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Abstract

Dissertation Title: Roles of the PrrF and PrrH small RNAs in Iron Homeostasis and 

Pathogenesis of Pseudomonas aeruginosa

Alexandria Alana Reinhart, Doctor of Philosophy, 2016

Dissertation Directed by: Amanda Oglesby-Sherrouse, Ph.D., Assistant Professor, 

Departments of Pharmaceutical Sciences and Microbiology and 

Immunology

Pseudomonas aeruginosa is an opportunistic pathogen that requires iron to cause 

infection, but also must regulate the uptake of iron to avoid iron toxicity. The iron-

responsive PrrF1 and PrrF2 small regulatory RNAs (sRNAs) are part of P. aeruginosa’s 

iron regulatory network and negatively affect the expression of at least 50 genes encoding 

iron-containing proteins. The genes for the PrrF1 and PrrF2 sRNAs are located in tandem 

in P. aeruginosa, allowing for the expression of a distinct, heme-responsive sRNA named 

PrrH that appears to regulate genes involved in heme metabolism. Using a combination 

of growth, mass spectrometry, and gene expression analysis, we show here that the 

∆prrF1,2 mutant, which lacks expression of the PrrF and PrrH sRNAs, is defective for 

both iron and heme homeostasis and is attenuated for virulence in an acute lung infection 

model. We also present a new system for differentiating PrrF and PrrH function in P. 

aeruginosa. We delineate the role of these sRNAs in cell physiology and virulence, and 

identify PrrF as the main regulator of growth, iron homeostasis, and virulence in an acute 

infection model. Moreover, we show that inoculation with a ∆prrF1,2 deletion mutant 

protects against future challenge with wild type P. aeruginosa. We also show PrrH does 



not regulate its current putative targets either in vitro or during acute lung infection, but 

that this sRNA may impact siderophore production. Although PrrH does not play a role in 

acute infection, PrrH may play a greater role in a chronic infection, as longitudinal CF 

isolates maintain the ability to express PrrH throughout disease. Combined, these data 

demonstrate that the prrF-encoded sRNAs are central regulators of P. aeruginosa iron 

homeostasis and virulence. 
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Chapter 1: Introduction

 Pseudomonas aeruginosa is a ubiquitous Gram-negative bacterium and versatile 

opportunistic pathogen [1]. This bacterium is of great concern for neutropenic patients, 

nosocomial infections, and cystic fibrosis patients. Neutrophils are essential for 

combatting P. aeruginosa infections, and these infections are often a problem for cancer 

patients receiving radiation treatment [2, 3]. Cystic fibrosis patients develop a thick, dry 

mucus build-up in the lungs that is difficult to eradicate, generating the perfect 

environment for P. aeruginosa to build a biofilm to thwart immune responses and 

antimicrobial treatment [4]. Biofilm formation is particularly critical during chronic 

infections, including those that occur in the lungs of cystic fibrosis patients [4]. P. 

aeruginosa is also a common cause nosocomial infections [1]. Complicating treatment of 

these infections is P. aeruginosa’s antibiotic resistance from both acquired and intrinsic 

antibiotic resistance genes and is further enhanced by the ability of this bacteria to form 

biofilms [1, 5].  With its natural and acquired multi-drug antibiotic resistance 

mechanisms, new antimicrobial treatments are necessary to successfully combat P. 

aeruginosa infections.

Iron uptake in P. aeruginosa 

 Iron is limiting in the host [6, 7], thus successful infection by almost all 

microorganisms is dependent upon their ability to acquire this essential nutrient. Iron is 

responsible for function in various critical proteins, particularly the cytochromes involved 

in electron transport chains [8]. Other virulence proteins, such as enzymes for oxidative 
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stress protection and exotoxin A, contain iron in their structures or are regulated by iron, 

respectively [9-12]. Thus, to maintain electron transport chains and mechanisms of 

survival in the host, bacterial pathogens evolved methods of obtaining iron [13]. 

 P. aeruginosa’s requirement for iron during pathogenesis is particularly well 

established, and iron uptake mechanisms of this organisms have long been considered 

possible targets for novel drug development [14-19]. P. aeruginosa can acquire iron from 

the host through several mechanisms (Fig. 1). In anaerobic environments, such as those 

found in biofilms, iron in its ferrous form is transported into the cytoplasm by the Feo 

inner membrane transport system [20, 21]. Due to the insolubility of ferric iron in aerobic 

environments, P. aeruginosa synthesizes and secretes two siderophores, pyoverdine and 

pyochelin, which bind and solubilize ferric iron [14-17]. Ferric-siderophores are 

2

Figure 1: Iron-transport systems in P. aeruginosa. 
Left to right: Pyoverdine and pyochelin siderophore uptake systems; Feo transporter system, and 
heme uptake systems Phu and Has. 



delivered into the cytosol through specific outer membrane transporters, energized by 

inner membrane proteins (ExbBD) and a periplasmic spanning TonB protein [22]. The 

TonB-ExbBD is a common transport energy complex, where a proton gradient aids in the 

transport of proteins through a receptor connected to the TonB-ExbBD complex [22]. In 

addition to ferrous and ferric iron, P. aeruginosa can also acquire heme, an abundant 

source of iron in the human host, through TonB-dependent transporters [23]. Once 

internalized, heme is sequestered by the cytosolic PhuS heme chaperone [24]. PhuS 

transfers heme to the iron-regulated HemO heme oxygenase, which degrades heme to 

biliverdin, releasing carbon monoxide and iron [25, 26]. 

 Several studies have shown that iron acquisition is essential for P. aeruginosa 

virulence [14-18] and biofilm formation [27-29], demonstrating the central role of iron 

uptake in P. aeruginosa pathogenesis. Nevertheless, the significance of individual iron 

uptake systems varies by infection: siderophores are secreted during acute infection, 

while Feo and heme uptake systems are more prevalent in chronic infection [22]. It 

therefore remains unclear if a single iron uptake transport is universally required for P. 

aeruginosa virulence.

Iron regulation in P. aeruginosa 

 Despite its essentiality, iron can be toxic due to its ability to catalyze the 

formation of reactive oxygen species. Thus, to maintain iron homeostasis, P. aeruginosa 

must be able to not only acquire iron, but also regulate iron uptake, use, and storage. 

Expression of genes encoding iron and heme uptake systems in P. aeruginosa is regulated 
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by the Fur (ferric uptake regulator) protein [30-32] (Fig. 2). In iron-replete environments, 

Fur binds to iron and becomes an active transcriptional repressor, blocking expression of 

genes for iron acquisition, as well as multiple virulence traits [33-35]. Much of Fur 

regulation in P. aeruginosa occurs through the regulation of cell surface signaling (CSS) 

systems, which are comprised of a TonB-dependent outer membrane (OM) receptor, an 

extracytoplasmic function (ECF) sigma factor, and an anti-sigma factor that regulates the 

activity of the ECF sigma factor [36]. Fur is also known to bind directly to sites upstream 

of non-coding small RNAs (sRNAs), that often function as global iron regulators, and 

repress their expression in an iron-sparing response in the cell [37]. 
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Figure 2: Fur regulation. 
A. Fur has low affinity to the Fur site in iron-depleted conditions. B. Fur has high affinity to the Fur-
binding site in iron-replete conditions.



Iron-Responsive sRNAs

 Small RNAs are RNAs less than 500 nucleotides located in bacteria that do not 

code for protein [38]. They typically function by complementary base-pairing to the 5’ 

end of target mRNAs, marking the mRNA for degradation [37]. sRNAs may also 

function by untangling a bound 5’ end of a target mRNA, allowing transcription [37]. 

Iron-regulated sRNAs are regulated by the Fur protein by the method shown in Fig. 2, 

and are expressed in iron-depleted condition. These sRNAs have been characterized 

across several bacterial species, many with overlapping functions. In Gram-negative 

bacteria, most sRNAs bind the Hfq protein, which stabilizes the interaction between the 

sRNA and its target mRNA for degradation (Fig. 3) [39]. 

 The first iron-regulated sRNA discovered was RyhB in E. coli, which was 

characterized to repress the iron-containing superoxide dismutase SodB and several TCA 

5

Figure 3: Small RNA regulation with Hfq in Gram-negative bacteria. 
The sRNA binds, with the help of Hfq, to the start codon of the target mRNA. RNaseE is recruited to 
degrade the target mRNA- sRNA complex.



cycle proteins containing iron-sulfur clusters [40]. RyhB was also shown to activate shiA 

mRNA, which promotes production of shikimate, the precursor to siderophore production 

in E. coli [37, 41]. RyhB also indirectly represses Fur by binding upstream of the Fur start 

codon, preventing transcription [37, 42]. These responses promote growth in iron-

depleted conditions by increasing intracellular pools of iron [43]. Thus, these three 

functions demonstrate the role of RyhB in the E. coli iron-sparing response: repression of 

iron-containing proteins, inducing iron-scavenging proteins, and preventing Fur function. 

Furthermore, the RyhB sRNA is also capable of discoordinately-regulating genes by 

binding downstream of the Rho-independent terminator of a polycistronic transcript [37, 

44]. RyhB is necessary for virulence in EHEC and UPEC strains, as ∆ryhB demonstrates 

attenuated virulence in these strains [40, 45]. These functions demonstrate the versatility 

of function of this sRNA.

 RyhB homologs exist in many other enterobacteriaceae and closely related Gram-

negative bacteria, and are also negatively regulated by Fur [37]. The RyhB of Shigella 

flexneri aids in acid resistance [46], and Shigella dysenteriae RyhB negatively regulates 

virulence by preventing transcription of critical virulence regulators [47]. In addition to 

negatively regulating oxidative stress and TCA cycle enzymes, Vibrio cholerae RyhB 

regulates motility, chemotaxis, and biofilm formation, which aid in environmental 

survival of this organism [48, 49]. Salmonella enterica serovar Typhi encodes two 

homologs, RfrA and RfrB, that aid in survival inside macrophages and eukaryotic 

epithelial cells and upregulate siderophore production, though one sRNA cannot 

compensate the function of the other [50, 51]. The homologs in S. enterica serovar 
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Typhimurium have a similar function to those of S. enterica serovar Typhi, and have been 

shown to protect against oxidative and nitrosative stress [52, 53]. Klebsiella pneumoniae 

RyhB modulates the iron acquisition and generating capsular polysaccharide, both of 

which are associated with infection [54]. Yersina pestis encodes two RyhB homologs, 

only one of which is Hfq-dependent, that may aid in infection progression of this 

bacterium [55]. Thus, these RhyB homologs often regulate virulence-associated genes in 

their respective species as opposed to strictly acting in an iron-sparing response [37]. 

 Several RyhB orthologs, which function akin to RyhB but with little homology to 

the ryhB sequence, also exist in both gram negative and gram positive species. In Gram-

positive bacteria, FsrA sRNA in Bacillus subtilis negatively regulates many TCA cycle 

proteins and metabolic protein containing iron-sulfur clusters, but without Hfq [56]. 

Instead, a small protein cluster, Fbp proteins, are often, though not always, used. In 

Gram-negative bacteria, the NrrF sRNAs exist in Neisseria meningitidis and Neisseria 

gonnorhoeae. In N. meningitidis, this sRNA is responsible for some of the iron-sparing 

response (e.g. repressing succinate dehydrogenase, an iron-containing enzyme in the 

TCA cycle), though evidence exists for other factors (sRNAs) as well [37, 57]. The NrrF 

sRNA in N. gonorrhoeae is responsible for regulation genes involved in amino acid 

synthesis, TCA cycle, DNA repair, and a component of an antibiotic efflux pump [58]. 

HrrF in Haemophilus influenzae is the most recently discovered iron-regulated sRNA. 

Though it has not been well-characterized, HrrF is Fur regulated but does not interact 

with Hfq [59]. In summation, iron-regulated small RNAs exist in multiple bacterial 

species and frequently aid in iron sparing responses and virulence in bacterial pathogens. 
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The iron-responsive PrrF sRNAs 

 The PrrF sRNAs are also iron-regulated sRNAs and were the second iron-

regulated sRNAs discovered after E. coli [60]. Fur also mediates positive regulation of 

gene expression via direct repression of the genes for the PrrF sRNAs [61]. The PrrF 

sRNAs in turn negatively affect the expression of several genes, presumably by 

interaction with complementary regions of target mRNAs [37]. Included in the PrrF 

regulon are genes encoding non-essential iron-containing proteins involved in 

metabolism, iron storage, and protection against oxidative stress, much like the RyhB 

sRNA in E. coli [61, 62]. Accordingly, PrrF regulation controls how P. aeruginosa uses 

and stores iron (iron utilization), sparing this nutrient during growth in iron-limiting 

environments (Fig. 4). While most PrrF regulatory targets encode iron-containing 

proteins, it remains unknown if PrrF regulation similarly affects global iron usage or 

growth in low iron environments. 

 PrrF also negatively regulates expression of acnA and sdhCDBA [63]. acnA codes 

for aconitase, an enzyme in the tricarboxylic acid cycle that contains an iron-sulfur 

cluster [64]. sdhCDBA is the operon for the succinate dehydrogenase, another enzyme in 

the TCA cycle, and also contains an iron-sulfur cluster for oxidative-reduction activity 

[64].  Two more putative PrrF targets are involved in iron homeostasis: Previous studies 

have shown the PrrF sRNAs to have a repressive effect on sodB mRNA [60], encoding a 

superoxide dismutase that contains an iron cofactor [11, 65]. The PrrF sRNAs are also 

predicted to repress PA4880 mRNA, a putative bacterioferritin [60, 65]. 
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 Regulation by the PrrF sRNAs also allows for the production of the Pseudomonas 

quinolone signal (PQS), a secreted signaling molecule that activates expression of several 

virulence genes [66, 67] (Fig. 5). This effect is achieved through repression of the 

antABC mRNA, encoding iron-containing enzymes that metabolize anthranilate, which is 

the precursor for PQS [62].  AntA is the major subunit of the anthranilate dioxygenase 

and contains an iron-sulfur cluster for its oxygenase activity [64]. PrrF regulation of 

antABC is thought to occur through the AntR AraC-type transcriptional regulator, which 

activates transcription the antABC operon in the presence of anthranilate [63]. Thus, the 

impact of PrrF on cell physiology extends beyond iron homeostasis, potentially exerting 

effects on virulence gene expression.

9

Figure 4: Iron-sparing response by the PrrF sRNAs. 
A. In iron-depleted conditions, PrrF represses iron-containing proteins. B. In iron-replete conditions, PrrF 
is repressed, allowing expression of iron-containing proteins.



