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ABSTRACT 
 
 

 Microbial biofilms are surface-attached communities of microorganisms.  
Biofilms are often associated with chronic infections due to antibiotic resistance. 
Pseudomonas aeruginosa causes chronic pulmonary infections in cystic fibrosis 
patients and chronic wound infections in diabetic ulcers.  One mechanism for 
biofilm-associated resistance is a formation of non-dividing, metabolically 
dormant cells resisting antibiotics.  The goals of this research were to understand 
the molecular mechanisms involved in formation, maintenance, and resuscitation 
of dormant cells, with the ultimate goal of developing enhanced treatment 
strategies for chronic biofilm-associated infections.  While dormant, bacteria must 
maintain cellular and macromolecular integrity required for resuscitation.  
Previous study found the high abundance of messenger RNAs for ribosome 
accessory proteins, hibernation promoting factor (HPF) and ribosome modulation 
factor (RMF), in the dormant subpopulation of P. aeruginosa biofilms.  In this 
research, we characterized the activity and expression of the ribosome 
hibernation factor.  By exposing the hpf and rmf deletion mutant strains to 
nutrient starvation, we found that HPF, but not RMF, is essential for cell viability 
maintenance during starvation-induced dormancy.  Viability loss in the hpf mutant 
strain corresponded to loss of ribosomal RNA, and by inference, loss of cellular 
ribosome content during dormancy.  Single-cell level studies using fluorescence 
in situ hybridization showed the heterogeneous ribosomal RNA levels for both 
the hpf and wild-type cells.  Single-cell level studies using drop-based 
microfluidics also showed heterogeneity in resuscitation from dormancy.  While 
the majority lost ability to resuscitate from dormancy, a fraction of hpf mutant 
cells recovered but with an extended lag time.  We also determined the 
regulation of HPF expression using a transposon-based yellow fluorescent 
protein (YFP) reporter fused to HPF.  The results showed that hpf is expressed 
from at least two different promoters.  HPF expression is also controlled by 
mRNA folding, and an autofeedback mechanism.  The complex regulatory 
mechanism at transcriptional and post-transcriptional levels may allow the 
bacteria to respond to nutrient limitation and enter a dormant state.  Our results 
show the importance of HPF on ribosome preservation during starvation, as well 
as how this hibernation factor is regulated.  The results provide new information 
of this novel target for treatment of dormant infectious bacteria.  
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CHAPTER ONE 
 
 

LITERATURE REVIEW 
 
 

Biofilm-associated Pseudomonas aeruginosa infections 
 
 

 Biofilms are surface attached microbial communities that are often 

associated with chronic infections including lung infections of cystic fibrosis (CF) 

patients and chronic wounds of diabetic patients. CF is a genetic disease caused 

by mutations in the cystic fibrosis transmembrane regulator (CFTR) gene 

encoding a cyclic-AMP regulated chloride channel (1). More than 70,000 people 

are living with CF and approximately half of CF patients are older than age of 18 

(2, 3). About 90% of CF patients carry the ∆F508 mutation which causes mis-

folding of CFTR (4). Failure of mucus clearance in the lungs CF patients 

increases the chance of infections by pathogenic microorganisms such as 

Pseudomonas aeruginosa and Staphylococcus aureus (1–3).  

 Pseudomonas aeruginosa is a well-studied model organism for biofilms 

because of its medical importance, its ability to form biofilms, and its high 

resistance to antibiotics. P. aeruginosa infection is a leading cause of mortality in 

CF patients. Approximately 50% of all CF patients and 80% of adult CF patients 

suffer from P. aeruginosa infection (3). P. aeruginosa infection is categorized into 

three stages; early, intermediate, and chronic infections. At an early stage, P. 

aeruginosa infection is treated with an inhalation of tobramycin solution or a 
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combination of nebulised colistimethate and oral ciprofloxacin (5). For chronic 

infections, a combination of multiple antibiotics including tobramycin, aztreonam 

lysine, and colistimethate are prescribed (3, 5, 6). Life expectancy of CF patients 

has increased through the improvement of treatments (7). However, antibiotic 

resistance has also been increasing in the CF population (8).  

 
Biofilms and Antibiotic Resistance 

 
 

Antibiotic Penetration 
 
 Biofilms are highly resistant to antibiotics and host defenses (9–12). 

Antibiotic resistance mechanisms associated with biofilms are 1) limited 

penetration of antibiotics, 2) localized gene expression for stress response, 3) 

physiological heterogeneous populations. Penetration rate varies among groups 

of antibiotics. Fluoroquinolone antibiotic, ciprofloxacin, is reported to penetrate 

biofilms quickly, whereas penetration of aminoglycoside, tobramycin, and beta-

lactam, ampicillin, was retarded in biofilms (13–16). An antibiotic penetration 

study using fluorophore-conjugated antibiotics reported that Cy5-tobramycin 

completely penetrated through biofilms when biofilms were treated with divalent 

cation, Mn2+ (in form of MnSO4) (16). The authors concluded that negatively 

charged materials in extracellular matrix of biofilms are the cause of limited 

penetration of tobramycin. In the case of ampicillin, penetration limitation was 

caused by the localized expression of a resistance gene encoding for beta-



 
 

 

3 

lactamase in Klebsiella pneumoniae biofilms (13, 14); deletion of beta-lactamase 

gene increased the ampicillin penetration though biofilms. Retardation of 

antibiotic penetration through biofilms allows subpopulation of cells to survive 

antibiotic treatment. Even though penetration was limited in P. aeruginosa 

biofilms, Walters et al found that tobramycin penetrated though the biofilms by 

after 24h of incubation (15). In addition, P. aeruginosa biofilms treated with 1 

µg/mL of ciprofloxacin, which is 100 times more than minimal inhibitory 

concentration (MIC), did not eliminate the biofilm cells (15) indicating that limited 

penetration alone does not account for high resistance of biofilms against 

antibiotics. Interestingly, Walters et al (15) also reported that cells residing in the 

anoxic zone survived the antibiotic treatments better than active cells localized at 

an oxic zone, suggesting that oxygen limitation and the metabolic activities of 

cells influence the biofilm-associated antibiotic resistance.  

