine instead of tricine. The composition of Tricine-SDS-PAGE buffers and gel can be found 

in Appendix I.  

The cells were subsequently resuspended in lysis buffer (Appendix I) and lysed in a high-pressure 

cell disruptor (Constant systems) using manufacturer recommended settings. The cell lysate was 

centrifuged at 15000 g for 30 minutes to remove cellular debris. The clear supernatant was 

collected for purification of the recombinant protein. 

A chromatography column was prepared using a 20 ml syringe and Ni-NTA matrix (Qiagen). 

The column was washed with MilliQ water before being equilibrated with equilibration buffer 

(Appendix I). The cell lysate was added to the column and incubated overnight at 4°C on a 

rotatory gyromixer (Tarsons, India). After incubation the flow through from the column was 

collected and stored at 4°C. The column was washed with 10-bed volumes of wash buffer I 

followed by wash buffer II (Appendix I). The wash fractions were also saved and stored at 4°C. 

After washing the column, the pure protein was eluted in elution buffer (Appendix I) in 1 ml 

fractions. The flow of the column was throughout maintained using a flow controller. The 

fractions were analyzed on 10% Tricine-SDS-PAGE and the fractions containing the His-tagged 
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protein were pooled. The pooled fractions were dialyzed against a dialysis buffer (Appendix I) 

to remove imidazole. After overnight dialysis at 4°C, the protein sample was concentrated by 

passing it through a 3 kDa (Millipore) cut-off filter. The purified and concentrated protein was 

stored at -20°C until further use. 

4.5� Gel retardation assay  

Hfq is an RNA chaperone and therefore displays an in vitro RNA binding activity. To assess this 

RNA binding ability, gel-retardation assays are generally performed. The electrophoretic 

mobility shift assay (EMSA) is a gel retardation assay where protein-RNA complexes are 

resolved on a low percentage native gel, the mobility of the components being assisted by electric 

charge. At a set end point the movement of RNA alone is compared with the movement of 

protein-RNA complex to determine the binding of protein to the RNA molecules. A retarded 

movement of RNA in a complex with protein signifies an affinity between the protein and the 

RNA molecule. The whole EMSA procedure can be divided into different stages. 

 

Figure 4.1 Preparation of small RNA transcript for gel retardation assay.

4.5.1 Preparation of DNA template 

The sRNA-protein interaction study requires purified sRNA in copious amounts. A PCR based 

strategy was designed to prepare target sRNA in large amounts. The forward primer carries the 

T7 promoter sequence which is added just before the sRNA coding gene. This allows for 

production of RNA using T7 RNA polymerase in an in vitro transcription reaction (Figure 4.1). 
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Using this strategy, DNA templates for small RNAs AbsR1, AbsR25, MicA and DsrA were 

prepared using the primers listed in Appendix V. The PCR reaction was carried out as follows 

(Table 4.4): 

Table 4.4 Reaction mixture for amplification of DNA coding for small RNA. 

Component Amount 

10X Ex Taq buffer 5.0 µl 

2 mM dNTPs 5.0 µl 

10 µM forward primer 1.0 µl 

10 µM reverse primer 1.0 µl 

Template DNA (gDNA) Upto 10 ng 

Ex Taq DNA polymerase 1.0 unit 

Nuclease free water To make up 50.0 µl 

The PCR product was gel purified using QiaMinelute kit (Qiagen, USA) and was used for 

transcription. 

4.5.2� In vitro transcription of DNA template 

Once a purified DNA template was obtained, in vitro transcription was carried out. The T7 RNA 

polymerase transcribes linear DNA template carrying T7 promoter region to produce multiple 

copies of small RNA. A typical reaction mixture for in vitro transcription is as follows (Table 

4.5): 

Table 4.5 In vitro transcription using T7 RNA polymerase. 

Component Amount 

5X Transcription buffer 10 µl 

10 mM rNTPs solution 10 µl 

Template DNA 1 µg 

T7 RNA polymerase 30 units 

RNase inhibitor 50 units 

DEPC treated water To make up 50 µl 

After incubation at 37°C for 2 hours, 2 µl of DNase I (1 U/µl) was added and the mixture was 

further incubated at 37°C to eliminate the DNA template. The DNase I reaction was stopped by 

adding EDTA at a final concentration of 2.5 mM and inactivating the enzyme by 10 minutes 

incubation at 70°C. 
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4.5.3� Purification of small RNAs 

The small RNAs thus obtained were purified using QIAquick nucleotide removal kit that is 

specially used for purification of small length nucleotides and gives higher yield. The purification 

was carried out according to the manufacturer’s instructions and the purified small RNAs were 

run on 2% agarose gel to check. The sRNAs were quantified using a Nanodrop 

spectrophotometer.  

4.5.4� Binding and resolving the RNA-protein complex 

To assess the sRNA-Hfq interactions by EMSA, a specialized EMSA kit from Life Technologies, 

USA was utilized. The kit contains a binding buffer, a SYBR Green based staining solution for 

nucleic acids and a SYPRO Ruby based staining solution for proteins. A typical binding reaction 

was arranged as follows (Table 4.6): 

Table 4.6 Reaction mixture for gel retardation assay (EMSA). 

Component Amount 

5X binding buffer 2 µl 

RNA sample 2 pmol 

Hfq protein/BSA Variable 

RNase-free water To make up 10 µl 

BSA was added to one of the reactions to check for any non-specific sRNA-protein interactions. 

8% native gel was prepared for resolving the sRNA-Hfq complexes (Appendix I). The gel was 

pre-run in 0.5X TBE at 100V till the current reached 10 mA. The samples were mixed with 6x 

gel loading dye provided with the kit and was loaded onto the gel after the wells were thoroughly 

rinsed using a syringe. Empty wells were loaded with 50% glycerol or 1x loading dye in volume 

equivalent to the samples. The samples were run for approximately 2 hours till the xylene cyanol 

traversed 3/4th of the gel. 

4.5.5� Visualization of the RNA-protein complexes 

The gel was carefully taken out of the plates and washed in the running buffer (0.5X TBE). A 30 

ml solution of SYBR Green (provided within the kit) was prepared by diluting the parent stock 

10,000 times in 0.5X TBE. The gel was stained in a plastic container protected from light and 

kept on a gel rocker for about 20 minutes. After staining the extra stain was removed by washing 

the gel twice in copious amounts of distilled water for about 10 seconds. The gel was then 

wrapped up in a cling film and taken to the typhoon scanner for visualization. The typhoon 
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scanner was set for SYBR Green fluorescence and the gel was kept on the fluor stage. The image 

recorded from the typhoon scanner was subsequently exported in ‘.tiff’ format. 

4.6� Isothermal calorimetry 

Isothermal Calorimetry was performed using MicroCal iTC200 (Malvern Instruments Ltd., UK). 

The truncated Hfq protein samples were diluted in a dilution buffer (20 mM Tris-Cl pH 8.0, 150 

mM NaCl, 5% glycerol). The AbsR25 sRNA was transcribed in-vitro using T7 RNA polymerase 

(ThermoScientific, USA) as described in the section 3.5.2. To concentrate the sRNA, the sRNA 

in solution was precipitated in presence of 2.5 M ammonium chloride and 0.6 volumes of 

isopropanol. The mixture was allowed to stand at room temperature for about an hour. The pellet 

was collected by centrifugation at 12,000 g for 10 minutes. The resulting pellet was washed in 

70% ethanol and finally resuspended in the dilution buffer. The sRNA concentration was 

determined using Nanodrop spectrophotometer. About 50 µl of 20 µM sRNA and 400 µl of 1 

µM protein samples were degassed at room temperature. The degassed RNA was titrated into 

200 µl of purified protein over 25 injections of µl each with constant stirring of 800 rpm, 2-

minute injection spacing and 25°C thermo-statting. Data were analyzed using Origin (version). 

4.7� Generation of an hfq deletion mutant A. baumannii 

An A. baumannii hfq deletion mutant was generated following the homologous recombination-

based approach as described earlier (Figure 4.2). Briefly, A 500 bp upstream (US) and 500 bp 

downstream (DS) region was cloned with kanamycin cassette (KanFRT) between them, in 

pUC18 plasmid leading to the plasmid, pRPT25. The plasmid pRPT25 was maintained in E. coli 

DH5α resulting in strain, RPT 186. Using the PCR primers, OligoRPT39 and OligoRPT40, a 

1.75 kb region was amplified from the pRPT25 carrying KanFRT flanked by 125 bp US and DS 

region of hfq. This recombineering PCR product was transformed into A. baumannii cells 

expressing RecT homolog. The A. baumannii cells selected after transformation and screened 

positive for allele replacement were designated as RPT 233. 

hfq deletion strain of A. baumannii was generated following PCR based homologous 

recombination. A. baumannii cells were made recombination-competent by expressing an A. 

baumannii recT homolog from a plasmid, pAT02. A recombineering construct carrying a 500 bp 

region upstream and 500 bp region downstream of hfq coding region and carrying a kanamycin 

cassette flanked by FRT sites (KanFRT) was generated by cloning different parts together. 

Finally, a recombineering PCR product was amplified from this construct carrying the kanamycin 
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cassette flanked by 125 bp of upstream and downstream regions. This recombineering PCR 

product was transformed into A. baumannii cells expressing RecT. Recombinant cells were 

selected on kanamycin containing medium and were confirmed for allele replacement by PCR. 

Another plasmid pAT03, expressing FLP recombinase enzyme was transformed in recombinant 

cells carrying kanamycin at the genomic locus of hfq. FLP recombinase enzyme excised the 

region between the FRT sites leaving just a small scar sequence, resulting in a markerless hfq 

deletion mutant.

Figure 4.2 Generation of hfq deletion mutant A. baumannii. 
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4.7.1� Generation of A. baumannii strain expressing A. baumannii RecT 

The A. baumannii ATCC 17978 cells were made electrocompetent by repeatedly washing with 

ice-cold 10% glycerol. A single colony A. baumannii ATCC 17978 was inoculated in 5 ml of LB 

and incubated at 37°C overnight. The culture was diluted 100 times in fresh 500 ml LB and the 

cells were grown to early log phase culture (OD600 = 0.6). The cells were centrifuged at 2500 g 

for 20 minutes at 4°C. The supernatant was discarded and the cells were kept on ice all the times. 

The cell pellet was dissolved in equal amount of 10% glycerol and the suspension was again 

centrifuged. The cell pellet obtained was resuspended in 100 ml of 10% glycerol and centrifuged 

again. The final pellet obtained was resuspended in 500 µl of 10% glycerol and 50 µl aliquots of 

the cells were prepared. The aliquots were stored at -80°C till further use. 

A 50 µl aliquot of electrocompetent cells was thawed completely, taken in a 2 mm electroporation 

cuvette and the plasmid pAT02 was added. Electroporation was carried out at 2300 kV and the 

cells were immediately resuspended in 1000 µl of pre-warmed SOC medium. The cells were 

incubated at 37°C for an hour before spreading on LB plates supplemented with 100 µg/ml 

ampicillin. The plates were incubated for 12 hours and the resulting colonies were selected which 

were designated as RPT 154. 

A single colony of RPT 154 was picked, inoculated into LB broth supplemented with 100 µg/ml 

ampicillin and incubated overnight at 37°C overnight with agitation. The overnight culture was 

diluted 100 times in fresh LB-ampicillin broth supplemented with 2 mM IPTG (for expression 

of recombinase) and grown till early log phase (OD600 = 0.6). The cells were subsequently 

harvested by centrifugation and made electrocompetent by washing with ice-cold 10% glycerol 

(as described earlier). The electrocompetent cells of RPT 154 were stored at -80°C till further 

use.  

4.7.2� Generation of recombineering construct and recombineering PCR product 

Primers OligoRPT33 and OligoRPT34 were designed for amplification of a 500 bp upstream 

region of hfq (US) carrying an EcoRI and a BamHI restriction site on the ends. Similarly, primers 

OligoRPT35 and OligoRPT36 were designed to amplify a 500 bp region downstream of hfq (DS) 

and carrying the restriction sites for BamHI and HindIII. Another set of primers OligoRPT37 and 

OligoRPT38, carrying BamHI restriction site on either end was designed for amplification of 

kanamycin resistance cassette (KanFRT). The genomic DNA of A. baumannii served as a 

template for amplification of US and DS while KanFRT was amplified using a plasmid pKD4 as 

template. Typical PCR reaction for amplification of these products is given below (Table 4.7). 
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Table 4.7 General PCR mixture for amplification of US, DS and KanFRT. 

 Component Amount 

10X Ex Taq buffer 5.0 µl 

2 mM dNTPs 5.0 µl 

10 µM forward primer 1.0 µl 

10 µM reverse primer 1.0 µl 

Template DNA (gDNA/plasmid) Upto 10 ng 

Ex Taq DNA polymerase 1.0 unit 

Nuclease free water To make up 50.0 µl 

Upon amplification, all the three PCR products were gel purified and quantitated. The US PCR 

product and the plasmid pUC18 were digested with EcoRI and BamHI (Table 4.8).  

Table 4.8 Restriction digestion of US PCR product and pUC18 plasmid. 

Component Amount 

10X Tango buffer 4.0 µl 

US PCR product/pUC 18 plasmid 500 ng 

BamHI 1.0 µl 

EcoRI 0.5 µl 

Nuclease free water To make up 20 µl 

The digestion was carried out at 37°C for 2 hours. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 4.9): 

Table 4.9 Ligation of US PCR product and pUC 18 plasmid. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at least 50 

ng DNA Digested plasmid 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 
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Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into 

electrocompetent E. coli DH5α and the transformants were selected on LB agar plate 

supplemented with 100 µg/ml ampicillin. The recombinant plasmid was designated as pRPT23. 

The DS PCR product was subsequently cloned in the BamHI and HindIII sites of pRPT23 (Table 

4.10). 

Table 4.10 Digestion of DS PCR product and pRPT23 plasmid. 

Component Amount 

10X Tango buffer 4.0 µl 

DS PCR product/pRPT23 plasmid 500 ng 

BamHI 1.0 µl 

HindIII 1.0 µl 

Nuclease free water To make up 20 µl 

The digestion was carried out at 37°C for 2 hours. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen) and ligated as follows (Table 4.11): 

Table 4.11 Ligation of digested pRPT23 and DS PCR product. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at least 50 

ng DNA Digested plasmid 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 

Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into 

electrocompetent E. coli DH5α and the transformants were selected on LB agar plate 

supplemented with 100 µg/ml ampicillin. The recombinant plasmid was designated as pRPT24. 

The plasmid pRPT24 and KanFRT PCR products were digested with BamHI (Table 4.12). 

Table 4.12 Digestion of KanFRT PCR product and pRPT24 plasmid. 

Component Amount 

10X Buffer BamHI 1.0 µl 
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KanFRT PCR product/pRPT24 plasmid 500 ng 

BamHI 1.0 µl 

Nuclease free water To make up 10 µl 

The digestion was carried out at 37°C for 2 hours. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen) and ligated as follows (Table 4.13): 

Table 4.13 Ligation of KanFRT PCR product and pRPT24 plasmid. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at least 50 

ng DNA Digested plasmid 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 

Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into 

electrocompetent E. coli DH5α and the transformants were selected on LB agar plate 

supplemented with 50 µg/ml kanamycin. The recombinant plasmid was designated as pRPT25. 

The plasmid pRPT25 was used as a template in a PCR reaction with primers OligoRPT39 and 

OligoRPT40, to amplify a recombineering PCR product that carries a 125 bp region upstream 

and downstream of hfq flanking the KanFRT (Table 4.14). 

Table 4.14 PCR mixture for amplification of recombineering PCR product. 

Component Amount 

10X Ex Taq buffer 10.0 µl 

2 mM dNTPs 10.0 µl 

10 µM OligoRPT39 1.25 µl 

10 µM OligoRPT40 1.25 µl 

pRPT25 Upto 20 ng 

Ex Taq DNA polymerase 2.0 units 

Nuclease free water To make up 100.0 µl 
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The 1.75 (0.125 + 0.125 + 1.5) kb PCR product was excised form the gel. This PCR product was 

the required recombineering amplicon. 

4.7.3� Screening of recombinant A. baumannii with replaced hfq allele 

The recombineering PCR product was concentrated and 5 µg of this PCR product was used to 

transform electrocompetent cells of RPT 154, using an electroporator. The PCR product was 

added to a 50 µl aliquot of competent cells, with ~1010 cells, and electroporated at 1.8 kV in a 2 

mm electroporation cuvette. The cells were incubated in 1 ml SOC medium, supplemented with 

2 mM IPTG, for two hours and then spread on LB agar plates supplemented with kanamycin (15 

µg/ml). After overnight incubation the colonies that appeared were picked up for a colony PCR 

using the primers OligoRPT4 and OligoRPT7 that would yield an amplicon of 2.4 kb in case of 

successful allele exchange by homologous recombination. The colony yielding a 2.4 kb PCR 

product was selected and streaked on LB agar plates supplemented with 15 µg/ml of kanamycin. 

The colony was purified was subsequent streaking on increasing amounts of kanamycin up to 50 

µg/ml. The genomic DNA from this colony was isolated and a PCR reaction was carried out 

using the primers pair OligoRPT33 and OligoRPT36. A PCR product of kb confirmed allele 

replacement. The newly generated strain was designated as RPT 233. 

4.7.4� Removal of KanFRT cassette to generate markerless deletion 

A single colony RPT 233 was inoculated in 5 ml of LB and incubated at 37°C overnight. The 

culture was diluted 100 times in fresh 500 ml LB and the cells were grown to early log phase 

culture (OD600 = 0.6). The cells were centrifuged at 2500 g for 20 minutes at 4°C. The supernatant 

was discarded and the cells were kept on ice all the times. The cell pellet was dissolved in equal 

amount of 10% glycerol and the suspension was again centrifuged. The cell pellet obtained was 

resuspended in 100 ml of 10% glycerol and centrifuged again. The final pellet obtained was 

resuspended in 500 µl of 10% glycerol and 50 µl aliquots of the cells were prepared. Plasmid 

pAT03 was transformed into these electrocompetent cells of RPT 233. The transformants were 

selected on LB agar plates supplemented with 200 µg/ml ampicillin. The transformants were 

grown in LB broth in presence of 2 mM IPTG to induce the expression of FLP recombinase. 

After overnight growth at 37°C, the cells were selected for kanamycin sensitivity by replica 

plating on LB agar and LB agar plates supplemented with 15 µg/ml kanamycin. A PCR reaction 

using the primers OligoRPT33 and OligoRPT36 was carried out to confirm the excision of 

kanamycin resistance cassette. The A. baumannii Δhfq strain thus created was designated as RPT 

102. 
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4.8� Mass spectrometric analysis by MALDI MS/MS 

Wild type A. baumannii and A. baumannii Δhfq cells were grown overnight from a single colony 

in LB medium at 37°C with agitation. The cells were harvested from 2 ml of culture by 

centrifugation, washed in PBS and resuspended in 100 µl BugBuster master mix (Novagen, 

USA). The samples were incubated at room temperature for 20 minutes with gentle shaking. 

After incubation, the samples were centrifuged at 12000g for 20 minutes and the supernatant 

containing all the solubilized proteins was collected. An equal volume of 10% (w/v) 

Trichloroacetic acid (TCA) was added to the supernatant and incubated on ice for 30 minutes. 

The samples were centrifuged at 15000g for 15 minutes at 4°C and the protein pellet was washed 

thrice in ice cold absolute ethanol. The pellet was air dried to remove traces of ethanol and 

resuspended in 20 µl of 1X SDS-PAGE gel loading buffer (Appendix I). The samples were boiled 

at 95°C for 5 minutes, flash chilled on ice and resolved on 15% Tricine-SDS-PAGE (Appendix 

I). The purified recombinant hexa-histidine derivative of A. baumannii Hfq (expressed in E. coli 

BL21) was also included in the gel. A band observed at approximately 17 kDa, not detected in 

case of A. baumannii Δhfq, was excised from the gel (along with the corresponding zone from 

the A. baumannii Δhfq proteins), washed thrice in a solution of 50% v/v acetonitrile and 25 mM 

NH4HCO3, pH 7.8 at 37°C for 10 min and dried at room temperature in a CentriVap Concentrator 

(Labconco, USA). The dried products were covered with 8 μl (15ng/μl) of sequencing grade 

trypsin solution (Sigma Aldrich, USA) and digested overnight at 37°C. Products were recovered 

from the gel by sequential extractions with 10 µl of 0.1% (v/v) trifluoroacetic acid (TFA) and 

subsequently dried using CentriVap Concentrator (Labconco). Two µl of extract was deposited 

onto the MTP 384 ground steel MALDI target plate using 5 mg/ml α-cyano-4-hydroxy cinnamic 

acid (BrukerDaltonics, Germany) in 50% acetonitrile and 0.1% v/v TFA. Peptide mass 

fingerprint (PMF) and time-of-flight (TOF) -MS analyses were performed using a 

BrukerUltraflex III TOF/TOF mass spectrometer (BrukerDaltonics, Bremen, Germany). Spectral 

acquisition and analysis was performed using FlexControl Version 3.3 and FlexAnalysis 3.4 

software (BrukerDaltonics, Germany).  

Protein identification was carried out by correlation of mass spectra to entries in the NCBInr 

database (July 2015) using Mascot (2.4.1. Matrix Science, UK). Mascot MS/MS ion search 

criteria were as follows: taxonomy- Other Proteobacteria, trypsin digestion allowing up to one 

mis-cleavage, variable modification—oxidation of methionine, cysteine as 

carboxyamidomethylation or propionamide, peptide tolerance of 110 ppm and MS/MS tolerance 

of 0.2 Da. The ‘‘ion score cut-off’’ was manually set to 20, thereby eliminating the lowest quality 
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matches. A probability-based Mowse score using -10 log (P) >19 indicated identity (p< 0.05). 

To eliminate false positives, 1% FDR was applied at both protein and peptide level. 

4.9� Complementation of hfq deletion using various constructs 

4.9.1� Generation of complementing fragments by overlap extension PCR 

For complementation of hfq deletion using different truncations, it was necessary to ensure that 

all the truncations carried the native hfq promoter and terminator. Therefore, to ensure this, 

complementing constructs were generated by overlap extension PCR (Figure 4.3). In case of 

Hfq66, Hfq72 and Hfq92, one set of primers (OligoRPT41 with OligoRPT52, 53 and 54) was used 

to amplify the truncated Hfq coding fragment along with the 5’UTR. Another set of primers 

(OligoRPT42 with OligoRPT47, 48 and 49) was designed to amplify the 3’ UTR and carry a 

sequence complementary to the 3’ end of the truncation in question, at the 5’ end. Both the PCR 

products were purified, mixed in equimolar amounts to make up for a PCR reaction as follows 

(Table 4.15): 
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Figure 4.3. Generation of complementing constructs by overlap extension PCR. 
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Table 4.15 Overlap extension PCR for generation of complementing constructs. 

Component Amount 

10X Ex Taq buffer 5 µl 

2 mM dNTPs 5 µl 

Equimolar mixture of PCR Products 30 µl 

Ex Taq DNA polymerase 1 unit 

Nuclease free water To make up 50 µl 

The reaction was carried out using the following protocol (Table 4.16): 

Table 4.16 Cycling conditions for overlap extension PCR. 

Event Temperature Time (mm:ss) 

Initial denaturation 94°C 02:00 

Cycle denaturation 94°C 00:30 

Cycle annealing 54°C 00:25 

Cycle extension 72°C 00:30 

The reaction was allowed to run for 15 cycles, after which 1 µl of the primers OligoRPT41 and 

OligoRPT42 were added. The reaction was resumed for another 15 cycles at the same conditions 

with a final extension step lasting 10 minutes at 72°C. The final PCR product was assessed on 

gel and was of cumulative size of the two PCR fragments adjusted for the overlap. 

In case of HfqCt (the truncation carrying only the G-rich repeats), one set of primers was used to 

amplify the C-terminal domain along with the 3’UTR (OligoRPT51 and OligoRPT42). Another 

set of primers was designed to amplify the 5’UTR, carrying a sequence complementary to the 5’ 

end of the aforementioned PCR product at its 3’ end (OligoRPT41 and OligoRPT50). The 

amplification to ensure a fusion product was carried as described above. 

4.9.2� Cloning the complementing fragments 

The complementing fragments were amplified using the primers OligoRPT41 and OligoRPT42 

that carry a BamHI restriction site at their 5’ ends. The fragments were digested and cloned in 

the plasmid, pWHN678 as follows (Table 4.17): 

Table 4.17 Restriction digestion of pWHN678 plasmid and overlap extension PCR products. 

Component Amount 

10X FastDigest® Green buffer 1 µl 
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PCR product/pWHN678 500 ng 

FastDigest® BamHI 0.5 µl 

Nuclease free water To make up 10 µl 

The digestion was carried out at 37°C for 30 minutes. 0.5 µl of FastAP® alkaline phosphatase 

was added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The 

enzymes were inactivated by incubation at 75°C for 5 minutes. The digested products were gel 

purified using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 

4.18): 

Table 4.18 Ligation of pWHN678 plasmid and overlap extension PCR products. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested pWHN678 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 

Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into 

electrocompetent E. coli DH5α and the transformants were selected on LB agar plate 

supplemented with 30 µg/ml chloramphenicol. The recombinant plasmids were named as 

pRPT14, 15, 16, 17, 18 and 19. (Appendix IV). The recombinant plasmids were transformed into 

A. baumannii Δhfq and E. coli Δhfq leading to the strains mentioned in Appendix III. The plasmid 

pWHN678 was transformed into A. baumannii Δhfq and E. coli Δhfq as well as wild type A. 

baumannii and E. coli leading to the strains RPT 98 and RPT 258, respectively. 

4.10�Western blotting to determine expression of truncated versions of Hfq 

4.10.1� Preparation of cell lysate 

Western blotting was carried out to determine the levels of expression of truncated versions of 

Hfq. A single colony of A. baumannii cells expressing the truncated as well as the wild type Hfq 

was inoculated in LB broth supplemented with 30 µg/ml chloramphenicol and incubated 

overnight at 37°C. The overnight culture was diluted 100 times in fresh LB supplemented with 

30 µg/ml chloramphenicol and the cells were grown at 37°C till OD600 ≈ 1.2. The cells were 

harvested and lysed in a lysis buffer (Appendix I) using a cell disruptor (Constant Systems, UK). 
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Total protein in cell lysate was determined by using Bradford’s reagent (Appendix II). 25 µg of 

total protein was resolved on 12% Tricine-SDS-PAGE and the proteins were transferred to a 

nitrocellulose membrane.  

4.10.2� Electrotransfer of proteins to nitrocellulose membrane 

As soon as the proteins were resolved on the gel, the gel was removed from the plates and dipped 

in electrotransfer buffer (Appendix I). A nitrocellose membrane similar in size to the gel was cut 

and placed over the gel. Both the gel and the membrane were sandwiched between filter paper 

(BioRad, USA) and were assembled in the electrotransfer cassette (BioRad, USA). The cassette 

was put in the Mini-PROTEAN tetra cell, with the gel facing the –ve electrode and the membrane 

facing the +ve electrode. The electrotransfer was carried out for an hour at a constant voltage of 

50V. An ice pack was kept in the tetra cell to prevent heating due to the current. 

4.10.3� Preparation of membrane 

After electrotransfer, the membrane was removed from the apparatus and put in a clean plastic 

container for further processing that includes washing and incubation with the antibodies. 

4.10.3.1�Blocking 

The membrane was incubated in 25 ml of blocking buffer (Appendix I) for one hour at room 

temperature. This ensures that the antibodies do not bind to non-specific targets. The container 

carrying the membrane was kept on a gel rocker all the times.  