 The PrrF sRNAs share complementarity with almost all of the above described 

PrrF target mRNAs over their respective start codons, allowing PrrF to bind and repress 

their translation (Fig. 6). The exception is antA, where PrrF1 complementarity occurs in 

the middle of the sequence. However, it is not clear if PrrF regulation of antA occurs 

directly or indirectly as a result of PrrF regulation of antR mRNA [37]. Due to their roles 

in iron homeostasis and PQS production, the PrrF sRNAs are predicted to contribute to 

pathogenesis of P. aeruginosa.

The heme-regulated PrrH sRNA 

 The PrrF sRNAs are encoded by two highly homologous genes, prrF1 and prrF2, 

which are located in tandem on the P. aeruginosa genome. This arrangement allows for 

10

Figure 5: PrrF is required for PQS production. 
PrrF suppresses both the ant and cat operons, which degrade anthranilate to cis, cis-muconate. 
Anthranilate is the precursor to PQS.



the expression of a third, heme-responsive sRNA named PrrH [68] (Fig. 7). While the 

prrF1 and prrF2 genes are found in most sequenced pseudomonads (Appendix A), this 

tandem arrangement is unique to P. aeruginosa and potentially contributes to this 

species’ capacity to cause disease. PrrH is hypothesized to regulate a specific subset of 

11

Figure 6: Predicted areas of complementarity of PrrF to its putative targets. 
Start codons of targets are underlined.

Figure 7: The tandem arrangement of the PrrF sRNAs allows expression of PrrH.



genes involved in heme metabolism (i.e. synthesis and degradation), heme uptake 

(acquisition of extracellular heme), and other cellular processes via its unique sequence 

derived from the prrF1-prrF2 intergenic region. By doing so, the PrrH sRNA is likely to 

contribute to overall heme homeostasis of the cell. 

 Oglesby-Sherrouse and Vasil previously performed in silico analysis of the prrF1-

prrF2 intergenic region combined with quantitative real time PCR (qRT-PCR) to identify 

nirL as a putative target of PrrH [68]. The nirSMCFDLGHJEN gene cluster encodes for 

dissimilatory nitrite reductase (NIR; cytochrome cd1) and includes genes for the 

biosynthesis of heme d1, a prosthetic group of NIR [69]. Biosynthesis of heme d1 

branches from the central heme biosynthetic pathway with NirF, NirJ, and NirE, 

catalyzing its production from uroporphyrinogen III. Thus, repression of NIR 

biosynthesis by PrrH may prioritize the function of the heme biosynthetic pathways under 

limiting heme concentrations, contributing to heme homeostasis [69]. However, 

elucidating further roles for PrrH has proven difficult due to challenges in cloning and 

modifying the sequence of the prrF locus [70]. 

Goals of this work 

 In the following studies, I set out to characterize the effects of the PrrF and PrrH 

sRNAs on multiple aspects of P. aeruginosa physiology. Firstly, I show that the ∆prrF1,2 

mutant is defective for iron homeostasis. I further demonstrate that expression of the PrrF 

and PrrH sRNAs is broadly conserved across multiple strains of P. aeruginosa, including 

isolates from CF patients. Moreover, this work establishes that the prrF locus is required 
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for virulence in a murine model of acute lung infection. Lastly, I describe the 

development of a complementation system that allows us for the first time to differentiate 

between the functions of PrrF and PrrH in P. aeruginosa. Analysis of the strains resulting 

from this work show that loss of the PrrF sRNAs is responsible for the ∆prrF1,2 mutant’s 

defects in iron homeostasis and acute lung infection. While the role of the PrrH sRNA 

remains ambiguous, these studies provide the foundation for determining the specific 

impacts of this unique sRNA on cell physiology and virulence. Moreover, these results 

demonstrate the central role of the PrrF sRNAs in P. aeruginosa iron homeostasis and 

virulence. 
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Chapter 2: The prrF-encoded small regulatory RNAs are required for iron 

homeostasis and virulence of Pseudomonas aeruginosa 

Introduction

 Pseudomonas aeruginosa is a ubiquitous Gram-negative bacterium and versatile 

opportunistic pathogen. Iron is required for P. aeruginosa virulence [14-19] and is 

obtained through several mechanisms. In anaerobic environments, iron in its ferrous form 

is freely diffusible through the outer membrane and transported into the cytoplasm by the 

Feo inner membrane transport system [20, 21]. However, the insolubility of ferric iron in 

aerobic environments limits accessibility to this nutrient. Moreover, the sequestration of 

iron by host proteins creates a substantial barrier to infection [6, 7]. To overcome this 

barrier, P. aeruginosa synthesizes and secretes two siderophores, pyoverdine and 

pyochelin, which scavenge ferric iron [14-17]. P. aeruginosa can also acquire heme, an 

abundant source of iron in the human host [23]. Once internalized, heme is sequestered 

by the cytosolic PhuS heme chaperone [24]. PhuS transfers heme to the iron-regulated 

HemO heme oxygenase, which degrades heme to biliverdin, releasing carbon monoxide 

and iron [25, 26]. Several studies have shown that iron acquisition is essential for P. 

aeruginosa virulence [14-18] and biofilm formation [27-29], demonstrating the central 

role of this element in P. aeruginosa pathogenesis.

 Despite its essentiality, iron and heme can be toxic due to their ability to catalyze 

the formation of reactive oxygen species. Thus, to maintain iron homeostasis, P. 

aeruginosa must be able to not only acquire iron, but also regulate uptake of iron and 

heme from the environment, as well as iron use and storage. Expression of genes 
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encoding iron and heme uptake systems in P. aeruginosa is therefore regulated by the Fur 

(ferric uptake regulator) protein [30-32]. In iron-replete environments, Fur binds to iron 

and becomes an active transcriptional repressor, blocking expression of genes for iron 

acquisition [34]. Fur also affects the expression of genes encoding virulence traits, 

including toxins and extracellular proteases [33-35]. Fur regulation in P. aeruginosa 

mainly occurs through the regulation of cell surface signaling (CSS) systems, which are 

comprised of a TonB-dependent outer membrane (OM) receptor, an extracytoplasmic 

function (ECF) sigma factor, and an anti-sigma factor that regulates the activity of the 

ECF sigma factor [36]. As an example, Fur represses expression of pvdS, encoding an 

ECF sigma factor that directly activates expression of genes for pyoverdine biosynthesis 

and uptake, as well as multiple virulence factors [33, 71-73]. Binding of ferri-pyoverdine 

to the FpvA OM receptor activates the PvdS sigma factor, which is normally sequestered 

at the inner membrane by its anti-sigma factor, FpvR [74, 75]. This paradigm of Fur-

mediated regulation via ECF sigma factors extends to the uptake systems for several 

additional iron sources used by P. aeruginosa [76, 77].

 Fur also mediates positive regulation of gene expression via repression of the PrrF 

small regulatory RNAs (sRNAs) [61]. The PrrF sRNAs negatively affect the expression 

of several genes, presumably by interaction with complementary regions of target 

mRNAs. Included in the PrrF regulon are genes encoding non-essential iron storage 

proteins and iron-containing metabolic enzymes [61, 62]. Accordingly, PrrF regulation 

controls how P. aeruginosa uses and stores iron (iron utilization) by sparing this nutrient 

during growth in iron-limiting environments. The analogous iron-sparing system in 
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Escherichia coli, which is mediated by the RyhB sRNA, was previously shown to 

promote growth in iron-depleted conditions by increasing intracellular pools of free iron 

[43]. While most PrrF regulatory targets encode iron-containing proteins, it remains 

unknown if PrrF regulation similarly affects global iron usage or growth in low iron 

environments. Regulation by the PrrF sRNAs was previously shown to allow for the 

production of the Pseudomonas quinolone signal (PQS), a secreted signaling molecule 

that activates expression of several virulence genes [66, 67]. This effect is achieved 

through repression of the antABC mRNA, encoding iron-containing enzymes that 

metabolize anthranilate, which is the precursor for PQS [62]. Due to their roles in iron 

homeostasis and PQS production, the PrrF sRNAs are predicted to contribute to 

pathogenesis of P. aeruginosa.

 The PrrF sRNAs are encoded by two highly homologous genes, prrF1 and prrF2, 

which are located in tandem on the P. aeruginosa genome. This arrangement allows for 

the expression of a third, heme-responsive sRNA named PrrH [68]. While the prrF1 and 

prrF2 genes are encoded by all pseudomonads, this tandem arrangement is unique to P. 

aeruginosa and potentially contributes to this species’ capacity to cause disease. PrrH is 

hypothesized to regulate a specific subset of genes involved in heme metabolism (i.e. 

synthesis and degradation), heme uptake (acquisition of extracellular heme), and other 

cellular processes via its unique sequence derived from the prrF1-prrF2 intergenic 

region. By doing so, the PrrH sRNA is likely to contribute to overall heme homeostasis of 

the cell. Accordingly, we previously performed in silico analysis of the prrF1-prrF2 

intergenic region combined with quantitative real time PCR (qRT-PCR) to identify nirL 
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as a putative target of PrrH [68]. The nirSMCFDLGHJEN gene cluster encodes for 

dissimilatory nitrite reductase (NIR; cytochrome cd1) and includes genes for the 

biosynthesis of heme d1, a prosthetic group of NIR [69]. Biosynthesis of heme d1 

branches from the central heme biosynthetic pathway with NirF, NirJ, and NirE, 

catalyzing its production from uroporphyrinogen III. Thus, repression of NIR 

biosynthesis by PrrH may prioritize the function of the heme biosynthetic pathways under 

limiting heme concentrations, contributing to heme homeostasis [69].

 In this study, we have characterized the effects of deleting the prrF locus on 

multiple aspects of P. aeruginosa iron homeostasis and virulence. We show that the 

∆prrF1,2 mutant is defective for iron and heme homeostasis. Additionally, we show that 

∆prrF1,2 mutant biofilms are not enhanced by iron in the presence of aminoglycoside 

antibiotics, a known trait of P. aeruginosa biofilm formation [78, 79]. Further, we 

demonstrate that iron and heme regulation of PrrF and PrrH is conserved in several P. 

aeruginosa clinical isolates. Moreover, we establish that the prrF locus is absolutely 

required for virulence in a murine model of acute lung infection. Combined, these results 

demonstrate the critical role of the PrrF and PrrH sRNAs in P. aeruginosa virulence. 

Methods

 Bacterial strains and growth conditions. Bacterial strains used in this work are 

listed in Table 1. Escherichia coli strains were routinely grown in L broth or on L agar 

plates, and P. aeruginosa strains were maintained in brain-heart infusion (BHI) broth or 

on BHI agar plates. For growth curves, qPCR, mass spectrometry, and northern blots, 
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Table 1. PrrF/PrrH phenotype of Pseudomonas aeruginosa strainsTable 1. PrrF/PrrH phenotype of Pseudomonas aeruginosa strainsTable 1. PrrF/PrrH phenotype of Pseudomonas aeruginosa strains

Strain Description
Source/ 

Reference

PAO1
Wild type strain used for mutational analysis in this and previous 
studies; originally isolated from a human wound in 1955 in 
Australia

[137]

ΔprrF1-2 Deletion mutant of entire prrF locus in PAO1 [61]

PAO1/pVLT31 Wild type PAO1 strain carrying the pVLT31 broad host range 
vector (tcR) [62]

∆prrF1,2/pVLT31 The ∆prrF1,2 mutant carrying the pVLT31 broad host range 
vector (tcR) [62]

∆prrF1,2/pVLT-
prrF1,2

The ∆prrF1,2 mutant carrying the prrF1,2 complementation 
construct (tcR) [61]

PA14
Clinical isolate from 1995 at the Massachusetts General 
Hospital, Boston; virulent in a variety of plant and animal 
models of infection

[97]

FRD1 Mucoid clinical isolate in a sputum sample from a cystic fibrosis 
patient [98]

WR5
Clinical isolate from a burn patient at Walter Reed Army 
Hospital, Washington, DC, in 1976; natural toxA mutant isolate; 
virulent in experimental mouse models

[95, 96]

strains were diluted from L broth overnights into M9 minimal medium purchased from 

Teknova containing 2% glucose and grown for 4 hours, then subcultured into fresh M9 

for an additional 8 hours at 37°C [80]. For biofilm analysis, strains were grown in chelex-

treated, dialyzed trypticase soy broth (DTSB) prepared as previously described [79]. Ferric 

chloride (FeCl3) was added to a final concentration of 100µM where indicated. Heme 

stocks were freshly prepared prior to use in 0.1N NaOH/20mM Tris and adjusted to pH 

7.0 with HCl, and stock concentration was determined by pyridine hemochrome assay as 

previously described [81] using the following extinction coefficients: ε = 170.0 mM-1 

cm-1 at A=418 nm; ε = 17.5 mM-1 cm-1 at A=525 nm; ε = 34.5 mM-1 cm-1 at A=555 nm. 

Heme was immediately diluted into M9 medium to a concentration of 5µM where 
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indicated. Tetracycline was used at 60µg/ml for growth of P. aeruginosa strains carrying 

the pVLT31 vector or its derivatives as indicated. 

 Determination of cellular iron content. Strains were grown overnight in LB, 

then diluted into M9 minimal medium purchased from Teknova containing 2% glucose 

and 60µg/ml tetracycline and grown for 4 hours to deplete intracellular iron stores. 

Strains were subcultured into fresh M9 for an additional 8 hours at 37°C, with or without 

iron or heme supplementation, and harvested by centrifugation. Harvested bacteria from 

the secondary cultures were dissolved in 20% nitric acid and boiled overnight at 100°C. 

Inductively-coupled plasma mass spectrometry (ICP-MS) was then used to determine the 

metal content of the dissolved bacteria (Agilent 7700 ICP-MS, Agilent Technologies). 

Raw ICP-MS data (µg/L) were corrected for drift using values of internal controls 

(indium, scandium, and germanium) that were added to each sample during processing. 

Corrected values were then normalized to culture density as determined by the 

absorbance at 600 nm.

 Real time PCR. Primers and probes used for real time PCR (qPCR) are shown in 

Table 2. RNA was extracted using the Qiagen RNeasy Mini Kit according to 

manufacturer’s directions. 50ng/µL of RNA was used to generate cDNA with the 

ImPromII cDNA synthesis kit (Promega) as previously described [68], and cDNA was 

analyzed using the StepOnePlus instrument (Applied Biosystems) and Taqman reagents 

(LifeTechnologies). Standard curves were produced for each primer probe set by 

analyzing cDNA generated from serial dilutions of RNA and used to determine relative 
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amounts of each RNA. Relative RNA levels were then normalized to the levels of the 

oprF mRNA. 