 
Respiration and Metabolism on Antibiotic Resistance 
 
 Biofilm-associated cells are often exposed to various stresses including 

hypoxia and nutrient starvation even in laboratory settings where conditions are 

adjusted for optimal growth (17). Colony biofilms of P. aeruginosa grow as tall as 

approximately 250 µm, depending on the growth conditions and the length of 

incubation (15, 18, 19). The oxygen concentration readily depletes within 50 µm 

from the surface of the biofilm, indicating that the majority of biofilms is anoxia. 

Oxygen concentration measurements within CF patient lungs indicated that P. 
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aeruginosa suffers from hypoxia in mucosal layers as oxygen concentration 

steeply depletes due to the oxygen consumption by bronchial lumen epithelial 

cells and P. aeruginosa (20). P. aeruginosa grows anaerobically through nitrate 

respiration, while pyruvate and arginine fermentations are reported to support 

survival, but not growth, during anaerobiosis (21–24). Anaerobic growth condition 

was reported to increase resistance of P. aeruginosa isolates from CF lungs for 

tobramycin, amikacin, and aztreonam (25). In addition, exposure of young (4h 

old) biofilms to anaerobic condition increased the antibiotic resistance compared 

to the biofilms grown in aerobic condition (18), indicating the association of 

oxygen depletion and antibiotic resistance. These findings suggest a strong 

connection between oxygen limitation and biofilm-associated antibiotic resistance 

in P. aeruginosa.  

 
Physiological Heterogeneity and Antibiotic Resistance 
 
 Biofilms are highly heterogeneous both chemically and physiologically (26). 

Oxygen and substrate gradients within biofilms greatly influence the bacterial 

physiology. Within the oxic zone, biofilm-associated cells of P. aeruginosa are 

metabolically active and actively dividing, as measured by the production of 

green fluorescent protein (GFP) for metabolism and the dilution of GFP for cell 

division (18, 27–30). These active cells are susceptible to antibiotics, whereas 

metabolically inactive non-dividing cells at anoxic zone were highly resistant to 

antibiotics and disinfectants (27, 31). The common outcome of anaerobiosis and 
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nutrient starvation is growth arrest. Therefore, antibiotic resistance of these 

dormant cells is probably through the reduced cellular activities. Not surprisingly, 

treatment of P. aeruginosa biofilms with arginine or nitrate increased the efficacy 

of antibiotic resistance only when biofilms were under anaerobic condition (32). 

In Escherichia coli and Staphylococcus aureus, reduction of respiratory activity 

by bacteriostatic antibiotics decreased the efficacy of bactericidal antibiotic 

against planktonic cultures (33), suggesting that reduced bacterial activity 

through respiration manipulation increases the antibiotic tolerance.  

 Growth arrest through nutrient limitation is reported to influence antibiotic 

resistance. Artificial induction of amino acid starvation and growth arrest by seryl-

tRNA synthetase inhibitor, DL-serine hydroxamate (SHX), reduced the 

bactericidal activity of ofloxacin against log phase grown P. aeruginosa (34). 

Through the screening of a transposon mutant library of E. coli, Bernier et al. (35) 

revealed that mutant strains with elevated biofilm-associated resistance to 

ticarcillin and ofloxacin were auxotrophs for amino acids including leucine, 

proline, arginine, isoleucine/valine, and aromatic amino acids. Antibiotic 

resistance increased when the necessary amino acids were removed, while 

supplementation with amino acids reverted the phenotype. Emergence of amino 

acid auxotrophs during long-term colonization of P. aeruginosa in CF lungs has 

been reported (36). Therefore, growth arrest though amino acid depletion 

partially contributes to biofilm-associated antibiotic resistance.  
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 Highly antibiotic resistant cells called persisters are a subpopulation of slow 

or non-dividing dormant cells (37, 38). Reactivation of persisters by 

supplementation with substrates such as glucose, glycerol, and mannitol is 

reported to increase the sensitivity to aminoglycosides (39). Collectively, changes 

in respiration, metabolism, and cell division, altering the cellular physiology and 

dormancy state, are key factors for biofilm-associated antibiotic resistance and 

persisting infections.  

 Microbial dormancy relates to a wide range of fields including, but not 

limited to, antibiotic resistance and pathogenesis, seed bank and evolution, 

persistence and astrobiology. Even though physiology and characteristics of 

dormancy differ among microorganisms (e.g. growth arrest vs endospore 

formation), common themes may exist. In following sections, I will explore 

literatures pertaining to the formation and maintenance of dormancy.  