4.10.3.2�Incubation with primary antibody 

After blocking, the buffer was drained and the membrane was incubated in 10 ml of primary 

antibody dilution made in blocking buffer. The anti-Hfq antibody (obtained from Dr. Susan 

Gottesman) was diluted 5000 times in blocking buffer prior to use. The membrane was incubated 

in the primary antibody for one hour at room temperature with gentle rocking. 

4.10.3.3�Washing 

After incubation with primary antibody, the membrane was washed in TBST buffer. Three 

washings, each for 10 minutes, were given to the membrane using 25 ml of TBST buffer.  

4.10.3.4�Incubation with secondary antibody 

The HRP-conjugated goat anti-rabbit antibody was diluted 50000 times in blocking buffer. The 

membrane was incubated with the diluted secondary antibody (25 ml) for 30 minutes at room 

temperature with gentle rocking. 
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4.10.3.5�Washing 

After incubation with the secondary antibody, the membrane was again washed in TBST buffer. 

Three washings with 25 ml of TBST buffer were given for 15 minutes each. The last washing 

was given with TBS buffer to remove traces of Tween 20 which might interfere with the ECL 

substrate. 

4.10.3.6�Development 

After thorough washings, the membrane was prepared for visualization. ECL substrate (BioRad, 

USA) was used for development of a luminescent signal. In a dark room 1 ml of both the 

components of ECL kit was mixed and the membrane was dipped in the mixture for 5 minutes. 

The membrane was picked up and wrapped in a plastic sheet. A sheet of autoradiography film 

(Kodak, USA) was exposed to the membrane and incubated for 2 minutes. The film was 

developed in an alkaline developer solution and fixed in an acidic fixer solution. The film was 

washed in copious amounts of water. The film was scanned to digitalize the signal. 

4.11�Complementation assays to determine importance of C-terminus 

To determine the functional importance of the Hfq C-terminus, various assays were carried out 

to determine the complementation of hfq deletion mutant with various hfq truncations. 

4.11.1�Growth kinetics 

A single colony of the strains RPT 98, 234, 235, 236, 237, 238, 239 and 240 was inoculated in 

LB medium supplemented with 30 µg/ml chloramphenicol and incubated overnight at 37°C 

overnight with 220 rpm agitation. The overnight culture was diluted 100 times in fresh LB 

medium supplemented with 30 µg/ml chloramphenicol and incubated at 37°C with 220 rpm 

agitation. At regular intervals, the culture was withdrawn and OD600 was determined using 

BioSpectrometer basic (Eppendorf, Germany) spectrophotometer.  

4.11.2� Utilization of carbon sources 

The utilization of carbon sources was studied using Biolog bacterial identification system. This 

system identifies bacteria based on their growth in a Gen III 96-well microtiter plate containing 

different carbon sources. The tetrazolium dye present in every well assists in monitoring growth 

in a colorimetric assay. A single colony of A. baumannii was inoculated in an inoculation fluid 

provided by the manufacturer. The fluid was dispensed into the wells of Gen III plates (Biolog, 

USA). The plates were read in a Biolog plate reader after 12 hours of incubation at 37°C. 
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4.11.3� Stress tolerance 

Stress tolerance was determined by carrying out assays that mimicked stress conditions that the 

bacterium is likely to face. These conditions were simulated and growth was assessed as follows. 

4.11.3.1�Thermal stress 

In case of A. baumannii cells, overnight culture was diluted 100 times in fresh LB supplemented 

with 30 µg/ml chloramphenicol and grown at 37°C till OD600 = 0.5. The cells were incubated at 

65°C for 30 minutes and logarithmic dilutions of the culture were spread on LB agar plates. An 

aliquot of cells not exposed to high temperature was also spread as control. The plates were 

incubated overnight at 37°C and the resulting colonies were calculated. The percentage survival 

was determined by calculating the relative CFU count with respect to the control. 

In case of E. coli, 10-fold dilutions of the overnight culture were made and 5 µl of each dilution 

was spotted on an LB agar plate (supplemented with 30 µg/ml chloramphenicol). The plate was 

incubated at 42°C. A control plate was kept at 37°C to assist in comparison. 

4.11.3.2�Osmotic, nutritive and acid stress  

For both E. coli and A. baumannii, 10-fold dilutions of the overnight culture were made in sterile 

PBS and 5 µl of each dilution was spotted on an LB agar plate (supplemented with 30 µg/ml 

chloramphenicol) containing 3% NaCl (w/v), 200 µM 2,2-Dipyridyl (an iron chelator) and agar 

plates made of LB at pH5. The plates were incubated overnight at 37°C. The dilutions were also 

spotted on a control plate, containing LB agar and chloramphenicol only, for comparison. 

4.11.3.3�Oxidative stress 

Overnight culture of A. baumannii cells was diluted 100 times in fresh LB supplemented with 30 

µg/ml chloramphenicol and grown at 37°C till OD600 = 0.5. An aliquot of the cells was then 

subjected to treatment with 5 mM methyl viologen (an oxidizing agent). After 30 minutes of 

treatment, the cells were serially diluted in sterile PBS and the dilutions were spread on an LB 

agar plate. Another aliquot of the cells, not subjected to methyl viologen treatment, was also 

spread on LB agar and similarly incubated. The CFUs were determined and percentage survival 

of cells was determined by calculating the difference between the number of CFU in treated and 

untreated plates.  

In case of E. coli, the oxidative stress was induced by addition of 100 µM H2O2 to the LB agar 

plate and assay was carried out similar to the osmotic and acid stress assay. 
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4.11.4� Autoregulation of hfq 

Plasmid pR131hfq was a kind gift from Prof. Udo Bläsi, Max F. Perutz Laboratories, Vienna 

Biocenter, Austria. The plasmid was co-transformed into E. coli Δhfq along with the plasmids 

carrying the complementing constructs resulting in construction of new strains (Appendix III). 

The cells were grown overnight in LB supplemented with 100 µg/ml ampicillin (to maintain 

pR131hfq) and 30 µg/ml chloramphenicol. The cells were again diluted 100 times in fresh 

medium and grown till OD600 = 0.4 and were induced with 2 mM IPTG for 30 minutes. 1 ml of 

the culture was withdrawn and the cells were collected by centrifugation and washed in PBS. 

The washed cells were resuspended in 1 ml of Z-buffer. 100 µl of the cell suspension was taken 

in a clear flat bottom 96-well plate and the OD600 was measured. Cells in the rest of the 

suspension were permeabilized by addition of one drop of 0.1% SDS and two drops of 

chloroform were added and vortexed for 15-20 seconds. The mixture was incubated at room 

temperature for 15 minutes. 50 µl of the permeabilized cells were added to 50 µl of Z-buffer and 

25 µl of ONPG (10 mg/ml) and incubated at 30°C till a yellow color developed. Stop solution (1 

M Na2CO3) was added and OD450 of 100 µl solution was recorded in a clear flat bottom 96-well 

plate. The β-galactosidase activity was expressed as Miller units determined by the following 

equation: 
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4.11.5� Riboregulation of sodB 

4.11.5.1�Removal of kanamycin resistance cassette (kanr) from E. coli Δhfq 

For co-expression studies, plasmids carrying kanamycin resistance cassette (kanr) were used. 

However, all the Keio library strains carry a kanamycin resistance marker in their genome at the 

site of gene replacement. Therefore, it was necessary to remove this cassette for successful 

maintenance of plasmids. An FLP recombinase expressing plasmid, pCP20, was obtained from 

Prof. Raghavan Varadarajan, IISc Bangalore. The plasmid was transformed into E. coli Δhfq. 

The transformants were grown in presence of 2 mM IPTG (to induce FLP recombinase 

expression) and assessed for kanamycin sensitivity (due to excision of kanr cassette). The E. coli 

Δhfq cells were cured of the pCP20 plasmid by repetitive growth in absence of selection pressure 

and designated as RPT 269. 
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4.11.5.2�Construction of sodB-gfp fusion 

Using the primers oligoRPT43 and oligoRPT44, gfp was amplified from a GFP cassette 

containing vector, pPROBE-NT, using a high-fidelity DNA polymerase. The PCR product and 

the plasmid pRPT20 were digested according to the following reaction (Table 4.19). 

Table 4.19 Restriction digestion of gfp PCR product and pRPT20 plasmid. 

Component Amount 

10X BamHI buffer 2.0 µl 

PCR product/pRPT20 500 ng 

BamHI 0.5 µl 

MluI 1.0 µl 

Nuclease free water To make up 20 µl 

The digestion was carried out for 2 hours at 37°C. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 4.20): 

Table 4.20 Ligation of gfp PCR product and pRPT20 plasmid. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested pRPT20 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 

Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into E. coli 

DH5α and the transformants were selected on LB agar plate supplemented with 50 µg/ml 

kanamycin. The recombinant plasmid thus generated was designated as pRPT21. The primers 

oligoRPT45 and oligoRPT46 were used to amplify sodB gene with its 5’ UTR, using A. 

baumannii genomic DNA as a template. The PCR product and pRPT21 were digested according 

to the following reaction (Table 4.21). 
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Table 4.21 Restriction digestion of sodB PCR product and pRPT21 plasmid. 

Component Amount 

10X BamHI buffer 2.0 µl 

PCR product/pRPT21 500 ng 

BamHI 0.5 µl 

HindIII 1.0 µl 

Nuclease free water To make up 20 µl 

The digestion was carried out for 2 hours at 37°C. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 4.22): 

Table 4.22 Ligation of sodB PCR product and pRPT21 plasmid. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested pRPT21 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 

Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into E. coli 

DH5α and the transformants were selected on LB agar plate supplemented with 50 µg/ml 

kanamycin. The recombinant plasmid thus generated was designated as pRPT22. This plasmid 

pRPT22 has an in-frame sodB-gfp translational fusion under the control of sodB promoter.  

4.11.5.3�Co-expression and ribo-regulation assay 

The plasmid pRPT22 was transformed into E. coli Δhfq. The complementing plasmids were co-

transformed into these cells already carrying the plasmid pRPT22. The cells were grown 

overnight in LB containing kanamycin (50 µg/ml) and chloramphenicol (30 µg/ml) at 37°C. The 

cells were diluted 100 times in fresh medium and grown till OD600 = 0.6. 1 ml of cells were 

pelleted, washed with sterile PBS and dissolved in 1 ml of PBS. The GFP fluorescence was 

determined at excitation 480 nm and emission 519 nm. Relative fluorescence was calculated by 

taking a ratio of fluorescence and OD600. Iron deficient conditions were induced by addition of 

200 µM 2,2-Dipyridyl. The cells were again incubated for 30 minutes at 37°C and the relative 
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fluorescence was determined after incubation. Since, pRPT22 is a multi-copy plasmid and there 

is a lac promoter present, a leaky background expression of GFP was observed in the background 

making it difficult to detect repression of sodB expression. Therefore, instead of determining 

repression of fluorescence, a variable degree of change in fluorescence under iron deficiency was 

seen among the strains. The measure of ribo-regulation was determined by calculating the 

relative change in the fluorescence of gfp before and after 2,2-DIP treatment.  

4.11.6� Biofilm formation 

Overnight cultures A. baumannii were diluted 100 times in fresh LB supplemented with 

chloramphenicol. 500 µl of each was added to a borosilicate tube and incubated at 30°C for 48 

hours. After incubation, the cell suspension was collected and its OD600 was determined. The 

tubes were washed with copious amounts of sterile water and allowed to dry. 500 µl of 1% freshly 

prepared crystal violet solution was added to each tube and incubated at room temperature for 30 

minutes. The tubes were washed again with copious amounts of sterile water. The stain was 

dissolved in 500 µl of methanol and OD575 was recorded. The ratio of OD575 and OD600 was 

determined for each tube. 

4.11.7� Desiccation resistance 

The overnight cultures of A. baumannii cells were diluted 100 times in fresh LB broth. 10 µl of 

the suspension was taken in a well of polystyrene 96-well plate and allowed to dry at 25°C with 

40% relative humidity for 48 hours. Following desiccation, the cells were resuspended in LB 

broth and log dilutions were spotted on LB agar plates. Survival was determined by relative loss 

of CFU as compared to the pre-desiccated condition. 

4.11.8� Adhesion to mammalian cells  

The A. baumannii cells were grown overnight at 37°C in LB broth and diluted 100 times in fresh 

LB broth. The cells were grown till OD600 = 0.6 and were harvested by centrifugation. The cell 

pellet was washed with PBS and resuspended in cell growth medium (DMEM supplemented with 

10% fetal bovine serum). The embryonic kidney cells, HEK 293, were grown in the cell growth 

medium, in 24-well polystyrene plates, at 37°C and 5% CO2. At the time of infection, the medium 

was drained out from the wells and replaced with the medium containing bacterial cells to ensure 

MoI of 100. The cells were incubated for one hour after which the medium was drained out again 

and the wells were carefully washed with PBS. After three washings, PBS supplemented with 

0.1% Triton X-100 was added and the cells were scrapped off from the wells. Dilutions of the 

scrapped cells were made in sterile PBS and spread on LB agar plates. The plates were incubated 

overnight at 37°C and the CFUs were enumerated. 



 68 

4.11.9� In vitro antimicrobial susceptibility assay 

Minimum inhibitory concentration (MIC) of various drugs was determined by broth 

microdilution method, using 96-well plates, in Mueller Hinton (MH) (Merck, Germany) medium, 

according to the CLSI guidelines. Growth was monitored by optical density readings at 600 nm 

(OD600) after 12 hours of incubation using Spectramax plus plate reader (Molecular Devices, 

USA). 

4.11.10 Virulence in mice 

6-8 weeks old female BALB/c mice were obtained from Central Animal Facility, NIPER Mohali. 

The mice were housed in the animal facility at Department of Biotechnology, IIT Roorkee. The 

protocol for animal experiments was approved by the Institute Animal Ethics Committee (IAEC) 

under the reference number BT/IAEC/2014/07/REV.  

Upto 6 mice were kept in one filter-top cage and the cages were washed and changed every fourth 

day. The mice were regularly fed with mice specific diet pellets and pure water. Two days prior 

to infection, the mice were injected intraperitoneally with 200 mg/kg dose of cyclophosphamide 

(Figure 4.4). A. baumannii cells were grown till OD600 = 0.6. Cells were collected from 1 ml of 

suspension, washed twice in equal amount of sterile PBS and resuspended in same volume of 

PBS. 200 µl of cell suspension (corresponding to 108 CFU/ml) was injected intravenously 

through the tail vein into each mouse (n=5). The mice were sacrificed after 24 hours of infection 

by cervical dislocation. Kidney, liver and spleen were excised and homogenized in 1ml of sterile 

PBS. Dilutions of the organ homogenate were spread on LB agar plates and the colonies were 

counted after 16 hours of incubation at 37°C.  



 

 

Figure 4.4. Schematic of the overall animal experiment. 

4.12 Sequence-structure analysis of abaF using bioinformatic tools

The AbaF protein sequence was obtained from the NCBI Protein database using the identifier, 

A1S_1331. The FASTA sequence was used as query to BLAST 

(blast.ncbi.nlm.nih.gov/Blast.cgi) against the non-redundant protein database and Conserved 

Domain Database (CDD) to identify homologs of AbaF, in an attempt to determine its biological 

significance. The trans-membrane helices (secondary structure) in AbaF were determined by 

HMMTOP (http://www.enzim.hu/hmmtop/) and visualized using the TMRPres2D application 

(http://bioinformatics.biol.uoa.gr/TMRPres2D/). The 3D model of AbaF was generated using 

SWISS-MODEL online tool (https://swissmodel.expasy.org).  

4.13�Cloning and expression of abaF in E. coli KAM32 

Primers oligoRPT14 and oligoRPT15 were used to amplify abaF with its native promoter and 

terminator. The 1.5 kb PCR product and the plasmid pUC18 were digested using EcoRI and 

HindIII restriction enzymes, in the following reaction (Table 4.23): 
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Table 4.23 Restriction digestion of abaF PCR product and pUC18 plasmid. 

Component Amount 

10X Buffer R 1.0 µl 

PCR product/plasmid 500 ng 

EcoRI enzyme 0.5 µl 

HindIII enzyme 0.5 µl 

Nuclease free water To make up10 µl 

The digestion was carried out for 2 hours at 37°C. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 4.24): 

Table 4.24 Ligation of abaF PCR product and pUC18 plasmid. 

Components Amount 

10X Ligation buffer 1.0 µl 

10mM ATP 1.0 µl 

Digested PCR product (insert) A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested plasmid (vector) 

Ligase enzyme 1.0 µl 

Nuclease free water To make up10 µl 

Ligation reaction was carried out in a water bath at 22°C for at least two hours. The ligation 

mixture was transformed into E. coli DH5α electrocompetent cells. The resulting plasmid was 

designated as pRPT7. The plasmid pRPT7 was sub-cloned in the efflux deficient strain, E. coli 

KAM32, resulting in the strain E. coli KAM32/pUC_abaF or RPT 145. The plasmid pUC18 was 

also transformed into E. coli KAM32, resulting in the control strain E. coli KAM32/pUC18 or 

RPT 144. 

4.14�In vitro drug susceptibility assay 

Drug susceptibility assays were carried out using broth micro-dilution method in 96-well plates 

according to the CLSI guidelines. Two-fold dilutions of multitude of antibiotics, dyes and drug-

like compounds were sequentially made in duplicates and the bacterial cells were added to the 

plates. The plates were incubated overnight in a humidity controlled Kuhner shaker. Growth was 

determined by examining wells for turbidity visible to the naked eye.  
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4.15�Ethidium bromide accumulation and efflux assay 

EtBr is a small molecule that fluoresces when it enters the bacterial cells and binds to the cellular 

components. Therefore, the movement of EtBr across the bacterial membrane can be tracked by 

fluorescence measurements. The RPT 144 and RPT 145 were inoculated in LB broth 

supplemented with 100 µg/ml ampicillin and grown till OD600 = 0.5. The cells were collected by 

centrifugation at 2500 g for 5 minutes and washed twice in sterile PBS in a similar way. The cells 

were finally resuspended in PBS to OD600 = 0.3.  

For EtBr accumulation, to the cell suspension, glucose and EtBr were added to make up the final 

concentration 0.4% (w/v) and 10 µg/ml, respectively. The fluorescence measurements were taken 

at excitation and emission wavelengths of 480 nm and 610 nm, respectively, as soon as EtBr was 

added, using a Spectramax M2e plate reader (Molecular Devices, USA). The fluorescence was 

recorded over a period of time. After 6 minutes, CCCP, the efflux inhibitor and energy de-

coupler, was added at a final concentration of 25 µg/ml. However, measurements without CCCP 

were also taken in other wells. 

In case of EtBr efflux, cells were preloaded with EtBr. The cell suspension was incubated with 

10 µg/ml EtBr at 37°C for 15 minutes. After incubation, efflux was initiated by addition of 

glucose at a final concentration of 0.4% (w/v). The fluorescence measurements were taken, as 

soon as glucose was added, at excitation and emission wavelength of 480 nm and 610 nm, 

respectively. After 9 minutes, CCCP was added at a final concentration of 25 µg/ml. The 

fluorescence was read without the addition of CCCP as well.  

4.16�Disruption of abaF and genetic complementation in A. baumannii 

The abaF gene was disrupted by insertional inactivation using a suicide plasmid pMo130. The 

homologous recombination-based approach was used to induce a single cross over resulting in 

insertion of the plasmid in the host chromosome (Figure 4.5). A functional copy of the gene was 

expressed from a plasmid to complement for the inactivation. 
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Figure 4.5 The general scheme for preparation of a construct and insertional inactivation (disruption) of 

abaF. 

4.16.1 Cloning abaF region in allele exchange vector, pMo130 

An internal region of abaF was amplified by PCR using the primers oligoRPT16 and 

oligoRPT17. The amplified product was cloned in a T-vector, pTZ57R/T, resulting in plasmid 

pRPT8. This internal region was then sub-cloned in an allele exchange vector, pMo130. The 

plasmids pRPT8 and pMo130 were double digested with BamHI and XbaI, according to the 

following conditions (Table 4.25): 

Table 4.25 Restriction digestion of pMo130 plasmid and pRPT8 plasmid. 

Components Amount 

10X Tango buffer 1.0 µl

Plasmid pMo130/pRPT8 500 ng 

BamHI enzyme 0.5 µl

XbaI enzyme 0.5 µl

Nuclease free water To make up10 µl 

The digestion was carried out for an hour at 37°C and for the last 15 minutes 0.5 µl of FastAP 

was added to pMo130 digestion mixture. The enzymes were inactivated by incubation at 75°C 

for 5 minutes. The digested products were run on 1.5% agarose gel and a 200 bp fragment 

digested out from pRPT8 was excised and purified. The digested plasmid pMo130 and the 200 

bp fragment were ligated as following (Table 4.26): 
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Table 4.26 Ligation of digested fragment from pMo130 plasmid and pRPT8 plasmid. 

Components Amount 

10X Ligation buffer 1.0 µl 

10mM ATP 1.0 µl 

Digested fragment (insert) A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested plasmid pMo130 (vector) 

Ligase enzyme 1.0 µl 

Nuclease free water To make up10 µl 

The ligation was carried out overnight at 16°C and the ligation mixture was subsequently 

transformed into E. coli DH5α electrocompetent cells. The resulting recombinant plasmid was 

named pRPT9 and the strain was designated as RPT 116. 

The plasmid pRPT9 was transformed into a conjugation competent strain E. coli S17-1 λpir. And 

the plasmid pRPT9 was thereafter conjugally transferred to A. baumannii ATCC 17978. 

4.16.2� Conjugal transfer of plasmid from E. coli S17-1 λpir to A. baumannii 
The E. coli S17-1 λpir cells carrying the plasmid pRPT9 were grown overnight from a fresh plate 

in LB broth supplemented with 50 mg/l kanamycin. The cells were grown to exponential phase, 

OD600 ≈ 0.5. Similarly, A. baumannii cells were also grown to exponential phase in LB broth 

without any antibiotics. 1 ml of E. coli and 2 ml of A. baumannii cell suspension was centrifuged 

at 2500 g for 5 minutes. The cell pellets were washed in fresh LB broth and both the pellets were 

together resuspended in 100 µl of LB broth. The cell suspension was spotted on a 0.4 µm nylon 

filter laid over an LB agar plate. The suspension was allowed to dry and incubated for 16 hours 

at 30°C. After incubation, the bacterial biomass was collected from the nylon filter by scrapping 

and resuspended in 400 µl PBS by repeated tapping. 100 µl of this suspension was spread on LB 

agar plated supplemented with 25 µg/ml ampicillin and 15 µg/ml kanamycin. The plates were 

incubated overnight at 37°C. The colonies that appeared after incubation were patched on a fresh 

LB agar plate containing 25 µg/ml ampicillin and 15 µg/ml kanamycin. The colonies were 

checked for yellow coloration by spraying 0.4 M pyrocatechol and the resulting yellow colonies 

were streaked to isolate pure colonies.  

4.16.3�Genetic complementation of abaF disruption 

The abaF region was amplified using the primers OligoRPT18 and OligoRPT19 and purified. 

The purified product and plasmid pWHN678 were digested with BamHI according to the 

following reaction (Table 4.27): 
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Table 4.27 Restriction digestion of abaF PCR product and pWHN678 plasmid. 

Component Amount 

10X BamHI buffer 1.0 µl 

PCR product/plasmid 500 ng 

BamHI enzyme 0.5 µl 

Nuclease free water To make up10 µl 

The digestion was carried out for 2 hours at 37°C. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 4.28): 

Table 4.28 Ligation of abaF PCR product and pWHN678 plasmid. 

Components Amount 

10X Ligation buffer 1.0 µl 

10 mM ATP 1.0 µl 

Digested fragment (insert) A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested plasmid pWHN678 (vector) 

Ligase enzyme 1.0 µl 

Nuclease free water To make up10 µl 

Ligation was carried out at 16°C overnight and the mixture was subsequently transformed into 

electrocompetent E. coli DH5α, resulting in the plasmid, pRPT10. The plasmid was isolated and 

transformed into electrocompetent cells of RPT 103 and the resulting strain was named as RPT 

152. 

4.17�Fosfomycin treatment and isolation of total RNA 

A single colony of A. baumannii ATCC 17978 was picked from a freshly streaked LB agar plate 

and inoculated in 5 ml LB broth. The cells were grown overnight at 37°C with 250 rpm orbital 

shaking. The overnight culture was diluted 100 times in LB broth and incubated at 37°C with 

shaking, till the OD600 ≈ 0.6. The cells were divided into four different aliquots. Each aliquot was 

treated with a different concentration, namely, 256 µg/ml (1X MIC), 512 µg/ml (2X MIC) and 

1024 µg/ml (4X MIC), of fosfomycin for 2 hours at 37°C. One aliquot was kept as control with 

no fosfomycin treatment. Total RNA was isolated from all the samples according to the protocol 



 75 

described earlier. The total RNA was DNase treated (as described earlier) and quantified. cDNA 

was synthesized from the total RNA using SuperScript III reverse transcriptase (Table 4.29).  

Table 4.29 Reaction mixture for reverse transcription using SuperScript III reverse transcriptase (Stage I). 

Component Amount 

RNA sample Up to 1 µg 

10 µM Random hexamer primer 4.0 µl 

10 mM dNTPs 5.0 µl 

RNase free water Up to 13 µl 

The mixture was heated to 65°C for 5 minutes and allowed to cool down to room temperature. 

Following were added to the reaction mixture (Table 4.30): 

Table 4.30 Reaction mixture for reverse transcription using SuperScript III reverse transcriptase (Stage II). 

Component Amount 

5X First strand synthesis buffer 4.0 µl 

0.1 mM DTT 1.0 µl 

RNase out RNase inhibitor 1.0 µl 

SuperScript III Reverse transcriptase 1.0 µl 

The mixture was incubated for 5 minutes at 25°C before incubating at 50°C for 60 minutes. The 

reverse transcriptase was inactivated by incubation at 70°C for 15 minutes. The cDNA was stored 

at -20°C till further use. 

4.18�In vitro selection of fosfomycin resistant mutants 

A. baumannii cells were streaked on an LB agar plate and incubated overnight at 37°C. The 

colonies were subsequently streaked on to LB agar supplemented with 256 µg/ml (1X MIC) 

fosfomycin. The plates were incubated at 37°C overnight. The colonies after overnight 

incubation were further streaked on to LB agar plates containing 256 µg/ml fosfomycin. This 

was repeated for three generations to achieve fosfomycin resistant mutants. The A. baumannii 

cells resistant to 1X MIC were similarly made resistant to 2X and 4X MIC of fosfomycin (Figure 

4.6). Total RNA was isolated from log phase cultured of all the three resistant strains, as 

described earlier, and reverse transcribed to cDNA. 
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Figure 4.6 The general scheme for generation of fosfomycin resistant mutants of A. baumannii. 

4.19�Quantitative real-time PCR (qPCR) 

Quantitative real-time PCR was performed using Cephid Smart Cycler and Maxima SYBR 

Green/ROX qPCR Master Mix. A typical reaction was assembled as follows (Table 4.31): 

Table 4.31 Reaction mixture for qPCR 

Component Amount 

2X master mix 12.5 µl

10 µM forward primer 0.5 µl

10 µM reverse primer 0.5 µl

cDNA Up to 200 ng 

Nuclease free water Up to 25 µl 

For amplification of an internal region of abaF, primers used were oligoRPT16 and oligoRPT17. 

Primer pairs oligoRPT20-oligoRPT21 and oligoRPT57-oligoRPT58 were used for amplification 

of an internal region of AbsR25 and groEL (internal control), respectively. 

A typical program for amplification was as follows (Table 4.32):
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Table 4.32 Cycling conditions for qPCR of AbsR25, groEL and abaF genes. 