20

Oligonucleotide Sequence 5’ – 3’

Primers

prrF.for AAC TGG TCG CGA GAT CAG C 

prrF.rev CCG TGA TTA GCC TGA TGA GGA G 

prrH.for ATT CGG CCG GAG ACG ACC GTT 

prrH.rev CGA CCA GTT GGT GTA ATA ATA ACT ATT 

sodB.for AAC ACC TAC GTG GTG AAC CTG A

sodB.rev TGA CGA TCT CTT CGA GGC TCT T

nirL.for CGG CGG TAA CAG AGC GA

nirL.rev AGA CGA AGT GCT GGA ACA GGT

phuS.for TGC CGA CGA ACA CCA TGA

phuS.rev TGG CGA CCT GGC GAA A

vreR.for TCG GTG GCG TTG TTC GTC TT

vreR.rev TCG ATG GTT TCC TGC TGC TCT TGA

vreA.for TGT CGT TGC TCG GTC TCG

vreA.rev CAC CCC GCT GTA GGT CAC C

vreI.for TGC ACG AAA CCT ACC TGA GAG TC

vreI.rev TCA GGG CAA TAC GGA ACA GG

oprF.for GCG TTC GCA ACA TGA AGA AC

oprF.rev CTT CTT GTT GCC GGT TTC GTA

Probes

prrF TAA GCT GAG AGA CCC ACG CAG TCG G 

prrH CTG GCG ATG GAA TGA ATG AGA ACC G 

sodB CCT GAT CCC GGG CAC CGA GTT

nirL TCG GCG ACG TCC AGC ACC AG

phuS CTT TCG GCC GCC GCT TCG A

vreR TCG AGA TGA ACA CCC GCA CCC G

vreA ACG CGT TCG ATA TTC CTC CGC AGA

vreI CTG GAT GAT GCC CTG GAG GTC AAG A

oprF CGG TGA GTA CCA TGA CGT TCG TGG C

Table 2: List of primer and probe sets



 Siderophore Activity Strains were grown at for 18 hours in dialyzed tryptic soy 

broth with or without 100µM FeCl3 supplementation. Strains were subsequently 

harvested and supernatants assayed for pyoverdine or iron chelating activity on 

chromazurol S as previously described [82, 83].

 Biofilm growth and measurement. The MBEC (minimal biofilm eradication 

concentration) Assay™ physiology and genetics biofilm device (formerly known as the 

Calgary Biofilm Device, Innovotech) was used to assay biofilm formation and the MBEC 

of tobramycin against PAO1 and the ∆prrF1,2 mutant as previously described [79]. 

Briefly, 96-well MBEC plates containing DTSB, supplemented with 100µM FeCl3, were 

inoculated in duplicate with approximately 1 x 107 CFU ml-1 bacteria. The plates were 

covered with the MBEC peg lids and incubated with gentle shaking (65 RPM) at 37°C 

for 24 hours to allow biofilm formation on the pegs. Following incubation, the peg lid 

was gently washed in PBS to remove non-adherent bacteria, then transferred to a fresh 

96-well “challenge plate” with DTSB, with or without 100 µM FeCl3, and varying 

concentrations of tobramycin. Biofilms were incubated with tobramycin for 24 hours at 

37°C, at which point the pegs were stained with 0.1% crystal violet solution for 10 

minutes, then rinsed in water. After drying, the pegs were destained in 200µl 30% acetic 

acid, and the amount of crystal violet dye released was determined by reading the wells at 

OD595 in a Biotek plate reader. 

 Isotopic heme labeling studies. Heme labeling studies were performed as 

previously described [80, 84]. Briefly, heme was prepared from labeled [4-13C]-δ-

aminolevulinic acid (ALA) according to the method described by Rivera and Walker [85] 
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and the yield calculated by the pyridine hemochrome assay [86]. P. aeruginosa strains 

were grown in M9 medium for 4 hours, then diluted into fresh M9 medium supplemented 

with 5 µM 13C-heme for an additional 8 hours. Biliverdin (BVIX) isomers were purified 

from the culture supernatants and separated and analyzed by liquid chromatography-

tandem mass spectrometry (MS/MS) (Waters TQD triple quadrupole mass spectrometer 

with AQUITY H-Class UPLC) as described previously [84]. Fragmentation patterns of 

the parent ions at 583.21 (12C-BVIX) and 591.21 (13C-BVIX) were analyzed using 

multiple reaction monitoring (MRM). The fragmentation patterns of the respective BVIX 

isomers are shown in Fig. 8. 

 Northern blots. Northern analysis of the PrrF and PrrH sRNAs was performed as 

previously described [68] with some modifications. Briefly, 1.5µg (PrrF1 and PrrF2 

probes) or 4µg (PrrH probe) of total RNA isolated on RNeasy Mini Columns was run on 
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Figure 8: MS/MS Fragmentation patterns of the 13C-labeled and unlabeled BVIX isomers.
13C-labeling pattern marked by grey circles leads to an increase of eight mass units for heme and the 
respective fragment ions of the respective BVIX isomers as shown.



a 6% polyacrylamide denaturing (7M urea) gel then transferred to a BrightStar membrane 

(Ambion) using a semi-dry transfer apparatus. Biotinylated probes complementary to the 

PrrF1, PrrF2, or PrrH intergenic region were purchased from Integrated DNA 

Technologies (IDT) and hybridized to the blot overnight at 42°C. The membrane was 

washed using the Ambion Northern Max Low Stringency and High Stringency wash 

solutions according to the manufacturer’s instructions. Detection of the biotinylated 

probes was carried out using streptavidin alkaline phosphatase (Life Technologies) and 

visualized by chemiluminescence using CDP-Star (Sigma-Aldrich) according to the 

manufacturer’s instructions.

 Mouse infections. All mouse infections were performed in accordance with the 

Public Health Service Policy on the Humane Care and Use of Laboratory Animals, and 

with a protocol approved by the University of Maryland Institutional Animal Care and 

Use Committee. C57BL/6 (female, 6–8 wk old) were purchased from Jackson 

Laboratories. P. aeruginosa strains were grown overnight in L broth with 60µg/ml 

tetracycline, then diluted into fresh L broth with 60µg/ml tetracycline and grown for an 

additional three hours at 37°C. Cells were harvested by centrifugation and resuspended in 

phosphate-buffered saline (PBS), and appropriate dilutions were prepared according to 

the absorbance of the cultures at 600 nm. Mice were anesthetized by inhalation of 

isoflurane, and were inoculated intranasally (i.n.) with 50µl of inoculum (n = 5 mice for 

each inoculum of each bacterial strain). Inocula were also serially diluted and plated on 

L agar to enumerate the delivered dose. Mice were observed twice daily for survival and 

disease signs, and moribund mice were euthanized by carbon dioxide inhalation followed 
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by cervical dislocation. Mice that survived infection with the ∆prrF1,2/pVLT31 mutant 

were challenged with a lethal dose (~108 CFU) of wild type PAO1 at 28 days post-

infection. At 28 days post final infection, all surviving mice were euthanized.

Results

The ∆prrF1,2 mutant is defective for iron utilization 

 The ∆prrF1,2 mutant displays increased expression of several genes encoding 

non-essential iron-containing proteins during iron-depleted growth [61, 62]. However, it 

has not yet been determined how de-regulated expression of these genes affects overall 

iron homeostasis of the ∆prrF1,2 mutant. As an initial assessment of the ability of these 

strains to maintain iron homeostasis, we performed growth curves of the wild type PAO1 

strain and isogenic ∆prrF1,2 mutant under iron-depleted conditions. The wild type and 

∆prrF1,2 mutant strains were grown for four hours in M9 minimal medium to restrict 

intracellular iron stores. Cells were subsequently sub-cultured into M9 minimal medium 

with or without either 100µM iron supplementation, and growth was monitored for 24 

hours. While the ∆prrF1,2 mutant grew similarly to the wild type in iron-replete 

conditions, growth of the ∆prrF1,2 mutant was significantly reduced as compared to the 

wild type under iron-limiting conditions (Fig. 9A-B). Moreover, this growth defect was 

complemented by expression of the prrF genes in trans from the previously constructed 

pVLT-prrF1,2 vector (Fig. 9A-B) [61]. Thus, deletion of the prrF locus results in a 

growth defect under iron-limiting conditions.
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 To confirm that the PrrF sRNAs were expressed and active under these growth 

conditions, we next analyzed expression of the PrrF sRNAs, as well as sodB, a known 

target of PrrF regulation [61], by qPCR. Our analysis showed that PrrF was expressed 

under these conditions, and that transcription of the PrrF sRNAs was strongly repressed 

by supplementation of the medium with 100 µM iron (Fig. 11B). Moreover, expression of 

sodB was significantly de-repressed by deletion of the prrF locus, and complementation 

of ∆prrF1,2 mutant in trans restored sodB expression to wild type levels (Fig. 10A). 

Surprisingly, iron exerted a very modest effect on expression of the PrrF sRNAs when 
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Figure 9: The ∆prrF1,2 mutant is defective for growth in low iron medium and with heme as a sole 
iron source. 

A-C. The indicated strains were grown for 4 hours in M9 minimal medium with 60 µg/ml tetracycline to 
deplete intracellular iron stores and diluted into fresh M9 medium with or without FeCl3 (100 µM) or 
heme (5µM) supplementation as indicated. Growth was monitored for 24 hours in a Bioscreen C 
instrument. Significant differences in culture density of the wild type and ∆prrF1,2 mutant, as determined 
by two-tailed Student’s t test, are indicated by a vertical bar flanking the relevant time points. D-F. The 
indicated strains were grown for 4 hours in M9 minimal medium to deplete intracellular iron stores, then 
diluted into fresh M9 medium with or without FeCl3 (100 µM) or heme (5µM) supplementation and 
grown for additional 8 hours in M9 minimal media as indicated, and subsequently analyzed for iron 
content by ICP-MS analysis. Error bars indicate the standard deviation of three independent experiments. 
The indicated p values were obtained by two-tailed Student’s t test.
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Figure 10: Iron and heme regulation of the PrrF and PrrH sRNAs in M9 media
A. Map of the prrF locus, showing approximate locations of the PrrF.for and PrrF.rev primers and PrrF 
TaqMan probe, which will detect the PrrF and PrrH sRNAs (panel B), and the PrrH.for and PrrH.rev 
primers and PrrH TaqMan Probe, which will only detect PrrH (panel C). B-C. The indicated strains were 
grown for 4 hours in M9 medium with 60 µg/ml tetracycline to deplete intracellular iron stores, then sub-
cultured into fresh M9 medium without iron supplementation (black bars), with 100 µM FeCl3 
supplementation (dark gray bars), or 5 µM heme supplementation (light gray bars). Relative expression 
of PrrF and PrrH combined (B) and PrrH (C), detected using the primers shown in panel A, was 
determined by standard curves as described in the materials and methods, and expression of each sample 
was normalized to the PAO1/vector low iron sample. Error bars indicate the standard deviation from three 
independent experiments. Asterisks indicate the following p value as determined by a two-tailed 
Student’s t test when comparing values upon heme or iron supplementation to that of the low iron sample, 
or as otherwise indicated: * p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001.



expressed in trans (Fig. 11B). Sequencing of the prrF complementation construct 

revealed a single nucleotide change four residues upstream of the prrF1 Fur box (Fig. 
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Figure 11: The ∆prrF1,2 mutant shows altered expression of genes involved in heme homeostasis 
and virulence. 

A-E. The indicated strains were grown for 4 hours in M9 medium with 60 µg/ml tetracycline to deplete 
intracellular iron stores, then sub-cultured into fresh M9 medium without iron supplementation. Relative 
expression of sodB (A), phuS (B), vreR (C), vreA (D), and vreI (E) was determined by standard curves as 
described in the materials and methods, and expression of each sample was normalized to the PAO1/
vector sample. Primers and probes used are shown in the supplementary materials. Error bars indicate the 
standard deviation from three independent experiments. Complementarity between PrrF1 and the sodB 
mRNA as previously reported [61] and the PrrH unique region (“PrrH IG”) and the phuS mRNA are 
shown below the graphs in panels A and B, respectively. The translational start site of phuS is underlined. 
Asterisks indicate the following p value as determined by a two-tailed Student’s t test when comparing 
values upon heme or iron supplementation to that of the low iron sample, or as otherwise indicated: ^ p < 
0.1, * p < 0.05, ** p < 0.001, *** p < 0.0001. F. Map of the vreAIR operon, indicating the approximate 
location of complementarity with the PrrH unique region (PrrH IG).



12), which we presume resulted in loss of Fur-regulated PrrF expression. Nevertheless, 

this construct was capable of restoring growth (Fig. 9A) and sodB expression (Fig. 11A) 

to wild type levels in the ∆prrF1,2 mutant grown in low iron media and has been used to 

complement previously reported phenotypes of the ∆prrF1,2 mutant [61, 62]. Thus, our 

data demonstrate that the PrrF sRNAs are expressed and functional under low iron 

conditions, and that deletion of the prrF locus results in deregulated expression of genes 

in the PrrF regulon.
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Figure 12: pVLT-prrF1,2 sequencing 
Top sequence: pVLT/prrF1,2 clone. Bottom sequence: prrF locus as sequenced on the PAO1 genome. 
There is a mistake in the -35 region, directly upstream of the Fur-binding region, in the pVLT-prrF1,2 
clone. 



 Previous studies from Masse and colleagues demonstrated that the iron-regulated 

RyhB sRNA of E. coli contributed to growth in iron-depleted conditions by controlling 

the expression of genes encoding iron containing proteins, a function referred to as iron 

sparing [43]. The ∆prrF1,2 mutant is similarly defective for expression of genes 

encoding iron-containing proteins [61], yet the effects of gene expression changes of the 

∆prrF1,2 mutant on growth and iron usage have not been examined. We therefore next 

sought to determine if the ∆prrF1,2 mutant exhibited changes in total iron content as 

compared to the wild type strain. Inductively-coupled plasma mass spectrometry (ICP-

MS) was used to measure intracellular iron levels of the wild type and ∆prrF1,2 mutant 

grown under iron-starved or iron replete conditions. These data showed that iron content 

in the ∆prrF1,2 mutant under iron-depleted conditions was higher than that of the wild 

type strain (Fig. 10D), indicating that expression of iron uptake systems was induced in 

the ∆prrF1,2 mutant. In support of this idea, analysis of pyoverdine levels and iron 

scavenging activity in cell supernatants showed increased siderophore production by the 

∆prrF1,2 mutant as compared to wild type (Fig. 13). Combined, these data demonstrate 

that the growth defect of the ∆prrF1,2 mutant under iron-depleted conditions is not due 

to a defect in iron uptake. Instead, our data indicate that de-regulated expression of non-

essential iron-containing proteins results in the ∆prrF1,2 mutant sensing iron starvation, 

increasing production of siderophores, and the growth defect observed in Figure 9A. 
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The ∆prrF1,2 mutant biofilm is not enhanced by sub-inhibitory levels of tobramycin 

 Iron uptake has been shown by several studies to be critical for P. aeruginosa 

biofilm formation [27, 28, 87], which is an important aspect of P. aeruginosa virulence 

and antibiotic resistance. Despite its defect in iron homeostasis as demonstrated above, 

the ∆prrF1,2 mutant was previously shown to form biofilms similar to the wild type [28]. 