 
Microbial Dormancy 

 
 Dormancy is defined as “a reversible physiological condition of low 

metabolic activity” (40). Microbial dormancy is relevant to many areas of 

medicine and public health. For instance, Mycobacterium tuberculosis, a 

pathogen causing tuberculosis, persists in patients’ lungs for years without 

replicating yet causes the disease when condition becomes optimal for growth 

(41–43). Dormant mycobacterial cells can reduce the efficacy of many 
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antimicrobial drugs (24, 44), and in many cases, they are called “persisters” as 

they persist after antimicrobial treatments. Persisters are found in many different 

pathogenic organisms, including E. coli, Vibrio cholerae, Salmonella 

typhimurium, P. aeruginosa and many others (45, 46). Persisters share 

physiological characteristics with microbial dormancy; slow or no cell division with 

detectable metabolic activities and membrane potential (39, 47). Due to their high 

tolerance to chemical and environmental stresses, dormant and persister cells 

are thought to be a cause of persisting infections as well as an important 

reservoir of pathogenic organisms in natural environments (48, 49).   

 Dormant microbial subpopulations are important in natural environments 

because they act as ‘seed banks’ for preserving bacterial lineages when 

environmental conditions are no longer ideal for growth (50). Environmental 

studies have shown that a large proportion of microbial populations are 

metabolically inactive. Less than 45% of microbial populations in forest soils are 

unable to hydrolyze fluorescein diacetate, an indicator staining for esterase 

activity (51), whereas up to 30% of microbial community maintains ETC activity in 

field soil (51). In the case of aquatic environment, 6 - 12% and 2-56% of 

microbial populations maintained the ability to respire in coastal areas and in 

freshwater lakes and ponds, respectively (51). In oceanic subsurfaces where 

bioavailable substrates are extremely limited, growth of microorganisms is 

extremely slow (40). Whitman et al. (52) reported the extremely low turnover time 
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for cellular carbons in oceanic and terrestrial subsurfaces compared to other 

environments (1000 - 2000 per year and 0.8 per year in subsurfaces and soil, 

respectively), despite the fact that the estimated total cell number in these 

environments are comparable (e.g. 3.5 x 1030 in oceanic subsurface vs 2.6 x 1029 

in soil). 

 
Classes of Dormancy 
 
 Dormancy can be categorized to 3 groups: 1) metabolically active cells that 

resume replication once the stress(es) is lifted, 2) metabolically active cells that 

do not resume replication even after stress is alleviated, and 3) metabolically 

dormant cells. The 1st type of dormancy is a cell which maintains the metabolism 

without cell division and resumes cell division once stress if alleviated. In other 

words, replication is arrested in the absence of substrates necessary for growth. 

This is common in microorganisms living in natural environments (51) but also 

can be induced during stationary phase of growth or by substrate limitation in 

laboratory settings (51, 53, 54). In most cases, organisms are non-dividing due 

partly to the complete loss of an essential substrate or substrates (e.g. carbon 

source and oxygen). However, cells may replicate at undetectably slow rate in 

the presence of substrates at very minimum level. This is exemplified most 

explicitly by microbial populations found in nutrient poor oceanic subsurface 

environments where the doubling times are estimated to take between 20 to 

2500 years, depending on the depth below seafloor (40). Maintenance of active 
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metabolism has an advantage over complete quiescence such as endospores. 

Johnson et al. (55) demonstrated that dormant (but metabolically active) 

populations of non-spore forming actinobacteria in 500,000 year old permafrosts 

showed fewer signs of DNA damage than spore-forming Gram-positive bacteria. 

Active respiration as measured by CO2 production was detected in these 

permafrost samples. These results suggested that endospore-independent 

dormancy can maintain cellular integrity over geological timescales, and that 

dormant cells can readily resuscitate when requirements for resumption of 

cellular activity are met.  

 “The Great Plate Count Anomaly” is the large discrepancy (i.e. orders of 

magnitude) between the number of directly counted viable cells and the number 

of colonies that are cultivated from the same sample (56). Viable cells that do not 

replicate and form colonies on solid media are known as viable but non-

culturable (56–58). Environmental cues including temperature, pH, nutrient 

availability have been reported to induce cells to become VBNC (45). Unlike the 

dormancy described above, VBNCs are reported as a subpopulation of cells that 

are unable to replicate even in the presence of readily available nutrients (51, 

59). The uncultivable fraction can reach more than 99.9% without cell lysis in 

months (59). The VBNCs maintain metabolic activities such as substrate 

utilization and a membrane potential (39, 47, 59–61). Awakening of VBNCs often 

requires extracellular factors produced by members of its own species, other 
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members of the microbial community, or even factors produced by their 

metazoan host (45, 62). Known resuscitation factors include resuscitation 

promoting factor with lysozyme activity, cyclic AMP, quorum sensing signal, and 

siderophores (45, 62). The inability of microbiologists to culture the majority of 

known microbial species is, in part, due to the VBNCs (56).  

 Endospores are a specialized type of cell with no cell division and limited or 

no detectable sign of cellular activity that are only found in the phylum Firmicutes. 

Formation of endospores is a common strategy for long term survival in 

conditions unfavorable for cell growth. Macromolecules necessary for 

germination are preserved inside of hard “shell” and endospores tolerate 

stresses including nutrient starvation and desiccation (63). No sign of activity is 

observed in endospores (63). There is no spore formation reported in gram-

negative bacteria. However, cells without metabolic activity or cell lysis are 

observed (51). Metabolically inactive non-dividing cells of gram negative bacteria 

are hard to distinguish from VBNC cells.  