Step Conditions Cycles 

Initial denaturation 95°C for 10 minutes 1 

Cycle denaturation 95°C for 15 seconds 

40 Cycle annealing 50°C for 30 seconds 

Cycle extension 72°C for 30 seconds (with optics) 

4.20�Biofilm formation assay 

A single colony of wild type A. baumannii, RPT 103 and RPT 152 was inoculated into LB broth 

and incubated overnight at 37°C. The overnight culture was diluted 100 times in fresh LB and 

200 µl of this fresh culture was added to multiple wells of a 96-well microtiter plate. The plate 

was incubated at 37°C in a humidity controlled Kuhner shaker for 24 hours. After incubation, 

the plate was read at 600 nm using Spectramax M2e plate reader. The wells were drained and 

washed with sterile PBS. The washed wells were stained with 200 µl of freshly prepared 1% 

crystal violet solution, for 20 minutes. The wells were drained and washed again in PBS. The 

stain from the biofilms was dissolved by adding 200 µl of 95% methanol and the plate was read 

at 595 nm. The OD595 of each well was divided by its respective OD600 for relative quantification 

of biofilm. 

4.21�Caenorhabditis elegans survival assay 

Overnight cultures of wild type A. baumannii, RPT 103 and RPT 152 were spotted on the middle 

of LB agar plates and incubated at 37°C to form a lawn of bacteria in the center of the plate. 10 

adult N2 wild type C. elegans worms were picked up and placed on the center of the plate. The 

experiment was done in triplicates, making 30 worms for each strain. The plates were incubated 

at 25°C and every day the worms were transferred to fresh plates to avoid problems of spawning. 

The worms that showed neither response to touch by sterile needle nor any movement under the 

microscope, were considered to be dead. The number of surviving worms was recorded every 

day. 

4.22�Prediction of small RNAs in A. baumannii 

A comprehensive effort undertaken in the laboratory previously resulted in identification of 31 

small RNAs in A. baumannii. The bioinformatics search was based on three important features 

of small RNA: 
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a)� Inter-genomic location 
b)� Secondary structure 
c)� Rho-independent transcription termination 

A range of online programs and bioinformatics tools were utilized to assess the A. baumannii 

genome for these aforementioned properties and 31 candidate small RNA were identified and 

named as AbsR1 (Acinetobacter baumannii small RNA) to AbsR31 (Figure 4.7). From this list, 

AbsR1 was picked up for further validation. 

 

Figure 4.7 Computational pipeline for identification of small RNA in A. baumannii (Taken from [11]). 

4.23�Validation of AbsR1 small RNA by Northern Blotting 

Northern Blotting was employed to determine the expression of predicted small RNA, AbsR1. 

The total RNA was extracted from A. baumannii cells at different stages of growth and resolved 

on a denaturing gel. The RNA was transferred on to a nylon membrane where hybridization with 

a labelled probe was performed. After hybridization the blot is developed by incubating the 

membrane with the substrate of the enzyme tagged on the probe (Figure 4.8). The developed blot 

is visualized either on a typhoon scanner or by exposure to a photosensitive film. 



 79 

4.23.1� Total RNA extraction 

A single colony of A. baumannii ATCC 17978 was picked up from a freshly streaked LB plate, 

inoculated into fresh LB broth and incubated at 37°C and 250 rpm shaking overnight. The 

overnight grown cells were diluted 100 times into fresh LB broth and were incubated again at 

37°C. Samples were withdrawn at different growth stages, namely, lag phase (OD600 = 0.4), log 

phase (OD600 = 1.6) and stationary phase (OD600 = 3.2). The cells were harvested by 

centrifugation and suspended in 1ml of TRI reagent. The suspension was incubated at room 

temperature for 5 minutes before 200 µl chloroform was added. The samples were vigorously 

mixed and incubated at room temperature for another 10-15 minutes. The samples were then 

centrifuged at 12000g for 15 minutes at 4°C. The RNA containing aqueous layer was carefully 

collected, avoiding any contact with the lower layers, in a fresh microcentrifuge tube. 500 µl of 

isopropanol was added and the mixture was kept at room temperature for about 20 minutes to 

precipitate the RNA from the aqueous solution. The precipitated RNA was collected as a pellet 

by centrifugation at 12000g for 10 minutes at 4°C. The pellet was washed in 1 ml of 75% ethanol 

by centrifugation at 7500g for 5 minutes at 4°C. The pellet was air dried by inverting the tubes 

on a paper towel. Finally, the pellet was dissolved in 30 µl of RNase free water supplemented 

with 1 mM EDTA and incubated at 55°C for 10 minutes. The RNA samples were run on 2% 

agarose gel to check the integrity. 

The samples were treated with DNase I to remove any contaminating DNA. A typical reaction 

was made up as described below (Table 4.33). 

Table 4.33 DNase treatment of total RNA using DNase I enzyme. 

Component Volume 

RNA sample 28 µl 

DNase I buffer 4 µl 

DNase I enzyme 4 µl 

RNase free water Upto 40 µl 

After incubation at 37°C for 30 minutes, the DNase I enzyme was inactivated by addition of 

5mM EDTA and heat inactivation at 70°C for 10 minutes. 

4.23.2� Denaturing PAGE 

Denaturing PAGE is preferred to resolve RNA as it avoids the formation secondary structures 

like hairpins and duplexes. 10% Urea gel containing 8 M urea was prepared (Appendix I) and 

was cast in vertical electrophoresis assembly from CBS Scientific. As soon as TEMED was 
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added, the mixture was quickly poured in pre-cleaned glass plates and the assembly was kept on 

a flat surface and a 12-well comb was inserted. Extra care was taken to ensure there were no air 

bubbles. The gel was allowed to set.  

Once set, the gel was clamped onto the running apparatus which was filled with 1X TBE. The 

gel was pre-run for about 20 minutes. Empty wells were loaded with 50% glycerol. The gel was 

run for about 4-5 hours till the xylene cyanol dye traversed about 4/5th of the gel. After running, 

the gel was carefully taken out of the plates and immersed in a 0.5µg/ml solution of ethidium 

bromide. The gel was stained on a gel rocker for 20 minutes and then wrapped in a cling film. 

The gel was viewed under UV illumination and the target area, where the small RNA is expected 

to be, was excised out. 

4.23.3� Electro-transfer to positively charged nylon membrane 

The RNA was transferred to a positively charged nylon membrane, for blotting, from the excised 

piece of urea gel. The electric current assisted electro-transfer was carried out using Bio-Rad 

mini PROTEAN tetra system. The nylon membrane was cut into a piece measuring the gel slice. 

The membrane was kept next to the gel and both were sandwiched between a stack of Whatman 

filter papers already soaked in electro-transfer buffer. Avoiding any bubbles in the system, the 

Whatman paper-gel-membrane-Whatman paper sandwich was locked in an electro-transfer 

cassette and put in the electro-transfer tank apparatus filled with electro-transfer buffer. The 

electrodes were connected making sure that the gel was towards the negative electrode and the 

membrane was towards the positive electrode. The electro-transfer was carried out at 4°C, 20V 

for 3-4 hours. Once the electro-transfer was complete, the membrane was dried and baked at 

80°C for 30 minutes. The membrane was then covered by cling film and stored at 4°C till further 

use. 
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Figure 4.8 The general procedure of Northern Blotting. 
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4.23.4� Construction of a riboprobe 

Riboprobe was prepared by in vitro transcription of a DNA template using a mirVana miRNA 

probe construction kit. This DNA template, OligoRPT1, was designed to carry a specific 

sequence (CCTGTCTC) at its 3’ end to allow for hybridization with the T7 promoter primer 

(Figure 4.9). Single stranded DNA template was obtained in lyophilized form from Imperial Life 

Sciences. The oligonucleotide was reconstituted in nuclease-free water to make the concentration 

100 µM. The following reaction was set up for hybridization of T7 promoter primer to the single 

stranded DNA oligonucleotide (Table 4.34).  

Table 4.34 Reaction mixture for hybridization of T7 promoter primer to template single stranded DNA. 

Component Amount 

T7 promoter primer 5 µl 

DNA hybridization buffer 5 µl 

100 µM template  30 µl 

The mixture was incubated for 5 minutes at 70°C and then left at room temperature for 

annealing/hybridization in the next 10 minutes. After hybridization, fill-in reaction using Klenow 

DNA polymerase was performed. To the previous reaction mixture, following components were 

added (Table 4.35): 

Table 4.35 End filling reaction to generate double stranded DNA carrying T7 promoter. 

Component Amount 

10X Klenow reaction buffer 2 µl 

10X dNTP mix 2 µl 

Nuclease free water 4 µl 

Exo-Klenow 2 µl 

All the components were mixed with gentle pipetting and the mixture was incubated at 37°C for 

30 minutes. The double stranded DNA template thus prepared was stored at -20°C till use for 

transcription. 
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Figure 4.9 Preparation of a template for riboprobe using the mirVana probe construction kit. 

A typical transcription reaction was set up as follows to obtain functional riboprobe from DNA 

template (Table 4.36): 

Table 4.36 In vitro transcription reaction for generation of riboprobe. 

Component Amount 

5X Transcription buffer 4 µl

dsDNA template 2 µl 

10 mM ATP 1 µl 

10 mM CTP 1 µl 

10 mM GTP 1 µl 

10 mM UTP 1 µl 

T7 RNA polymerase 30 units 

Nuclease free water To make up 20 µl 

The mixture was mixed by gentle pipetting and was incubated at 37°C for 2 hours. After the 

incubation, 1µl of DNase I (1 U/µl) was added and the mixture was further incubated at 37°C 

for15 minutes to remove any DNA template. 
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The riboprobe transcribed from the DNA template was checked on 2% agarose gel and 

subsequently purified using Qiagen Nucleotide removal kit, following the manufacturer’s 

instructions (Appendix II). 

4.23.5 Biotin labelling of riboprobe 

Biotin labelling was performed using BrightStar psoralen-biotin kit (ThermoScientific, USA). 

The kit contains biotin conjugated to planar psoralen molecules. These molecules intercalate 

between the nucleic acid bases similar to ethidium bromide. Upon exposure to long wavelength 

UV light, these psoralen molecules form covalent bonds with the nucleic acids like tyhmidines, 

uridines and cytidines with preference for the former (Figure 4.10). The hybridization ability of 

riboprobes is not affected by the psoralen intercalation. 

Figure 4.10 Psoralen biotin and its intercalation in DNA. 

A clean untreated 96-well plate was kept on ice. 10 µl of RNA sample was added to one of the 

wells, 1µl of the psoralen-biotin mix was also added to the same well and both the components 

were mixed properly by pipetting. A long-range UV lamp (365 nm) was placed exactly over the 

96-well plate and was covered from all the sides to avoid any unnecessary illumination. The setup 

was kept like this for 45 minutes for labelling. The labelled riboprobes were taken in a fresh 
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microcentrifuge tube and 89 µl of TE buffer was added to the tube. 200 µl of water saturated 

butanol (provided with the kit) was added to this tube and mixed vigorously. The mixture was 

centrifuged at 7000 g for a minute and the top layer of butanol containing extra psoralen as 

removed. This washing step was repeated once again and the washed and labelled riboprobe was 

stored in -80°C in dark until further use. 

4.23.6� Northern hybridization 

Northern hybridization was performed using the Ambion NorthernMax kit. The membrane, onto 

which the total RNA was electro-transferred, was taken in a clean hybridization bottle. The bottle 

containing ULTRAhyb buffer, supplied with the kit, was put in a water bath and heated up to 

65°C to dissolve any precipitates. The bottle was swirled to make the contents homogenous. 10 

ml of ULTRAhyb buffer was added to the bottle containing the membrane and the bottle was 

attached to the hybridization oven. The oven temperature was set to 50°C and rotation to 15 rpm. 

The pre-hybridization, with the buffer alone, was allowed to run for about 2 hours.  

After two hours of pre-hybridization, the biotin-labelled riboprobe was added to the ULTRAhyb 

buffer. 100 µl of the labelled riboprobe prepared earlier was thawed and added to 1 ml of pre-

warmed ULTRAhyb buffer. The mixture was pipetted well to mix the riboprobe and was then 

added to the bottle containing the ULTRAhyb buffer and the membrane, for hybridization. The 

hybridization was carried out for up to 12 hours.   

4.23.7� Development of the blot 

After hybridization was completed, the membrane was taken out of the hybridization bottle and 

washed according to the manufacturer’s instructions. The nylon membrane was retrieved from 

the hybridization bottles in a flat container. The membrane was washed with a series of different 

buffers and developed using the CDP-star chemiluminescent substrate provided in the 

NorthernMax kit (ThermoScientific, USA). 

The blot was washed with low stringency wash buffer twice at room temperature for 5 minutes 

on a rocker shaker. Second washing of blot was performed with high stringency wash buffer 

twice for 10 min at 42°C in an incubator shaker at 100 rpm (ThermoScientific, USA). The blot 

was subsequently washed in buffers provided with the Bright Star Biodetection kit 

(ThermoScientific, USA) for the detection of signal. 

The blot was washed twice with 25 ml of 1X wash buffer for 5 minutes each. The wash buffer is 

provided at 5X concentration, so it must be diluted prior to use in MilliQ water. After washing 

membrane was incubated twice in 25 ml blocking buffer for 5 minutes each. The blot was once 
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again incubated in 50 ml of blocking buffer for 30 min. Strep-Alkaline Phosphatase (Strep-AP) 

solution was prepared mixing together of 10 ml Blocking Buffer and 0.5 μl Strep-AP provided 

in the kit. The blot was incubated with Strep-AP for another 30 minutes. After enzyme treatment, 

the blot was incubated in 25 mL of blocking buffer for 10 minutes. The blot was then washed 

twice with 50 ml of 1X wash buffer (5 minutes each) and then in 25 ml of 1X assay buffer (10 

minutes) provided with the kit. The assay buffer is provided at 10X concentration and is diluted 

similar to the wash buffer. After incubation in assay buffer, the blot was dipped in 3 mL CDP-

Star substrate. Regular but gentle swirling was done to ensure complete coverage of the blot by 

the substrate. After 5 minutes, the blot was quickly blotted on a piece of Whatman filter paper to 

remove excess CDP-Star, without letting the membrane dry and was wrapped in a single layer of 

plastic, and exposed to X-ray film at room temperature. 

CDP-Star reaches peak light emission in 2 hours, then emission falls to a plateau which persists 

for several days.  

4.23.8� Visualization of the blot 

After 2 hours of incubation in CDP-Star, the membrane was taken to the dark room for exposure. 

A photographic film was cut to the size of the membrane and was kept with the membrane for 

exposure. The exposed film was developed using silver bromide-based developer and fixer 

solutions commonly used for photography. The developed film was dried in a hot air oven and 

scanned using a common scanner. 

4.24�Expression of AbsR1 under various simulated environmental conditions 

To determine whether AbsR1 was involved in fitness of A. baumannii, its expression was 

determined under various stress conditions that the microbe is likely to face in the environment. 

These stress conditions were induced by different additives and incubation conditions. The 

relative expression of AbsR1 was assayed by carrying out a Northern Blot. 

4.24.1� Induction of various stress 

Actively growing A. baumannii cells were exposed briefly to different physical as well as 

chemical agents to simulate stress conditions (Figure 4.11). A singe colony of A. baumannii 

ATCC 17978 was inoculated in nutrient broth and incubated overnight at 37°C. The overnight 

culture was diluted 100 times in fresh NB and the cells were allowed to grow at 37°C till OD600 

= 1.2. The cells were divided into aliquots of 20 ml in sterile 50 ml centrifuge tubes and the stress 

conditions were induced as follows: 
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4.24.1.1�Oxidative stress 

To a 20 ml aliquot, Hydrogen peroxide (H2O2) was added to a final concentration of 1 mM. The 

cells were incubated at 37°C for a period of 30 minutes. 

4.24.1.2�Thermal stress 

To induce thermal stress, a 20 ml aliquot was incubated at 45°C for 30 minutes in a water bath. 

4.24.1.3�Cold stress 

Another 20 ml aliquot was incubated for 30 minutes in an ice bucket. 

4.24.1.4�Osmotic stress 

The cells were exposed to osmotic stress by addition of NaCl to a final concentration of 500 mM. 

The cells were incubated at 37°C for 30 minutes. 

4.24.1.5�Acidic stress 

A 20 ml aliquot was centrifuged at 2000g for 10 minutes. The supernatant was discarded and the 

pellet was resuspended in sterile NB maintained at pH 5. The cells were subsequently incubated 

at 37°C for 30 minutes. 

4.24.1.6�Alkaline stress 

Similar to the acidic stress, the cells in a 20 ml aliquot were centrifuged and the pellet was 

resuspended in NB maintained at pH 9. The suspension was incubated for 30 minutes at 37°C. 

The cells were exposed to the stress condition for 30 minutes and the cell growth was arrested 

by addition of a stop solution (5% phenol solution in ethanol). Total RNA was subsequently 

isolated from these cells and Northern hybridization was carried out as explained earlier. 
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Figure 4.11 Overall scheme of exposure of A. baumannii cells to various stress for analysis of AbsR1 

expression. 
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4.25�Determination of sequence of small RNA by 3’ and 5’ rapid amplification 

of cDNA ends (RACE) 

RACE is a commonly applied technique to determine the 3’ and 5’ ends of a transcript through 

sequencing of cDNA generated using the RNA as template. RNA ligase mediated RACE is a 

variation of conventional RACE where an RNA adaptor is ligated to the primary RNA transcript 

and using PCR a single band is generated and sequenced (Figure 4.12).  

FirstChoice RLM-RACE kit was used for RACE mapping of small RNA Absr1. The protocol 

supplied along with the kit was followed omitting the early steps where RNA is treated with 

alkaline phosphatase as prokaryotic RNA is not capped with methylguanosine on the 5’ end 

(Appendix II). Internal primers OligoRPT2 and OligoRPT3 were designed for 5’and 3’ RACE 

PCR respectively. The amplicons generated from the PCR were cloned in a T-vector, pTZ57R/T 

(Fermentas) and sent for sequence analysis. 

 

Figure 4.12 The general procedure for RLM-RACE to determine transcription start and stop sites.
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4.26�Generation of AbsR1 knock-out A. baumannii cells 

AbsR1 deletion strain of A. baumannii was generated following a PCR based homologous 

recombination. A. baumannii cells were made recombination-competent by expressing an A. 

baumannii recT homolog from a plasmid, pAT02. A recombineering construct carrying a 500 bp 

region upstream and 500 bp region downstream of AbsR1 coding region and carrying a 

kanamycin cassette flanked by FRT sites was generated by cloning different parts together 

(Figure 4.13). Finally, a recombineering PCR product was amplified from this construct carrying 

the kanamycin cassette flanked by 125 bp of upstream and downstream regions. This 

recombineering PCR product was transformed into A. baumannii cells expressing RecT. 

Recombinant cells were selected on kanamycin containing medium and were confirmed for allele 

replacement by PCR.  

 

Figure 4.13 Generation of an AbsR1 deletion mutant by allele replacement. 
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Another plasmid pAT03, expressing FLP recombinase enzyme was transformed in recombinant 

cells carrying kanamycin at the genomic locus of AbsR1. FLP recombinase enzyme identifies 

the FRT sites and excises the region between them leaving just a small scar sequence, resulting 

in a markerless AbsR1 deletion mutant. 

4.26.1�Generation of A. baumannii strain expressing A. baumannii RecT 

The A. baumannii ATCC 17978 cells were made electrocompetent by repeatedly washing an 

early log phase culture (OD600 = 0.6) with ice-cold 10% glycerol. A 50 µl aliquot of 

electrocompetent cells was taken in a 2 mm electroporation cuvette and the plasmid pAT02 was 

added. Electroporation was carried out at 2300 kV and the cells were immediately resuspended 

in pre-warmed SOC medium. The cells were incubated at 37°C for an hour before spreading on 

LB plates supplemented with 100 µg/ml ampicillin. The plates were incubated for 12 hours and 

the resulting colonies were selected which were designated as RPT 154. 

A single colony of RPT 154 was picked, inoculated into LB broth supplemented with 100 µg/ml 

ampicillin and incubated overnight at 37°C overnight with agitation. The overnight culture was 

diluted 100 times in fresh LB-ampicillin broth supplemented with 2 mM IPTG (for expression 

of recombinase) and grown till early log phase (OD600 = 0.6). The cells were subsequently 

harvested by centrifugation and made electrocompetent by washing with ice-cold 10% glycerol. 

The electrocompetent cells of RPT 154 were stored at -80°C till further use.  

4.26.2�Generation of recombineering construct and recombineering PCR product 

Primers OligoRPT4 and OligoRPT5 were designed for amplification of a 500 bp upstream region 

of AbsR1 (USA1) carrying a NotI and a BamHI restriction site on the ends. Similarly, primers 

OligoRPT6 and OligoRPT7 were designed to amplify a 500 bp region downstream of AbsR1 

(DSA1) and carrying the restriction sites for BamHI and XbaI. Another set of primers 

OligoRPT57 and OligoRPT58, carrying BamHI restriction site on either end was designed for 

amplification of gentamycin cassette (aac1). The genomic DNA of A. baumannii served as a 

template for amplification of USA1 and DSA1 while aac1 was amplified using a plasmid pBAD-

Gr as template. Typical PCR reaction for amplification of these products is given below (Table 

4.37). 

Table 4.37 A typical PCR reaction mixture for amplification of aac1, USA1 and DSA1. 

 Component Amount 

10X Ex Taq buffer 5.0 µl 

2 mM dNTPs 5.0 µl 
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10 µM forward primer 1.0 µl 

10 µM reverse primer 1.0 µl 

Template DNA (gDNA/plasmid) Upto 10 ng 

Ex Taq DNA polymerase 1.0 unit 

Nuclease free water To make up 50.0 µl 

Upon amplification, all the three PCR products were gel purified and quantitated. Digestion 

reactions, for cloning the PCR products into a recombineering product, were set up as follows 

(Table 4.38): 

Table 4.38 Restriction digestion of USA1, DSA1 and aac1 PCR products. 

Component Amount 

10X BamHI buffer 2.0 µl 

USA1/DSA1/aac1 PCR product 500 ng 

BamHI 0.5 µl 

Nuclease free water To make up 20 µl 

The digestion was carried out for 2 hours at 37°C. 0.5 µl of FastAP® alkaline phosphatase was 

added to the digestion mixture containing USA1 and DSA1 and incubated at 37°C for 10 more 

minutes. The enzymes were inactivated by incubation at 75°C for 5 minutes. After digestion all 

the products were gel purified using MinElute kit (Qiagen) and ligated as follows (Table 4.39): 

Table 4.39 Ligation of USA1, DSA1 and aac1 PCR products. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR products 

An equimolar mixture of all the three PCR 

products (USA1/DSA1/aac1) with at least 50 ng 

DNA 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 

The ligation product was used as a template in a PCR reaction using primers OligoRPT4 and 

OligoRPT7 for amplification of a PCR product carrying NotI restriction site at one end and XbaI 

at the other end (Table 4.40).  
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Table 4.40 PCR reaction mixture for amplification of US-aac1-DS amplicon. 

Component Amount 

10X Ex Taq buffer 5.0 µl 

2 mM dNTPs 5.0 µl 

10 µM OligoRPT4 1.0 µl 

10 µM OligoRPT7 1.0 µl 

Template DNA (ligation mix) 2.0 µl 

Ex Taq DNA polymerase 1.0 unit 

Nuclease free water To make up 50.0 µl 

This PCR product was gel purified and digested using NotI and XbaI. The plasmid pMo130 was 

also similarly digested (Table 4.41). 

Table 4.41 Restriction digestion of pMo130 and US-aac1-DS PCR product. 

Component Amount 

10X Buffer O 2.0 µl 

pMo130/PCR product 500 ng 

NotI 0.5 µl 

XbaI 1.0 µl 

Nuclease free water To make up 20 µl 

The digestion was carried out for 4 hours at 37°C. 0.5 µl of FastAP® alkaline phosphatase was 

added to the plasmid digestion mixture and incubated at 37°C for 10 more minutes. The enzymes 

were inactivated by incubation at 75°C for 5 minutes. The digested products were gel purified 

using MinElute kit (Qiagen). A typical ligation mixture was prepared as follows (Table 4.42): 

Table 4.42 Ligation of pMo130 and US-aac1-DS PCR product. 

Component Amount 

10X T4 ligase buffer 1.5 µl 

Digested PCR product A 1:3 molar ratio (plasmid: insert) with at 

least 50 ng DNA Digested pMo130 

10 mM rATP 1.5 µl 

T4 DNA ligase 1.0 µl 

Nuclease free water To make up 15 µl 
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Ligation was carried out at 22°C for 2 hours. The ligation mixture was transformed into 

electrocompetent E. coli DH5α and the transformants were selected on LB agar plate 

supplemented with 10 µg/ml gentamicin. The recombinant plasmid thus generated was 

designated as RPT 230. 

A new set of primers, OligoRPT10 and OligoRPT11, was designed for amplification of 125 bp 

region upstream and downstream of AbsR1 coding region. A PCR reaction was set up using these 

primers and the ligation mixture as template. The PCR product was run on 0.8% agarose gel and 

the band corresponding to 1.75 (0.125 + 0.125 + 1.5) kb was excised form the gel. 

4.26.3� Screening of recombinant A. baumannii with replaced AbsR1 allele 

The recombineering PCR product was concentrated and 5 µg of this PCR product was used to 

transform electrocompetent cells of RPT 154, using an electroporator. The PCR product was 

added to a 100 µl aliquot of competent cells, with ~1010 cells, and electroporated at 1.8 kV in a 

2 mm electroporation cuvette. The cells were incubated in 1 ml SOC medium, supplemented with 

2 mM IPTG, for two hours and then spread on LB agar plates supplemented with gentamicin (5 

µg/ml). After overnight incubation the colonies that appeared were picked up for a colony PCR 

using the primers OligoRPT4 and OligoRPT7 that would yield an amplicon of 2.4 kb in case of 

successful allele exchange by homologous recombination. 

4.26.4� Validation of AbsR1 allele replacement 

To ensure that the allele replacement had indeed occurred in one of the colonies, the colony was 

purified by repeated streaking on increasing amounts of gentamicin (up to 50 µg/ml) for three 

days. Two purified colonies (obtained independently) were inoculated in 5 mL of LB and 

genomic DNA was isolated from the overnight culture. The genomic DNA was used as a template 

in a series of PCR reactions.  

Using the primers OlogoRPT63 (forward primer for aac1) and OligoRPT62 (reverse primer for 

DSA1) a PCR reaction was carried out with gDNA of suspected AbsR1 deletion mutant and wild 

type A. baumannii ATCC 17978. In case of allele replacement there would be an amplification 

(1.5 kb) but there won’t be any amplification in the wild type (due to the absence of aac1). 

Another PCR was carried out using a different set of primers OligoRPT65 (forward primer for 

AbsR1) and OligoRPT62 (reverse primer for DSA1). In case of allele replacement there would 

be no amplification (due to absence of AbsR1) and there would be amplification only when wild 

type genomic DNA is used as template. The A. baumannii cells with AbsR1 allele replaced with 

aac1 were designated as RPT 299 and RPT 300. 
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4.27�Computational assessment of AbsR10 for detection of A. baumannii 

The sequence of AbsR10 was obtained by computational analysis as described earlier [11]. The 

sequence was used as a query in nucleotide BLAST against all the sequenced A. baumannii 

genomes. A common region was determined from the sequence alignment, resulting in selection 

of a 151 bp fragment for detection purpose. To assess the specificity, the 151 bp sequence was 

used as a query in another nucleotide BLAST search with the Acinetobacteraceae excluded from 

the target database. Primers were designed using this sequence and were individually searched 

using nucleotide BLAST to avoid any similarity with other sequences (Table 4.43). 