However, we wanted to determine if defective iron utilization of the ∆prrF1,2 mutant 

would affect biofilms formed under different growth conditions. For example, 

aminoglycoside antibiotics have been shown to increase biofilm formation when added to 

P. aeruginosa cultures at sub-inhibitory concentrations [78]. Moreover, we recently 

showed that induction of biofilm formation by exposure to tobramycin, an 

aminoglycoside antibiotic that is often used to treat airway infections in cystic fibrosis 

patients, is dependent upon iron [79]. We therefore determined if altered iron homeostasis 

in the ∆prrF1,2 mutant would affect the capacity of aminoglycosides to enhance biofilm 
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Figure 13: The ∆prrF1,2 mutant is not defective for siderophore production. 
The indicated strains were grown for 18 hours in dialyzed tryptic soy broth with or without 100 µM 
FeCl3 supplementation. Strains were subsequently harvested and supernatants assayed for pyoverdine (A) 
or iron chelating activity on chrome azurol S (B) as previously described (Schwyn and Neilands, 
1987;Meyer, 2000).



formation. Biofilms of PAO1 and the ∆prrF1,2 mutant were formed under iron-replete 

growth conditions, then exposed to varying concentrations of tobramycin in either high or 

low iron media. As expected, PAO1 biofilm mass was significantly higher when pre-

formed biofilms were exposed to either 0.5 or 1µg/ml of tobramycin in high versus low 

iron conditions (Fig. 14). In contrast, the ∆prrF1,2 mutant displayed significantly 

reduced biofilm mass as compared to wild type when the same concentrations of 

tobramycin were added to iron-replete medium (Fig. 14). Thus, our data suggest that the 

iron utilization defect of the ∆prrF1,2 mutant reduces the ability of this strain to enhance 

biofilm formation when exposed to tobramycin.
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Figure 14: The ∆prrF1,2 mutant is defective for antibiotic-induced biofilm formation. 
PAO1 and ∆prrF1,2 mutant biofilms were allowed to form on MBEC device pegs for 24 hours in DTSB 
supplemented with 100 µM FeCl3. The biofilms were then washed in saline, then challenged for 24 hours 
with varying concentrations of tobramycin in the presence or absence of 100 µM FeCl3 as indicated. 
Biofilm formation was then determined as described in the materials and methods. Error bars show the 
standard deviation of three independent experiments. Asterisks indicate the following p values as 
determined by a two-tailed Students t-test: ** p < 0.01.



The ∆prrF1,2 mutant is defective for heme homeostasis 

 The tandem organization of the prrF1 and prrF2 genes in P. aeruginosa allows 

for the expression of a unique, heme-responsive sRNA named PrrH [68]. The PrrH 

sRNA is predicted to contribute to heme homeostasis by regulating a distinct subset of 

genes involved in heme metabolism and uptake. As such, it is possible that the ∆prrF1,2 

mutant is defective for growth in the presence of heme as a sole iron source. To test this 

idea, we analyzed growth of the wild type and ∆prrF1,2 mutant strains in the presence of 

5µM heme. These data showed that heme supplementation was not able to completely 

suppress the growth defect the ∆prrF1,2 mutant in low iron (Fig. 9C). However, ICP-MS 

analysis demonstrated that the iron content of the ∆prrF1,2 mutant grown in the presence 

of heme is increased as compared to the wild type strain (Fig. 9F). These data suggest 

that the growth defect of the ∆prrF1,2 mutant under these conditions is not due to an 

inability to uptake and degrade extracellular heme as an iron source, but is instead due to 

other aspects of heme homeostasis.

 To more directly test the idea that heme homeostasis was altered in the ∆prrF1,2 

mutant, we analyzed heme oxygenase activity of this strain using liquid chromatography-

tandem mass spectrometry (LC-MS/MS) as previously described [84]. This analysis is 

performed by extracting biliverdin IX isomers (BVIX), the breakdown products of heme 

by heme oxygenase, from the supernatants of P. aeruginosa cultures. BVIX isomers are 

then separated by LC, allowing spectral analysis of the BVIX isomers as a function of 

retention time. Furthermore, by providing cells with 13C-labeled heme as an extracellular 

iron source, MS/MS fragmentation can differentiate between BVIX resulting from 
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degradation of extracellularly-acquired (13C-BVIX) versus intracellularly-synthesized 

(12C-BVIX) heme. Using this technique, it was previously shown that the iron-regulated 

HemO of P. aeruginosa degrades extracellular heme to BVIXδ and BVIXβ, while a 

second, non-iron-regulated heme oxygenase, BphO, degrades intracellular heme to 

BVIXα [88]. Similar results were obtained in the current study when we analyzed the 

PAO1 strain grown in 5µM 13C-labeled heme: BphO predominantly degraded 

endogenous heme (blue trace) to BVIXα, while HemO degraded exogenous heme (red 

trace) to BVIXβ and BVIδ (Fig. 15A). The ∆prrF1,2 mutant also turned over 

extracellular heme via the catalytic action of HemO (Fig. 9F), indicating this mutant is 

capable of using heme as an iron source – a conclusion that is consistent with our ICP-

MS analysis in Figure 9F. However, the ∆prrF1,2 mutant showed very little degradation 

of endogenous heme to BVIXα (Fig. 15B). qPCR analysis showed similar levels of the 
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Figure 15: Heme metabolism is altered in the ∆prrF1,2 mutant. 
MS/MS fragmentation of BVIX isomers extracted from the culture supernatants of PAO1 (A) and the 
∆prrF1,2 mutant (B) grown for 8 hours in M9 minimal medium supplemented with 5 µM 13C-heme. LC-
MS/MS was performed as described in the methods with multiple reaction monitoring.



bphO mRNA in the ∆prrF1,2 mutant as compared to wild type grown in 5 µM heme 

(Fig. 16). Thus, decreased levels of BVIXα in the ∆prrF1,2 mutant were not due to PrrF- 

or PrrH-mediated repression of bphO. 

 Next, we determined if altered heme metabolism in the ∆prrF1,2 mutant was 

likely due to loss of the PrrH sRNA. For this analysis, qPCR primers and probes were 

designed within the prrF1-prrF2 intergenic region to specifically detect the PrrH sRNA 

transcript (Fig. 11A). Consistent with earlier studies [68], qPCR analysis demonstrated 

that PrrH was expressed under low iron conditions (Fig. 10C). Our analysis also showed 

that expression of PrrH was significantly reduced (10-fold) by the addition of as little as 

5µM heme (Fig. 10C). However, similar to what was observed for PrrF in Fig. 10B, 

expression of PrrH from the prrF complementation construct was not repressed by either 

iron or heme (Fig. 10C). Thus, while PrrH expression is restored in the complemented 

strain, heme and iron regulation of PrrH are altered in this strain. Notably, since 

expression of PrrH is repressed by 5µM heme in PAO1, it is unlikely that reduced BphO 
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Figure 16: Expression of bphO is not significantly reduced in the ΔprrF1,2 mutant. 
The indicated strains were grown for 8 hours in M9 minimal medium supplemented with or without 5µM 
heme as indicated. Relative expression of bphO was determined by standard curves as described in the 
materials and methods, and expression of each sample was normalized to the PAO1 sample. Error bars 
indicate the standard deviation from three independent experiments. 



activity in the ∆prrF1,2 mutant, as described above, is due to loss of PrrH. We observed 

significant heme repression of RNAs detected by the PrrF primers and probe, which 

amplify all three prrF-encoded sRNAs (Fig. 10B). Thus, it is possible that one or both of 

the PrrF sRNAs contribute to heme-mediated regulation of gene expression in P. 

aeruginosa, and that loss of these sRNAs plays a role in altered heme metabolism by the 

∆prrF1,2 mutant.

The ∆prrF1,2 mutant shows altered expression of genes for heme acquisition and 

virulence 

 The ability to respond to extracellular heme via either the PrrF and/or PrrH 

sRNAs is likely to provide a competitive advantage in environments where heme is a 

potential iron source. We therefore sought to determine if the ∆prrF1,2 mutant showed 

altered expression of genes involved in heme uptake. Previous studies demonstrated that 

expression of phuS, which controls the flux of heme through the HemO heme oxygenase 

in PAO1, is regulated by heme [84]. To determine if the sRNAs encoded by the prrF 

locus might be responsible for this regulation, we analyzed expression of phuS in PAO1 

and the ∆prrF1,2 mutant. Our analysis shows that expression of phuS is significantly 

increased in the ∆prrF1,2 mutant as compared to wild type, and is restored to wild type 

levels in the complemented strain (Fig. 11B), indicating that one of the prrF-encoded 

sRNAs has a negative effect on phuS expression. While no complementarity was 

identified between the phuS mRNA and either of the PrrF sRNAs, analysis of the 5’ UTR 

of phuS revealed a short, imperfect region of complementarity with the PrrH unique 
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sequence (Fig. 11B). Thus, our data are consistent with a model in which heme modulates 

phuS mRNA levels via the PrrH sRNA. 

 Heme regulation via the PrrF and/or PrrH sRNAs may also provide a signaling 

pathway for the induction of virulence genes during infection. To explore this hypothesis, 

we used the updated TargetRNA2 algorithm [89] to search for potential PrrH-specific 

targets with links to virulence. This analysis identified an extensive region of 

complementarity between the PrrH unique sequence and the translational start site and 

coding sequence of the vreR mRNA (Fig. 11F). The vreR gene encodes an anti-sigma 

factor of the Vre extracytoplasmic function (ECF) cell surface signaling (CSS) system, 

which was previously shown to be required for P. aeruginosa virulence [90]. To test the 

idea that vreR was regulated by either PrrF or PrrH, we assayed vreR expression by qPCR 

in PAO1 and the ∆prrF1,2 mutant. Similarly to phuS, deletion of the prrF locus resulted 

in significantly increased levels of vreR (3-fold, Fig. 11C). While vreR expression was 

not completely restored to wild type levels in the complemented ∆prrF1,2 mutant, 

expression of vreR in this strain was not statistically different from that of the wild type 

strain (Fig. 11C). Thus, our data indicate that vreR expression is negatively affected by 

expression of either the PrrF or PrrH sRNAs.

  Previous studies showed that the VreA ECF receptor, the VreI sigma factor, and 

VreR anti-sigma factor are encoded by a single operon (Fig. 11F) [91]. The region of 

complementarity identified between the PrrH intergenic region and vreR is located 

downstream of the vreA and vreI genes. We therefore analyzed expression of vreA and 

vreI to determine if prrF1,2 deletion had a discoordinate effect on this operon. Our 
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analysis showed that deletion of the prrF locus did not result in significantly increased 

expression of either vreA or vreI (Fig. 11D-E), indicating that prrF1,2 deletion 

specifically affected the expression of vreR. Combined, these data indicate that deletion 

of the prrF locus, potentially through the function of the PrrH sRNA, affects the 

expression of genes required for virulence in P. aeruginosa.

The ∆prrF1,2 mutant is attenuated for virulence in an acute mouse lung infection 

model 

 Combined with previous studies, this report demonstrates that the prrF-

transcribed sRNAs contribute to iron and heme homeostasis of P. aeruginosa. Our studies 

also indicate that the RNAs encoded by the prrF locus contribute to virulence gene 

expression via PQS [62] and VreR (this report). We therefore assayed the ∆prrF1,2 

mutant for its ability to cause lung infection in an intranasal (i.n.) murine infection model. 

C57BL/6 mice (n=5) were inoculated with either the wild type PAO1 vector control, the 

∆prrF1,2 mutant vector control, or the complemented ∆prrF1,2 mutant. All mice 

inoculated with 108 colony forming units (CFU) of either the wild type or complemented 

mutant succumbed to lung infection within 4 days of inoculation (Fig. 17A and C). In 

contrast, all ∆prrF1,2 mutant-infected mice survived the entire 28-day course of the 

experiment (Fig. 17B). Thus, the prrF locus of P. aeruginosa is required for virulence in 

this model of acute mouse lung infection.

 We next tested whether inoculation of mice with the ∆prrF1,2 mutant generated a 

protective immune response. Mice that received and survived the initial 108 CFU 
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inoculum of the ∆prrF1,2 mutant (Fig. 17B) were subsequently inoculated i.n. with 108 

CFU of wild type PAO1. All mice primarily challenged with the ∆prrF1,2 mutant 

survived this subsequent lethal challenge (Fig. 17D, black squares), showing that 

intranasal inoculation of mice with the PAO1 ∆prrF1,2 mutant generated a protective 

immune response against the wild type PAO1 strain. As such, the ∆prrF1,2 mutant 

presents a potential candidate for future vaccine development.
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Figure 17: The prrF locus is required for acute murine lung infection. 
A-C. Eight-week old C57Bl/6 mice were inoculated intranasally with 106, 107, or 108 CFU of wild type 
PAO1 with vector (A), the ∆prrF1,2 mutant with vector (B) or the complemented ∆prrF1,2 mutant (C). 
Five mice received each inoculum of each of the indicated P. aeruginosa strains. Mice were monitored 
for survival as described in the materials and methods. D. C57Bl/6 mice that survived infection with 108 
CFU of the ∆prrF1,2 mutant (n = 5) were challenged with 108 CFU of the wild type PAO1 strain (black 
squares) and monitored for survival as described in the materials and methods. White squares indicate 
historical data obtained with naive C57Bl/6 mice inoculated with 108 CFU of PAO1. 



Iron and heme regulation of the prrF-encoded sRNAs is conserved in clinical isolates 

of P. aeruginosa 

 Numerous studies have demonstrated the plasticity of the P. aeruginosa genome, 

resulting in highly variable expression of virulence factors in different strains [92-94]. We 

therefore determined the ability of several P. aeruginosa laboratory strains and clinical 

isolates to express and regulate the PrrF and PrrH sRNAs in response to iron and heme. 

Included in our analysis were PA14 and WR5, which are both wound isolates [95-97], 

and FRD1, a mucoid strain isolated from the lung of a cystic fibrosis patient [98]. 

Northern analysis demonstrated that the PrrF1, PrrF2, and PrrH sRNAs are expressed by 

each of these strains when grown in M9 minimal media, although PrrH expression was 

barely apparent in strain WR5 (Fig. 18A). We also assayed iron- and heme-regulated 

expression of the PrrF and PrrH sRNAs in each of these isolates by qPCR. 