 
Pseudomonas aeruginosa Biofilms and Dormancy: Anaerobiosis 

 
 

 Microbial dormancy is a common response to energy limitation and a 

strategy for organisms to survive unfavorable conditions. Environmental cues 

including temperature, pH, water, and nutrients induce dormancy (45). Biofilms 
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are chemically heterogeneous and many factors inducing the dormant state may 

exist P. aeruginosa biofilms.  

 In the lung of CF patients, P. aeruginosa suffers from hypoxia and must 

search for alternative terminal electron acceptors. The concentration of 

nitrate/nitrite in sputum of healthy individuals and stable CF patients is 

approximately 400 µM (64). Physiologically relevant concentration of nitrate 

indeed supports the growth of P. aeruginosa in anaerobic growth condition (21). 

Since the majority of mucosal layer in CF lungs is in hypoxia (20), nitrate 

respiration, in addition to aerobic respiration, partially supports biofilm growth. 

High nitrous oxide, an intermediate product of denitrification, was observed below 

the oxygenated layer of sputum from CF patients (65). Nitrous oxide 

concentration increased as nitrate concentration decreased during incubation of 

sputum at 37 °C, indicating the utilization of nitrate for anaerobic respiration 

through denitrification. Growth of P. aeruginosa biofilms through aerobic and 

anaerobic respirations is further supported by -omic studies. CF sputum and 

hypoxic conditions mimicking the CF lungs induced the expression of genes for 

anaerobic denitrification and terminal oxidases with high oxygen affinity (21–23, 

66). A survey of transcriptome and proteome data comparing biofilms to 

planktonic culture revealed that the common theme is the induction of genes 

associated with oxygen limitation including anaerobic and micro aerobic 

respirations (67). Exposure of aerobically grown P. aeruginosa culture to 
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anaerobiosis supplemented with nitrate induces growth arrest (68). Resumption 

of growth following anoxia required 7h of lag time. Transcriptome results suggest 

that global rewiring of cell physiology is taken place during the transition through 

alteration of gene expression and turnover of proteins (68). Prolonged anaerobic 

incubation after exhaustion of nitrate induces the formation of VBNC, P. 

aeruginosa cells that do not grow aerobically (69), suggesting that global 

remodeling of cellular physiology impacts not only the formation of dormancy but 

also maintenance and resuscitation of dormant cells.  

 
Anr Remodeling of Cell Physiology During Anaerobiosis 
 
 Anaerobic regulator of arginine deiminase and nitrate reductase (Anr) is a 

transcriptional regulator activated upon anaerobiosis (70). Anr is an essential 

gene for survival during oxygen limitation, which regulates more than 50 genes 

(54, 68). Anr regulons include high affinity cytochrome oxidase, denitrification, 

arginine deiminase pathway, and pyruvate fermentation (24, 68). Anr deficient 

mutant strain of P. aeruginosa failed to grow on nitrate and arginine in anoxia 

(71), suggesting that Anr is a master regulator for nitrate respiration and arginine 

fermentation. Approximately 30% of repressed genes during anaerobiosis 

belongs to functional class of transcription and translation (68). Repression 

transcription and translation was also reported in biofilms (67). Repression of 

gene expression machineries is partially responsible for growth arrest during 

anaerobiosis. Genes induced by anaerobiosis, either Anr-dependent or 



 
 

 

13 

independent manner, belong to functional classes including proteolysis and 

amino acid metabolisms (68). The transcripts for Anr regulons and proteolysis 

are found in biofilms (67, 68). These findings suggest that cell physiology is 

rewired at systems level through gene regulation and protein turnover, in addition 

to insufficient energy generation during anaerobiosis and biofilm formation. 

 
Arginine and Pyruvate Fermentation of Pseudomonas aeruginosa 
 
 Nitrate respiration is indispensable for P. aeruginosa to grow in the absence 

of oxygen. However, a mutant deficient for denitrification reduced the response to 

nitrate supplementation in anaerobiosis, but did not completely eliminate growth 

(21), suggesting the presence of alternative pathways. P. aeruginosa ferments 

arginine and pyruvate through arginine deiminase pathway and conversion of 

pyruvate to acetate or lactate, respectively (24, 72). Genes for arginine and 

pyruvate fermentation are under regulation of Anr (68, 71). Nitrate respiration 

abolishes pyruvate fermentation and arginine deiminase pathway (24, 73). Thus, 

P. aeruginosa utilizes fermentation of arginine and pyruvate only after nitrate is 

exhausted. No growth was observed during these fermentative processes (24, 

72), indicating that cells reach non-growing dormancy states during anaerobiosis 

when nitrate is exhausted, due in part to limited generation of energy. Indeed, P. 

aeruginosa exposed to oxygen limitation has reduced ATP level compare to 

aerobically grown culture (54). 
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Phenazine for Redox Homeostasis  

 A unique feature of P. aeruginosa infection is the blue-green pigmentation 

of infected sites. One of pigments produced by P. aeruginosa is a cyan-colored 

redox toxin, pyocyanin. Pyocyanin belongs to phenazines (74) and their 

concentrations increase as lung infection of CF patients progresses (75). Stewart 

et al. (67) reported that induction of phenazine biosynthesis, in addition to oxygen 

limitation, is commonly found in transcriptomic and proteomic data comparing 

biofilms to planktonic cultures, suggesting the importance of phenazines for 

biofilms. Pyocyanin is reduced by NADH non-enzymatically (76) and 

enzymatically inside cells (77). Reduced pyocyanin can then reduce oxygen and 

Fe(III) non-enzymatically (76). As oxygen concentration depletes, the ratio of 

NADH to NAD+ increases. In such condition, cells must regenerate NAD+ 

(oxidized form) to maintain glycolysis. In anoxic condition, phenazines act as an 

alternative electron acceptor and play an important role on redox homeostasis 

(19, 77, 78). For anaerobic survival of planktonic P. aeruginosa during pyruvate 

fermentation, the oxidized form of phenazines supports the redox homeostasis 

and ATP generation, maintaining the proton motive force and cell viability (79). P. 