Table 4.43 Pathogenic bacteria used as controls to assess the specificity of AbsR10 based A. baumannii 

detection system. 

Organism Characteristics 

Salmonella typhi Gram negative, rod shaped bacterium 

Klebsiella pneumonia Gram negative, rod shaped bacterium 

Enterobacter sakazakii Gram negative, rod shaped bacterium 

Vibrio cholerae Gram negative, comma shaped bacterium 

Staphylococcus aureus Gram positive, spherical shaped bacterium 

Shigella flexneri Gram negative, rod shaped bacterium 

Streptococcus mutans Gram positive, spherical shaped bacterium 

Pseudomonas aeruginosa  Gram negative, rod shaped bacterium 

4.28�PCR amplification of unique AbsR10 region 

Genomic DNA of all the strains of A. baumannii was isolated using GeneJET genomic DNA 

isolation kit (ThermoScientific), according to the manufacturer’s instructions. A PCR reaction 

was set up as follows (Table 4.44): 

Table 4.44 Reaction mixture for amplification of AbsR10 unique region. 

Component Amount 

10X Dynazyme II buffer 2.5 µl 

2 mM dNTPs 2.5 µl 

10 µM forward primer 0.5 µl 

10 µM reverse primer 0.5 µl 

Template DNA Upto 200 ng 

Dynazyme II polymerase 0.5 Units 
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Water To make up 25 µl 

 The cycling conditions were set as follows (Table 4.45): 

Table 4.45 Cycling conditions for amplification of AbsR10 unique region. 

Event Temperature Time 

Initial denaturation 94°C 60 seconds 

Cycle denaturation 94°C 15 seconds 

Cycle annealing 48°C 25 seconds 

Cycle extension 72°C 15 seconds 

Final extension 72°C 5 minutes 

The PCR was run for 30 cycles and the products were resolved on 2% agarose gel.  

4.29�Simulation of clinical surfaces 

A single colony of A. baumannii was inoculated into 5 ml of LB broth and incubated at 37°C 

overnight with agitation. The overnight culture was diluted 100 times in fresh LB and 200 µl was 

dispensed into wells of a sterile polystyrene 96-well plate. 2 ml of culture was poured into sterile 

borosilicate glass tubes. The tubes and the 96-well plate were incubated at 30°C with no agitation 

for 48 hours. After the incubation, the culture was drained and the tubes as well as the wells of 

the 96-well plate were washed thrice in sterile PBS. A few of the wells and tubes were stained 

with crystal violet (as described in section 3.20) to visualize the biofilm formed. From the rest of 

the tubes and wells, the biofilm was scrapped off and resuspended in NFW.  

The suspension was heated to 95°C for 5 minutes. The suspension was cooled to room 

temperature and centrifuged at maximum speed in a table top centrifuge for 2 minutes. The clear 

supernatant was collected and used as template in PCR reaction. 

4.30�Quantitative PCR 

4.30.1�General reaction conditions 

Quantitative PCR was performed using Cephid SmartCycler II and Roche LightCycler 480 

SYBR Green I master mix. A typical reaction for qPCR was assembled as follows (Table 4.46): 
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Table 4.46 qPCR reaction mixture for amplification of AbsR10 unique region. 

Component Amount 

2X master mix 12.5 µl 

10 µM forward primer 0.5 µl 

10 µM reverse primer 0.5 µl 

Template DNA variable 

Water To make up 25 µl 

4.30.2� DNA for standard curve 

For generation of a standard curve, DNA isolation was carried out using GeneJET genomic DNA 

isolation kit (ThermoScientific, USA) from overnight grown cells of A. baumannii. Prior to DNA 

isolation, the number of cells in the culture was determined. 100 µl of overnight culture was 

withdrawn and the cells were harvested by centrifugation at 2500 g for 5 minutes. The cell pellet 

was washed and resuspended in PBS. The cells were counted using a Neubauer chamber. 1.5 ml 

of the cell suspension was used to isolate DNA (Appendix II). 

The amount of genomic DNA used in the qPCR reaction was 124.6 ng, 1.246 ng, and 12.46 pg. 
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5� Characterization of the Sm-like protein, Hfq, in A. baumannii  

Previous studies carried out by our group identified some novel small RNA in A. baumannii [11]. 

Most of these sRNA were predicted to be trans-acting sRNA (as they were predicted in intergenic 

regions with their own rho-independent terminators), including the well characterized sRNA, 

AbsR25. Gram negative bacteria often express sRNA chaperones that assist these trans-acting 

sRNA to interact efficiently with their cognate mRNA targets. These RNA chaperones belong to 

multiple families, however, the most dominant among them is the Sm-like bacterial protein, Hfq. 

The functional homolog of Hfq in A. baumannii was not reported, but the presence of trans-acting 

sRNA warranted the presence of an RNA chaperone. So, the RNA chaperone Hfq in A. 

baumannii was identified and characterized. 

5.1� A. baumannii codes for an unusually long Hfq protein with a glycine rich 

C-terminus 

A sequence similarity search, performed by BLAST, using E. coli Hfq as query against the A. 

baumannii ATCC 17978 proteome returned a 168 amino acid long protein annotated as 

A1S_3785. Multiple sequence alignment (MSA) of this sequence with already characterized and 

well-studied counterparts from other bacterial species revealed a significant level of similarity at 

the N-terminal region (Figure 5.1) with conserved Gln8, Phe39, Lys56 and His57, known to be 

involved in RNA binding [2]. However, a striking feature was the length of the A. baumannii 

Hfq protein. While the Hfq homologs in most of the Gram-negative bacteria are about 100 amino 

acids long, the A. baumannii Hfq is 168 amino acids long with extra residues at the C-terminus 

(Figure 5.2). In fact, presence of an elongated Hfq protein is a phenomenon shared by all the 

sequenced members of Moraxellaceae family which comprises of the genus Moraxella, 

Acinetobacter, Psychrobacter and Alkanindeges. The C-terminal region (CTR) in A. baumannii 

Hfq carries a distinctive repetitive GGFGGQ amino acid pattern (Figure 5.1) suggesting a 

duplication event in the evolutionary history of A. baumannii.  
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Figure 5.2 The amino acid and nucleic acid sequence of A. baumannii Hfq. Since the Hfq protein is coded on 

the complementary strand in A. baumannii, the mRNA sequence is also provided. 

Since A. baumannii Hfq is encoded on the complementary strand, the mRNA sequence was 

derived by taking the reverse complement of the sequence available at the NCBI Nucleotide 

database (Figure 5.2). The codon usage frequency for Glycine in the CTR is quite similar to that 

of rest of the A. baumannii proteins which suggests that the C-terminus of Hfq evolved in A. 

baumannii rather than the bacterium obtaining this sequence via horizontal gene transfer (Table 

5.1). 

Table 5.1 Frequency of glycine codon usage in Acinetobacter baumannii ATCC 17978 and frequency of glycine 

codons in C-terminus of Hfq. 

Codon triplet 

for Glycine 

Frequency in A. baumannii ATCC 17978 

(determined from codons per 1000)

Frequency in Hfq C-

terminus 

GGU 52% (34.8/67) 58% (28/48) 

GGC 23% (15.4/67) 39% (19/48) 

GGA 15% (10.3/67) 2% (1/48) 

GGG 10% (6.5/67) - 
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A closer look at the protein sequence alignment reveals that this glycine rich CTR is a signature 

of Moraxellaceae family (Figure 5.3) with the well-studied Hfq from A. baylyi bearing a similar 

extension despite significant difference in the genetic organization (Figure 5.4) [314]. 

 

Figure 5.3 Multiple sequence alignment of Hfq proteins from the Moraxellaceae family members. The protein 

sequences were derived from the NCBI protein database after BLAST search using A. baumannii Hfq as a 

query and Moraxellaceae as subject database. The candidate proteins were aligned using Clustal Omega and 

the alignment was visualized using ESPript3. 

 

Figure 5.4 Genetic organization of hfq in (I) A. baylyi, the closest known organism to A. baumannii to have an 

experimentally verified Hfq protein; (ii) in A. baumannii; and (iii) in E. coli. 
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It was predicted that the CTR of A. baumannii Hfq falls into random coils (Figure 5.5) and the 

Hfq 3D model (Figure 5.6) prepared using homology modelling, takes into consideration only 

the first 72 amino acids due to the fact that this CTR has no homology to the structures submitted 

to Protein Data Bank (PDB). This makes the CTR of A. baumannii Hfq unique and different from 

the previously studied CTR of case of E. coli and V. cholerae Hfq [315–317]. 

Figure 5.5 Secondary structure of Hfq predicted using the online program NetSurfP. 

 

 

Figure 5.6 Homology modelling of A. baumannii Hfq. Hfq protein of A. baumannii was modelled by SWISS-

MODEL using Pseudomonas aeruginosa Hfq (PDB id: 1u1s.1.E) as the closest template (sequence identity 

73.08%; GMQE = 0.35 and QMEAN = 0.8). (i) The P. aeruginosa Hfq, (ii) A. baumannii Hfq. 
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In order to ensure that A. baumannii indeed expressed the characteristic long Hfq protein, Matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) based 

analysis was carried out. Total proteins from A. baumannii ATCC 17978 were TCA precipitated 

and resolved on 15% Tricine-SDS-PAGE. The band pertaining to A. baumannii Hfq (the one that 

was not prominent in case of A. baumannii Δhfq proteins) was excised from the gel and the 

protein was eluted. The tryptic digests of this protein were used for MS analysis. The Hfq protein 

was confidently identified from a mixture of total proteins with two different peptides, Mowse 

score: Peptide1 = 39, Peptide2 = 52 (Figure 5.7). 

 

Figure 5.7 Detection of Hfq expression in Acinetobacter baumannii ATCC 17978. TCA precipitated total 

proteins of A. baumannii WT (WT) and A. baumannii Δhfq (Δhfq) were resolved on 15% Tricine-SDS-PAGE 

along with the purified recombinant Hfq protein (rHfq) and Bio-Rad pre-stained Broad range marker 

(marker). The band absent in protein fraction of A. baumannii Δhfq but present in those of A. baumannii WT 

(marked with arrowhead) was eluted out of the gel and subjected to MS-MS analysis to confirm that Hfq was 

indeed expressed as a 16.7 kDa protein. Tabulated results of MS analysis detailing the two peptides detected 

and their scores are depicted.  

5.2� A. baumannii Hfq is an RNA chaperone as it interacts with sRNA 

Electrophoretic Mobility Shift Assay (EMSA) was carried out to assess the in vitro RNA binding 

activity of A. baumannii Hfq. The recombinant Hfq at various concentrations was incubated with 

a fixed concentration of three different small RNA, the E. coli small RNA - DsrA, MicA and the 

A. baumannii sRNA - AbsR25. The Hfq protein formed complexes with all the three sRNA, as 

shown by retardation profiles of the sRNA obtained after staining the gel with SYBR Green II 

dye (Figure 5.8). Bovine serum albumin (BSA) was used as a negative control and no binding 
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was observed between sRNA and BSA. Similarly, no binding was observed between Hfq and 

randomly selected DNA molecules (Figure 5.9). 

 

Figure 5.8 Electrophoretic Mobility Shift Assay to assess Hfq and sRNA interaction. In vitro synthesized 

transcripts of E. coli sRNAs MicA (A) and DsrA (B) and A. baumannii sRNA, AbsR25 (C) at a fixed 

concentration of 2 pmol were incubated with increasing concentrations of Hfq ranging from 0 to 25 pmol, for 

complex formation (marked by arrowheads). Lane (i), sRNA alone; Lane (ii), sRNA + BSA; Lane (iii) to (vii), 

sRNA + 5, 10, 15, 20 and 25 pmol Hfq protein, respectively.  

 

Figure 5.9 Assessment of Hfq binding with random DNA sequences. 200bp random PCR products, 2pmol in 

amount, were incubated with 25 pmol Hfq and run on 6% native gel. Lane (i), PCR product 1; Lane (ii), PCR 

product 1 with Hfq; Lane (iii), PCR product 2; Lane (iv), PCR product 2 with Hfq. The gel was stained with 

SYBR green I to visualize the nucleotides. 

5.3� The C-terminus of Hfq is required for better sRNA interaction 

To investigate the functional importance of the C-terminus in RNA chaperoning, truncated 

versions of recombinant Hfq protein were expressed and purified for RNA interaction studies. 

Hfq66 (66 amino acids) contained only the core Sm domain; Hfq72 (72 amino acids) consisted of 

the residues that align with the PDB template, P. aeruginosa Hfq; Hfq92 (92 amino acids) was a 

truncation that had mean length of E. coli (102 amino acids) and P. aeruginosa Hfq (82 amino 

acids) with a very short stretch of glycine rich repeats (Figure 5.10). Hfq168 refers to the full-

length wild type version of A. baumannii Hfq. The recombinant truncated versions of A. 
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baumannii were expressed in E. coli BL21 (DE3) and purified by Ni-NTA affinity 

chromatography (Figure 5.11). 

 

Figure 5.10 The various truncations of Hfq. Hfq
66

 (66 amino acids), Hfq
72

 (72 amino acids), Hfq
92

 (92 amino 

acids) and Hfq
Ct 

(72-168 amino acids).

Since the truncated versions of Hfq protein had high pKa values, they retained positive charge at 

pH 8.0. Therefore, EMSA could not be used to study sRNA-protein interactions in case of the 

truncated versions of Hfq protein. To alleviate this problem, quantitative in vitro RNA-protein 

interactions were studied by isothermal calorimetry (ITC). The AbsR25 small RNA was titrated 

into purified Hfq variants and the dissociation constant (Kd) values were determined (Figure 

5.12). Although all the variants could bind to AbsR25, the binding affinity of Hfq168 was highest, 

followed by Hfq72 and Hfq92. Hfq66 had the least binding affinity towards AbsR25 small RNA 

(Figure 5.12). This significance of CTR and its dynamics with sRNA were missed in the report 

on A. baylyi Hfq and a very recent report on A. baumannii Hfq [314,318].  

 

Figure 5.11 Recombinant truncated versions of A. baumannii Hfq were expressed in E. coli and purified by 

Ni-NTA affinity chromatography. The purified proteins were resolved on 12% Tricine-SDS-PAGE. The lane 

M contains BLUltra prestained protein ladder (GeneDireX). 
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Figure 5.12 ITC based interaction between sRNA, AbsR25 and Hfq truncations. 1 µM protein samples were 

titrated with 25 µM AbsR25 over series of injections and binding affinities (dissociation constant, Kd) was 

determined for A) Hfq66, B) Hfq72, C) Hfq92 and D) Hfq168. 
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5.4� Truncated Hfq protein variants maintain their secondary structure over 

a range of temperature 

The Hfq protein is thermostable and retains its secondary structure even at high temperatures 

[275]. To assess whether the C-terminus is an important factor in determining this 

thermostability, we compared the CD spectra of the truncated Hfq protein variants over a range 

of temperatures. Despite previous reports on C-terminus dependent stability [275], results of this 

study showed that all the truncations of Hfq maintained their secondary structure as there was a 

little change in the spectra at increasing temperatures and the mean molar ellipticity at 208 nm 

remained fairly constant for all the truncated versions (Figure 5.13). 
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Figure 5.13 The secondary structure of Hfq truncations was studied by assessing the CD spectra of the 

purified proteins at various temperatures. The CD spectra of Hfq66 (A), Hfq72 (B), Hfq92 (C) and Hfq168 (D) 

and corresponding molar ellipticity at 208 nm (over a range of temperatures) indicates that the truncations 

of Hfq are thermostable similar to the full-length protein. 
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5.5� Hfq is required for growth and stress tolerance with C-terminus being 

indispensable 

Considering the importance of CTR in RNA binding and already reported role of Hfq-sRNA 

based regulation in physiology of other Gram negative bacteria, we hypothesized that the CTR 

would also be important for normal physiological processes of A. baumannii [319]. An hfq 

deletion mutant of A. baumannii was constructed using a homologous recombination-based 

approach. The hfq allele was replaced with KanFRT (kanamycin resistance cassette flanked by 

FRT sites), which was confirmed by PCR. The amplicon in case of wild type cells was ~1500 bp 

long which was ~2500 bp in case of allele exchange (Figure 5.14 B). The KanFRT cassette was 

removed by expression of FLP recombinase and the excision was confirmed by PCR (Figure 

5.14 C). 

 

Figure 5.14 Verification of hfq deletion. (A) The presence of different alleles results in amplification of PCR 

products with varying lengths. (B) The transformants obtained after transforming the recombineering PCR 

product were screened for allele exchange. The required band was achieved in lane 3 which is marked by an 

arrowhead. The lane L contains Generuler 1 kb ladder. (C) The KanFRT allele was removed by expression 

of FLP recombinase and PCR amplification of ~1100 bp confirmed the excision. 
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The deletion of hfq in A. baumannii Δhfq was complemented by plasmid borne expression of 

different variants of hfq from the native promoter (Figure 5.15).  

 

Figure 5.15 Variants of Hfq were cloned in the BamHI site of pWHN678 plasmid. The plasmids were digested 

with BamHI and resolved in 1% agarose gel. The adjacent lanes contain undigested and digested plasmids. 

The lane L contains Generuler 1kb ladder. 

The expression of the truncated versions of Hfq was determined to be similar by Western blotting 

(Figure 5.16). 

 

Figure 5.16 Western blot to assess the expression of truncated versions of Hfq. A. baumannii cells (expressing 

different truncated version of Hfq from plasmid) were grown till late log phase and were lysed to obtain total 

proteins. 25 µg total protein was resolved in each lane on 15% Tricine-SDS-PAGE (A). The expression of 

variants of Hfq was probed using a rabbit anti-Hfq antibody (raised using E. coli Hfq) and HRP-conjugated 

anti-rabbit antibody (B).  

The loss of hfq in A. baumannii resulted in stunted growth as compared to the wild type cells 

(Figure 5.17). Plasmid borne expression of full length Hfq (Hfq168) could complement the growth 

defect very well but Hfq66 and HfqCt could not. There was a marked difference in the length of 

the lag phase and the final optical density. Other constructs, Hfq72, Hfq92 and HfqEC had an almost 

similar growth profile which was close, at best, to the wild type or the Hfq168 complemented 

phenotype. This apparently similar growth profiles of wild type A. baumannii and A. baumannii 

expressing truncated versions of Hfq might explain why the importance of C-terminus of Hfq 

was not pursued in previous studies [314,318].  
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Figure 5.17 The growth profile of all the strains. The bacterial strains were grown at 37°C, 200 rpm shaking 

and the growth was monitored by measuring the absorbance at 600 nm. Each point represents mean of 

triplicates with standard deviation as error bars. Statistical significance was determined by one-way analysis 

of variance (ANOVA) and the P-value was 0.0014. 

Since small RNA are involved in cellular adaptation to environmental stress, Hfq is intricately 

involved as well [319]. To validate this claim, the A. baumannii cells were subjected to oxidative, 

thermal, acidic and osmotic stress by using various physical and chemical agents. The wild type 

cells had a better survival rate after a brief exposure to methyl viologen, an oxidizing agent, than 

the cells lacking hfq (Figure 5.18 i). The importance of CTR was highlighted from the fact that 

only the full length Hfq expressed in trans could complement the deficit in oxidative stress 

adaptation. Although the E. coli Hfq could also complement for the loss of hfq in this case, but 

only up to a limited extent. Similar observations were made in case of thermal stress tolerance 

(Figure 5.18 ii) as the percentage survival of wild type cells was about 5 times higher than the 

hfq debilitated cells after a brief heat shock. 
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Figure 5.18 (i) Effect of Hfq deletion and presence of C-terminus on oxidative stress tolerance. The actively 

growing cells were briefly exposed to methyl viologen and surviving cells were determined. The percentage 

survival was determined with respect to the untreated control. (ii) Effect of Hfq deletion and presence of C-

terminus on thermal stress tolerance. The actively growing cells were briefly exposed to 55°C and surviving 

cells were determined. The percentage survival was determined with respect to the untreated control. Each 

bar represents the mean of triplicates with the error bar representing the standard deviation. Statistical 

significance was determined by one-way analysis of variance (ANOVA) and the P-value was <0.0001.

The impact of Hfq on acidic and osmotic stress tolerance was assessed by spotting serial dilutions 

of overnight cultures of A. baumannii cells onto LB agar plates at pH 5 and plates supplemented 

with 2% NaCl. The growth of A. baumannii cells at pH 5 (Figure 5.19) was reminiscent of the 

pattern seen in oxidative and thermal stress tolerance. The wild type cells and the cells 

complemented with full length Hfq could adapt to the stress and grew well in contrast to the cells 

expressing Hfq without the CTR. However, the same could not be concluded from the growth on 

NaCl (Figure 5.19) as no clear results were obtained.  

 

Figure 5.19. (i) Effect of Hfq deletion and presence of C-terminus on acid stress tolerance. Overnight grown 

cells were diluted in fresh LB and spotted on plate containing LB agar at pH 5. The plate was incubated 
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overnight at 37°C and the growth was compared to the control plate (iii, containing LB at pH 7). (ii) Effect of 

Hfq deletion and presence of C-terminus on osmotic stress tolerance. Overnight grown cells were diluted in 

fresh LB and spotted on plate containing LB agar supplemented with 2% NaCl. The plate was incubated 

overnight at 37°C and the growth was compared to the control plate (iii, containing LB agar). (iii) Overnight 

grown cells were diluted in fresh LB and spotted on plate containing LB agar. 

5.6� The presence of C-terminus is important for functional Hfq in carbon 

metabolism 

The impact of Hfq and the requirement of CTR for a normal growth profile of A. baumannii led 

us to suspect its role in adaptation to carbon sources. A panel of various carbon sources including 

sugars, sugar acids, organic acids, amino acids, nucleosides and a few stress causing agents is 

available in a 96-well format in the BIOLOG GEN III microplates™ (Biolog Inc., USA) (Table 

5.2). These plates were used to assess the growth of A. baumannii cells in presence of different 

carbon sources. Metabolic activity is detected in these plates by change in the color of a 

tetrazolium dye, which can be measured spectrophotometrically 

Table 5.2. List of carbon sources and stress inducing agents in the 96-well Gen III MicroPlateTM 

Carbon source Carbon source Carbon source Stress agent 

Dextrin L-rhamnose D-glucuronic acid pH6 
D-maltose Inosine Glucuronamide pH5 
D-trehalose D-sorbitol Mucic acid 1% NaCl 
D-cellobiose D-mannitol Quinic acid 4% NaCl 
Gentiobiose D-arabitol D-saccharic acid 8% NaCl 
Sucrose Myo-inositol p-hydroxy-

phenylacetic acid 
1% Sodium lactate 

D-turancose Glycerol Methyl pyruvate Fusidic acid 
Stacyose D-glucose-6-

phosphate 
D-lactic acid methyl 
ester 

D-serine 

D-raffinose D-fructose-6-
phosphate 

L-lactic acid Troleandomycin 

α-D-lactose D-aspartic acid Citric acid Rifamycin 
D-mellobiose D-serine α-keto-glutaric acid Minocycline 
β-methyl-D-
Glucoside 

Gelatin D-malic acid Lincomycin 

D-salicin Glycyl-L-proline L-malic acid Guanidine HCl 
N-acetyl-D-
glucosamine 

L-alanine Bromo-succinic acid Niaproof 4 

N-acetyl-β-D-
Mannosamine 

L-arginine Tween 40 Vancomycin 

N-acetyl-D-
Galactosamine 

L-aspartic acid γ-amino butyric acid Tetrazolium Violet 

N-acetyl neuraminic 
acid 

L-glutamic acid α-hydroxy-butyric 
acid 

Tetrazolium blue 

α-D-glucose L-histidine β-hydroxy-D,L-
butyric acid 

Nalidixic acid 
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D-mannose L-pyroglutamic acid α-keto-butyric acid Lithium chloride 
D-fructose L-serine Acetoacetic acid Potassium tellurite 
D-galactose Pectin Propionic acid Aztreonam 
3-Methyl glucose D-galacturonic acid Acetic acid Sodium butyrate 
D-fucose L-galactonic acid 

lactone 
Formic acid Sodium bromate 

L-fucose D-gluconic acid   

It was observed that the cells lacking hfq were deficient in metabolism of various carbon sources, 

despite similar growth of all the cells in the control wells (Figure 5.20). The inability of hfq 

deletion mutant to metabolize certain substrates hints at the involvement of an Hfq dependent 

sRNA based switch over mechanism that helps the bacterium to utilize alternate sources of 

carbon [320]. Importantly, a few of these substrates including glucose, galactose, and mannose 

were not metabolized by cells expressing truncated Hfq variants suggesting that A. baumannii, 

under stress, employs sRNA to regulate metabolism of these substrates. It was also interesting to 

note that the cells expressing Hfq92 could utilize certain substrates like fucose, rhamnose, 

stachyose (Figure 5.20), but the cells expressing a similarly sized E. coli Hfq (but lacking the 

CTR repeats) could not, highlighting the importance of glycine rich repeats. Since Acinetobacter 

spp. have been historically known to be involved in bioremediation and biotransformation, this 

unique structure of C-terminus in Hfq might be assisting sRNA-mRNA interactions involved in 

metabolism of these substrates [321–323].  
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Figure 5.20 The effect of Hfq deletion and truncation on carbon metabolism in A. baumannii. The growth of 

hfq mutant and complemented strains was assayed on Gen III microplates and is depicted in varying colors 

ranging from low growth (yellow) to increased growth (red). 

5.7� The C-terminus is required for Hfq auto-regulation and sRNA-based 

regulation 

It has been previously reported that the core Sm domain of E. coli Hfq could bind to sRNA in 

vitro but was deficient in regulatory roles [324]. We questioned if the C-terminus in A. baumannii 

was important for Hfq to fulfil its regulatory roles. Hfq auto-regulates its expression by binding 

to its mRNA, resulting in a feedback inhibition loop (Figure 5.21).  

 

Figure 5.21 Auto-regulation of Hfq. To control the expression of hfq, the Hfq binds to its mRNA and represses 

the translation. The various Hfq constructs were co-expressed in E. coli Δhfq along with an Hfq-lacZ 

�26B>) 
 6B �.=) 
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translational fusion. The expression of Hfq-lacZ fusion was induced by addition of IPTG and the expression 

levels were determined by ONPG based β-galactosidase assay. 

The truncated versions of Hfq and translational fusion of hfq-lacZ were co-expressed in E. coli 

Δhfq. The cells were induced with IPTG to express hfq-lacZ fusion and simulate conditions where 

Hfq is overexpressed (Figure 5.21). The ability of different variants of Hfq to auto-regulate the 

expression of Hfq was measured as the ability to repress the activity of β-galactosidase. It was 

observed that the Hfq variants deficient in C-terminus were deficient in auto-regulation (Figure 

5.22) implying that CTR is involved in autoregulatory role of Hfq in A. baumannii. Although 

some degree of auto-regulation was observed in case of Hfq72 and Hfq92 but it was not as high as 

compared to the wild type A. baumannii Hfq (Hfq168). 

 

Figure 5.22 Auto-regulation was determined as the activity of β-galactosidase expressed as Miller units. Each 

bar represents mean of three experiments and the error bars represent standard deviation. Statistical 

significance was determined by one-way analysis of variance (ANOVA) and the P-value was <0.0001. 