Supplementation of the PAO1, PA14, and FRD1 strains with either 100µM FeCl3 or 5µM  

heme resulted in significant repression of PrrH expression (Fig. 18B-C). In contrast, 

heme supplementation of WR5 cultures had no effect on PrrH expression, and iron 

repression of PrrH in strain WR5 was less substantial than that of other strains analyzed 

in this study (Fig. 18B-C). Consistent with our northern blot analysis, PrrH also appeared 

to be expressed at lower levels in the WR5 strain grown in low iron than in PAO1 and 

other isolates that we tested, although this difference was not statistically significant (Fig. 

18C). Overall, our results indicate that expression of the PrrF and PrrH sRNAs is 

conserved across P. aeruginosa, although the mechanisms that guide iron and heme 

regulation of these sRNAs are somewhat variable.

39



40

Figure 18: The PrrF and PrrH sRNAs are expressed by multiple clinical isolates of P. aeruginosa. 
A. The indicated strains were grown for 4 hours in M9 medium to deplete intracellular iron stores, then 
sub-cultured into fresh M9 medium without iron supplementation and grown for an additional 8 hours. 
RNA was analyzed by northern blot as described in the materials and methods to detect the PrrF1, PrrF2, 
and PrrH sRNAs. B-C. The indicated strains were grown for 4 hours in M9 medium to deplete 
intracellular iron stores, then sub-cultured into fresh M9 medium without iron supplementation (black 
bars), with supplementation of 100 µM FeCl3 (dark gray bars), or 5 µM heme (light gray bars). Relative 
expression of PrrF and PrrH combined (B) and PrrH (C), detected using the primers shown in Figure 2A, 
was determined by standard curves as described in the materials and methods, and expression of each 
sample was normalized to the PAO1  low iron sample. Error bars indicate the standard deviation from 
three independent experiments. Asterisks indicate the following p value as determined by a two-tailed 
Student’s t test when comparing values upon heme or iron supplementation to that of the low iron 
sample: * p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001.
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Discussion

 Several studies have demonstrated the essentiality of iron for pathogenesis of P. 

aeruginosa [14-18]. While iron acquisition plays a critical role in maintaining iron 

homeostasis of P. aeruginosa, appropriate utilization of this element is also essential for 

bacterial survival, as evidenced by the broad conservation of iron regulatory factors. Iron-

responsive regulators in bacteria have largely been shown to contribute to iron 

homeostasis by one of two mechanisms: repressing the expression of iron uptake systems 

in iron-replete conditions, and reducing the production of iron-containing proteins in 

iron-limiting environments. The latter of these functions is mediated in many bacterial 

species by iron-responsive sRNAs [43, 61, 99-106], and, in some pathogenic species, 

these iron-regulated sRNAs affect the expression of virulence traits [62, 104, 105, 107, 

108]. Here, we show that deletion of the locus encoding the iron-responsive PrrF sRNAs 

of P. aeruginosa causes defects of iron and heme homeostasis, alters biofilm formation, 

affects virulence gene expression, and most strikingly, attenuates virulence. Combined 

with a previous study demonstrating the role of the PrrF sRNAs in production of the PQS 

quorum sensing molecule [62], these results demonstrate the central role of the prrF 

locus in the physiology and pathogenesis of P. aeruginosa. 

 A recent report demonstrated that a mutant for the iron-regulated RyhB sRNA of 

uropathogenic E. coli (UPEC) was defective for bladder colonization in a murine model 

of urinary tract infection [109]. Notably, the ryhB mutant of E. coli was also shown in 

this study to be defective for siderophore production, a known contributor to UPEC 

virulence [110]. As previously shown in non-pathogenic E. coli [111], the UPEC ∆ryhB 
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mutant displayed decreased expression of shiA, encoding a permease for shikimate, a 

required substrate of enterobactin biosynthesis. Moreover, this report also showed that 

genes encoding biosynthetic enzymes for the hydroxamate siderophore aerobactin were 

down-regulated in the ∆ryhB mutant [109]. Thus, the RyhB sRNA of UPEC contributes 

to siderophore production by multiple mechanisms, likely promoting colonization and 

survival during urinary tract infection. These findings are in stark contrast to the P. 

aeruginosa ∆prrF1,2 mutant, which is not defective for siderophore production (Fig. 14). 

Moreover, we show that the ∆prrF1,2 mutant is capable of utilizing heme as an iron 

source (Fig. 9B). Thus, our data indicate that defects in iron uptake, via either 

siderophore or heme acquisition pathways, are not the source of virulence attenuation in 

the P. aeruginosa ∆prrF1,2 mutant.

 Iron is a known requirement for P. aeruginosa biofilm formation [28, 79, 87]. 

Results of a previous study indicated that either active uptake of chelated iron (through 

siderophores or ferric citrate) or intracellular iron levels were responsible for this 

dependency [28]. This same study established that the ∆prrF1,2 mutant formed biofilms 

similar to the wild type strain. Thus, our finding that the ∆prrF1,2 mutant shows reduced 

biofilm formation as compared to wild type in the presence of iron and sub-inhibitory 

concentrations of tobramycin is intriguing. While sub-inhibitory concentrations of 

tobramycin and other aminoglycosides are know to induce biofilm formation [78], the 

underlying mechanism for this phenomenon remains unclear. We previously showed that 

iron supplementation is required for this phenomenon [79]. Our data here suggest that 

appropriate iron utilization, mediated by the PrrF sRNAs, may also play a role in 
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tobramycin-induced biofilm formation. The PrrF sRNAs are also know to mediate 

production of the PQS quorum sensing molecule, which itself contributes to multicellular 

behavior [62]. Thus, the inability of the ∆prrF1,2 mutant biofilm to respond to iron may 

be the result of pleiotropic effects on iron utilization, PQS biosynthesis, and potentially 

other unknown factors. More studies into the formation and structure of the PAO1 and 

∆prrF1,2 mutant biofilms in the presence of sub-inhibitory concentrations of 

aminoglycosides will be required to fully understand the basis for this phenotype.

 A notable characteristic of P. aeruginosa is the heterogeneity of genome 

sequences from different clinical and environmental isolates. In many cases, this genetic 

variation results in altered expression of virulence factors, or loss altogether of genes 

encoding certain virulence determinants [92-94]. To date, all sequenced isolates of P. 

aeruginosa possess the tandem arrangement of the prrF genes [112], indicating that the 

region encoding both the PrrF and PrrH sRNAs is part of the core genome of this species. 

In this study, we present additional evidence that iron and heme regulation of the PrrF 

and PrrH sRNAs is conserved across several clinical isolates of P. aeruginosa. Moreover, 

we recently showed that the PrrF and PrrH sRNAs are maintained and expressed by a 

variety of isolates of P. aeruginosa during CF lung infection [80]. Combined, these data 

support the hypothesis that the unique arrangement of the P. aeruginosa prrF genes is a 

critical asset during infection of the human host.

 One of the most fascinating aspects of the PrrF sRNAs in P. aeruginosa is the 

tandem arrangement of the prrF1 and prrF2 genes, allowing for expression of the heme-

responsive PrrH sRNA [68]. Heme is an abundant source of iron in the human host, and 
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strains that are capable of using and responding to this nutrient are likely to exhibit a 

competitive advantage during infection. It is therefore predicted that heme regulated 

expression of PrrH and PrrF contributes to heme homeostasis and, potentially, the 

pathogenic capacity of this organism. In support of this hypothesis, the present study 

demonstrates that the ∆prrF1,2 mutant is altered for heme metabolism; specifically, our 

data indicate that the BphO heme oxygenase, which degrades endogenously-synthesized 

heme, is expressed yet relatively inactive in the ∆prrF1,2 mutant (Fig. 16, 9B). However, 

the mechanism underlying this phenotype is not yet known. One possibility is that the 

iron starvation phenotype of the ∆prrF1,2 mutant, resulting from increased production of 

iron-containing proteins in iron-depleted conditions, precludes endogenous heme 

biosynthesis. Altered heme metabolism in the ∆prrF1,2 mutant may be due to changes in 

the production of distinct factors required for endogenous heme biosynthesis and/or 

degradation. Future studies into how the ∆prrF1,2 mutant responds to changes in heme 

availability on a genomic scale will be key to distinguishing between these possibilities.

 We previously showed that the prrF locus allows for heme-regulated expression 

of the nirL gene, potentially due to a region of complementarity identified between the 

unique region of the PrrH sRNA and the 5’ end of the nirL mRNA [68]. In silico analysis 

in the current study identified additional mRNAs that shared complementarity with the 

PrrH unique sequence: vreR, encoding a regulator of virulence gene expression [90], and 

phuS, encoding a heme-responsive regulator of heme acquisition and iron homeostasis 

[84]. Our data further showed that the ∆prrF1,2 mutant exhibits increased levels of the 

vreR and phuS mRNAs, suggesting the PrrH sRNA is capable of interacting with and 
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modulating the expression of these genes. Notably, deletion of the prrF locus had no 

significant effect on the expression levels of vreA and vreI, which are co-transcribed with 

vreR [91]. Combined with the finding that the unique region of PrrH shares 

complementarity with a region of the vreAIR operon immediately upstream of vreR, these 

data support the model that PrrH is responsible for prrF-mediated regulation of vreR. 

However, more studies are clearly required to determine the mechanism by which the 

sRNAs encoded by the prrF locus affect expression of each of these genes, as well as 

whether this regulation occurs by a direct or indirect mechanism. 

 One complicating factor of our studies was the finding that iron- and heme-

regulation of the PrrF and PrrH sRNAs expressed from the pVLT-prrF1,2 

complementation construct was diminished (Figure 10B-C). Sequencing analysis of the 

complementation construct identified a single nucleotide substitution immediately 

upstream of the prrF1 Fur binding site, within the -35 region of the prrF1 promoter (Fig.

12), which is presumably the cause of de-regulated PrrF and PrrH expression. While this 

construct complements many the previously described phenotypes of the ∆prrF1,2 

mutant [61, 62], as well as those described in the current study, it is clear that more 

refined genetic studies will be necessary for teasing apart the individual regulatory roles 

of the PrrF and PrrH sRNAs during pathogenesis. Unfortunately, subsequent attempts at 

cloning the prrF locus have resulted in similar promoter mutations, and clones lacking 

the native prrF promoters carry mutations within the prrF genes. We are therefore 

pursuing alternative strategies to assess the individual functions of the PrrF and PrrH 

sRNAs.
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 In spite of these issues, the current prrF expression construct was able to 

complement the virulence defect of the ∆prrF1,2 mutant, demonstrating the requirement 

of at least one of the prrF-encoded sRNAs in virulence. Even more striking, our studies 

show that intranasal inoculation of mice with the ∆prrF1,2 mutant generated a protective 

immune response, presenting this strain as a potential candidate for future vaccine 

development in vulnerable populations. To date, our studies indicate that virulence 

attenuation of the ∆prrF1,2 mutant may be due to any one or a combination of the 

following phenotypes: reduced PQS production, loss of iron homeostasis, loss of heme 

homeostasis via de-regulated expression of nirL and/or phuS, and/or de-regulated 

expression of the Vre regulon. Because of the potential multifactorial role of the PrrF and 

PrrH sRNAs in regulating virulence, developing resistance to a PrrF and/or PrrH inhibitor 

would likely require mutations in both the PrrF and PrrH sRNAs and several of the target 

mRNAs they regulate. Thus, this strategy may raise the bar for infecting strains to 

develop resistance, potentially reducing future burdens of antimicrobial resistant P. 

aeruginosa. Delivery of antisense oligonucleotides (AS-ODNs) via anionic liposomes has 

been successful in several bacterial species [113-115], and may provide a novel means for 

targeting sRNAs, such as PrrF and PrrH, to block virulence. Future work determining 

how each of the ∆prrF1,2 mutant phenotypes contributes to P. aeruginosa virulence 

attenuation will be critical for the development of AS-ODN molecules that effectively 

block pathogenesis.
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Chapter 3: Differential Regulation by the PrrF and PrrH sRNAs

Introduction

 Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen of great 

concern in neutropenic patients, cystic fibrosis patients, and a major cause of nosocomial 

infections. Iron is an essential nutrient for virulence in P. aeruginosa [22, 63, 116-119], 

but is sequestered in the host and insoluble in aerobic environments [13]. Thus, P. 

aeruginosa uses several pathways to obtain iron. Aerobically, P. aeruginosa secretes the 

siderophores pyoverdine and pyochelin to scavenge ferric iron [120]. Siderophores are 

iron-chelating compounds that, after binding ferric iron, are taken up by TonB-dependent 

transporters [22]. Anaerobically, ferrous iron is obtained through the Feo system [121]. 

The Feo system is capable of allowing ferrous iron to diffuse through the FeoABC 

complex. This system also works with phenazines, metabolites capable of scavenging 

ferric iron and redox cycling to ferrous iron, by taking up the newly cycled ferrous iron 

[121, 122]. P. aeruginosa also obtains iron from the host’s heme by first internalizing 

heme through the Phu and Has systems [123]. Once obtained, heme is shuttled to the 

HemO heme oxygenase by PhuS, a cytosolic transporter, where heme is degraded to 

biliverdin, leaving carbon monoxide and iron as byproducts [124]. Iron was previously 

shown to be vital for virulence and biofilm formation within P. aeruginosa, indicating the 

essentiality of this nutrient for the pathogen’s survival within the human host [22, 63, 

117].
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 Iron partakes in Fenton chemistry, which leads to superoxide formation. Thus, 

iron uptake must be carefully regulated. In iron-replete conditions, the ferric uptake 

regulator (Fur) binds iron, then binds as a complex upstream of an iron-repressed gene to 

prevent transcription [120]. Fur deletions in P. aeruginosa are lethal [9], indicating the 

necessity of this protein in iron regulation and acquisition in P. aeruginosa [9, 10, 125, 

126]. 

 Fur also negatively regulates the two Pseudomonas small RNAs responsive to 

iron (Fe) (PrrF) [65]. The PrrF sRNAs are predicted to act in a manner similar to other 

iron-regulated sRNAs, in which complementarity regions of the PrrF sRNAs bind to the 

start codon of their targets, marking said target for degradation [45]. These sRNAs are 

considered to be part of the global iron-sparing response in iron-depleted conditions, as 

previous microarray analyses indicated iron-containing proteins were up-regulated in 

either the absence of the prrF locus or in iron-replete conditions [65]. One putative target 

of the PrrF sRNAs is sodB, encoding the superoxide dismutase that contains an iron 

cofactor [11, 65]. The PrrF sRNAs are predicted to bind over the sodB mRNA start 

codon, thus repressing its translation. The PrrFs are also predicted to bind to the start 

codon and repress PA4880, a putative bacterioferritin [65]. 

 Another putative PrrF target is antR [63]. AntR is the positive regulator of the 

anthranilate degradation pathway [63]. Anthranilate is the precursor metabolite required 

for the production of the Pseudomonas quinolone signal (PQS), a necessary signaling 

compound for quorum sensing and virulence [63, 127]. AntR is the transcriptional 
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regulator of the antABC operon, and PrrF has predicted complementarity over the antR 

mRNA start codon [63].   