aeruginosa may utilize phenazines as an electron shuttle between oxygenated 

and anoxic zones in biofilms (80).  
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In The Case of Mycobacteria 

 Mycobacterium tuberculosis is a well-studied obligate aerobe for hypoxia-

induced dormancy. Similar to the cells in biofilms, M. tuberculosis forms two 

distinct subpopulations in static cultures; actively growing cells at the air-liquid 

interface and non-growing dormant cells in sediments (81). During the transition 

from actively growing to non-replicating dormancy, intracellular ATP and 

NAD+/NADH ratio decrease (82). The reduction in energy state and metabolisms 

is accompanied with rewiring of metabolism to less energy efficient pathways.  

 Dormancy formation in mycobacteria is an active process, involving 

generation of mRNAs and proteins (83). Dormancy survival regulator, DosR 

(Rv3133c), is one of four proteins upregulated during the onset of hypoxia (84). 

DosR is the transcriptional regulator of two component system, activated by 

DosS and DosT sensing the redox and hypoxia, respectively (85). DosR is 

required for the induction of approximately 50 genes during hypoxia (85). The 

study of a DosR deleted mutant revealed that DosR regulons are involved in 

repression of oxygen consumption and activation of reverse TCA cycle (86, 87). 

 Upon hypoxia, nutrient uptake and consumption decrease by 80% with 

slowdown of TCA activity (88). Non-growing mycobacterial cells increase the 

expression and activity of isocitrate lyase and genes involved in the reverse TCA 

cycles (81, 86). Deletion of isocitrate lyase gene reduced the cells’ ability to 

resuscitate from hypoxia-dormancy (88), indicating the important role of isocitrate 
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lyase for dormancy. Wayne and Lin (81) reported that reductive amination of 

glyoxylate by glycine dehydrogenease was induced in non-dividing cells, while 

malate synthase activity was comparable between non-dividing and actively 

dividing mycobacterial cells, suggesting that glyoxylate is likely used for 

regeneration of NAD+. These findings suggest that mycobacterial cells switch 

their metabolisms to less efficient pathway during hypoxia-induced dormancy. 

The common theme arisen from literature review is that hypoxia causes cells to 

switch metabolisms to less efficient pathways through activation of global 

transcriptional regulators.  

  
Pseudomonas aeruginosa Biofilms and Dormancy: Starvation 

 
 Availability and accessibility of nutrients and energy sources are the most 

critical factors influencing the growth and survival of organisms. In nutrient limited 

environments such as subseafloor sediment, microbes are often non-replicating 

or very low growth rate but retain the metabolism and other cellular activities 

including active transcription and nutrient transport (89). Reduction of available 

nutrients in an environment induces growth arrest and ultimately generates non-

replicating cells. 

 In the case of biofilms, nutrient availability reduces as the distance from 

nutrient source increases because as a biofilm grows, substrate utilization is 

faster than the diffusion of substrates (26). In such conditions, nutrient-starved 
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cells become non-replicating and metabolically inactive subpopulation (27). 

These non-replicating dormant cells maintain cell viability for prolonged periods 

and resuscitate when nutrients are available (53, 54). 

 Growth arrest of P. aeruginosa can simply be induced by removal of carbon 

and nitrogen sources (53, 54) or artificially by treatment with tRNA synthetase 

inhibitors such as DL-serine hydroxamate seryl-tRNA synthetase inhibitor (34). 

Basta et al. (54) reported that the ATP level decreased during carbon limitation, 

suggesting that limitation in energy generation is a common cause of growth 

arrest in nutrient or oxygen limitation. One of the major changes occurs during 

the transition from active growth to growth arrest in nutrient starved conditions is 

the systems level rewiring of cellular processes. Global gene regulators such as 

RpoS, DksA, and guanosine tetra- and penta-phosphate (p)ppGpp induce the 

systems level rewiring at transcriptional level.  

 
RpoS Regulons and Cell Physiology Rewiring 

 RpoS is a sigma factor associated with stationary phase and stress 

response. RpoS is highly induced during stationary phase as well as in P. 

aeruginosa biofilms (30, 90). The expression of RpoS in biofilms can reach three 

times higher than in stationary phase planktonic cells (90). Not surprisingly, many 

genes differentially expressed in P. aeruginosa biofilms overlap with RpoS 

regulated genes (67).  
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 RpoS is an essential regulator for transition from active growth to 

quiescence. Loss of RpoS can lead to the unsuccessful entry into and exit from 

dormancy during nutrient limitation (54), and biofilm growth of RpoS-deficient 

strain is slower than wild type (91). Interestingly, RpoS is also essential for 

survival during oxygen limitation and temperature stress (54, 92), suggesting the 

importance of RpoS for general stress response and for survival during 

dormancy.  