Since the C-terminus was deemed important for auto-regulation of hfq expression, we proceeded 

to assess whether it was important for small RNA based regulation as well. RyhB, an E. coli 

small RNA, negatively regulates the expression of sodB, when it is overexpressed, by binding to 

its 5’ UTR (Figure 5.23) [325]. This interaction is facilitated by Hfq and the absence of Hfq 

abolishes this regulatory control leading to uncontrolled expression of sodB. A translational 

fusion between 5’ UTR of A. baumannii sodB and Green Fluorescent Protein (GFP) was co-

expressed along with Hfq variants in E. coli Δhfq.  
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Figure 5.23 Ribo-regulation of sodB mRNA. Under iron limiting conditions, RyhB binds to sodB mRNA, 

assisted by Hfq, and causes translational repression of sodB. The various Hfq constructs were co-expressed 

in E. coli Δhfq along with an sodB-gfq translational fusion carrying the 5’-UTR of A. baumannii sodB gene. 

Iron deficient conditions were created by addition of 2,2-Dipyridyl and the expression of sodB-gfp fusion was 

determined by measuring fluorescence of the cells.

We observed a lower relative change in GFP fluorescence in cells expressing full length Hfq than 

the Hfq deficient cells (Figure 5.24) indicating the participation of A. baumannii Hfq in the 

RyhB-sodB regulatory circuit. The increase in GFP fluorescence in case of Hfq168 was 5 times 

lower than that of Hfq72 and Hfq92, indicating that the CTR is required for efficient ribo-

regulation. Since auto-regulation and ribo-regulation are dependent on successful RNA-Hfq 

interaction, these processes were affected, similar to the in vitro sRNA binding, when CTR was 

removed from Hfq. However, the inability of Hfq72 and Hfq92 to participate in auto- and ribo-

regulation, despite very similar sRNA binding, could be explained due unavailability of critical 

acidic residues at the C-terminal tip of the Hfq [326]. The C-terminal tip of Hfq168 has similar 

acidic residues, (Asp153, Asp155, Glu159, Asp160, Asp163, Asp164, Glu165; Figure 5.1) which 

accounts for successful auto- and ribo-regulation by this variant in an E. coli genetic background.  
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Figure 5.24 Ribo-regulation was determined as percentage change in cellular fluorescence on addition of 2,2-

Dipyridyl as compared to untreated conditions. Each bar represents mean of three experiments and the error 

bars represent standard deviation. Statistical significance was verified by one-way ANOVA followed by 

Tukey’s multiple comparisons test. 

5.8� The C-terminus is important for virulence 

Being a clinically relevant bacterium, virulence mechanisms of A. baumannii are of great interest. 

We studied the role of Hfq in virulence of A. baumannii in terms of resistance to desiccation, 

biofilm formation, adherence to eukaryotic cell membranes, organ load in infected mice models 

and antibiotic resistance, all of which have led to its success as a pathogen. 

In an in vitro simulation of the hospital conditions, the A. baumannii cultures were allowed to 

dry in a polystyrene microtiter plate. The cells were revived by adding fresh medium and the 

surviving population was determined by spotting the dilutions on an LB agar plate. It was clear 

that Hfq is a vital factor for survival under desiccation (Figure 5.25) as the deletion mutant as 

well as the cells expressing Hfq devoid of CTR had a limited revival. The revival of cells 

expressing the full length Hfq (Hfq168) proves that full length Hfq with the CTR is necessary for 

rescue of hfq debilitated cells from desiccation.  
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Figure 5.25 Desiccation assay. Actively growing A. baumannii cells were desiccated in a polystyrene 96-well 

plate at 25°C and 40% relative humidity. After 60 hours, the desiccated cells were resuspended in LB broth 

and dilutions were spotted on LB agar plates (ii). Serial dilutions of cells prior to the desiccation were also 

spotted (i). 

In vitro biofilm formation was assessed by microtiter plate biofilm assay. The A. baumannii cells 

were allowed to form biofilms on polystyrene plates which were stained with crystal violet and 

quantified. The cells devoid of Hfq were deficient in biofilm formation, an effect that could be 

complemented by the expression of full length Hfq, Hfq168 (Figure 5.26). The expression of Hfq 

lacking the C-terminus (Hfq66, Hfq72, Hfq92 and HfqEC) could not restore the biofilm at par with 

the biofilm formed in case of wild type A. baumannii. 

To assess bacterial adhesion, the initiation of infection, A. baumannii cells were allowed to infect 

HEK 293 cells and the number of CFU adhered to the membranes of the eukaryotic cells was 

determined. The deletion of hfq led to about 1 log reduction in adherence of A. baumannii cells 

(Figure 5.26). The importance of CTR in adhesion is obvious as complementation by full length 

Hfq restores the ability of A. baumannii to adhere to the eukaryotic cells. However, the cells 

expressing Hfq variants lacking the C-terminus only partially restore it. 
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Figure 5.26 (i) Microtiter plate biofilm assay. Actively growing cells of A. baumannii were added to wells of a 

microtiter plate and incubated for 48 hours at 30°C. The biomass was stained with 1% CV, dissolved in 

methanol and quantified by measuring optical density at 575 nm (OD
575

). Relative biofilm formation was 

determined by calculating the ratio of OD
575

 and OD
600

. (ii) Adhesion of A. baumannii cells to the human 

embryonic kidney cells (HEK 293). The A. baumannii cells were incubated with the HEK 293 cells, at an MoI 

of 100 for an hour. The cells were subsequently washed and their dilutions were spread on LB agar plates to 

determine the number of cells adhering to the eukaryotic cell membrane. Each bar represents mean of three 

experiments and the error bars represent standard deviation. Statistical significance was verified by one-way 

ANOVA followed by Tukey’s multiple comparisons test. 

The virulence of A. baumannii was also studied in mice models of infection. The mice were 

immunocompromised by administration of cyclophosphamide and injected intravenously with 

various A. baumannii strains, separately. The mice were sacrificed after 24 hours of infection. 

Organ homogenates were made for kidney, liver and spleen excised from the mice in PBS and 

their dilutions were spread on LB agar plates to determine the bacterial load in these organs. 

Spleen appeared to be the most affected organ followed by kidneys and liver. There was an 

average 3 log decreased bacterial load in case of hfq debilitated cells as compared to the wild 

type cells (Figure 5.27). The bacterial load in case of cells expressing Hfq lacking the CTR was 

higher than the deletion mutant but significantly less than the cells expressing full length Hfq. 

This again reflects the importance of full length Hfq with an intact CTR. 
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Figure 5.27 Organ load of bacterial cells in mice infected with A. baumannii. The mice were rendered 

neutropenic by administration of cyclophosphamide and were subsequently infected by A. baumannii via 

intra-venous injection. The mice were sacrificed after 24 hours of infection and the organ homogenates were 

prepared in PBS. Dilutions of the organ homogenates were spread on LB agar plates to determine the number 

of CFU. Each point represents mean of five different mice (n=5) and the error bars represent standard 

deviation. Statistical significance was determined by one-way analysis of variance (ANOVA) and the P-value 

was <0.0001. 
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The A. baumannii strains were examined for their antibiotic resistance. Being a rather sensitive 

strain, deletion of hfq in A. baumannii ATCC 17978 did not display a major change in resistance 

towards most of the drugs [327]. However, a two-fold reduction in MIC of nalidixic acid and 

gentamycin was observed in A. baumannii Δhfq, a phenomenon that could be reversed only by 

the expression of full length Hfq (Table 5.3).  

Table 5.3 Minimum inhibitory concentrations (MIC) of antibacterials that showed variation in antibacterial 

potential against A. baumannii strains expressing variant of Hfq. 

Antibacterial 

agent 

MIC (in µg/ml) 

ΔHfq Hfq66 Hfq72 Hfq92 Hfq168 HfqEC HfqCt HfqWT 

Nalidixic acid 3 3 3 3 6 3 3 6 

Gentamycin 2.4 2.4 2.4 2.4 4.8 2.4 1.2 4.8 

Meropenem 8 4 4 4 2 4 8 2 

An interesting finding was the increase in resistance towards meropenem in A. baumannii Δhfq, 

which was not found in the wild type cells as well as cells expressing the full length Hfq. These 

observations hint at involvement of sRNA in drug resistance in A. baumannii and the subsequent 

importance of Hfq. It is also evident that the CTR region is important to maintain this activity of 

Hfq. Taken together, these results reflect the importance of Hfq in governing virulence of A. 

baumannii and validate the importance of CTR in these effects. 

5.9� A. baumannii Hfq can complement deletion in E. coli with C-terminus 

playing no role 

The A. baumannii Hfq protein is larger than other bacterial Hfq owing to the extra baggage added 

on by residues on the CTR that are not homologous to the Hfq of other Gram-negative species 

(Figure 5.1). With the aim to investigate the possibility if the A. baumannii Hfq has the capability 

to function in the same manner as the E. coli Hfq protein, the wild type A. baumannii hfq gene 

and the other complementing constructs were expressed in the E. coli Δhfq. As reported earlier, 

E. coli Δhfq was deficient in growth in LB medium and plasmid borne expression of E. coli Hfq 

restored the growth (Figure 5.28 A). Similar restoration was also observed when the loss of hfq 

in E. coli was complemented with A. baumannii Hfq. However, it was worthwhile to note that 

the expression of A. baumannii Hfq, even without the CTR, could complement and restore the 

growth. Since it could complement the growth defect in E. coli, we tried to assess if the A. 

baumannii Hfq sans the CTR could restore the growth defect in E. coli under various stress 

conditions as well. Growth of E. coli Δhfq and respective complemented strains under stress was 

evaluated by spotting the dilutions of overnight cultures on LB agar plates that were 
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supplemented with 2% NaCl (Figure 5.28 B), 200 µM 2,2-Dipyridyl (Figure 5.28 C), 100µM 

H2O2 (Figure 5.28 D), pH 5 (Figure 5.28 E) and on an LB agar plate that was incubated at 42°C 

(Figure 5.28 F). These plates mimicked the osmotic, nutritive (specifically iron), oxidative, acidic 

and thermal stress, respectively. It was observed that A. baumannii could complement for the 

loss of hfq in E. coli under various stress conditions as well. It was worthwhile to note that in all 

the cases the Hfq72 and Hfq92 were as competent as Hfq168 suggesting no involvement of CTR in 

stress cope-up in E. coli. However, Hfq66 could not complement for the loss of hfq, which is in 

line with previous observations. Therefore, data from this work concludes that A. baumannii Hfq 

can functionally replace the E. coli Hfq for growth under normal as well as stressed conditions, 

with the CTR apparently playing no specific role.  
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Figure 5.28 Complementation of E. coli Δhfq with A. baumannii Hfq. A) The growth profile of all the strains. 

The bacterial strains were grown at 37°C, 200 rpm shaking and the growth was monitored by measuring the 

absorbance at 600 nm B-F) Impact of C-terminus of Hfq on stress tolerance in E. coli. The E. coli cells were 

subjected to various stress by spotting dilutions of overnight culture on agar plates containing B) 2% NaCl, 

C) 200 µM 2,2-Dipyridyl, D) 100µM H2O2, E) pH 5, and F) incubated at 42°C. The ΔHfq in each case carried 

the empty plasmid pWHN678.



 126 

5.10� Discussion 

Overall, the findings of this work suggest that Hfq governs physiological properties like growth, 

stress tolerance as well as virulence insinuating that A. baumannii recruits small RNA for 

regulation of these processes. This also establishes the importance of Hfq as a central regulator 

of physiological processes in A. baumannii, as deletion of hfq disturbs a myriad of processes. 

This falls in line with the previous observations made in the lab regarding the expression of trans-

acting small RNAs in A. baumannii. The RNA chaperoning activity of Hfq and its in vitro 

interaction with AbsR25 better explains the in vivo activities of AbsR25 and also paves the way 

for identification of more trans-acting small RNA. In addition, this work tried to demystify the 

presence and establish the importance of glycine rich repeats at the C-terminus. These repeats 

are characteristic of the Moraxellaceae family and not present in Hfq proteins of other genera. 

Therefore, most of the studies on C-terminus of Hfq have focused the attention on residues that 

follow the Sm domain (from 66 amino acid onwards) simply due to the fact that other bacterial 

Hfq proteins don’t have this glycine rich CTR [317,324,328]. Although it is known that Hfq66 is 

deficient in many physiological capabilities, there are conflicting reports about the importance 

of amino acids from 66-72. Therefore, we used both the truncations in complementation 

experiments to rule out any problems due to experimental setup [324,328,329]. Our observations 

indicate a marked difference in physiology of cells expressing Hfq66, Hfq72 and Hfq92 and 

confirm the importance of residues that lie beyond the Sm domain. 

Sequence analysis also suggests that Hfq might belong to a category of proteins bundled under 

an umbrella term, intrinsically unstructured proteins [330]. Such proteins, despite varied origins, 

share certain characteristic features like a) compositional bias, b) presence of small residues, c) 

presence of amino acids that provide flexibility and d) lower frequency of hydrophobic residues; 

all of which A. baumannii Hfq conforms to [330,331]. The fact that intrinsically unstructured 

proteins are highly regulated and placed under auto-regulatory control furthers the notion that 

Hfq belongs to this category of proteins [321]. Intrinsically unstructured proteins are also found 

in the eukaryotic glycine rich protein (GRP) family. The members GRP family have an RNA 

recognition domain (RRN) at the N-terminus and a glycine rich domain at the C-terminus [332]. 

This glycine rich tail imparts flexibility and assists these proteins in RNA binding and interaction 

with other protein partners. Coincidently, a search for domains in the Hfq sequence reveals a 

distant relation of the CTR to the GRP family (Figure 5.29). Considering the structure and 

function of Hfq, a C-terminal assist in homo- as well as heteromeric interactions seems to be an 

obvious advantage. Interestingly, GRPs have been reported to be central in RNA chaperoning  
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Figure 5.29 Analysis of protein motifs in the Hfq sequence using tigr-pfam. 

and stress adaptation, much like Hfq [333]. All these observations may be an inkling of an 

evolutionary relation between the prokaryotic and eukaryotic LSM proteins. 
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Unfortunately, at this time the exact mechanistic details of the involvement of glycine rich repeats 

are not known. It has recently been revealed that the length of the flexible tail between the core 

Sm domain and the acidic C-terminal residues is critical in determining the stringency in 

substrate specificity [326]. The necessity of the interaction between the acidic residues on this 

tip and the basic residues in the core of Hfq is probably the reason why the CTR does not assume 

a fixed secondary structure but is rich in flexible residues like glycine. This elongated tail may 

have caused a relaxed specificity of substrate selection in Hfq, allowing better interaction with 

low affinity sRNA. Theoretically, this immensely expands the substrate range of A. baumannii 

Hfq and might even allow yet to be discovered interactions. Future studies aimed at structural 

characterization of A. baumannii Hfq may assist in elucidation of the role of C-terminus at the 

molecular level. Another avenue opened up by this study is the identification of sRNA involved 

in regulation of physiological processes in A. baumannii. The defects brought about by hfq 

deletion point towards the involvement of small RNA in those respective processes and a careful 

experimentation and analysis could reveal these small RNA in future. 

The perturbation of virulence in absence of Hfq means that Hfq could in itself be considered as 

a significant virulence factor. This generates a considerable interest in further studies aimed at 

targeting Hfq as a plausible drug target. With the advent of drug resistance, it has become 

pertinent to identify novel targets and adapt alternative strategies to target bacterial pathogens. 

In such a scenario, inhibiting virulence could be a viable and effective way of tackling infections 

and avoiding the advent of resistance. Hfq could be used as a target in such an anti-virulence 

therapy, where the drugs targeting this protein would result in diminished virulence of the 

bacterium and allow the immune system to mount an effective response. Future experiments in 

this direction are already underway. 
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6� Characterization of A1S_1331, the primary target of AbsR25 

Our group’s previous studies had characterized a novel small RNA, AbsR25, which regulates the 

expression of a few transporter proteins in A. baumannii [334]. Such transporters are generally 

involved in solute transfer across the bacterial membranes, including antibiotics and other drugs. 

By qPCR-based assays to evaluate expression profiles, A1S_1331 was identified as the primary 

target of AbsR25. The expression of A1S_1331 was inversely related to that of AbsR25. The 

protein A1S_1331 was annotated as a putative Major Facilitator Superfamily (MFS) transporter 

but it was not characterized for its activity. Therefore, experiments were designed and carried 

out to validate A1S_1331 as a transporter and determine its importance in antibiotic resistance 

and other physiological processes in A. baumannii. 

 

Figure 6.1 Nucleotide and amino acid sequence of A1S_1331, the primary target of small RNA AbsR25. The 

sequences were obtained from NCBI’s Nucleotide and Protein database, respectively. 

6.1� A1S_1331 is an MFS transporter 

Bioinformatic analysis of the A1S_1331 protein sequence (Figure 6.1) revealed that it belongs 

to Major Facilitator Superfamily (MFS) of transporters. The predicted secondary structure of 
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A1S_1331 has characteristic 12 transmembrane helices with two homologous 6-helix domains 

formed at N- and C-terminus (Figure 6.2). Like the other proteins of this class, the two 6-helix 

bundles are connected via a cytoplasmic loop with the C- and the N-terminus of the protein buried 

in the cytoplasm [335].  

Figure 6.2 Prediction of secondary structure of A1S_1331 using HMMTOP. The secondary structure of 

A1S_1331 was predicted from the sequence information using the online tool HMMTOP. The protein 

contains 12 trans-membrane helices that are typical to a sub-class of MFS transporters. Both the N-terminus 

and the C-terminus are buried in the cytoplasm. 

The transmembrane helices together form a cavity which allows for the substrate movement after 

binding to the lining amino acid residues (Figure 6.3). 
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(a)                                                         (b) 

Figure 6.3 3D model of A1S_1331 prepared using SWISS-MODEL. The six-helix groups form a barrel like 

structure, as seen from the side view (a), with a central cavity for solute movement, as seen in the top view 

(b). (QMEAN = -6.44; GMQE = 0.60)

 

6.2� A1S_1331 decreases fosfomycin susceptibility of E. coli KAM32, hence 

AbaF 

E. coli KAM32 is a double knockout of efflux genes ydhE and acrB, making it deficient in efflux 

of antibiotics [336]. It is used as a model strain for expression and assessment of efflux pumps. 

Any changes in drug susceptibilities of E. coli KAM32 on expression of an efflux pump is 

therefore, attributable to the particular efflux pump and the drug in question is its substrate. The 

A1S_1331 ORF, along with its promoter and terminator, was cloned in pUC18 resulting in the 

plasmid pRPT7. The plasmid was transformed into E. coli KAM32, resulting in the strain RPT 

145. The plasmid pUC18 itself was also transformed into E. coli KAM32 to form the control 

strain RPT 144. Of the antibacterial compounds tested, a 16-fold decrease in susceptibility for 

fosfomycin was observed in RPT 145 (E. coli KAM32/pUC_abaF) as compared to RPT 144 (E. 

coli KAM32/pUC18) (Table 6.1). The MIC values of kanamycin were 8-folds higher and those 

of chloramphenicol, minocycline, clindamycin, tetracycline, nalidixic acid and ethidium bromide 

(EtBr) were 2-folds higher in RPT 145. No significant change in MIC values of other 

antibacterials was observed. Since fosfomycin appeared to be the primary substrate of 

A1S_1331, the protein was designated as AbaF (A. baumannii fosfomycin resistance).  
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Table 6.1 Minimum inhibitory concentrations of various compounds for E. coli KAM32/pUC18 and E. coli 

KAM32/pUC18_abaF 

S. No. Compound MIC (mg/L) 

  E. coli KAM32/pUC18 
E. coli 

KAM32/pUC18_abaF 

1. Fosfomycin 2 32 

2. Chloramphenicol 0.25 0.50 

3. Ethidium bromide 4 8 

4. Minocycline 0.5 1 

5. Tetracycline 0.06 0.12 

6. Nalidixic acid 2 4 

7. Kanamycin 4 32 

8. Clindamycin 2 4 

9. Gentamycin 1 1 

10. Tobramycin 1 1 

11. Streptomycin 4 4 

12. Amikacin 0.5 0.5 

13. Ofloxacin 0.01 0.01 

14. Chlorhexidine 0.25 0.25 

16. Ciprofloxacin 0.0015 0.0015 

17. Trimethoprim 0.01 0.01 

18. Erythromycin 0.5 0.5 
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6.3� EtBr fluorometric assays establish AbaF as an efflux pump 

Since EtBr is a common substrate for most of the efflux pumps, fluorometric assays using EtBr 

were performed to determine if AbaF was involved in active efflux [337]. EtBr enters the cells 

via passive diffusion and fluoresces upon binding to the cellular components. The efflux pumps 

actively pump out EtBr from the cytoplasm leading to decrease in fluorescence. Therefore, the 

movement of EtBr, determined by fluorometric measurements, can serve as a measure for efflux 

activity of transporter proteins (Figure 6.4). 

 

Figure 6.4 General scheme of EtBr based fluorometric assay for efflux determination. The cytoplasmic 

fluorescence of EtBr upon binding to cellular components is determined as a measure of EtBr accumulation. 

In presence of glucose, the transporter proteins efflux out EtBr, leading to a decrease in fluorescence, a 

measure of EtBr efflux. 

The accumulation of EtBr was lower in E. coli KAM32 cells expressing AbaF (Figure 6.5 (a)) 

than E. coli KAM32/pUC18. Addition of the energy decoupler and efflux inhibitor CCCP caused 

an increase in accumulation of EtBr in both the types of cells and the accumulation finally 

plateaued over time. Similarly, when E. coli KAM32/pUC18_abaF and E. coli KAM32/pUC18 

cells loaded with EtBr were energized by glucose, the efflux of EtBr (as measured by decrease 

in the fluorescence) was higher in case of E. coli KAM32/pUC18_abaF (Figure 6.5 (b)). The 

addition of CCCP blocked the efflux and the EtBr fluorescence started to build up in both cells. 

These observations suggest that AbaF actually works as an energy dependent efflux pump. The 

EtBr accumulation was low in cells expressing AbaF owing to expulsion of EtBr by AbaF. The 

efflux of EtBr from cells expressing AbaF again corroborates the finding that AbaF is an efflux 

pump. 
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Figure 6.5 (a) Accumulation of EtBr. EtBr accumulation in E. coli KAM32/pUC18 (black circles) and E. coli 

KAM32/pUC18_abaF (grey circles), in presence of glucose, was determined using a fluorescence plate reader. 

(b) Efflux of EtBr. E. coli KAM32/pUC18 and E. coli KAM32/pUC18_abaF cells were pre-incubated with 

EtBr and 0.4% glucose was added to initiate efflux. The efflux inhibitor CCCP was added to the reaction 

mixture at the time point marked by an arrowhead. The dotted lines represent relative fluorescence in cases 

where CCCP was not added at the specified time point. 

6.4� Disruption of abaF increases susceptibility of A. baumannii to fosfomycin 

Over expression of abaF in E. coli KAM32 suggested the involvement of this transporter in 

efflux of fosfomycin and subsequently a role in resistance against the drug. To assess the 

importance of AbaF in A. baumannii, the abaF ORF was disrupted (A. baumannii ΔabaF, RPT 

103) and was genetically complemented by expression of abaF from a plasmid (pRPT10) 

resulting in the strain A. baumannii pabaF (RPT 152). This inactivation of abaF resulted in 

resulted in an 8-fold increase in sensitivity to fosfomycin (Table 6.2). The fosfomycin resistance 

was restored by plasmid borne expression of AbaF (in A. baumannii pabaF). The sensitivity 

profile against kanamycin could not be determined as insertion of pMo130 (the suicide plasmid 

used for insertional inactivation of abaF) resulted in chromosomally encoded kanamycin 

resistance. However, there was no change in MIC of other aminoglycosides tested. Additionally, 

despite increased sensitivity of A. baumannii ΔabaF towards chloramphenicol, the effect of 

plasmid borne complementation could not be studied due to the presence of a chloramphenicol 

resistance marker in the complementing plasmid. 
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Table 6.2 MICs of various compounds for A. baumannii WT, A. baumannii ΔabaF and A. baumannii pabaF 

Compound 

MIC (µg/ml) 

A. baumannii WT A. baumannii ΔabaF A. baumannii pabaF 

Fosfomycin 256 32 256 

Chloramphenicol 8 2 - 

EtBr 1 4 2 

Minocycline 0.125 0.125 0.125 

Gentamycin 1 1 1 

Tobramycin 1 1 1 

Streptomycin 16 16 16 

Amikacin 0.5 0.5 0.5 

Tetracycline 2 2 2 

Nalidixic acid 0.5 0.5 0.5 

6.5� Fosfomycin treatment induces the expression of abaF 

In order to determine the direct role of AbaF in fosfomycin resistance by efflux, actively growing 

A. baumannii cells were treated with increasing concentrations of fosfomycin. The cells were 

exposed to fosfomycin for two hours and the total RNA from the treated cells was extracted. 

From the total RNA, cDNA was synthesized and abaF expression was quantified using groEL 

as an internal control in a quantitative Polymerase Chain Reaction (qPCR). abaF expression in 

fosfomycin treated cells was determined relative to the untreated cells. There was a 2.5-fold and 

2.9-fold increase in the expression of abaF in A. baumannii cells treated with 1x MIC (256 

µg/ml) and 2x MIC (512 µg/ml) of fosfomycin, respectively, as compared to the expression of 

abaF in cells that were not treated with fosfomycin (Figure 6.6). A further 7-fold increase was 

observed in case of cells treated with 4x MIC (1024 µg/ml) of fosfomycin. This indicates that 

fosfomycin induces the expression of abaF and AbaF is directly involved in mediating 

fosfomycin resistance.  
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Figure 6.6 Induction of abaF expression by fosfomycin treatment. Actively growing cells of A. baumannii 

ATCC 17978 were treated with increasing concentrations (corresponding to 1x, 2x and 4x MIC) of fosfomycin 

for two hours. Change in expression of abaF relative to expression in control condition (0x MIC) was 

determined by qPCR with groEL as the internal control (P values have been summarized for all the pairs in 

the paired student’s t-test). 

 

6.6� Exposure to fosfomycin results in selection of drug resistant mutants with 

increased expression of abaF 

Since AbaF is directly involved in fosfomycin resistance, it was hypothesized that the expression 

of abaF must be important for survival of A. baumannii in presence of fosfomycin.  To validate 

this hypothesis, expression of abaF was assessed in fosfomycin resistant mutants of A. 

baumannii. Growth of wild type A. baumannii cells in presence of increasing amounts of 

fosfomycin led to isolation of drug resistant mutants fairly easily. The expression abaF in cells 

resistant to 1x MIC, 2x MIC and 4x MIC concentrations was determined by qPCR. The 

quantitation was achieved by comparing the expression with that of an internal control (groEL). 

It was observed that the expression of abaF was about 2.5 times higher (P value <0.02) in cells 

resistant to 1x MIC of fosfomycin than the cells growing in absence of fosfomycin (Figure 6.7) 

which increased to about 6 times in cells resistant to 2x MIC of fosfomycin (P value <0.01) and 

about 14 times in cells resistant to 4x MIC of fosfomycin (P value <0.02). This gradual increase 

in expression of abaF in fosfomycin resistant mutants validated our hypothesis that AbaF is 

important for survival in presence of fosfomycin. 

Since the expression of abaF is regulated by AbsR25, the expression of AbsR25 was 

simultaneously determined by qPCR. The expression of AbsR25 was low in these fosfomycin 

resistant mutants, 0.05-fold (1x MIC, P value <0.001); 0.15-fold (2x MIC, P value <0.001) and 
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0.2-fold (4x MIC, P value <0.001) as compared to wild type A. baumannii; in line with our 

previous observations. 
 

 

Figure 6.7. Expression of AbsR25 and abaF in fosfomycin resistant mutants. Fosfomycin resistant mutants 

of A. baumannii were selected by serially passaging the wild type cells in presence of increasing concentrations 

of fosfomycin (corresponding to 1x, 2x and 4x MIC). Change in expression of AbsR25 (black bars) and abaF 

(grey bars) relative to wild type (0x MIC) cells was determined by qRT-PCR (P values have been summarized 

for all the pairs in the paired student’s t-test). 