 The prrF genes are arranged in tandem on the chromosome, allowing expression 

of a third sRNA, the Pseudomonas small RNA Responsive to Heme (PrrH) [128]. PrrH is 

predicted to regulate heme and metabolic proteins, and was previously indicated to 

negatively regulate nirL mRNA [128]. NirL is part of the nirSMCFDLGHJEN gene 

cluster, which is responsible for heme d1 biosynthesis and degrading nitrite to nitric 

oxide in microaerobic and anaerobic conditions [129]. Additionally, in silico analyses 

identified complementarity over the start codons of two putative targets of PrrH: phuS 

and vreR [70]. PhuS is part of the Phu heme uptake system operon and ferries 

extracellularly-collected heme to the HemO heme oxygenase [124]. VreR is the anti-

sense regulator in the VRE virulence operon, and operon responsible for global virulence 

regulation in P. aeruginosa [130]. The tandem arrangement of the prrF genes is unique to 

P. aeruginosa, the most clinically-relevant pathogen of the pseudomonads, indicating the 

potential of PrrH for a role in virulence. However, elucidating further roles for PrrH are 

difficult, as PrrH is poorly characterized because generating a ∆prrH mutant with 

functional PrrF sRNAs has proved challenging. 

 In this study, we introduce a complementation system to differentiate between the 

functions of PrrF and PrrH in P. aeruginosa and discuss the differences in regulation 

between the sRNAs. We determined the PrrF sRNAs are responsible for growth defects, 

iron homeostasis, siderophore production, and negative regulation of phuS and PA4880 

49



mRNAs in P. aeruginosa, while PrrH may play a greater role in chronic infection in P. 

aeruginosa.

Materials and Methods

 Bacterial Growth Conditions Strains used are shown in Table 3. The WT-

prrF1,2 and ∆prrH complementing plasmids were cloned into the broad host range 

vector pUCP18 using GENEWIZ technologies (www.genewiz.com). Once the 

complementing plasmids were generated, they were transformed into ∆prrF1,2 as 

previously described [131]. For aerobic studies, strains were grown overnight in DTSB, 

subcultured at OD600 = 0.08 into DTSB for a second overnight, then subcultured into M9 

minimal medium with 1% glucose (Teknova) at OD600 = 0.08 for 8 hours at 37°C with 

shaking. Carbenicillin at 200µg/mL was added to strains carrying pUCP vector or its 

derivatives for plasmid maintenance. For microaerobic studies, strains were first grown in 

BHI medium overnight. Strains were diluted to OD600 = 0.5, then 50µL of this dilution 

was inoculated into cystic fibrosis synthetic sputum media (CFSM) [132] in serum 

bottles. Cultures were purged of oxygen with 95%N2/5%CO2 gas mixture for one hour 
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Table 3: Strains used in this studyTable 3: Strains used in this studyTable 3: Strains used in this study

Strain Description Source

PAO1/pUCP18 Wild type PAO1 strain carrying the pUCP18 E.coli-P. 
aeruginosa shuttle vector (CbR)

This work

∆prrF/pUCP18 ∆prrF mutant carrying the pUCP18 E.coli-P. aeruginosa 
shuttle vector (CbR)

This work

∆prrF/WT ∆prrF mutant carrying the GENEWIZ prrF1,2 
complementation construct

This work

∆prrF/∆H ∆prrF mutant carrying the GENEWIZ ∆prrH 
complementation construct

This work



per four bottles. Oxygen (O2) was injected into the serum bottles to a final concentration 

of 2.5%. Cultures were grown at 37°C for 16 hours with shaking.

 Determination of cellular iron content Strains were grown as described above 

with or without iron or heme supplementation, and harvested by centrifugation. 

Harvested bacteria from the secondary cultures were dissolved in 20% nitric acid and 

boiled overnight at 100°C. Inductively-coupled plasma mass spectrometry (ICP-MS) was 

then used to determine the metal content of the dissolved bacteria (Agilent 7700 ICP-MS, 

Agilent Technologies). Raw ICP-MS data (µg/L) were corrected for drift using values of 

internal controls (indium, scandium, and germanium) that were added to each sample 

during processing. Corrected values were then normalized to culture density as 

determined by the absorbance at 600 nm.

 Growth Curve Analyses Growth studies were performed as previously in 

Reinhart et al., 2015, with the following modification: strains were grown overnight in 

DTSB supplemented with 0.5mM MSG and 1% glycerol, subcultured at OD600 = 0.08 

into DTSB supplemented with 0.5mM MSG and 1% glycerol for a second overnight 

growth, then subcultured into M9 minimal medium with 1% glucose (Teknova) at OD600 

= 0.08. 

 ICP-MS studies ICP-MS studies were performed as previously stated in Reinhart 

et al. 2015, with few modifications. Briefly, strains were grown overnight, twice, in 

DTSB at 37°C to deplete iron, then subcultured into M9 minimal medium, supplemented 

with 1% glucose (Teknova) for eight hours at 37°C, with or without 100µM FeCl3 or 

5µM hemin supplements. Cells were harvested by centrifugation, then boiled overnight in 
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20% HNO3. Samples were subjected to inductively coupled plasma mass spectrometry 

with an internal standard, 50ppb Sc and Ge, to correct for drift. Results were normalized 

to culture density at OD600 and analyzed with a seven-point standard curve of iron 

purchased from CPI International. 

 Siderophore Assays CAS assays were performed as previously described [82]. 

Briefly, strains were grown as stated in Growth Conditions, and harvested by 

centrifugation. Supernatants were filter-sterilized, OD410 was taken to determine 

pyoverdine levels [83]. Supernatants were also mixed with chromazurol S to determine 

total siderophore counts. All OD410 measurements were normalized to culture density at 

OD600.

 qPCR studies qPCR studies were performed as described in Oglesby-Sherrouse 

and Vasil, 2010, under the currently described growth conditions. Primers and probes are 

listed in Table 2 (chapter 2) and below in Table 4.

Table	4:	Primer	and	Probe	sets	used	in	this	studyTable	4:	Primer	and	Probe	sets	used	in	this	study

Oligonucleotide Sequence 5’ – 3’

Primers

antR.for AAA CGC CTG GGC GTA GAG TT

antR.rev GCA AGG TCC TGG AGG AGA TGT T

PA4880.for CGA CAG CTA TCG CGA GAT CA

PA4880.rev GTG TTC TTC TTC CTG GGC CA

sodB.for AAC ACC TAC GTG GTG AAC CTG A

sodB.rev TGA CGA TCT CTT CGA GGC TCT T

Probes

antR ATC CAT CTC CGG ATC GAA GCG CAA

PA4880 ACC ACC CGA CGC ATT TTC GAG GAA

sodB CCT GAT CCC GGG CAC CGA GTT
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 Animal studies Studies were performed under protocol approved by the West 

Virginia University Animal Care and Use Committee. Mice were obtained from Charles 

River. Six female 4-6-week old CD-1 mice were intranasally inoculated with 108 CFU of 

WT, ∆prrF, ∆prrF/WT, or ∆prrF/∆H . One mouse from the ∆prrF/WT cohort expired 

well before 14 hours, and was therefore excluded from further studies. Mice were 

sacrificed using Euthasol and cardiac puncture at 16 hours post-infection. Lungs and 

nasal washes were collected, and lungs were homogenized and divided for qPCR, 

cytokine, and colony forming unit (CFU) analyses. Nasal washes were plated for CFU.

Results

An extensive sequence upstream of the prrF locus is required for PrrH expression 

 Our previous studies show that the prrF locus impacts the expression of multiple 

genes involved in heme homeostasis (phuS, nirL) and virulence (vreR), presumably 

through the action of the PrrH sRNA [70, 128]. This idea is supported by the observation 

that the PrrH unique sequence, derived from the prrF1-prrF2 intergenic region, shares 

complementarity with each of these mRNAs at regions that overlap the ribosomal binding 

and translational start sites (Fig. 19). We therefore hypothesize that PrrH binds to these 

mRNAs through its so-called “intergenic region”, destabilizing and preventing the 

translation of each mRNA. 

 To determine if the PrrH intergenic region is required for PrrH expression, I first 

sought to generate a complementation construct that 1) lacked nucleotide substitutions 

that plagued earlier prrF expression constructs, including pVLT-prrF [70], and 2) could 
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be modified to exclude portions of the intergenic sequence that is predicted to interact 

with PrrH target mRNAs (Fig. 19). I utilized GENEWIZ technologies to clone the entire 

prrF locus, including 35 nucleotides upstream of the prrF1 transcriptional start site, into 

the broad host range vector pUCP18, and the resulting construct was transformed into the 

∆prrF1,2 mutant. PAO1/pUCP18 (WT), ∆prrF1,2/pUCP18 (∆prrF), and ∆prrF1,2/

pUCP-prrF1,2 (∆prrF/WT) were grown overnight in DTSB and subcultured for a second 

overnight in DTSB to deplete iron, then subcultured into M9 medium and grown for an 

additional eight hours. RNA was extracted, and qRT-PCR was performed to analyze 

expression of the PrrF and PrrH sRNAs. While this construct allowed for modest PrrF 

expression, PrrH expression was not detectable (Fig. 20B, C). Thus, I used GENEWIZ 

technologies to generate two additional prrF constructs, including either 185 bp or 235 
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Figure 19: PrrH complementarity to its putative targets. 
A. Schematic of PrrH expression and area of IG putatively used to bind to targets. B. PrrH 
complementarity to nirL mRNA. C. PrrH complementarity to phuS mRNA. D. PrrH complementarity to 
vreR mRNA.



bp upstream of the prrF1 transcriptional start site. The constructs were then transformed 

into the ∆prrF1,2 mutant. While both constructs resulted in high levels of PrrF 

expression, only complementation with the 235 bp construct restored PrrH expression to 
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Figure 20: An upstream region is required for PrrH expression. 
Strains were grown in DTSB to deplete iron, then in M9 for eight hours with carbenicillin. RNA was 
extracted from cultures and subjected to qRT-PCR analyses, shown above. Results are six biological 
replicates. Statistics are Student’s paired t test. *p<0.05; **p<0.01. A-D: ∆prrF/WT complements PrrF, 
but not PrrH expression. E and F: ∆prrF/WT complements both PrrF and PrrH expression. 



the ∆prrF mutant (Fig. 20D-G). Moreover, iron and heme regulation of both PrrF and 

PrrH was evident in the ∆prrF1,2 mutant complemented with the 235 bp construct. Thus, 

this construct was selected for further studies into sequences required for PrrH function.

 I next used GENEWIZ technologies to generate a ∆prrH complementation 

construct, identical to the wild type pUCP-prrF1,2 construct but lacking the first 40 

nucleotides of the PrrH intergenic region that is predicted to interact with target mRNAs. 

The resulting construct was transformed into the ∆prrF1,2 mutant, and the resulting 

strain (∆prrF/∆H) was assayed for PrrF and PrrH expression by qPCR. The ∆prrF/∆H 

strain expressed similar levels of the PrrF sRNAs as compared to ∆prrF1,2/WT (Fig. 

20F, Fig. 21A). As expected, no PrrH was detected in this strain, as the qPCR primers and 

probe used to detect PrrH bind to the PrrH intergenic region. Thus, a sequence upstream 

of the prrF1 start site is required for PrrH expression. 

The PrrF sRNAs are required for iron homeostasis in P. aeruginosa 

 I previously showed that the prrF locus is required for iron homeostasis in P. 

aeruginosa through growth curve analyses, ICP-MS, and siderophore production assays 

[70]. Specifically, I found that the ∆prrF1,2 mutant shows a growth defect in low iron 

medium, but that this growth defect is not due to an inability to acquire iron via 

siderophore dependent pathways (Fig. 9). Thus, we concluded that the ∆prrF1,2 mutant 

growth defect in low iron medium is due to increased expression of iron-utilizing 

proteins. To determine if PrrF or PrrH is responsible for this iron homeostasis defect, I 

repeated these analyses with the newly complemented ∆prrF1,2 mutants. Growth curve 
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analyses showed the ∆prrF mutant grew significantly less than WT or either of the 

complemented strains between hours 10-14 and 18-23 (Fig. 22A). Both the WT and 

∆prrH complementation constructs restored growth of the ∆prrF1,2 mutant to wild type 

levels, indicating PrrH is not required for growth in low iron.  
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Figure 21: Iron and heme regulation are restored in the WT and ∆H complementation constructs. 
Strains were grown in DTSB to deplete iron, then subcultured into M9 minimal medium. Cells were 
harvested by centrifugation, and RNA was extracted for qRT-PCR analyses. Data is of six replicates, 
statistics Student’s paired t test relative to low iron unless indicated by horizontal lines. * p<0.05; ** p< 
0.01; *** p<0.001



 We next analyzed supernatants from each of the complemented strains to 

determine if loss of PrrF or PrrH was responsible for increased siderophore production in 

the ∆prrF1,2 mutant. Consistent with our earlier studies [70], supernatants from the 

∆prrF1,2/pUCP18 strain showed significantly higher levels of pyoverdine fluorescence 

(Fig. 22C) and siderophore activity (Fig. 22D) as compared to the wild-type [70]. 
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Figure 22: PrrF is responsible for the iron homeostasis defect of the ∆prrF1,2 mutant. 
A: Strains were grown in DTSB overnight, then subcultured into DTSB for 24 hours in the BioScreen 
multiwell plate reader. Data is three biological replicates. Dotted line: ∆prrF/WT and ∆prrF/∆H 
compared to WT; solid line: ∆prrF compared to WT. B: ICP-MS: Strains were grown in DTSB to deplete 
iron, then subcultured in M9 for eight hours. Cells were harvested by centrifugation, boiled in 20%HNO3, 
then subjected to ICP-MS, with internal standard to correct for mechanical drift. Results were normalized 
to culture OD600. Data is six biological replicates. C: Strains were grown in DTSB to deplete iron, then 
subcultured in M9 for eight hours. Supernatants were collected filtered. Supernatants were measured at 
OD410 and OD600, and results are OD410/OD600. Data is three biological replicates. D: Strains were grown 
in DTSB to deplete iron, subcultured in M9 for eight hours. Supernatants were collected, filtered, and 
subjected to CAS assays. Data is three biological replicates. Asterisks indicate the following p values as 
determined by Student’s paired t tests relative to WT. *p<0.05; **p<0.01.