 In P. aeruginosa, RpoS regulates approximately 14% of the total genes 

directly and indirectly (93). RpoS-dependent regulation of genes at the systems 

level is not specific for P. aeruginosa and observed in organisms such as E. coli 

and S. typhymurium (94, 95). A recent study employing ChIP-seq and RNA-seq 

unraveled an even larger RpoS regulatory networks in E. coli (approximately 

23% of the E. coli genome) (96). Such a large scale change in gene expression 

is partially associated with regulation of other global regulatory proteins and small 

RNAs. In P. aeruginosa, 40% of quorum sensing regulated genes overlaps with 

the RpoS regulons (93).  

 The consensus of gene classes regulated by RpoS include regulatory 

factors, stress response and management, metabolisms, transporters and 

membrane proteins (93–96). In many cases, RpoS rewires the metabolism from 

highly efficient aerobic respiration to less efficient metabolic pathways such as 

anaerobic respiration and fermentative processes. The most profound shift 
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induced by RpoS is repression of the TCA cycle. Repression of the TCA cycle is 

accompanied with down-regulation of ATP synthase, NADH dehydrogenase, and 

succinate dehydrogenase. Genes belonging to glycolysis and fermentation are 

activated by RpoS, suggesting RpoS induces metabolism shift to less energy 

generating pathways. Transporters and amino acid metabolisms, especially for L-

arginine, are also activated by RpoS. Induction of proteolysis and recycling of 

degraded amino acids are important processes of cells entry into stationary 

phase and nutrient starvation induced dormancy (97, 98). Similar to protease 

deficient E. coli, a ∆rpoS mutant strain of P. aeruginosa reduced viability faster 

than wild type during carbon starvation (99). Some proteases are positively 

regulated by RpoS in P. aeruginosa, E. coli, and S. typhimurium (93, 95, 96), 

suggesting that RpoS regulates processes for protein turnover during stationary 

phase and starvation. Wong et al. (96) indicated that one set of genes is highly 

induced by a low concentration of RpoS (high sensitivity), while another set 

requires high levels of RpoS for activation. Induction of RpoS expression is 

influenced by limitation of specific nutrient (100) and by the time of incubation in 

planktonic and biofilm cultures (90). RpoS-regulated changes in metabolisms are 

dynamic.  

 RpoS regulates stress response and tolerance systems. The loss of RpoS 

function leads to increased sensitivity to oxidative stress, heat shock, osmotic 

pressure, acidity, and ethanol (99, 101) as well as increased sensitivity to the 
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antibiotics biapenem, imipenem, and ofloxacin (102). Similar to planktonic 

cultures, biofilms of RpoS deficient mutant strain are highly sensitive to H2O2 and 

ciprofloxacin (67, 103). Along the line of phenotypic characteristics of RpoS 

deficient mutants, genes involved in tolerance to oxidative and acid stresses 

such as catalase are upregulated, probably to resist reactive oxygen species 

generated from aerobic respiration. Catalase activity of ∆rpoS mutant of P. 

aeruginosa is 60% less than wild type during stationary phase (99).  

 
Guanosine Tetra- and Penta-Phosphate (p)ppGpp 

 During amino acid starvation, translation elongation is stalled due to the 

incorporation of uncharged tRNAs. RelA, a (p)ppGpp synthetase and 

pyrophosphate transferase, is activated by the binding to stalled ribosomes and 

activated to produce pppGpp from GTP, GDP and ATP, which then converted to 

ppGpp by GppA (pppGpp 5’-phosphohydrolase) (104–106). The ppGpp is also 

generated by SpoT, a ppGpp synthetase with hydrolase domain for ppGpp 

degradation (105). SpoT is activated by a number of stress conditions including 

fatty acid starvation (106). In gram-negative bacteria, ppGpp regulates RNA 

polymerase binding affinity to the specific promoters and influences the 

transcription at the systems level (107–109). Genes involved in ppGpp synthesis 

are reported to be essential for survival of dormant cells including P. aeruginosa, 

B. subtilis, and M. tuberculosis (53, 110, 111). In general, expression of genes 
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associated with amino acid biosynthesis are positively regulated while 

transcription of ribosomal RNAs are inhibited (108, 109, 112). 

 Induction of (p)ppGpp production can be very rapid process. Accumulation 

of (p)ppGpp in P. aeruginosa and P. fluorescens was observed within 5min of 

transition to nutrient starved condition and accumulation peaked by 10min of 

incubation (113). To the best of my knowledge, (p)ppGpp dependent regulation 

at the systems level in P. aeruginosa has not been reported. Perhaps, the theme 

of global regulation by (p)ppGpp, alone or in combination with DksA, is common 

among gram-negative bacteria and P. aeruginosa is no exception. SHX 

treatment induced growth arrest in (p)ppGpp-null (∆relA/∆spoT) mutant strain 

(34), suggesting that reduction of effective ribosomes by ribosome stalling plays 

a partial role for growth arrest. As observed in many other organisms, P. 

aeruginosa requires (p)ppGpp synthesis for survival during nutrient starvation 

(53). 

 
 Transcriptional Regulation by (p)ppGpp. The influence of (p)ppGpp on gene 

expression and cellular function is extremely complex. RNA polymerase activity 

is regulated by (p)ppGpp and DksA, alone or in combination, and the interaction 

and activation of gene expression is also influenced by the concentration of 

(p)ppGpp (107, 112, 114–117). P. aeruginosa carries two dksA genes that can 

functionally complement each other and DksA-deficient E. coli (118), adding 

another level of complexity to (p)ppGpp dependent regulation of gene 
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expression. In addition, (p)ppGpp, in combination with DksA, regulates the 

expression and stability of RpoS (114, 119–121). The degree of changes in gene 

expression and cellular functions induced by (p)ppGpp is through various routes 

and probably highly dynamic.  