6.7� Biofilm formation is affected by disruption of abaF 

Biofilms are an important characteristic of A. baumannii which help the bacterium to survive on 

inanimate objects and resist the action of various antibiotics. There are reports on involvement 

of efflux pumps in expulsion of biofilm material from the cellular inside to the exterior. 

Therefore, to assess the involvement of AbaF in biofilm material extrusion, biofilms of wild type 

A. baumannii, A. baumannii ΔabaF and A. baumannii pabaF were allowed to form on the wells 

of 96-well microtiter plate. The cellular biomass (the biofilm) was stained with 1% crystal violet 

after 24 hours of static incubation at 37°C. The stain picked up by the biomass was dissolved in 

95% ethanol and the OD595 was determined spectrophotometrically. The relative biofilm was 

determined as ratio of OD600 of the cell suspension in the wells (prior to staining) and OD595 of 

the dissolved stain. Disruption of abaF resulted in reduced biofilm formation (Figure 6.8). The 

defect in biofilm formation was complemented when abaF was expressed in a plasmid (in A. 

baumannii pabaF). Thus, AbaF might be involved in efflux of cementing materials that helps the 

A. baumannii cells to form biofilms. 
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Figure 6.8 Biofilm formation by wild type A. baumannii, A. baumannii ΔabaF and A. baumannii pabaF. The 

bars represent mean of triplicate values with error bar representing standard deviation (P values have been 

summarized for each pair in paired student’s t-test). 

6.8� AbaF is required for virulence of A. baumannii in C. elegans 

With experimental evidence that AbaF is involved in resistance and biofilm formation in A. 

baumannii, we wished to assess its importance in virulence. Efflux pumps, in addition to 

antibiotics and biofilm material, can efflux virulence factors or host-derived antimicrobial 

chemicals. C. elegans worms have been used as a model organism to study virulence of A. 

baumannii in previous studies [338]. We used C. elegans worms to determine the effect of abaF 

deletion on virulence of A. baumannii. The worms were reared on agar plates with a centrally 

placed lawn of bacterial cells for feeding. It was observed that no worm survived till the 7th day 

feeding on wild type A. baumannii cells. However, the last surviving worm feeding on A. 

baumannii ΔabaF cells survived for 11 days (Figure 6.9). This prolonged survival of C. elegans 

worms feeding on A. baumannii ΔabaF cells proves that the virulence potential of A. baumannii 

is affected on deletion of AbaF. Thus, AbaF plays a significant role in virulence of A. baumannii 

as well. 
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Figure 6.9 Survival of C. elegans worms feeding on wild type A. baumannii and A. baumannii ΔabaF. The 

percentage survival of worms feeding on wild type A. baumannii (grey bars) and A. baumannii ΔabaF (black 

bars) was determined by counting the number of live worms in each plate over the course of time (P value 

<0.05 in student’s paired t-test). 

6.9� abaF is expressed in majority of clinical strains in our collection 

The importance of AbaF had so far been studied using the lab adapted strain of A. baumannii 

(ATCC 17978). However, to determine the relevance of fosfomycin efflux mediated by AbaF, 

clinical strains were analyzed for the expression of this efflux pump and the susceptibility of 

fosfomycin in presence of an efflux pump inhibitor. 24 clinical strains of A. baumannii, resistant 

to fosfomycin, were available in the lab and were screened for abaF expression by Reverse 

Transcriptase Polymerase Chain Reaction (RT-PCR). 92% of the clinical strains of A. baumannii 

tested positive for the expression of abaF during exponential growth phase (Figure 6.10). The 

MIC of fosfomycin for clinical strains decreased by a factor of 2-fold (37.5%), 4-fold (20.8%), 

8-fold (33.3%) and 16-fold (4.1%) in presence of efflux inhibitor CCCP (Table 6.3), suggesting 

the role of efflux in fosfomycin resistance. Therefore, the efflux mediated resistance to 

fosfomycin is a relevant problem in clinical settings.  
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Figure 6.10 Expression of abaF in clinical strains of A. baumannii. A 230 bp internal region of abaF was 

amplified by PCR (30 cycles) using cDNA synthesized from total RNA of 24 clinical strains of A. baumannii. 

The lane designations (A-X) denote the clinical strain (A. baumannii RPTC1 – RPTC24). The first lane 

contains Fermentas 100bp plus DNA ladder. groEL was used as an internal control to verify cDNA 

amplification (not shown in this figure). 

Table 6.3 Minimum Inhibitory Concentration (MIC) of fosfomycin against clinical strains in presence and 

absence of the efflux pump inhibitor CCCP. 

Strain

MIC of fosfomycin (mg/L)  

In absence of CCCP 
In presence of CCCP (4 

mg/L) 

Fold 

change 

A. baumannii RPTC 1 256 128 2 

A. baumannii RPTC 2 256 128 2 

A. baumannii RPTC 3 256 128 2 

A. baumannii RPTC 4 512 128 4 

A. baumannii RPTC 5 256 64 4 

A. baumannii RPTC 7 256 128 2 

A. baumannii RPTC 8 256 32 8 

A. baumannii RPTC 9 128 16 8 

A. baumannii RPTC 10 128 16 8 

A. baumannii RPTC 11 256 128 2 
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A. baumannii RPTC 12 128 32 4 

A. baumannii RPTC 13 128 16 8 

A. baumannii RPTC 14 256 128 2 

A. baumannii RPTC 15 256 32 8 

A. baumannii RPTC 16 256 16 16 

A. baumannii RPTC 17 256 32 8 

A. baumannii RPTC 18 256 64 4 

A. baumannii RPTC 19 256 32 8 

A. baumannii RPTC 20 256 64 4 

A. baumannii RPTC 21 128 64 2 

A. baumannii RPTC 22 256 128 2 

A. baumannii RPTC 23 128 64 2 

A. baumannii RPTC 24 256 32 8 

6.10�Discussion 

Acinetobacter baumannii is a threat in clinical settings due to multitude of infections, 

recalcitrance, natural competence and multiple drug resistance [339]. In our previous report, we 

identified a novel regulatory small RNA, AbsR25, in A. baumannii. It was observed that AbsR25 

was involved in negative regulation of a putative efflux pump gene, abaF; based on the 

observations in qPCR experiments [334]. This prompted us to study the properties of AbaF and 

we conducted a series of basic experiments to study the importance of AbaF in A. baumannii. 

AbaF was annotated  as MFS family transporter due to the presence of characteristic 12 trans-

membrane helical domains that are associated with MFS family [340]. Experimental evidence 

indicates that AbaF is a transporter that is responsible for efflux of fosfomycin in E. coli KAM32. 

Although a variety of mechanisms of resistance against fosfomycin have been explained, there 

is no report of efflux mediated resistance against this antibiotic which is quite an interesting 

aspect of this transporter. 
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The A. baumannii cells with disrupted abaF were 8-fold more sensitive to fosfomycin 

(corroborating the results obtained using over expression model of E. coli) and the MIC value 

was 32 µg/ml which falls below the European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) breakpoint for fosfomycin resistance. Interestingly, the abaF debilitated cells 

were also 4 times more susceptible to chloramphenicol, an observation that wasn’t evident in E. 

coli KAM32. Chloramphenicol might as well be another secondary substrate of AbaF which can 

be a subject for later studies. A further direct involvement of AbaF in active efflux of fosfomycin 

was suggested by increase in expression of abaF on brief exposure (two hours) to fosfomycin. 

The increased expression of abaF in A. baumannii might be assisting the cells in effluxing out 

the excess of antibiotic and hence cell survival. In case of a prolonged exposure to fosfomycin, 

A. baumannii cells that were resistant to the antibacterial action of fosfomycin were obtained. 

These resistant mutants selected in presence of high amounts of fosfomycin also showed 

increased expression of abaF. The A. baumannii cells overexpressing the fosfomycin resistance 

determinant, abaF, had a clear advantage and therefore were selected over the others. In line with 

our previous observations, the expression of AbsR25 in the cells overexpressing abaF was low. 

However, the expression of AbsR25 was not inversely related to the change in expression of 

abaF, which indicates that AbsR25 has targets other than abaF. 

The importance of AbaF is highlighted by the fact that it is constitutively expressed in most, if 

not all, of the clinical strains of A. baumannii during active growth. However, it is quite 

interesting to note that despite expressing abaF, not all the clinical strains were sensitized to 

fosfomycin on inhibition of efflux by CCCP. This observation hints that efflux, though an 

important reason, might not be the only mechanism responsible for fosfomycin resistance. There 

must be other fosfomycin resistance mechanisms active in these clinical strains that did not show 

any significant change in MIC of fosfomycin in presence of CCCP. However, this should not 

lead to undermining the role of efflux mediated resistance to fosfomycin. It might be a case 

similar to fluoroquinolone resistance which is mediated by efflux as well as gyrase mutations 

[341]. 

It is surprising that despite a general consensus that fosfomycin is not active against A. 

baumannii, there is no concrete evidence in the literature explaining the reasons for the same. 

Recently, synergistic activity of fosfomycin with colistin, minocycline and polymyxin B against 

multi-drug resistant A. baumannii has revived the interest in fosfomycin as a drug of choice 

[342,343]. However, the high frequency of mutant selection and adaptations leading to increased 

expression of abaF (and increased efflux of fosfomycin thereof), as per our observations, could 
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compromise the success of these combinatorial therapeutics. However, compromising the 

activity of AbaF could be a potential therapeutic option to revive the activity of fosfomycin. 

Fosfomycin is a drug of choice for treatment of UTIs as it maintains its activity at acidic pH that 

is prevalent in urinary tract [344]. A combination of inhibitor of AbaF with fosfomycin (similar 

to fosfomycin and CCCP combination) could therefore be used in clinics to tackle A. baumannii 

in UTIs 

Some more interesting findings from disruption of abaF in A. baumannii were impaired biofilm 

formation and decreased virulence. Since its disruption resulted in reduced biofilm formation, 

AbaF might also be one of the efflux pumps that are involved in extrusion of biofilm material. 

Such efflux pumps have been reported to be involved in biofilm formation in E. coli, 

Pseudomonas aeruginosa, Salmonella enterica, S. aureus and Klebsiella strains [345–348]. 

Efflux pump inhibition and disruption has been implicated in decreased virulence owing to 

proposed capacity of efflux pumps to expel host derived antibacterial factors [349].  AbaF also 

seems to play a similar role in A. baumannii which is evident by the markedly high survival of 

C. elegans on A. baumannii cells with disrupted abaF.  
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7� Characterization of a novel small RNA AbsR1 in A. baumannii 

Our group’s previous studies identified 31 putative small RNA in A. baumannii [11]. However, 

only three of them were validated by Northern blotting. No further experimentation had been 

carried out to validate the remaining 28 candidate small RNA, so there was no information on 

their expression and role in the physiology of A. baumannii. Therefore, the expression of other 

small RNA was assessed by Northern blotting and one novel small RNA, AbsR1 was identified.  

7.1� AbsR1 expression was validated by Northern blotting 

AbsR1 was picked up from the list of putative sRNA and a probe to detect this sRNA by Northern 

blot was designed. The single stranded DNA probe was ligated to a T7 promoter adaptor 

converted to double standard DNA by end filling using Klenow fragment. This double stranded 

DNA was used as a template to drive RNA synthesis by T7 RNA polymerase in an in vitro 

transcription reaction. The RNA probe was labelled with psoralen-biotin and stored till further 

use.  

A. baumannii ATCC 17978 cells were grown in nutrient broth and the total cellular RNA was 

isolated at different growth stages, namely, lag phase, log phase and stationary phase. The total 

RNA was DNase treated and resolved on 10% denaturing PAGE containing 8M urea. Since the 

predicted length of AbsR1 small RNA was just over 100 nts, the gel was run for long till the 

xylene cyanol in the dye, which migrates at about 50 bp in 10% denaturing gel, traverses 4/5th of 

the gel. The gel was run for a longer duration to ensure enough separation from the 5S rRNA, 

which often interferes with the probe hybridization.  

 

Figure 7.1 Expression of AbsR1 during different phases of growth in A. baumannii. The 5S rRNA (stained in 

the lower section of the figure) was used as the loading control. 

It was observed that AbsR1 is expressed and is a bona fide small RNA (Figure 7.1). Its expression 

was maximal in the lag and the log phase which decreased in the stationary phase. Therefore, the 

candidate sRNA AbsR1 was validated to be a bona fide sRNA with a growth dependent 

expression profile. 
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7.2� AbsR1 is over expressed under acid stress 

Since small RNA are transiently over expressed when cells are exposed to stress, the expression 

of AbsR1 was determined by exposing A. baumannii cells to various stress conditions. The 

environmental stress was simulated by addition of NaCl (osmotic stress), H2O2 (oxidative), 2, 2-

DIP (iron limiting conditions); by incubation at 45°C (thermal stress) and 0°C (cold stress) 

(Figure 7.2); and by exchanging the growth medium for modified growth medium maintained at 

pH 5 (acidic stress) and pH 9 (alkaline stress) (Figure 7.3). Importantly, the cells were exposed 

transiently to the stress to capture the rapid changes in sRNA expression and make the experiment 

more physiologically relevant. Total RNA was isolated and Northern blotting was carried out to 

study the expression of AbsR1. The expression of AbsR1 was higher in case of pH 5 treated cells 

(Figure 7.3). This hints that AbsR1 might be involved in regulation of response to acidic stress. 

 

Figure 7.2 Expression analysis of AbsR1 under different stress conditions. The cells were treated with various 

physical and chemical agents, as mentioned above the lanes, to induce stress. The control cells were not treated 

with anything. The 5S rRNA (stained in the lower section of the figure) was used as the loading control. 

 

Figure 7.3 Expression analysis of AbsR1 under different pH conditions. The cells were grown and the growth 

medium was exchanged with media at pH 5 and pH 9 for 30 minutes. The 5S rRNA (stained in the lower 

section of the figure) was used as the loading control. 

7.3� Transcription start and stop sites of AbsR1 were identified 

To determine the exact sequence of AbsR1, the transcription start and stop sites were determined 

by RACE mapping. RACE mapping involves PCR mediated amplification of the 3’ and 5’ ends 

of an RNA (converted to cDNA by specific adaptors) and subsequent DNA sequencing. The 3’ 

and 5’ RACE mapping was carried out using RLM-RACE kit (ThermoScientific, USA) 
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following the manufacturer’s instructions. Using RACE mapping, AbsR1 was determined to be 

an 89 nt long small RNA (Figure 7.4). 

 

Figure 7.4 Nucleotide sequence of AbsR1 as determined by DNA sequencing and the RNA sequence. 

The AbsR1 sequence was conserved among the A. baumannii strains with no apparent sequence 

similarity with other member of Acinetobacteraceae (except A. calcoaceticus) and other bacterial 

genera.  

 

 

Figure 7.5 Genomic locus of AbsR1. In all the sequenced Acinetobacter genomes, AbsR1 is present between 

the 50S ribosomal protein coding genes. 

The AbsR1 sRNA is located between the genes coding for ribosomal proteins and this context is 

also conserved among the A. baumannii strains (Figure 7.5). The folding of AbsR1 was 

determined by the mfold server. The folding points out two regions (37-43 and 65-71) which can 

act as seed regions for interaction with mRNA targets (Figure 7.6).  
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Figure 7.6 Native folding state of AbsR1 small RNA as determined by the mfold server. Folding of RNA 

provides clues about the residues which might be involved in interaction with partner mRNAs from their 

availability in single stranded loops. 

7.4� AbsR1 deletion mutant is sensitive to acidic stress 

The homologous recombination-based approach used to delete the hfq gene was utilized to 

generate an AbsR1 deletion mutant A. baumannii. A recombineering PCR product carrying 

gentamicin resistance gene aac1 flanked by 125 bp upstream and downstream region of AbsR1 

coding locus was generated by cloning various parts in a vector pMo130. The recombineering 

PCR product was transformed into A. baumannii cells expressing homolog of RecT recombinase. 

The transformants were screened for allele replacement (AbsR1 with aac1) on LB agar plates 

containing 5 µg/ml gentamicin. PCR was carried out using primers that anneal to a region 

upstream and a region downstream of AbsR1 coding region to determine allele exchange (Figure 

7.7).  
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Figure 7.7 PCR screening of AbsR1 allele replacement by aac1. The amplicon of required size was found in 

case of colony number 13 which is marked by an arrowhead.  

The colony which yielded the required amplicon was purified by streaking on LB agar plate 

containing 10 µg/ml gentamicin. Two colonies (13a and 13b) were picked up from that plate and 

were screened again using different set of primers. Two PCR reactions were carried out one using 

forward primer for AbsR1 and one for aac1 with a common reverse primer (Figure 7.8). In both 

the colonies, amplification was achieved only in case when the forward primer for aac1 was used 

validating the allele replacement and subsequent deletion of AbsR1. 

 

Figure 7.8 Secondary screening of AbsR1 deletion mutant using different forward primers (as mentioned in 

the schematic above). The lane L contains Fermentas 1 kb ladder. Positive amplification is achieved in case 

of 13a and 13b colonies when forward primer of aac1 was used. Amplification in wild type (WT) was achieved 

only in case forward primer for AbsR1 was used. 
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The wild type A. baumannii (WT) and AbsR1 deletion mutant (ΔAb1) were grown in LB and the 

overnight cultures were spotted on LB agar plates supplemented with different stress creating 

agents. There was no difference in growth of WT and ΔAb1 in presence of 2,2-DIP (iron 

depletion), pH 9 (alkaline stress), H2O2 (oxidative stress). There was a minor difference in the 

growth in presence of 2% NaCl (osmotic stress). The wild type bacterium grew better in presence 

of salt than ΔAb1 (Figure 7.9). 

 

Figure 7.9 Growth of A. baumannii wild type (WT) and AbsR1 deletion mutant (ΔAb1) in presence of different 

stress creating agents. 

However, there was a marked difference between the growth of wild type cells and ΔAb1 cells 

in pH 5 (acidic stress) (Figure 7.10). This difference indicates that AbsR1 is important for 

survival in acidic conditions. These results seem to corroborate the previously speculated role of 
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AbsR1 in acidic stress. Both these observations indicate that AbsR1 sRNA might be an important 

regulator of acidic stress response. 

 

 

Figure 7.10 Growth of A. baumannii WT and ΔAb1 at pH 5. 

7.5� Discussion 

Small RNA are now seen as important regulators of stress response in bacteria [229]. They base 

pair with their target mRNA and regulate translation, thereby effectively regulating the bacterial 

responses to various stress. Our lab had previously identified 31 candidate small RNA in A. 

baumannii by a computational approach and expression of three novel sRNA was validated [11]. 

Since no information was available on the expression profile of other candidate sRNA, 

expression of a novel candidate, AbsR1 was assessed by Northern blotting. AbsR1 is maximally 

expressed during early growth stages and its expression increases when the A. baumannii cells 

are exposed to acidic stress. Further characterization to determine the transcriptional start and 

stop sites of AbsR1 revealed that it is an 89 nt long small RNA, about 20 nt shorter than its 

predicted length. It was interesting to note that the AbsR1 sequence is conserved throughout the 

A. baumannii species. The gene coding for AbsR1 lies between the genes that code for the 50S 

ribosomal proteins. This genomic context is also conserved throughout the A. baumannii species, 

which itself hints at the functional importance of this small RNA. 

Since A. baumannii is not an enteric pathogen, it was difficult to ascribe the role of this small 

RNA in management of acidic stress. However, A. baumannii is in fact known to colonize human 

skin, which has an acidic pH and it thrives in the urinary tract which again has an acidic 

environment. Thus, this small RNA may be an assisting factor in adaptation to the skin and 
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urinary tract area, where the bacterium faces an acidic challenge. To ascertain the role of AbsR1 

in physiology of A. baumannii, a deletion mutant of AbsR1 was generated. The growth of the 

deletion mutant was compared with that of the wild type bacterium in presence of different stress 

creating agents. A prominent defect in growth of the deletion mutant at pH 5 furthers the notion 

that AbsR1 might be involved in management of acidic stress in A. baumannii. The observation 

that AbsR1 is overexpressed when the bacteria face acidic challenge and the defect in growth of 

AbsR1 deletion mutant on acidic medium fall in line to indicate that AbsR1 is an important factor 

for A. baumannii to cope up with acidic stress. Further experiments using the transcriptomic and 

proteomic information of the AbsR1 deletion mutant as well as similar information from A. 

baumannii cells exposed to acidic stress could reveal more information on the physiological role 

of AbsR1 in A. baumannii. 

Another very peculiar observation about the AbsR1 deletion mutant was regarding the colony 

morphology. The colonies of A. baumannii ΔAb1growing on LB agar were significantly smaller 

than the wild type A. baumannii colonies. This size variation was observed even on plates that 

were supplemented with reagents that induced various stress. This variation in colony size could 

be due to certain metabolic defects that might have arisen due to deletion of AbsR1 and 

subsequent disruption of a metabolic pathway. However, without experimental evidence this 

hypothesis can not be validated. It forms another interesting lead that could be followed in the 

future to reveal information linking AbsR1 to the metabolism of A. baumannii. 
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8� PCR based detection of A. baumannii on clinical surfaces using 

its non-coding signature 

Detection of pathogens in a rapid and high-throughput manner is a significant challenge in the 

clinical settings. A. baumannii colonizes the hospital environment and survives there for long 

durations of time [22]. Conventional techniques are dependent on culture-based methods and 

often take a long time. Nucleic acid based techniques are time saving and are amenable to 

quantitative high throughput [21]. From the sequences of our previously identified candidate 

sRNA, a specific region in the A. baumannii genome was identified that could serve the purpose 

of a detection marker in a PCR based detection scheme. 

8.1� AbsR10 region is unique to A. baumannii  

The computational analysis of A. baumannii genome for putative sRNA yielded 31 candidates 

[11]. Of all the candidates, AbsR10, a 175 nt long candidate sRNA, was of special interest (Figure 

8.1). 

 

Figure 8.1 Nucleotide sequence of AbsR10 candidate small RNA. Taken from [3]. 

BLAST analysis revealed that some parts of AbsR10 sequence are unique to A. baumannii with 

no similarity with other bacteria. Such unique signature sequences in pathogenic bacteria can be 

used for specific detection purposes [350]. Of the 175 bp genomic sequence, a 151 bp sequence 

was identified, that could be used as a marker for A. baumannii (Figure 8.2). Primers OligoRPT59 

and OligoRPT60 were designed to amplify this sequence by polymerase chain reaction. 
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Figure 8.2 Nucleotide sequence of the 151 bp target sequence in AbsR10 that is specific to A. baumannii. 

8.2� Primers designed to amplify a specific region in AbsR10 can identify A. 

baumannii 

The primers (OligoRPT59 and OligoRPT60) were used in a PCR reaction using genomic DNA 

from A. baumannii ATCC 17978. A band corresponding to 151 bp was amplified. To assess 

whether the primers could indeed be used to identify other strains of A. baumannii, genomic 

DNA from clinical strains was isolated and PCR was performed using AbsR10 specific primers. 

It was interesting to note that there was amplification in all the strains (Figure 8.3). This implies 

that the AbsR10 based detection system could detect 100% of the clinical strains and this system 

could be used in the clinical setting.  

 

Figure 8.3 PCR amplification of AbsR10 region from various clinical strains of A. baumannii. The PCR 

products obtained using genomic DNA of RPTC 1–24 (Lane 1-24) were resolved on a 2% agarose gel. The 

lane L contains Generuler 100 bp plus ladder. 

8.3� The identification primers are specific to A. baumannii 

It was proved that the PCR based detection system could detect A. baumannii with 100% 

accuracy. However, to validate the utility of a detection system it is important that the system not 

only detects the target organism but is specific and does not yield any false positives. To negate 

the possibility of false positives, i.e. amplification if genomic DNA from other pathogenic 

bacteria is present, PCR was carried out using genomic DNA of various Gram positive and Gram-

negative pathogens (Salmonella typhi, Klebsiella pneumoniae, Enterobacter sakazakii, Vibrio 

cholerae, Staphylococcus aureus, Shigella flexneri, Streptococcus mutans, and Pseudomonas 
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aeruginosa). A universal 16S control reaction was included to check the validity of the PCR 

reaction (Figure 8.4). No amplification was found in case of other pathogenic bacteria which 

confirms the specificity of the primers (Figure 8.5). 

 

Figure 8.4 PCR amplification of 16S rDNA region using genomic DNA from various bacterial pathogens. The 

PCR reactions using genomic DNA of S. typhi (1), K. pneumoniae (2), E. sakazakii (3), V. cholerae (4), S. aureus 

(5), S. flexneri (6), S. mutans (7), and P. aeruginosa (8) were run on a 1% agarose gel. Lane (L) contains 

Generuler 1kb ladder. 

 

Figure 8.5 PCR amplification of AbsR10 unique region using genomic DNA from various bacterial pathogens. 

The PCR reactions using genomic DNA of S. typhi (1), K. pneumoniae (2), E. sakazakii (3), V. cholerae (4), S. 

aureus (5), S. flexneri (6), S. mutans (7), and P. aeruginosa (8) were run on a 2% agarose gel. Lane (L) contains 

Generuler 100 bp plus ladder. 

8.4� The PCR based detection can be carried out on hospital derived samples 

The validation of PCR based detection system had been performed using purified genomic DNA 

from the bacterial cells. However, to achieve purified DNA, culture-based approach had been 

used which is rather time consuming and cumbersome if the number of samples is very high. 

Since A. baumannii is a highly recalcitrant bacterium, it forms resistant biofilms on clinical 

surfaces. It remains viable for extremely long durations of time in a dry and desiccated state [22]. 

This assists in dissemination of bacterial infection in clinics and aids in persistence. Therefore, it 
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is important to have a rapid detection method that can identify A. baumannii from the clinical 

surfaces. 

 

Figure 8.6 Detection of A. baumannii using PCR and AbsR10 specific primers. 

To simulate clinical conditions in the lab, A. baumannii cells were allowed to form biofilms on 

the polystyrene and glass surfaces. The biofilm formed was retrieved by scrapping and the 

resulting biomass was resuspended in nuclease free water (Figure 8.6). The suspension was 

boiled and centrifuged to yield a clear supernatant. PCR reaction was carried out using this 

supernatant as template. The desired amplification was achieved which proves that this PCR 

based system could be used to detect A. baumannii cells in clinical samples as well, without any 

culture-based enrichment (Figure 8.7). 
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Figure 8.7 PCR amplification of AbsR10 unique region using biofilm material as template DNA. The biofilm 

was formed using four randomly chosen clinical strains of A. baumannii, RPTC 16 (1), RPTC 17 (2), RPTC 

18 (3) and RPTC 19 (4). The lane (L) contains Generuler 100 bp plus ladder. 

8.5� Quantitative detection of A. baumannii can be achieved by qPCR 

To quantitatively determine A. baumannii cells, a standard curve of qPCR amplification with 

known amounts of template DNA was prepared. Overnight culture of A. baumannii was taken 

for DNA isolation. The number of cells was determined using a Neubauer chamber and the 

genomic DNA was isolated. The genomic DNA obtained was quantified spectrophotometrically 

by using Nanodrop. The number of cells and quantity of DNA obtained in three independent 

experiments was averaged to derive a relation between the two parameters: 

����������� � �	� � � !�
��� 

However, according to the theoretical calculations to determine the DNA yield, 

����������� � �	� � � !�
��� 

It is clear that the amount of DNA isolated from the given number of cells is much lower than 

the theoretical limit, which reflects on the experimental constraints imposed by the DNA 

isolation method.  