Complementation of the ∆prrF1,2 mutant with either the WT or ∆prrH constructs 

restored levels of both pyoverdine fluorescence and siderophore activity back to wild 

type levels. These data indicate that loss of the PrrF sRNAs is primarily responsible for 

increased siderophore production in the ∆prrF1,2 mutant. In line with this conclusion, 

both the wild type and ∆H complementation constructs restored iron content of the 

∆prrF1,2 mutant back to wild type levels (Fig. 22B). Curiously, supernatants from the 

∆prrF/∆H strain displayed a modest but significant increase in both pyoverdine 

fluorescence and siderophore activity as compared to the ∆prrF/WT strain, indicating 

PrrH plays a role, either direct or indirect, in regulation of siderophore production.

PrrH does not have a significant impact on expression of phuS, vreR, or nirL 

 The results above demonstrate that expression of the PrrF sRNAs is required to 

restore iron homeostasis to the ∆prrF1,2 mutant, likely due to their ability to repress 

expression of multiple genes encoding iron-containing proteins. To directly test this idea, 

I analyzed expression of  sodB, encoding the iron-containing superoxide dismutase, in the 

WT and ∆H complemented ∆prrF1,2 mutant strains. Expression of sodB was 

significantly increased in the ∆prrF1,2 mutant, and was restored to wild type levels when 

the ∆prrF1,2 mutant was complemented with either the WT or ∆H constructs, confirming 

the PrrF sRNAs are responsible for regulation of this mRNA target (Fig. 23A). 

 I next determined if the ∆H construct was capable of restoring expression of three 

putative PrrH targets - phuS, vreR, and nirL - to wild type levels in the ∆prrF1,2 mutant.  

As previously observed, expression of phuS was significantly induced in the ∆prrF1,2 
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mutant as compared to wild type and restored to wild type levels when the ∆prrF1,2 

mutant when complemented with either the WT or ∆H complementation constructs (Fig. 

23B). Thus these data indicate that increased phuS expression in the ∆prrF1,2 mutant is 

due to loss of the PrrF sRNAs, and not PrrH as previously hypothesized. 

 I also observed an increase in vreR expression in the ∆prrF1,2 mutant, but this 

increase was not significant (Fig. 23C), potentially due to erratic and poor expression of 
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Figure 23: PrrF mediates sodB and phuS regulation. 
All strains were grown in DTSB to deplete iron, then subcultured into M9 for eight hours. Cells were 
harvested by centrifugation, and RNA extracted and subjected to qRT-PCR. Data is of six biological 
replicates. A: sodB mRNA is significantly up-regulated in ∆prrF, and significantly repressed compared to 
WT in ∆prrF/WT and ∆prrF/∆H. B: phuS mRNA is significantly upregulated in ∆prrF and significantly 
repressed in ∆prrF/WT and ∆prrF/∆H. C: vreR mRNA is affected by the prrF locus. Statistics are 
Student’s paired t test. * p<0.05; *** p<0.001; ^ p<0.0001



vreR mRNA by all strains during this study. Thus, the impact of the individual sRNAs 

transcribed from the prrF locus on vreR expression remains unclear at this time. 

 Previous findings by Oglesby-Sherrouse and Vasil [128] indicated that the prrF 

locus negatively regulates the nirL mRNA. However, these studies were completed 

aerobically, and NirL is part of the nitrite reductase complex that is expressed in low 

oxygen conditions [133]. I therefore analyzed expression of nirL in the WT and ∆H 

complemented ∆prrF1,2 mutant strains grown in microaerobic conditions. Initial studies 

indicated that CF synthetic sputum medium (CFSM), which mimics conditions of the CF 

lung [132], afforded the most optimal expression of the PrrF, PrrH, and nirL RNAs 

during microaerobic growth. Under these conditions, I observed lower PrrF and PrrH 

expression compared to previously observed under aerobic conditions (Fig. 24A-B). I 

observed a small but significant increase in nirL expression in the ∆prrF/∆H mutant as 

compared to wild type (Fig. 24C). However, no difference in nirL expression was noted 

between the ∆prrF/WT and ∆prrF/∆H strains, indicating that PrrH may exert an impact 

on nirL expression under these conditions (Fig. 24C). Overall, these data indicate more 

studies are necessary to understand the biological function of the PrrH sRNA. 

PrrH is not required for acute lung infection 

 We previously found that the ∆prrF1,2 mutant is attenuated for virulence in an 

acute murine lung infection model [70]. To determine if this attenuation is due to loss of 

the PrrF or PrrH sRNAs, we determined the virulence capacity of the WT and ∆H 

complemented ∆prrF1,2 mutant strains. CD1 mice were intranasally inoculated with 108 
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CFU of the WT PAO1, ∆prrF, ∆prrF/WT, or ∆prrF/∆H strains. At 16 hours post-

inoculation, two mice infected with the WT strain were deceased, as were three mice 

infected with either the ∆prrF/WT or ∆prrF/∆H strains. After euthanizing the remaining 

mice, nasal washes and lungs were collected from each mouse. The lungs were 

homogenized, and CFUs were determined for both nasal washes and lung homogenates. 

CFUs of both the nasal washes and the lung homogenate showed a significant two-log 

reduction in bacterial counts in the ∆prrF1,2 mutant compared to the WT, ∆prrF/WT, and 
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Figure 24: PrrH may mediate nirL regulation. 
All strains were grown in BHI overnight, then subcultured into microaerobic CFSM for 16 hours. Cells 
were harvested by centrifugation, and RNA extracted and subjected to qRT-PCR. Data is of six biological 
replicates. A: prrF mRNA is significantly down-regulated in ∆prrF. B: prrH mRNA is significantly 
down-regulated in ∆prrF and ∆prrF/∆H. C: nirL mRNA is affected by the prrF locus. Statistics are 
Student’s paired t test. * p<0.05; ** p<0.01



∆prrF/∆H strains (Fig. 25A-B). Thus, both the WT and ∆H complementation constructs 

were capable of restoring virulence to the ∆prrF1,2 mutant, demonstrating that PrrH is 

not required for acute murine lung infection.

 We next analyzed PrrF and PrrH expression levels by qRT-PCR of lung 

homogenates to determine if increased lung colonization correlated with increased sRNA 
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Figure 25: PrrH is not required for acute murine lung infection 
All strains were used to intranasally infect CD-1 mice at an inoculum of 108 CFU. After 16 hours, mice 
were euthanized and nasal washes performed (A) and lungs removed and homogenized (B). Serial 
dilutions were made of nasal washes and lung homogenate and incubated at 37°C for 24 hours. Results of 
strains WT, ∆prrF, ∆prrF/WT and ∆prrF/∆H are of six mice, results of strain ∆prrF/WT is of five mice. 
Statistics are Student’s unpaired t test relative to WT. *p<0.05; ** p<0.01.



levels. Both PrrF and PrrH were detectable in the wild type PAO1-infected mouse lungs 

and levels were significantly reduced in the ∆prrF1,2 mutant (Fig. 26). We also noted 

increased expression of the PrrF sRNAs in mice infected with the ∆prrF/WT or ∆prrF/

∆H strains (p=0.058), while the PrrH sRNA was not detected in mice infected with the 

∆prrF/∆H strain (Fig. 26B). These data demonstrate that both the PrrF and PrrH sRNAs 

are expressed in the lungs during this infection model, but that lung colonization 

correlates most closely with expression of the PrrF sRNAs. 

PrrF-mediated iron homeostasis is likely critical for murine lung infection

 While our data indicate that the PrrF sRNAs are critical for acute lung infection, 

the specific regulatory role(s) of the PrrF sRNAs in mediating infection remain(s) 

unknown. My studies demonstrate that the PrrF sRNAs are required for iron homeostasis, 

likely due to their ability to block expression of non-essential iron-containing proteins in 

low iron environments, such as those found during mammalian infection. However, 
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Figure 26: In vivo model of infection replicates in vitro PrrF and PrrH regulation 
RNA was extracted from mouse lung homogenates and used in qRT-PCR studies. All analyses are 
expression relative to WT, and Student’s paired t test performed for statistical significance. *p<0.05; 
**p<0.01



previous studies also show that the PrrF sRNAs are required for production of the PQS 

quorum signaling molecule, due to repression of genes (antR) that mediate degradation of 

the PQS precursor anthranilate. As both iron homeostasis and PQS production are likely 

important during infection, it is possible that PrrF mediates virulence through one or both 

of these regulatory effects.

 In order to determine which PrrF-mediated regulatory pathways are active in this 

model of acute murine lung infection, we analyzed expression of several putative PrrF 

target mRNAs in lung homogenates. We began by analyzing expression of sodB, 

encoding an iron-containing superoxide dismutase, and PA4880, encoding a putative 

bacterioferritin responsible for iron storage, which were previously shown to be 

negatively regulated by PrrF [60]. Expression of both genes was significantly induced in 

mice infected with the ∆prrF1,2 mutant as compared to wild type, and expression was 

restored to wild type levels when the ∆prrF1,2 mutant was complemented with either the 

WT or ∆H construct (Table 5). Thus, both sodB and PA4880 are likely targets for PrrF 

negative regulation during acute murine lung infection.

 We also analyzed expression of antR, encoding a LysR-type transcriptional 

activator of the antABC anthranilate degradation operon. Previous in vitro studies 

indicated PrrF negatively regulates antR [63]. However, our qRT-PCR analysis of mouse 

lung homogenates indicate that antR is not affected by prrF1,2 deletion in vivo (Table 5). 

While further studies are needed to determine the role of the PrrF sRNAs in anthranilate 

degradation in vivo, these data suggest that PrrF-mediated iron homeostasis plays a more 
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prominent role than PrrF-mediated PQS production during this model of acute lung 

infection.

 Our next step was to see if putative PrrH targets (phuS, vreR, and nirL) were 

deregulated in ∆prrF1,2-mutant infected mice. Neither the nirL mRNA nor the vreR 

mRNA showed any significant induction in either the ∆prrF1,2 mutant compared to wild 

type PAO1, or the ∆prrF/∆H complemented strain as compared to ∆prrF/WT (Table 5). 

Thus, these data indicate that neither PrrF nor PrrH have an effect on either nirL or vreR 

in vivo. We did note a significant four-fold induction of phuS expression in mice infected 

with the prrF1,2 mutant as compared to wild type, and expression was restored to wild 

type levels upon complementation of the ∆prrF1,2 mutant with either the WT or ∆H 

construct (Table 5). As this gene was shown to be induced in the ∆prrF1,2 mutant in a 

PrrF-dependent manner (Fig. 11), this is likely reflective of PrrF-mediated regulation in 

vivo.
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Table 5: In vivo model of infection replicates in vitro PrrF and PrrH regulation 
RNA was extracted from mouse lung homogenates and used in qRT-PCR studies. All analyses are 
expression relative to WT, and Student’s paired t test performed for statistical significance. *p<0.05; 
**p<0.01; *** p<0.005

Expression Relative to WTExpression Relative to WTExpression Relative to WTExpression Relative to WTExpression Relative to WTExpression Relative to WT

Strain sodB PA4880 antR nirL phuS vreR

∆prrF 3.85±1.30*** 26.64±17.99* 1.17±0.42 3.24±2.33 4.30±3.08* 4.16±2.86

∆prrF/WT 0.81±0.14* 2.08±1.02 1.57±0.56 2.61±1.57 0.60±0.45 1.15±0.52

∆prrF/∆H 0.65±0.24** 1.19±0.85 1.26±0.70 1.56±0.96 1.17±1.49 1.16±1.28



Discussion

 Iron is a critical component of cellular processes and is required for virulence in P. 

aeruginosa [22, 134]. Regulation of this critical nutrient, given its ability to partake in 

Fenton chemistry, occurs through various mechanisms, such as the PrrF sRNAs [60]. 

Without the prrF locus, virulence is greatly attenuated in an acute murine lung infection 

model [70]. Thus, discerning the role of the PrrF and PrrH sRNAs in infection has been 

of great interest. However, since the discovery of the PrrF and PrrH small RNAs, no 

system has existed to differentiate between the two sRNA functions. I now present a 

system that allows for such differentiation by deleting the first forty nucleotides of the IG 

region, ablating putative PrrH function. This system showed that the PrrF sRNAs are 

critical for acute lung infection, and further show that PrrF-mediated regulatory pathways 

allowing for iron homeostasis are active in this infection model. My data also indicate 

that PrrF-mediated production of PQS, via regulation of the antR mRNA, is not important 

for acute lung infection, although further studies will be needed to test this idea. In 

contrast, PrrH does not appear to play a significant role during acute lung infection. Thus, 

these studies have outlined the specific requirements for the PrrF and PrrH sRNAs during 

acute lung infection, and identified PrrF regulatory pathways that are likely critical for 

successful infection. 

 In the course of generating the prrF complementation constructs for these studies, 

I identified a region spanning 235bp upstream of the prrF1 transcriptional start site that is 

required for PrrH expression. We predict this region affects the antitermination event that 

is necessary for PrrH expression. To date, the mechanism of how the PrrF1 Rho-
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independent terminator is stabilized to allow continued transcription, and PrrH 

expression, is unknown. This newly-identified region may code for a small protein that 

acts as a PrrH antiterminator. Alternatively, the region may be a binding site for a heme-

binding protein or RNA that promotes PrrH expression by altering DNA structure. Future 

studies will be needed to determine the mechanism of this regulation. 

 With this new complementation system, I show that the defects in iron 

homeostasis of the ∆prrF1,2 mutant is specifically due to the PrrF sRNAs, though I am 

not yet able to determine how this iron homeostasis defect occurs. One potential measure 

of intracellular iron homeostasis would be to analyze the iron content of bacterioferritins 

(PA4880) and ferritins (bfrB, ftnA) via MALDI mass spectrometry. Such studies will 

indicate whether the ∆prrF mutant is able to uptake iron, but not utilize it, or if the iron is 

stuck in the membrane and unable to enter the bacterium. Regardless, our data 

demonstrate that defects in siderophore-mediated iron uptake are not likely to be the 

source of virulence attenuation in the P. aeruginosa ∆prrF mutant.

 I also used this complementation system to determine if the putative mRNA 

targets were specifically responsive to the PrrF or PrrH sRNAs. However, analysis of the 

∆prrF1,2 mutant complemented with these constructs showed that increased expression 

of phuS is due to loss of the PrrF sRNAs, potentially due to changes in iron homeostasis 

resulting in increased expression of iron uptake systems. Analysis of vreR and nirL was 

even more ambiguous, potentially due to poor expression of these genes under the 

conditions we used for our studies. More studies are clearly required to determine the 

specific impact(s) of the PrrH sRNA on P. aeruginosa gene expression.  
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 The subsequent development of this complementation system allowed us to 

determine that attenuation of the ∆prrF1,2 mutant is specifically due to loss of the PrrF 

sRNAs (Fig. 22).  qRT-PCR analyses of lung homogenates from infected mice showed 

that both sodB, encoding an iron-containing superoxide dismutase, and PA4880, encoding 

a putative bacterioferritin, are repressed by the PrrF sRNAs during acute lung infection 

(Table 5). Interestingly, we did not observe increased expression of the antR mRNA in 

the ∆prrF1,2 mutant infected as compared to wild type infected mice, in contrast to 

previous in vitro studies [134]. These data suggest that expression of the anthranilate 

degradation pathway is prioritized over PQS production during acute lung infection, at 

least at the late infection time point analyzed in this study. 