 
 Nucleotide Pool Regulation by (p)ppGpp. The role of (p)ppGpp on cellular 

physiology of gram-negative bacteria is mainly focused on its influence on 

transcription machinery. However, (p)ppGpp is reported also to influence the 

activities of proteins rather than altering the transcriptome alone. Enzymes 

interacting (or potentially interacting) with (p)ppGpp carry GTP binding pockets 

and can be categorized to 5 groups: cellular GTPases, nucleotide metabolism, 

lipid metabolism, general metabolism, and PLP-dependent basic aliphatic amino 

acid decarboxylases (106). Corrigan and colleagues found GTP synthetases, 

HprT and Gmk, as ppGpp interacting proteins in addition to the proteins involve 

in ribosome biogenesis (122). The activities of these enzymes are inhibited by 

the binding of (p)ppGpp to GTP binding pockets (110). With (p)ppGpp synthetase 

activity, inhibition of these enzymes reduces the cellular GTP level, regulating the 

ppGpp/GTP ratio (110). Since (p)ppGpp dependent inhibition of enzymes is 

through competitive binding of (p)ppGpp to the GTP binding motif (106, 110), 

modification of GTP homeostasis by (p)ppGpp is probably the key for 

transcription-independent regulation of cellular physiology. 
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 Ribosome Biogenesis and Translation Regulation by (p)ppGpp. Influence of 

(p)ppGpp on translational machinery is wide range, from regulation of 

translational activities to ribosome biogenesis. Promoters for ribosomal RNA 

operons are one of many regulated by (p)ppGpp and DksA. The (p)ppGpp, in 

combination with DksA, inhibits transcription of ribosomal RNA operons by 

reducing the open complex lifetime (112, 115, 123). In addition, (p)ppGpp 

interacts with proteins involve in ribosome assembly including RsgA, RbgA, Era, 

and ObgE (106, 122, 124). Therefore, increased intracellular (p)ppGpp level 

reduces ribosome biogenesis through reduced expression of rRNA operons as 

well as inhibition of ribosome assembly.  

 Translation initiation factor IF2 is a translation associated protein with 

GTPase domain. Competitive binding of (p)ppGpp to GTPase of IF2 reduces the 

affinity of IF2-ppGpp to 30S ribosomal subunit and interferes the fMet-tRNA 

binding to the 30S translation initiation complex (125). Inability of 30S-IF2-fMet-

tRNA translation initiation complex formation reduces the recruitment of 50S 

subunit and ultimately inhibits the translation initiation (125–127).  

 Elongation of translation to synthesize polypeptides is powered by GTP 

hydrolysis of translation elongation factor EF-G, as well as delivery of a charged 

tRNA by EF-Tu (128, 129). When (p)ppGpp is abundant, GTPase activities of 

elongation factors are inhibited by direct binding to GTPase domains (130, 131). 
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Inhibition of elongation factor activities reduces the synthesis of polypeptides 

(130).  

 At the end of translation elongation, ribosomes must be recycled to initiate 

the next round of translation. Ribosome recycling factor (Rrf), in combination with 

EF-G and its GTPase activity, dissociates ribosomal subunits and IF-3 binds to 

30S ribosomal subunit to keep 30S from forming vacant 70S ribosome (132–

134). In the presence of (p)ppGpp, EF-G dependent ribosome recycling may be 

limited. HflX is a ribosome recycling factor also documented to interact with 

(p)ppGpp (122). Ribosome recycling activity of HflX is insensitive to (p)ppGpp 

(135, 136), suggesting that HflX is the major ribosome recycling factor during 

nutrient starvation. GTPase activity is not necessary for ribosome dissociation 

but required for dissociation from 50S subunit (136). It is possible that HflX is 

kept bound on a ribosome and preserves until GTP pool is regenerated.  

 
Translation as a Target for Dormancy Induction 

 Translation probably is the key process influencing the entrance to the 

dormant state. As mention above, ribosome stalling can induce the ppGpp 

biosynthesis and the cascade of alteration of cellular physiology at the systems 

level. In addition to the passive pathway of ribosome stalling through 

incorporation of uncharged tRNAs into ribosomes, ribosome stalling can be 

induced by the active processes through tRNA modification. The first toxin-

antitoxin (TA) system found to increase persister cell formation with HipA. HipA is 
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a toxin found in E. coli that phosphorylates glutamyl-tRNA synthetase (GltX) and 

inhibits its aminoacylation activity (137, 138). Inhibition of aminoacylation leads to 

a decrease in the effective concentration of charged tRNA^Glu and inhibit 

translation elongation. The TA toxin found in Salmonella Typhymurium, TacT, 

also attacks the charged tRNA. In the case of TacT, the amine group of charged 

tRNAs are acetylated, inhibiting the translation elongation (139). Inhibition of 

translation elongation by TacT is shown to induce ppGpp synthesis, suggesting 

that stimulation of dormancy formation by TA toxins is through stringent response 

activation. Similarily, AtaT from E. coli acetylates the amine group of amino acid 

charged on tRNAs and induces growth arrest. AtaT specifically acetylates 

tRNA^fMet, inhibiting the formation of 30S-IF2-fMet-tRNA translation initiation 

complex (140). Programed induction of ribosome stalling plays a role in activation 

of quiescence.  