For standard curve, fixed concentrations of genomic DNA were used and the CT values for each 

were recorded. A curve was plotted between the CT values and the amount of DNA which yielded 

a straight line indicating a linear relationship between the amount of DNA and the CT value 

(Figure 8.8). 
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Figure 8.8 Linear relation between the amount of DNA and the corresponding CT values 

From Figure 8.8, the linear equation is: 

� � "�	��#$�% # 	&&� 

Where y is the CT value and x is the amount of DNA [log10 (amount of DNA in ng)]. Rearranging 

this equation: 

� � # 	&&� " �
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Since the number of cells was determined prior to the isolation of DNA, the amount of DNA can 

be replaced with the number of cells. 
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Which implies that, 

�#+	,���������� � +	&� � � -�
��� 

�	#+,���������� � +	&� � � !�
��� 

�� �� � � � �

��

��

��

��	��
�������	�
� �

��
��
��



 159 

�#	+,���������� � +	&� � � .�
��� 

Using the relation between amount of DNA and the number of cells, plot can be drawn between 

CT values and number of cells (Figure 8.9). 

 

Figure 8.9 Linear relation between the number of cells and corresponding CT values 

From Figure 8.9, the linear equation is: 

� � "�	��#$�% +,	+ � 

Where y is the CT value and x is the number of cells [log10 (number of cells)]. Rearranging this 

equation: 

� � +,	+ � " �
�	��#$  

Or, 
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Or, 
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Thus, an equation was derived to determine the number of cells from the CT value. Using this 

equation one can calculate the number of cells from the CT values determined by the qPCR, 

resulting in quantitative detection of A. baumannii.  

8.6� Discussion 

Acinetobacter baumannii is a major problem in clinical settings and has become one of the 

leading causes of hospital acquired infections throughout the world [351]. The problem is 
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aggravated by the ability of A. baumannii to form biofilms and survive for long periods on dry 

and desiccated surfaces. The detection of A. baumannii on clinical surfaces by the conventional 

culture-based methods is highly time consuming and not that efficient. According to a study on 

detection of A. baumannii from hospital surfaces, conventional methods identified A. baumannii 

on 39% of the test samples whereas the PCR based method identified A. baumannii on 77% of 

them [352]. This highlights the importance of PCR based methods for achieving higher 

sensitivity and rapidness. We developed an assay on similar lines using a non-coding region of 

A. baumannii which is specific to the bacterium. The previously reported methods use the 

bacterial virulence factor OmpA for the purpose of detection [352]. However, sequence 

alterations in virulence factors to augment pathogenicity and redundancy in the genetic code 

could easily abrogate the utility of a detection system based on their nucleotide sequence. In 

contrast, sRNA activity is highly dependent on the nucleotide sequence making it a less likely 

hotspot for mutations. The AbsR10 region is not only specific to A. baumannii but is also 

prevalent in clinical strains as 100% (n=24) of the strains used in this study carried a copy on the 

genome. It can potentially form the basis of a more robust detection system.  

Although the method could be exploited to determine A. baumannii quantitatively, it suffers from 

a limitation brought about by the nature of method used for DNA isolation. We performed our 

experiments using purified genomic DNA that was isolated using a commercially available kit 

(resulting in about 82% efficiency). However, we cannot estimate the number of cells and the 

efficiency of genomic DNA isolation in case of real-world samples where the detection has to be 

carried out from clinical surfaces with minimal use of DNA isolation kits. Another limitation is 

the inability of the PCR to distinguish between live and the dead cells. The positive amplification 

could, in addition to presence of pathogen, indicate the presence of DNA alone. This might be a 

reason why culture based methods were not able to identify A. baumannii where the PCR based 

method could [352]. However, the clinical implications of presence of genomic DNA are not yet 

known. This DNA could serve as a medium for horizontal gene transfer which can potentially 

lead to isolation of viable, drug-resistant pathogens from the same surfaces. 

In future, this DNA sequence based method could be conjugated to metal nanoparticle based 

systems to further simplify the detection, obviating the need of complex machinery and 

sophisticated enzymes [353,354]. Thus, this identification of a specific region in A. baumannii 

holds potential to be used in future detection systems. 
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9� Conclusions and future perspectives 

The results of the work carried out in this thesis led to some important conclusions and at the 

same time opened up avenues for more research and experimentation. 

9.1� The C-terminus of A. baumannii Hfq is a physiologically important part. 

The major conclusion drawn from this work is the importance of the glycine rich C-terminus in 

Hfq of A. baumannii. The A. baumannii Hfq is extra-long owing to the residues at C-terminus. 

This extension seems to be a common feature of the Moraxellaceae family and could have been 

a result of a duplication event in the evolutionary history of this family as the sequence analysis 

suggests that this part is not likely to have been obtained via horizontal gene transfer. Earlier 

studies on Hfq proteins in Moraxellaceae family had ignored the importance of this 

compositionally biased region as the deletion of this specific region did not have much impact 

on the growth of the bacterial cells. However, this extension is a physiologically important part 

as the A. baumannii cells expressing Hfq protein lacking this C-terminal domain revealed defects 

in various physiological processes like stress cope-up, carbon metabolism, drug resistance and 

virulence. Moreover, the Hfq protein variants lacking the C-terminus were deficient in RNA 

binding, autoregulation of Hfq expression and sRNA mediated riboregulation. Earlier studies on 

Hfq protein in the Moraxellaceae family had not focused on the importance of the C-terminus in 

physiological context. Recent findings that correlate the length of the C-terminal extension with 

substrate specificity of Hfq warrant biophysical studies of truncated variants of Hfq with multiple 

sRNA to determine variation in substrate specificity. Future experimentation could also be 

carried out to reveal how this flexible C-terminal tail is actually involved in assisting sRNA or 

sRNA-mRNA interaction with the RNA-interacting surfaces on Hfq. 

9.2� AbaF is an MFS efflux pump responsible for fosfomycin resistance in A. 

baumannii. 

AbaF, a novel fosfomycin resistance efflux pump, was identified in this work. The efflux pump 

is one of the primary targets of AbsR25, a small RNA in A. baumannii. This efflux pump is 

responsible for intrinsic fosfomycin resistance in A. baumannii as its inactivation leads to 

increased susceptibility towards the antibiotic. Moreover, the increased expression of abaF on 

fosfomycin challenge and in fosfomycin resistant mutants, points out its direct involvement in 

mediating fosfomycin resistance. The resistance due to AbaF is clinically relevant as about 92% 

of the clinical strains used in this study expressed AbaF and their susceptibility towards 
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fosfomycin increased in presence of an efflux pump inhibitor, CCCP. Apart from this, AbaF also 

plays a role in extrusion of biofilm material and is an important factor in A. baumannii virulence. 

Future experiments can be designed to identify inhibitors of AbaF which could potentiate the 

activity of fosfomycin against clinical strains of A. baumannii. Since fosfomycin is an important 

drug in case of urinary tract infections, a combination therapy making use of fosfomycin and 

AbaF inhibitor could be a valid therapeutic option against A. baumannii in UTIs. 

9.3� AbsR1 is a novel A. baumannii sRNA that is involved in regulation of 

response to acid stress. 

A novel small RNA, AbsR1 was validated in this thesis. This small RNA was one of the 31 

candidate sRNA that were predicted in a previous study carried out in the lab. The candidate 

sRNA sequence was used to design a probe and which was used to detect AbsR1 sRNA in 

Northern blotting. The AbsR1 sRNA was maximally expressed during the early stages of growth. 

Using the RACE mapping technique, the transcriptional start and stop sites of AbsR1 were 

determined, whereby it was also determined that AbsR1 is an 89 nt long sRNA. Since most of 

the sRNA are regulators of stress response, their expression increases when cells are subjected 

to environmental stress. The expression of AbsR1 was determined under various stress conditions 

and it was observed that the expression of AbsR1 increased when A. baumannii cells were 

subjected to acidic stress. A deletion mutant of AbsR1 was generated and its survival under 

different stress conditions was determined. Unsurprisingly, the AbsR1 deletion mutant was 

susceptible to acidic challenge and a prominent growth defect in pH 5 medium was observed. 

These observations are an inkling that AbsR1 might be playing a role in regulation of cellular 

response to acidic challenge. Further experiments would be required to directly implicate AbsR1 

in acidic stress cope-up. These experiments could include analysis of transcriptome/proteome 

under acidic stress or identification of targets of AbsR1 and analysis of their role in acid stress 

tolerance. Over expression of AbsR1 and co-expression of AbsR1 with its target mRNA fused to 

reporter genes could also yield important information. It is important to characterize the targets 

of sRNA as they are the effectors that are regulated by sRNA and finally mediate cellular 

response to environmental stress. 
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9.4� A PCR based method based on AbsR10, a unique intergenic region in A. 

baumannii genome, could be used to rapidly detect A. baumannii in 

clinical settings. 

A specific sequence in the candidate AbsR10 coding region was identified as unique to A. 

baumannii. This sequence was explored to design a PCR based detection system for A. 

baumannii. The primers designed for amplification of this region could identify the type strains 

of A. baumannii as well as all the clinical strains of A. baumannii in the lab. The AbsR10 based 

detection system is specific for A. baumannii as there was no amplification when genomic DNA 

from various other pathogenic bacteria was used as a template. Thus, the AbsR10 PCR based 

detection system in highly specific for A. baumannii. Using this system, A. baumannii can be 

directly detected from the clinical surfaces in a rapid and high throughput fashion as it was seen 

in a simulation of hospital surfaces. Therefore, the detection is not only specific but also obviates 

the need of culture-based enrichment, which is a conventional practice for detection of bacterial 

pathogens. This assay could be further improved upon to circumvent the PCR step. Conjugation 

of specific oligos on gold nanoparticles could lead to development of an assay where colorimetric 

response could be produced without the need of any special equipment. This update would make 

the detection system even faster without compromising on the specificity. 
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10�Appendices 

10.1�Appendix I: Chemical reagents and compositions 

10.1.1� Chemical reagents and kits used 

Reagent Supplier 

10X Dulbecco’s PBS ThermoScientific, USA 

2,2-Dipyridyl Sigma Aldrich, USA 

30% Acrylamide mix (29:1) Himedia India 

Accuscript cDNA synthesis kit Agilent, USA 

Acetonitrile  Sigma Aldrich, USA 

Acrylamide ThermoScientific, USA 

Agar agar Himedia, India; Merck, Germany 

Agarose Lonza, Switzerland 

All antibiotics Sigma Aldrich, USA 

All restriction enzymes ThermoScientific, USA 

Ammonium chloride Himedia India 

Ammonium persulphate SRL, India 

BCA protein estimation kit ThermoScientific, USA 

Bisacrylamide ThermoScientific, USA 

Boric acid ThermoScientific, USA 

Bovine Serum Albumin ThermoScientific, USA 

Bradford’s reagent Himedia, India 

Bright Star Biodetection kit ThermoScientific, USA 

BrightStar psoralen-biotin kit ThermoScientific, USA 

Bromophenol blue Himedia India 

Calcium chloride Himedia India 

Carbonyl cyanide 3-chlorophenylhydrazone Sigma Aldrich, USA 

Chloroform AMRESCO, USA 

Cholesterol Merck, Germany 

Clarity ECL Substrate BioRad, USA 

CloneJET PCR cloning kit ThermoScientific, USA 

Cyclophosphamide BioBasic, Canada; TCI India 

Diethyl pyrocarbonate ThermoScientific, USA 
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DNA oligomers Sigma Aldrich, USA 

DNase I ThermoScientific, USA 

DNase I (for cell lysis solution) ThermoScientific, USA 

dNTPs ThermoScientific, USA 

DTT ThermoScientific, USA 

Dulbecco′s Modified Eagle′s Medium Himedia, India 

Dynazyme II DNA polymerase ThermoScientific, USA 

EMSA kit ThermoScientific, USA 

Ethanol Himedia India 

Ethidium bromide Sigma Aldrich, USA 

Ethylenediaminetetraacetic acid Himedia India 

Ex Taq DNA polymerase Takara, Japan 

FastAP® alkaline phosphatase ThermoScientific, USA 

Fetal bovine serum ThermoScientific, USA 

FirstChoice RLM-RACE kit ThermoScientific, USA 

FITC labelled anti-rabbit antibody Jackson Immunoresearch, USA 

GeneJET genomic DNA purification kit ThermoScientific, USA 

GeneJET PCR purification kit ThermoScientific, USA 

GeneJET Plasmid miniprep kit ThermoScientific, USA 

Glucose Himedia India 

Glycerol Himedia India 

HRP labelled anti-rabbit antibody Jackson Immunoresearch, USA 

Imidazole Himedia India 

Isopropanol AMRESCO, USA 

Isopropyl β-D-1-thiogalactopyranoside Sigma Aldrich, USA 

LB broth Himedia India; SRL, India 

Lysozyme (hen egg) ThermoScientific, USA 

Magnesium sulphate AMRESCO, USA 

Maxima SYBR Green/ROX qPCR Master 

Mix 

ThermoScientific, USA 

Methanol Himedia, India 

Methyl viologen Sigma Aldrich, USA 

MH broth Himedia India; SRL, India; Merck, Germany 

MinElute gel extraction kit Qiagen, USA 
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mirVana miRNA probe construction kit ThermoScientific, USA 

NaCl Himedia India 

Ni-NTA matrix Qiagen, USA 

NorthernMax kit ThermoScientific, USA 

Nutrient broth Merck, Germany 

Ortho-Nitrophenyl-β-galactoside  Sigma Aldrich, USA 

Peptone Merck, Germany 

Phenylmethylsulphonyl fluoride Sigma Aldrich, USA 

Poly-L-lysine Sigma Aldrich, USA 

Potassium chloride Himedia, India 

Potassium phosphate Himedia, India 

Pyrocatechol Sigma Aldrich, USA 

QIAquick Nucleotide removal kit Qiagen, USA 

rNTPs ThermoScientific, USA 

Roche LightCycler 480 SYBR Green I master 

mix 

Roche, Germany 

SDS Himedia India 

Sequencing grade trypsin Sigma Aldrich, USA 

SOC medium Himedia India 

Sodium phosphate dibasic BioBasic, Canada 

Sodium phosphate monobasic BioBasic, Canada 

SuperScript III reverse transcriptase ThermoScientific, USA 

T4 DNA ligase ThermoScientific, USA 

TEMED Himedia, India 

TRI reagent ThermoScientific, USA; Himedia, India; 

BioBasic, Canada 

Tricine Himedia, India 

Trifluoroacetic acid Himedia, India 

Tris base AMRESCO, USA 

Triton X-100 BioBasic, Canada 

Tween 20 BioBasic, Canada 

Urea ThermoScientific, USA 

Xylene cyanol Himedia, India 

α-cyano-4-hydroxy cinnamic acid Bruker Daltonics, Germany 
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β-mercaptoethanol BioBasic, Canada 

10.1.2� Antibiotics and Antibacterials 

Antibiotic Stock concentration Solvent 

Amikacin 5 mg/ml Water 

Ampicillin 100 mg/ml Water 

Chloramphenicol 30 mg/ml Ethanol 

Chlorhexidine 5 mg/ml Water 

Ciprofloxacin 5 mg/ml Dilute HCl 

Clindamycin 5 mg/ml DMSO 

Erythromycin 5 mg/ml Ethanol 

Ethidium bromide 5 mg/ml Water 

Fosfomycin 5 mg/ml Water 

Gentamicin 15 mg/ml Water 

Kanamycin 50 mg/ml Water 

Meropenem 5 mg/ml DMSO 

Minocycline 5 mg/ml Water 

Nalidixic acid 5 mg/ml 1 M NaOH 

Ofloxacin 5 mg/ml 1 M NaOH 

Streptomycin 5 mg/ml Water 

Tetracycline 15 mg/ml Ethanol 

Tobramycin 5 mg/ml Water 

Trimethoprim 5 mg/ml DMSO 

10.1.3� Tris-tricine-SDS composition 

Prepare the following stock solutions:  

3 M Tris-Cl pH 8.45: Dissolve 36.33 g of Tris base in 70 ml of water. Bring the pH to 8.45 

using concentrated HCl. Make up the volume to 100 ml using water. 

10% Ammonium persulfate (APS): Dissolve 1 g of APS in 10 ml of RNase free water. 

10.1.3.1�1X Cathode buffer (to be put on top of wells) 

Component Amount Final concentration 

Tris base 12.11 g 100 mM 
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Tricine 17.92 g 100 mM 

SDS 1 g 0.1% 

Autoclaved distilled water To make 1000 ml  

10.1.3.2�5X Anode buffer (to be put in the tank) 

Component Amount Final concentration 

Tris base 121.1 g 1 M 

Autoclaved distilled water To make 1000 ml  

The pH of the buffer was adjusted to 8.9. The buffer was diluted five times before use. 

10.1.3.3�2X Gel loading buffer: 

Component Amount Final concentration 

1 M Tris-Cl pH 6.8 1 ml 100 mM 

Glycerol 2 ml 20% 

Bromophenol blue 20 mg 2 mg/ml 

DTT 0.31 g 200 mM 

SDS 0.4 g 4% 

Autoclaved distilled water To make 10 ml  

10.1.3.4�Separating gel  

Component  Amount (for 10% gel) Amount (for 12% gel) 

3 M Tris-Cl pH 8.45 3.3 ml 3.3 ml 

30% Acrylamide mix (29:1) 3.3 ml 3.9 ml 

Autoclaved distilled water 3.3 ml 2.7 ml 

10% APS 100 µl 100 µl 

TEMED 4 µl 4 µl 

10.1.3.5�3% Stacking gel 

Component  Amount 

3 M Tris-Cl pH 8.45 1.2 ml 

30% Acrylamide mix (29:1) 1.3 ml 

Autoclaved distilled water 2.1 ml 

10% APS 40 µl 

TEMED 4 µl 
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10.1.4� Buffers for protein purification 

Prepare the following stock solutions: 

1 M Tris-Cl pH 8.0: Dissolve 121.1 g of Tris base in 700 ml of water. Bring the pH to 8.0 using 

concentrated HCl. Make up the volume to 1000 ml using water. 

3 M Imidazole pH 8.0: Dissolve 20.42 g of imidazole in 40 ml of water. Adjust the pH of the 

solution to 8.0 using concentrated HCl and make up the volume to 100 ml using water.  

3 M NaCl: Dissolve 175.32 g NaCl in 800 ml of water. Make up the volume to 1000 ml using 

water.  

100 PMSF: Dissolve 17.42 g PMSF in isopropanol/ethanol. 

10 mg/ml DNase I: Dissolve 10 mg of DNase I in 1 ml of water. 

1 M NH4Cl: Dissolve 53.491 g ammonium chloride in 700 ml water. Make up the volume to 

1000 ml in water. 

10.1.4.1�Lysis buffer 

Component Amount Final concentration 

1 M Tris-Cl pH 8.0 1 ml 20 mM 

3 M Imidazole pH 8.0 334 µl 20 mM 

3 M NaCl 8.3 ml 500 mM 

50% Glycerol 5 ml 5% 

DNase I 50 µl 10 µg/ml 

100 mM PMSF 500 µl 1 mM 

Autoclaved distilled water To make 50 ml  

10.1.4.2�Equilibration buffer 

Component Amount Final concentration 

1 M Tris-Cl pH 8.0 1 ml 20 mM 

3 M Imidazole pH 8.0 334 µl 20 mM 

3 M NaCl 8.3 ml 500 mM 

50% Glycerol 5 ml 5% 

Autoclaved distilled water To make 50 ml  

10.1.4.3�Wash buffer I 

Component Amount Final concentration 

1 M Tris-Cl pH 8.0 1 ml 20 mM 
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3 M Imidazole pH 8.0 835 µl 50 mM 

3 M NaCl 8.3 ml 500 mM 

50% Glycerol 5 ml 5% 

Autoclaved distilled water To make 50 ml  

10.1.4.4�Wash buffer II 

Component Amount Final concentration 

1 M Tris-Cl pH 8.0 1 ml 20 mM 

3 M Imidazole pH 8.0 1.6 ml 100 mM 

3 M NaCl 8.3 ml 500 mM 

50% Glycerol 5 ml 5% 

Autoclaved distilled water To make 50 ml  

10.1.4.5�Elution buffer 

Component Amount Final concentration 

1 M Tris-Cl pH 8.0 1 ml 20 mM 

3 M Imidazole pH 8.0 8.3 ml 500 mM 

3 M NaCl 8.3 ml 500 mM 

50% Glycerol 5 ml 5% 

Autoclaved distilled water To make 50 ml  

10.1.4.6�Dialysis buffer 

Component Amount Final concentration 

1 M Tris-Cl pH 8.0 20 ml 20 mM 

1 M Ammonium chloride 200 ml 200 mM 

3 M NaCl 166.7 ml 500 mM 

50% Glycerol 100 ml 5% 

Autoclaved distilled water To make 1000 ml  

10.1.5� 10X TBE buffer 

Component  Amount Concentration 

Tris base 121.1 g 1 M 

Boric acid 61.8 g 1 M 

EDTA (disodium salt) 7.4 g 0.02 M 

RNase free water To make 1000 ml  
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The pH of TBE doesn’t need to be adjusted. However, if precipitates appear in the final solution, 

adjust the pH to 8.0. 

10.1.6� 50X TAE buffer 

Component  Amount Concentration 

Tris base 242 g 40 mM 

Acetic acid 57.1 ml - 

0.5 M EDTA pH 8.0 100 ml 1 mM 

DNase free water To make 1000 ml  

10.1.7� Urea PAGE mix 

Prepare the following stock reagents: 

40% Acrylamide mix: Dissolve 47.5g of acrylamide and 2.5 g of Bisacrylamide in 125 ml of 

RNase free water. Store in an amber colored bottle. 

Urea PAGE mix was prepared as follows: 

Component  Amount Concentration 

Urea 210 g 8 M 

10X TBE 50 ml 1X 

40% Acrylamide/ Bisacrylamide mix (29:1) 125 ml 10% 

RNase free water To make 500 ml  

10% Urea PAGE was prepared as follows: 

Component  Amount 

Urea PAGE mix 50 ml 

10% APS 500 µl 

TEMED 10 µl 

10.1.8� Electrotransfer buffer 

Component Amount Concentration 

Tris base 3.0 g 25 mM 

Glycine 11.22 g 192 mM 

Methanol 200 ml 20% 
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RNase free water To make 1000 ml  

10.1.9� TE buffer 

Component Amount Concentration 

Tris base 121.1 mg 10 mM 

EDTA 37.22 mg 1 mM 

Water To make 100 ml  

10.1.1010X PBS 

Component Amount Concentration 

Na2HPO4.7H2O 25.6 g 95.5 mM 

NaCl 80 g 1.3 M 

KCl 2 g 26.8 mM 

KH2PO4 2 g 14.7 mM 

Water To make 1000 ml  

Mix all components and autoclave. Dilute in sterile water before using.  

10.1.11NorthernMax kit components 

ULTRAhyb buffer: 50% deionized formamide, 5% Denhardt solution, 1% SDS, 5X SSC 

(standard sodium citrate), 5% dextran sulphate, 250 µg/ml herring sperm DNA. 

Low stringency wash buffer composition: 2X SSC, 0.1% SDS. 

High Stringency Wash buffer composition: 0.1X SSC, 0.1% SDS. 

10.1.12 Reagents for EMSA 

Most of the reagents were provided with the kit. 

10,000X SYBR® Green EMSA nucleic acid gel 

6X EMSA gel-loading solution 

5X binding buffer  

 

8% Native gel was prepared as follows: 

Component Amount Concentration 

40% Acrylamide mix (29:1) 4 ml 8% 

10X TBE 1 ml 0.5X 
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10% APS 200 µl 1% 

TEMED 5 µl - 

RNase free water To make up 20 ml  

10.1.13 Z buffer for β-galactosidase assay 

Component Amount Concentration 

Na2HPO4 427.3 mg 60.2 mM 

NaH2PO4.H2O 316 mg 45.8 mM 

KCl 37.3 mg 10 mM 

MgSO4.7H2O 12.3 mg 1 mM 

Water To make up 50 ml  

β-mercaptoethanol 140 µl just prior to use 

10.1.14 Substrates and stress creating agents in BIOLOG GenIII plates 

Carbon source Carbon source Carbon source Stress agent 

Dextrin L-rhamnose D-glucuronic acid pH6 

D-maltose Inosine Glucuronamide pH5 

D-trehalose D-sorbitol Mucic acid 1% NaCl 

D-cellobiose D-mannitol Quinic acid 4% NaCl 

Gentiobiose D-arabitol D-saccharic acid 8% NaCl 

Sucrose Myo-inositol 
p-hydroxy-

phenylacetic acid 
1% Sodium lactate 

D-turancose Glycerol Methyl pyruvate Fusidic acid 

Stacyose 
D-glucose-6-

phosphate 

D-lactic acid methyl 

ester 
D-serine 

D-raffinose 
D-fructose-6-

phosphate 
L-lactic acid Troleandomycin 

α-D-lactose D-aspartic acid Citric acid Rifamycin 

D-mellobiose D-serine α-keto-glutaric acid Minocycline 

β-methyl-D-

Glucoside 
Gelatin D-malic acid Lincomycin 

D-salicin Glycyl-L-proline L-malic acid Guanidine HCl 

N-acetyl-D-

glucosamine 
L-alanine Bromo-succinic acid Niaproof 4 
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N-acetyl-β-D-

Mannosamine 
L-arginine Tween 40 Vancomycin 

N-acetyl-D-

Galactosamine 
L-aspartic acid γ-amino butyric acid Tetrazolium Violet 

N-acetyl neuraminic 

acid 
L-glutamic acid 

α-hydroxy-butyric 

acid 
Tetrazolium blue 

α-D-glucose L-histidine 
β-hydroxy-D,L-

butyric acid 
Nalidixic acid 

D-mannose L-pyroglutamic acid α-keto-butyric acid Lithium chloride 

D-fructose L-serine Acetoacetic acid Potassium tellurite 

D-galactose Pectin Propionic acid Aztreonam 

3-Methyl glucose D-galacturonic acid Acetic acid Sodium butyrate 

D-fucose 
L-galactonic acid 

lactone 
Formic acid Sodium bromate 

L-fucose D-gluconic acid   

10.1.15 Nematode Growth Medium (NGM) 

Prepare the following stock solutions: 

1 M CaCl2.2H2O: Dissolve 14.7 g of CaCl2.2H2O in 70 ml of water. Make up the volume to 100 

ml with water. Autoclave it to sterilize.  

1 M KH2PO4: Dissolve 13.6 g of KH2PO4 in 70 ml of water. Make up the volume to 100 ml 

with water. Autoclave it to sterilize.  

1 M MgSO4.7H2O: Dissolve 24.6 g of MgSO4.7H2O in 70 ml of water. Make up the volume to 

100 ml with water. Autoclave it to sterilize. 

5 mg/ml Cholesterol: Dissolve 50 mg of cholesterol in ethanol. Do not autoclave. 

Component Amount Concentration 

Agar 17.0 g 1.7% (w/v) 

NaCl 2.9 g 50 mM 

Peptone 2.5 g 0.25% (w/v) 

Water To make up 1000 ml  

1 M CaCl2 1 ml 1 mM 

1 M KH2PO4 25 ml 25 mM 

1 M MgSO4.7H2O 1 ml 1 mM 
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5 mg/ml Cholesterol 1 ml 5 µg/ml 

Mix the first four components and autoclave. Let the mixture cool down before adding the last 

four reagents. 

10.1.16 Reagents for Western blotting 

10.1.16.1� Tris-buffered saline (TBS) 

Component Amount Concentration 

Tris base 2.4 g 20 mM 

NaCl 8.0 g 137 mM 

Water To make up 1000 ml  

Adjust the pH to 7.6 using concentrated HCl. 