 Our analysis of the WT and ∆H complemented ∆prrF mutant strains showed that 

PrrH is not required for acute lung infection. PrrH was also expressed at low levels in the 

mouse lungs (Fig. 26), and the putative PrrH targets nirL and vreR were unaffected by 

prrF1,2 deletion in this environment. These data indicate little role for this unique sRNA 

in acute infection. In contrast, previous studies have shown PrrH is expressed across in 

CF patient sputum samples, indicating a potential role for PrrH during long-term survival 

in the CF lung [134]. Further analyses of these strains in a chronic lung infection model 

will help determine if the PrrH sRNA plays a more significant role during chronic lung 

infection. 

 In conclusion, we demonstrate a complementation system that is capable of 

delineating the roles of PrrF and PrrH sRNAs in P. aeruginosa. We determined the PrrF 

sRNAs are responsible for iron homeostasis and virulence in P. aeruginosa, while the 
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function of PrrH remains unknown. RNA sequencing of this complementation system 

will reveal PrrH-mediated targets, additional PrrF-mediated targets, and aid in confirming 

PrrF targets. Mutating the regions of complementarity on the target and generating 

compensatory mutations in the sRNA will confirm current PrrF targets. Further 

investigating these sRNAs will elucidate their roles, direct or indirect, in virulence in P. 

aeruginosa, and will eventually aid in furthering antimicrobial development of this multi-

drug resistant pathogen. 
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Chapter 4: Conclusions and future directions  

 Overall, we present solid evidence of the roles of PrrF and PrrH in iron 

homeostasis and virulence in P. aeruginosa. In chapter 2, we established the prrF locus to 

play a role in acute virulence and iron homeostasis in P. aeruginosa. We showed that the 

prrF locus is required for growth and acute virulence in a murine infection model, as well 

as iron homeostasis and heme metabolism in vitro. We also found a defect in biofilm 

formation of the ∆prrF1,2 mutant when exposed to tobramycin, potentially due to the 

loss of iron homeostasis.  

 The novel complementation system that was developed in chapter 3 allowed, for 

the first time, the effects of the PrrF and PrrH sRNAs to be differentiated. This system 

was designed based on the hypothesis that the unique region of the PrrH sRNA, derived 

from the prrF1-prrF2 intergenic region, is responsible for regulation of each of these 

targets by PrrH. In this process, we found that a region 235bp upstream of the prrF1 start 

site is required for PrrH expression. Future studies aim to characterize this region and 

determine the existence of a small protein, a DNA-binding domain, or some combination 

of the two that would allow for the antitermination of the prrF1 Rho-independent 

terminator, and thus expression of PrrH. 

 We found PrrF to play a key role in acute virulence and in maintaining iron 

homeostasis in P. aeruginosa. We do not know why the ∆prrF mutant has increased iron 

concentrations, though, and would like to pulldown the ferritins and bacterioferritns of P. 

aeruginosa to determine if the iron is in the cell cytoplasm or stuck someone in the 

periplasmic space or cell surface. However, PrrH may play a role in siderophore 
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production in P. aeruginosa, though further studies are necessary to test this idea. We also 

showed that loss of the PrrF sRNAs leads to an increase in phuS expression. This effect is 

presumably due to perceived iron starvation sensed by the ∆prrF1,2 mutant, which also 

results in the upregulation of siderophore production (Fig. 22C-D). Unfortunately, studies 

into the impact of PrrH on the putative targets nirL or vreR were inconclusive, 

highlighting the need to reassess the role of the PrrH sRNA. We determined PrrF 

regulation of antR mRNA does not play a role in acute lung infection, while PrrF-

mediated iron homeostasis through the repression of other iron-containing proteins is 

likely critical for infection. We also concluded that PrrH does not play a role in acute 

infection, and largely, its function still remains unknown. Future studies with rat or 

mouse CF lung models aim to determine its role, if any, in a chronic lung infection and its 

effects on heme-related proteins in P. aeruginosa.

 I further showed that expression of the PrrF and PrrH sRNAs is conserved in 

multiple infection isolates, including those from CF patients, indicating these sRNAs are 

a part of the core genome of P. aeruginosa. These sRNAs are also highly conserved 

across strains (100% identical) and other Pseudomonas species (94-97% identical) 

(Appendix A). This raises the potential for these sRNAs to be targeted for the 

development of novel antimicrobial or anti-virulence therapeutics. Since nucleotide 

complementarity is necessary for the function of sRNA regulation, positive or negative, 

developing resistance to a PrrF inhibitor would likely require mutations in both the PrrF 

sRNAs and several of its regulated target mRNAs. Thus, this strategy may raise the bar 

for infecting strains to develop resistance, potentially reducing future burdens of 
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antimicrobial resistant P. aeruginosa. Using antisense oligonucleotides encased in anionic 

liposomes has been successful in several bacterial species [113-115], and may provide a 

novel means for targeting sRNAs, such as PrrF, to block virulence. 

 In summation, the PrrF sRNAs may be considered more as growth and general 

survival factors as opposed to strict virulence factors, though they are necessary for the 

short- and long-term survival of P. aeruginosa during host infection. PrrH, though not 

appearing to have a role in an acute lung infection, is still conserved in longitudinal 

isolates from CF patients [134]. The P. aeruginosa genome is incredibly plastic and 

capable of acquiring other antibiotic resistance factors with ease. Yet, the bacterium 

maintains just one copy of the tandem prrF genes for PrrH. For an unidentified reason, P. 

aeruginosa finds reason to maintain this sRNA, indicating its presence in chronic lung 

infections and other metabolic activities. Studies with the rat CF lung model and RNA 

sequencing of the ∆prrF/WT and ∆prrF/∆H transcriptomes will enlighten, respectively, 

the function of PrrH (or lack thereof) in chronic lung infections and putative mRNA 

targets, which will enlighten the purpose of maintaining PrrH in P. aeruginosa. Targeting 

these sRNAs via antisense oligonucleotides will provide a bacteriostatic effect, allowing 

the host immune system to neutralize P. aeruginosa and generate memory against future 

P. aeruginosa infections. This will allow a greater chance of survival of CF patients and 

cancer patients who otherwise would be unable to combat said infections.
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Appendix A: Sequence Alignments of the prrF locus across Pseudomonas species.

prrF1 prrF2

Strain % Identity % Identity

P.a. PAO1-UW 100 100

P.a. B136-33 100 100

P.a. DK2 100 99

P.a. LESB58 100 99

P.a. M18 100 100

P.a. UCBPP-PA14 99 100

P.a. PACS2 100 100

P.a. RP73 100 99

P.a. NCGM2.S1 99 99

P.a. 39016 99 99

P.a. PA7 99 97

P.a. C3719 100 99

P. denitrificans ATCC 13867 91 89

P. mendocina NK-01 89 86

P. resinovorans NBRC 106553 90 89

P. mendocina ymp 90 88

P. stutzeri DSM10701 * 88 87

P. fluorescens A506 87 84

P. paoe RE*1-1-14 87 84

P. fulva 12-X 86 85

P. protogens Pf-5 86 83

P. protogens CHA0 85 83

P. putida GB-1 85 84

P. stutzeri CCUG 29243 * 85 84

P. stutzeri RCH2 * 85 84

P. putida NBRC 14164 84 84

P. putida HB3267 85 84

P. putida S16 85 84
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P. putida KT2440 85 85

P. stutzeri DSM 4166 * 85 84

P. stutzeri ATCC 17588 * 85 84

P. stutzeri A1501 * 85 84

P. syringae pv. phaseolicola 1448A 84 83

P. syringae pv. tomato strain DC3000 85 84

P. putida ND6 85 85

P. putida BIRD-1 85 85

P. putida F1 85 85

P. putida DOT-T1E 85 84

P. brassicacearum ssp brassicacearum 
NFM421 *

83 80

P. entomophila L48 83 83

P. putida H8234 84 84

P. syringae pv. syringae B728a 83 84

P. fluorescens F113 * 83 80

P. fluorescens Pf0-1 82 82

P. putida W619 83 84

P. fluorescens SBW25 82 83

P. sp. UW4 82 81

*: indicates only one prrF sRNA is present in the bacterium.*: indicates only one prrF sRNA is present in the bacterium.*: indicates only one prrF sRNA is present in the bacterium.

 We were interested to see how conserved PrrF1 and PrrF2 were across 

pseudomonads. The entire prrF locus was analyzed by the BLAST algorithm in the 

Pseudomonas genome database [135]. The locus was aligned to all sequenced genomes in 

the Pseudomonas Genome Database, as shown above in Table 6. Table 6 shows the 

percent identities of the PrrF sRNAs compared to PAO1-UW reference strain. The 

percent identity between PrrF1 and PrrF2 of the PAO1-UW strains differs at maximum of 

80% compared to other pseudomonads, indicating the high level of conservation between 

the species. Within P. aeruginosa strains themselves, the identity is above 97% between 
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PrrF1 and PrrF2 identities. This indicates that, given the high rates of conservation, these 

sRNAs are critical for pseudomonads and are probably a part of the core genome.

Strain prrF Core sequence

P. aeruginosa PAO1-UW GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa B136-33 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa DK2 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa LESB58 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa M18 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa UCBPP-PA14 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa PACS2 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa RP73 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa NCGM2.S1 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa 39016 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa PA7 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. aeruginosa C3719 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. denitrificans ATCC 13867 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. mendocina NK-01 GATTATCTCCTCATCAGGCTAATCACGGTTA

P. resinovorans NBRC 106553 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. mendocina ymp * GATTATCTCCTCATCAGGCTAATCACGGTTA

P. stutzeri DSM10701 * GGTTATCTCCTCATCAGGCTAATCACGGTTT

P. fluorescens A506 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. paoe RE*1-1-14 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. fulva 12-X GGTTATCTCCTCATCAGGCTAATCACGGTTT

P. protogens Pf-5 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. protogens CHA0 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. putida GB-1 GATTATCTCCTCATCAGGCTAATCACGGTTA

P. stutzeri CCUG 29243 * GGTTATCTCCTCATCAGGCTAATCACGG-TT

P. stutzeri RCH2 * GGTTATCTCCTCATCAGGCTAATCACGG-TT
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P. putida NBRC 14164 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. putida HB3267 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. putida S16 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. putida KT2440 GATTATCTCCTCATCAGGCTAATCACGGTTA

P. stutzeri DSM 4166 * GGTTATCTCCTCATCAGGCTAATCACGG-TT

P. stutzeri ATCC 17588 * GGTTATCTCCTCATCAGGCTAATCACGG-TT

P. stutzeri A1501 * GGTTATCTCCTCATCAGGCTAATCACGG-TT

P. syringae pv. phaseolicola 1448A GATTATCTCCTCATCAGGCTAATCACGGTTT

P. syringae pv. tomato strain DC3000 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. putida ND6 GATTATCTCCTCATCAGGCTAATCACGGTTA

P. putida BIRD-1 GATTATCTCCTCATCAGGCTAATCACGGTTA

P. putida F1 GATTATCTCCTCATCAGGCTAATCACGGTTA

P. putida DOT-T1E GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. brassicacearum ssp brassicacearum 
NFM421 *

GAATATCTCCTCATCAGGCTAATCACGGTTT

P. entomophila L48 GATTATCTCCTCATCAGGCTAATCACGGTTA

P. putida H8234 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. syringae pv. syringae B728a GATTATCTCCTCATCAGGCTAATCACGGTTT

P. fluorescens F113 * GAATATCTCCTCATCAGGCTAATCACGGTTT

P. fluorescens Pf0-1 GATTATCTCCTCATCAGGCTAATCACGGTTAT

P. putida W619 GATTATCTCCTCATCAGGCTAATCACGGTTT

P. fluorescens SBW25 GAATATCTCCTCATCAGGCTAATCACGGTTT

P. sp. UW4 GACTATCTCCTCATCAGGCTAATCACGGTTT

Table 6 contains alignments of the core sequence of the PrrF sRNAs as previously 

identified by Wilderman, et al. [60]. The differences in this core sequence are even fewer: 

the sequence, at its least identical (all P. stutzeri strains, with 29/31 identical nucleotide 

alignments), shares 94% identity with the P. aeruginosa strains. All P. aeruginosa strain 

core sequences are identical to PAO1-UW, as well as those of P. denitrificans ATCC 

13867, P. resinovorans NBRC 106553, P. syringiae strains, and P. putida W619. All other 
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species share 97% identity with the P. aeruginosa PAO1-UW strain core sequence (30/31 

identical nucleotide alignment). However, these differences are also conserved across 

species. P. mendocina, most P. putida strains, and P. entomophila all have an adenine 

instead of thymine as the final nucleotide in the sequence (Table 7, highlighted in red). P. 

fluorescens, P. poae, several P. protegens strains, the remaining P. putida strains add an 

adenine before the final thymine in the sequence (Table 7, highlighted in red). Several P. 

stutzeri strains and P. fulva all substitute the second nucleotide in the sequence, adenine, 

with a guanine. Several of these same species of P. stutzeri also omit one of the final three 

thymines (Table 7, highlighted in red). In all, the high conservation rates of this particular 

sequence, even in its differences across species, show its significance and probably 

necessity in Pseudomonas species.
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Appendix B: Absence of HemO heme oxygenase will still allow for PrrH regulation

 We wanted to know if extracellular heme or heme byproducts were the regulators 

of PrrH expression. Thus, we grew strains in DTSB overnight, subcultured into M9 for 4 

hours, then subcultured into M9 for 8 hours, with or without 100µL FeCl3 or 5µM heme. 

Cells were harvested by centrifugation and RNA extracted and used to generate cDNA 

for qPCR analyses. We observed a significant repression of PrrH in high heme conditions 

in the WT and without the HemO heme oxygenase, but not when both heme uptake 

receptors were deleted. This indicates that the presence of the HasR and PhuR receptors 

is necessary for PrrH repression by heme. However, this does not indicate if the heme 
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Figure 27: PrrH heme regulation does not occur without the HasR and PhuR receptors.
Strains were grown in DTSB to deplete iron, then subcultured into M9 minimal medium. Cells were 
harvested and RNA extracted for qRT-PCR analyses. All analyses are expression related to low iron. 
Statistics are Student’s paired t test, and are based on three biological replicates.



byproducts or if heme itself is necessary to repress PrrH expression. Recent studies have 

shown the ∆hemO mutant does not uptake heme [136], but heme could possibly be taken 

up by the cell, then overload the system, preventing further heme uptake. This 

phenomenon bears further investigation.
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