10.1.16.2� Tris-buffered saline with Tween (TBST) 

Component Amount Concentration 

Tris base 2.4 g 20 mM 

NaCl 8.0 g 137 mM 

Tween 20 1.0 ml 0.1% (v/v) 

Water To make up 1000 ml  

Adjust the pH to 7.6 before adding Tween 20. 

10.1.16.3� Blocking buffer 

Component Amount Concentration 

Non-fat dried milk 5.0 g 5% (w/v) 

TBST To make up 100 ml  

10.1.16.4� Tris-glycine transfer buffer 

Component Amount Concentration 

Tris base 6.0 g 25 mM 

Glycine 28.8 g 192 mM 

Tween 20 400 ml 20% (v/v) 

Water To make up 2000 ml  
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10.2�Appendix II: Standard procedures 

10.2.1�Genomic DNA isolation 

Bacterial genomic DNA was isolated using GeneJET Genomic DNA Purification kit 

(ThermoScientific, USA). 

1.� Inoculate a single bacterial colony in 5 ml LB broth supplemented with appropriate 

antibiotics. Incubate overnight at 37°C with agitation. 

2.� Harvest up to 109 bacterial cells in a 1.5- or 2-ml microcentrifuge tube by centrifugation for 

10 min at 5000 g. Discard the supernatant. 

3.� Resuspend the pellet in 180 μl of Digestion Solution. Add 20 μl of Proteinase K Solution 

and mix thoroughly by vortexing or pipetting to obtain a uniform suspension. 

4.� Incubate the sample at 56 °C while vortexing occasionally or use a shaking water bath, 

rocking platform or thermomixer until the cells are completely lysed (~30 min). 

5.� Add 20 μl of RNase A Solution, mix by vortexing and incubate the mixture for 10 min at 

room temperature. 

6.� Add 200 μl of Lysis Solution to the sample. Mix thoroughly by vortexing for about 15 s until 

a homogeneous mixture is obtained.  

7.� Add 400 μl of 50% ethanol and mix by pipetting or vortexing. 

8.� Transfer the prepared lysate to a GeneJET Genomic DNA Purification Column inserted in a 

collection tube. Centrifuge the column for 1 min at 6000 g. Discard the collection tube 

containing the flow-through solution. Place the GeneJET Genomic DNA Purification 

Column into a new 2 ml collection tube. 

9.� Add 500 μl of Wash Buffer I (with ethanol added). Centrifuge for 1 min at 8000 g. 

10.�Discard the flow-through and place the purification column back into the collection tube. 

11.�Add 500 μl of Wash Buffer II (with ethanol added) to the GeneJET Genomic DNA 

Purification Column. Centrifuge for 3 min at maximum speed (≥12000 g). 

12.�Discard the collection tube containing the flow-through solution and transfer the GeneJET 

Genomic DNA Purification Column to a sterile 1.5 ml microcentrifuge tube. 

13.�Add 200 μl of Elution Buffer to the center of the GeneJET Genomic DNA Purification 

Column membrane to elute genomic DNA. Incubate for 2 min at room temperature and 

centrifuge for 1 min at 8000 g. 



 178 

10.2.2� Purification of riboprobes 

The riboprobes and in vitro transcribed small RNA were purified using QIAquick Nucleotide 

Removal kit (Qiagen, USA).  

1.� Add 10 volumes of Buffer PNI to 1 volume of sample and mix. Place a QIAquick spin 

column in a provided 2 ml collection tube. 

2.� Apply the sample to the QIAquick spin column and centrifuge for 1 min at 6000 rpm. 

3.� Discard the flow-through and place the QIAquick spin column back into the same 

collection tube. 

4.� Add 750 μl Buffer PE and centrifuge for 1 min at 3800 x g (6000 rpm). 

5.� Discard the flow-through and place the QIAquick spin column back in the same 

collection tube. Centrifuge for an additional 1 min at 17,900 x g (13,000 rpm). 

6.� Place the QIAquick spin column in a clean 1.5 ml microcentrifuge tube. 

7.� To elute RNA, add 30–50 μl RNase free water to the center of the QIAquick membrane, 

let the column stand for 1 min, and then centrifuge. 

10.2.3� Purification of DNA from agarose gels. 

For purification of DNA from agarose gels QIAMinelute kit was used as it allows to elute 

DNA in small quantities resulting in higher concentrations. 

1.� Add 5 volumes of Buffer PB to 1 volume of the PCR reaction and mix. Check that the 

color of the mixture is yellow (similar to Buffer PB without the PCR sample). If the 

color of the mixture is orange or violet, add 10 μl 3 M sodium acetate, pH 5.0, and mix. 

The color of the mixture will turn to yellow. 

2.� Place a MinElute column in a provided 2 ml collection tube. Apply the sample to the 

MinElute column and z centrifuge for 1 min. 

3.� Discard flow-through and place the MinElute column back into the same collection 

tube. 

4.� Add 750 μl Buffer PE to the MinElute column and z centrifuge for 1 min. 

5.� Discard flow-through and place the MinElute column back in the same collection tube. 

6.� Centrifuge the column in a 2 ml collection tube (provided) for 1 min. Residual ethanol 

from Buffer PE will not be completely removed unless the flow-through is discarded 

before this additional centrifugation. 

7.� Place each MinElute column in a clean 1.5 ml microcentrifuge tube. 

8.� To elute DNA, add 10 μl nuclease free water to the center of the MinElute membrane. 

(Ensure that the elution buffer is dispensed directly onto the center of the membrane for 
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complete elution of bound DNA.) Let the column stand for 1 min, and then centrifuge 

the column for 1 min. 

10.2.4� Plasmid DNA isolation 

Plasmid DNA was isolated using GeneJET miniprep kit (ThermoScientific, USA). 

1.� Resuspend the pelleted cells in 250 µl of the Resuspension Solution. Transfer the cell 

suspension to a microcentrifuge tube. The bacteria should be resuspended completely by 

vortexing or pipetting up and down until no cell clumps remain.  

2.� Add 250 µl of the Lysis Solution and mix thoroughly by inverting the tube 4-6 times until 

the solution becomes viscous and slightly clear. Do not vortex to avoid shearing of 

chromosomal DNA. Do not incubate for more than 5 min to avoid denaturation of 

supercoiled plasmid DNA. 

3.� Add 350 µl of the Neutralization Solution and mix immediately and thoroughly by 

inverting the tube 4-6 times. It is important to mix thoroughly and gently after the addition 

of the Neutralization Solution to avoid localized precipitation of bacterial cell debris. The 

neutralized bacterial lysate should become cloudy. 

4.� Centrifuge for 5 min to pellet cell debris and chromosomal DNA. 

5.� Transfer the supernatant to the supplied GeneJET spin column by pipetting. Avoid 

disturbing or transferring the white precipitate. Centrifuge for 1 min. Discard the flow-

through and place the column back into the same collection tube. 

6.� Add 500 µl of the Wash Solution to the GeneJET spin column. Centrifuge for 30-60 

seconds and discard the flow-through. Place the column back into the same collection 

tube. 

7.� Discard the flow-through and centrifuge for an additional 1 min to remove residual Wash 

Solution. This step is essential to avoid residual ethanol in plasmid preps. 

8.� Transfer the GeneJET spin column into a fresh 1.5 ml microcentrifuge tube (not 

included). Add 50 µl of the nuclease free water to the center of GeneJET spin column 

membrane to elute the plasmid DNA. Take care not to contact the membrane with the 

pipette tip. Incubate for 2 min at room temperature and centrifuge for 2 min. 
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10.2.5� RLM RACE procedure 

10.2.5.1�5’ RACE 

10.2.5.1.1�TAP treatment 

Assemble the following reaction in an RNase free tube. 

Component Amount 

Total RNA 5 µl 

10X TAP buffer 1 µl 

Tobacco acid pyrophosphatase 2 µl 

Nuclease free water 2 µl 

Mix the components and incubate at 37°C for one hour. 

10.2.5.1.2�Adapter ligation 

Assemble the following reaction in an RNase free tube. 

Component Amount 

TAP treated Total RNA 2 µl 

5’ RACE adapter 1 µl 

10X RNA ligase buffer 1 µl 

T4 RNA ligase (2.5 U/µl) 2 µl 

Nuclease free water 4 µl 

Mix the components and incubate at 37°C for one hour. 

10.2.5.1.3�Reverse transcription 

Assemble the following reaction in an RNase free tube. 

Component Amount 

Ligated RNA 2 µl 

dNTP mix 4 µl 

Random decamers 2 µl 

10X RT buffer 2 µl 

RNase inhibitor 1 µl 

M-MLV reverse transcriptase 1 µl 
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Nuclease free water 8 µl 

Mix the components and incubate at 42°C for one hour. 

10.2.5.1.4�PCR for RACE 

Using a gene specific primer (to be used as a reverse primer) a PCR is carried out. Assemble the 

following reaction in a PCR tube. 

Component Amount 

RT reaction from previous step 1 µl 

10X Ex Taq buffer 5 µl 

dNTP mix 4 µl 

5’ RACE gene specific primer (10 µM) 2 µl 

5’ RACE primer 2 µl 

Ex Taq polymerase 1 U 

Nuclease free water To make up 50 µl 

Sequence the PCR product obtained to determine the 5’ sequence of the transcription start site. 

10.2.5.2�3’ RACE 

10.2.5.2.1�Poly-A-polymerase treatment 

Assemble the following reaction in an RNase free tube. 

Component Amount 

Total RNA 1 µg 

10 X Poly-A-polymerase buffer 2 µl 

10 mM ATP 2 µl 

Poly-A-polymerase 1 µl 

RNase free water To make up 20 µl 

Mix the components and incubate at 37°C for 30 minutes. Clean up the RNA using the QIAquick 

Nucleotide Removal kit (Qiagen, USA). 

10.2.5.2.2�Reverse transcription 

Component Amount 

Poly-A tailed RNA 2 µl 
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dNTP mix 4 µl 

3’ RACE adapter 2 µl 

10X RT buffer 2 µl 

RNase inhibitor 1 µl 

M-MLV reverse transcriptase 1 µl 

Nuclease free water 8 µl 

Mix the components and incubate at 42°C for one hour. 

10.2.5.2.3�PCR for RACE 

Using a gene specific primer (to be used as a forward primer) a PCR is carried out. Assemble the 

following reaction in a PCR tube. 

Component Amount 

RT reaction from previous step 1 µl 

10X Ex Taq buffer 5 µl 

dNTP mix 4 µl 

3’ RACE gene specific primer (10 µM) 2 µl 

3’ RACE primer 2 µl 

Ex Taq polymerase 1 U 

Nuclease free water To make up 50 µl 

Sequence the PCR product obtained to determine the 5’ sequence of the transcription start site. 

10.2.6�  Protein estimation using Bradford’s reagent 

For protein estimation Bradford’s reagent was used. The protocol for protein estimation was 

optimized for low amount of sample volumes in microtiter plates. To a well of the plate, 200 µl 

of Bradford’s reagent was added. 2.5 µl of sample (either crude or dilution of sample in 

appropriate buffer) was added to the wells containing Bradford’s reagent and was mixed 

thoroughly. The plate was incubated at room temperature for 10 minutes and the well were read 

at 595 nm in a 96-well plate reader. Using dilutions of BSA, a standard curve was drawn and the 

concentrations of unknown protein samples were determined using this standard curve. 
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10.3�Appendix III: List of strains used 

Strain Relevant characteristics Source/ Reference 

Acinetobacter 

baumannii ATCC 

17978 (RPT 71) 

Wild type strain Purchased from ATCC 

E. coli BL21 DE3 

(RPT 2) 

hsdS gal (cIts857 ind1 Sam7 nin5 

lacUV5-T7 gene 1) 

Invitrogen, USA 

E. coli DH5α supE44 hsdR17 recA1 endA1 gyrA96 

thi-1 relA1 

Invitrogen, USA 

E. coli KAM32 (RPT 

100) 

Efflux deficient strain of E. coli, 

ΔydhE; ΔacrB 

Dr. Ashima Bhardwaj, 

IIAR, Gandhinagar, India 

E. coli S17-1 λpir 

(RPT 99) 

TpR SmR recA, thi, pro, hsdR-

M+RP4: 2-Tc:Mu: Km Tn7 λpir 

Dr. Soumya Roy 

Choudhary, IMTECH, 

Chandigarh, India 

E. coli Δhfq Deletion mutant of hfq in E. coli 

BW25113 

Keio collection 

RPT 96 E. coli DH5α carrying pRPT1 This study 

RPT 98 A. baumannii ATCC 17978 carrying 

pWHN678 

This study 

RPT 102 Acinetobacter baumannii Δhfq (with 

KanFRT cassette) 

This study 

RPT 103 A. baumannii ΔabaF This study 

RPT 106 E. coli DH5α pRPT14 This study 

RPT 115 E. coli DH5α carrying pRPT4 This study 

RPT 144 E. coli KAM32 carrying pUC18 This study 

RPT 145 E. coli KAM32 carrying pRPT7 This study 

RPT 147 E. coli DH5α carrying pRPT10 This study 

RPT 152 A. baumannii pabaF This study 

RPT 154 A. baumannii ATCC 17978 carrying 

pAT02 plasmid 

This study 

RPT 155 E. coli DH5α carrying pMo130 This study 

RPT 175 E. coli DH5α carrying pAT02 This study 

RPT 176 E. coli DH5α carrying pAT03 This study 
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RPT 180 E. coli DH5α carrying pRPT3 This study 

RPT 181 E. coli DH5α carrying pRPT5 This study 

RPT 186 E. coli DH5α carrying pRPT25 This study 

RPT 187 E. coli DH5α carrying pRPT24 This study 

RPT 197 E. coli DH5α carrying pRPT15 This study 

RPT 204 E. coli DH5α carrying pRPT16 This study 

RPT 205 E. coli DH5α carrying pRPT17 This study 

RPT 206 E. coli DH5α carrying pRPT18 This study 

RPT 207 E. coli DH5α carrying pRPT14 This study 

RPT 208 E. coli DH5α carrying pRPT19 This study 

RPT 214 E. coli Δhfq carrying pR131hfq This study 

RPT 230 E. coli DH5α carrying pRPT11 This study 

RPT 233 Acinetobacter baumannii Δhfq  This study 

RPT 234 RPT 233 carrying pRPT15 This study 

RPT 235 RPT 233 carrying pRPT16 This study 

RPT 236 RPT 233 carrying pRPT17 This study 

RPT 237 RPT 233 carrying pRPT14 This study 

RPT 238 RPT 233 carrying pRPT18 This study 

RPT 239 RPT 233 carrying pRPT19 This study 

RPT 240 RPT 233 carrying pWHN678 This study 

RPT 244 E. coli Δhfq carrying pR131Hfq and 

pWHN678 

This study 

RPT 245 E. coli Δhfq carrying pR131Hfq and 

pRPT15 

This study 

RPT 246 E. coli Δhfq carrying pR131Hfq and 

pRPT16 

This study 

RPT 247 E. coli Δhfq carrying pR131Hfq and 

pRPT17 

This study 

RPT 248 E. coli Δhfq carrying pR131Hfq and 

pRPT18 

This study 

RPT 249 E. coli Δhfq carrying pR131Hfq and 

pRPT14 

This study 

RPT 250 E. coli Δhfq carrying pR131Hfq and 

pRPT19 

This study 
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RPT 258 E. coli Δhfq carrying pWHN678 This study 

RPT 259 E. coli Δhfq carrying pRPT15 This study 

RPT 260 E. coli Δhfq carrying pRPT16 This study 

RPT 261 E. coli Δhfq carrying pRPT17 This study 

RPT  262 E. coli Δhfq carrying pRPT18 This study 

RPT 263 E. coli Δhfq carrying pRPT14 This study 

RPT 266 E. coli DH5α carrying pCP20 This study 

RPT 269 E. coli Δhfq with the KanFRT 

cassette removed 

This study 

RPT 270 RPT 269 carrying pRPT22 This study 

RPT 271 RPT 258 carrying pRPT22 This study 

RPT 272 RPT 259 carrying pRPT22 This study 

RPT 273 RPT 260 carrying pRPT22 This study 

RPT 274 RPT 261 carrying pRPT22 This study 

RPT 275 RPT 263 carrying pRPT22 This study 

RPT 276 RPT 262 carrying pRPT22 This study 

RPT 277 RPT 291 carrying pRPT22 This study 

RPT 278 E. coli BW25113 carrying pRPT1 

and pRPT22 

This study 

RPT 296 E. coli DH5α carrying pRPT7 This study 

RPT 299 A. baumannii ΔabsR1; Genr This study 

RPT 300 A. baumannii ΔabsR1; Genr This study 

RPT291 E. coli Δhfq carrying pRPT19 This study 
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10.4�Appendix IV: List of plasmids used 

Plasmid Characteristic Source 

pRPT1 pWHN678 [123] 

pRPT2 Full length A. baumannii Hfq cloned in pET-28; Kanr This study 

pRPT3 Hfq66 cloned in pET-28; Kanr This study 

pRPT4 Hfq72 cloned in pET-28; Kanr This study 

pRPT5 Hfq92 cloned in pET-28; Kanr This study 

pRPT6 pMo130; Kanr Addgene, 

Inc. 

pRPT7 abaF cloned with native regulatory elements in pUC18; Ampr This study 

pRPT8 Internal fragment of abaF cloned in pTZ57R/T; Ampr This study 

pRPT9 Internal fragment of abaF cloned in pMo130; Kanr This study 

pRPT10 abaF cloned with native regulatory elements in pWHN678; Chlr This study 

pRPT11 aac1 cloned with 500 bases upstream and downstream of AbsR1 

in pMo130 

 

pRPT14 hfq168 cloned in pWHN678; Chlr This study 

pRPT15 hfq66 cloned in pWHN678; Chlr This study 

pRPT16 hfq72 cloned in pWHN678; Chlr This study 

pRPT17 hfq92 cloned in pWHN678; Chlr This study 

pRPT18 hfqCt cloned in pWHN678; Chlr This study 

pRPT19 hfqEC cloned in pWHN678; Chlr This study 

pRPT20 pNYL, a modified form of pZE-21-MCS containing no RBS 

upstream the MCS; Kanr 

Dr. Naveen 

Kumar 

Navani, IIT 

Roorkee 

pRPT21 gfp (lacking the RBS) cloned in pRPT20; Kanr  This study 

pRPT22 sodB-gfp translational fusion cloned in pRPT20; Kanr This study 

pRPT23 500 bp Upstream region of hfq cloned in puc18; Ampr This study 

pRPT24 500 bp Upstream and downstream region of hfq cloned in puc18; 

Ampr 

This study 

pRPT25 500 bp Upstream and downstream region of hfq cloned with 

KanFRT cassette in puc18; Kanr, Ampr 

This study 

pAT02 Plasmid expressing A. baumannii RecT homolog; Ampr 
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pAT03 Plasmid expressing FLP recombinase for expression in A. 

baumannii; Ampr 

Dr. Bryan 

Davies, 

University of 

Texas, San 

Antonio, 

USA 

pCP20 Plasmid expressing FLP recombinase for expression in E. coli; 

Ampr 

Prof. 

Raghavan 

Varadarajan, 

IISc 

Bangalore, 

India  

pR131hfq Plasmid with 131 nts of hfq ORF fused in frame with lacZ under 

lac promoter; Ampr 

Prof. Udo 

Bläsi, 

University of 

Vienna, 

Austria  

pKD4 Plasmid carrying KanFRT cassette; Kanr  
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10.5�Appendix V: List of oligonucleotides used 

 Name of the 

Oligo 

Sequence Characteristic 

OligoRPT1 AGAATTTTAAAGTCCTGATGA

GGATTAAGCATAAAACAGAA

AAGTTATTTCTGCTTTTGCTTC

GGTAGAGTA 

AbsR1 probe DNA template 

OligoRPT2 GCTTTACTCTACCGAAGCAAA

AGCAG 

internal 5' RACE primer 

OligoRPT3 GTCCTGATGAGGATTAAGC internal 3' RACE primer 

OligoRPT4 ATTAGAATTCACTGTACGTGT

AGCTGTATTTGC 

For amplification of region 500 bp 

upstream of AbsR1 

OligoRPT5 GGGCGGATCCACTTAACCAA

GTTAAAAC 

OligoRPT6 GTTAGGATCCGGACTTTGAAT

TGATAAATG 

For amplification of region 500 bp 

downstream of AbsR1 

OligoRPT7 ATTATCTAGATACCTTGAAAT

GCACA 

OligoRPT8 CTTTGATGCTGCTGCAATCCG For amplification of AbsR1 region 

with 125 bp overhangs OligoRPT9 GGAGGAACAAATCACACCAC

CG 

OligoRPT10 ATTAGGATCCGTTGGTACTGT

AACTCCTGACG 

For amplification of AbsR1 coding 

region with native promoter and 

terminator OligoRPT11 ATTAGGATCCGAAGCAACTTC

ACTTACTTCTGC         

OligoRPT14 ATCGACATGTCTAAAGGTCAA

ACTTTACAAG 

For cloning abaF with its native 

promoter in pUC18 

OligoRPT15 ATCGCTCGAGACGATTGTTTT

CGTCGTCTTG 

OligoRPT16 ATCGGGATCCAGCAAAATTTG

CACACTGTC 

For amplification of an internal 

region of abaF 

OligoRPT17 ATCGGGATCCTTGCAAAGAA

CCTATTAATCTAAAT 
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OligoRPT18 ATCGGGATCCCTAAAGGTCA

AACTTTACAAG 

For cloning abaF, with its native 

regulatory elements, in pWHN678 

OligoRPT19 ATCGGGATCCACGATTGTTTT

CGTCGTCTTG 

OligoRPT20 CCTTTTAAATCATGTGTAGG For amplification of an internal 

region of Absr25 OligoRPT21 GAAGCAGGCTTTTTAATCAT 

OligoRPT22 ATCGACATGTCTAAAGGTCAA

ACTTTACAAG 

Forward primer for cloning Hfq in 

pet-28 

OligoRPT23 ATCGCTCGAGACGATTGTTTT

CGTCGTCTTG 

Reverse primer for cloning full 

length Hfq in pet-28 

OligoRPT24 GTTACTCGAGACGAGCTGGA

ACAACTGTAG 

Reverse primer for cloning Hfq66 in 

pet-28 

OligoRPT25 AATACTCGAGTGCTGGACGTG

GGTTACG 

Reverse primer for cloning Hfq72 in 

pet-28 

OligoRPT26 ATTACTCGAGGCCTTGACCAC

CGAAGCCAC 

Reverse primer for cloning Hfq92 in 

pet-28 

OligoRPT27 GCGTAATACGACTCACTATAG

GGAAAGACGGCGATTTGTTAT

C 

For amplification of MicA template 

OligoRPT28 AAAAAGGCCACTCGTGAGTG

G 

OligoRPT29 GCGTAATACGACTCACTATAG

GAACACATCAGATTTCCTGGT

GTAAC 

For amplification of DsrA template 

OligoRPT30 AAATCCCGACCCTGAGGGGG 

OligoRPT31 GCGTAATACGACTCACTATAG

GTTTAAGTTCCTTTTAAATCA

TGTG 

For amplification of AbsR25 

template 

OligoRPT32 ATTCTATTCAATAGTTTGGAA

TAATAC 

OligoRPT33 ATTAGAATTCACCTATCCCTA

ATAATTTAAGAG 

For amplification of 500 bp region 

upstream of hfq  

OligoRPT34 TTATGGATCCAATTGATTAGC

TTGAAAAAAACC 
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OligoRPT35 ATTAGGATCCACATTTTTAAC

TCCAAAAAAAAATTT 

For amplification of 500 bp region 

downstream of hfq 

OligoRPT36 TATTAAGCTTGCAGGCAGAAC

AAACCAAAAAATG 

OligoRPT37 ATTAGGATCCGTGTAGGCTGG

AGCTGCTTC 

For amplification of KanFRT 

cassette 

OligoRPT38 ATTAGGATCCATGGGAATTAG

CCATGGTCC 

OligoRPT39 CAGAACACTGCACAATGCTG

C 

For amplification of hfq with 125 bp 

overhang 

OligoRPT40 GCAGGAAATGGAGGATAAAG

CC 

OligoRPT41 TAGCGGATCCAAGCAAAATTT

GCACACTGTC 

For amplification of hfq with its 

promoter and terminator 

OligoRPT42 GCGCGGATCCTTAATATGCTT

TTTTATATTTTTAAAGCC 

OligoRPT43 TAGTGGATCCATGAGTAAAG

GAGAAGAACTTTTC 

For cloning gfp in pRPT20 

OligoRPT44 TATAACGCGTCTATTTGTATA

GTTCATCCATGCC 

OligoRPT45 ATTAGAATTCAATCTGTGTTA

TGCGTATTAATTAGATC 

For cloning sodB to get an sodB-gfq 

fusion in pRPT20 

OligoRPT46 ATATGGATCCATCATCATAGC

CATATGGAAGTG 

OligoRPT47 AACACGCAATTTCTACAGTTG

TTCCAGCTCGTTAATTGATTA

GCTTGAAAAAAACCAGTCAG

TGATGAC 

Forward primer for amplification of 

3’UTR for overlap with hfq66 

OligoRPT48 TTGTTCCAGCTCGTAACCCAC

GTCCAGCAGGTTAATTGATTA

GCTTGAAAAAAACCAGTCAG

TGATGAC 

Forward primer for amplification of 

3’UTR for overlap with hfq72 

OligoRPT49 GTGGTAGTCAAGGTGGCTTCG

GTGGTCAAGGCTAATTGATTA

Forward primer for amplification of 

3’UTR for overlap with hfq92 
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GCTTGAAAAAAACCAGTCAG

TGATGAC 

OligoRPT50 CCCTGAGCTGGGAAACCTGC

ACCTTGTGCACCCATTTTTAA

CTCCAAAAAAAAATTTTTAAA

TCAGCGC 

Reverse primer for amplification of 

5’UTR for overlap with hfqCt 

OligoRPT51 ATGGGTGCACAAGGTGCAGG Forward primer for amplification of 

3’ region of hfqCt 

OligoRPT52 TTAACGAGCTGGAACAACTGT

AGAAATTGC 

Reverse primer for amplification of 

5’ region of hfq66 

OligoRPT53 TTAACCTGCTGGACGTGGGTT

AC 

Reverse primer for amplification of 

5’ region of hfq72 

OligoRPT54 TTAGCCTTGACCACCGAAGCC

AC 

Reverse primer for amplification of 

5’ region of hfq92 

OligoRPT55 ATTTGGATCCGTTATCGCCAG

ATGTGG 

For amplification of E. coli hfq with 

its promoter and terminator 

OligoRPT56 AAATGGATCCGGGGAACACA

GGATCG 

OligoRPT57 TCGTCTACGCGGTCTTTCTT For amplification of an internal 

region of groEL OligoRPT58 CAGCGCACAAAATCACTGTT 

OligoRPT59 CCATATGGTTCTCTTTAGATT

TTGAA 

For amplification of a specific unique 

region in AbsR10 

OligoRPT60 GCATGCCAATGCTCATGTT 

OligoRPT61 GGTGCGACTACATTACCTGC For amplification of  540 bp 

upstream and 770 bp downstream 

region of AbsR1 

OligoRPT62 TGAGTGCTGTAATGAGGCGA 

OligoRPT63 TTTTGGATCCGACATAAGCCT

GTTCGGTTC 

For amplification of aac1  

OligoRPT64 ATTAGGATCCGACGACTTGAC

CCTGCCA 

OligoRPT65 GCGTAATACGACTCACTATAG

GTTTAAAGTCCTGATGAGGAT

TAAGC 

For amplification of AbsR1 coding 

region 
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OligoRPT66 TGATAAGTAATAGATAAAGC

TTTACTCTACCG 
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