 
Entry into Dormancy 

 
 Entry into dormancy is an active process; inhibitors of RNA polymerase and 

DNA gyrase show bacteriocidal activities against non-growing mycobacterial 

cells (141). In the stationary phase of growth, nutrients become limited and cell 

growth slows down. In this state, the protein turnover rate increases and 

materials are recycled to rewire cellular processes for quiescence (142, 143). 

Interestingly, non-growing or slow-growing cells in stationary phase maintain 
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active protein synthesis for a long time (141, 144–146), suggesting that degraded 

proteins are used for de novo protein synthesis. The genes translated during 

starvation are probably specific and selected for entry to and maintenance for 

dormancy (146).  

 
Cell Size Reduction 

 Reduced cell size is a common characteristic of dormant microorganisms in 

natural environments (50) and probably the most widely adopted way for 

maintenance of cellular functions during dormancy. During energy limitation, 

allocation of the remaining energy becomes extremely important for survival. 

Maintenance of macromolecules is a highly energy-dependent process; a 

combination of macromolecule turnover (synthesis and degradation), energy-

dependent repair, and preservation. Reduced quantity of macromolecules in the 

small cells lead to less materials necessary to maintain, and thus, reduces the 

cost of maintenance. Quantities of macromolecules including nucleic acids, lipids 

and fatty acids, and proteins are often reduced in dormant microorganisms in 

energy limited environments (50).  

 
 Cell Size Advantage on Membrane Potential Maintenance. Cell surface 

area may influence the maintenance of transmembrane proton gradients. 

Transmembrane proton gradient abolishes due to the ion leakage unless 

maintained (147). The number of protons needed to be transported to maintain 
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transmembrane proton gradient reduces with surface area, and thus reduces the 

maintenance cost of proton leakage. In addition, reducing membrane lipids 

without affecting proteinous components increases the density of ATP synthases 

and transporters and reduces the energy required for maintenance of 

transmembrane proton gradient without synthesis of new proteins.  

 
 Reductive Division and Dwarfing as an Active Process. The change in cell 

morphology is driven by two mechanisms: reductive division and dwarfing. 

Reductive division is where cells are finishing off the division and partitioning of 

chromosomes and exiting active growth. Dwarfing is the reduction in cell size 

without further cell division. As cell size decreases at the exit of cell division, 

chromosome number (148) and ribosomal RNA abundance per cell decreases 

(53). DnaK, a protein chaperone, is necessary for reductive division, which the 

starved E. coli cells reduce their cell volume approximately 30% of actively 

growing cells and became small round cells (146), indicating that reductive cell 

division is an active process. Cells without the ability to degrade proteins rapidly 

reduce their viability during nutrient starvation (142). Self-digestion of building 

materials including phospholipids and proteins leads to the recycling of 

macromolecules for nutrients and reduction in macromolecules needed to 

maintain during dormancy.  
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Reduction of Maintenance Fee by Proteolysis 

 The cost of protein maintenance is predicted to be relatively high compared 

to the costs for RNA and proton gradient maintenance and a fraction of energy 

for protein maintenance becomes larger as cell size decreases (149), suggesting 

key roles of proteolysis on survival of energy limitation. Proteolytic activity is an 

essential cellular function during active growth and in starvation. Genes 

associated with post-translational modification and degradation are listed as 

essential genes during growth in nutrient rich and limited conditions (150) as well 

as oxygen limitation (54). Induction of protease genes is reported for oxygen 

limitation (66, 68) as well as carbon starved biofilms (91). During glucose 

starvation, mutant strains of E. coli and S. typhumurium deficient of multiple 

peptidases (five for E. coli, four for S. typhymurium) reduced viability faster than 

wild type due to severely reduced protein degradation and synthesis (142). In P. 

putida, protein degradation rate was faster in carbon or nitrogen starved cells 

compared to actively growing cells (7-8%/h and 2%/h, respectively), and more 

than 50% of intracellular proteins were degraded in starved cells (143). 

Treatment of starved cells with inhibitors of transcription (rifampin) and 

translation (chloramphenicol) decreased degradation rate from 9%/h to 4-5%/h, 

indicating that proteolytic activity during nutrient starvation is an active process. 

Transcriptome studies of P. aeruginosa in carbon and oxygen limitation revealed 

that amino acid metabolism genes were also upregulated during energy limitation 



 
 

 

29 

(68, 91). More specifically, Trunk et al. (68) noted that arginine deiminase 

pathway was upregulated during anaerobiosis even though the medium used in 

their study did not contain arginine. Therefore, proteolytic activity is not only 

reducing the total proteins necessary to maintain but also provides materials for 

anabolism and catabolism.  

 
 Reduction in Ribosomes. Ribosomes are the most abundant cellular 

machinery occupying 40 to 50% of cell weight (151) and approximately 55% of 

total proteins are affiliated with ribosomes (152). As nutrient starvation 

progresses, translational activity decreases. The translational activity in Vibrio sp. 

decreases to 0.7% of actively growing cells by three days of carbon starvation 

(153). During entry into the dormancy through nutrient starvation, the majority of 

ribosomes become “unnecessary” due to reduced necessity of translational 

activity and ribosomes are readily degraded and recycled. In E. coli starved for 

phosphate, more than 80% of ribosomes are degraded (154), while 

approximately 50% of ribosomes were degraded in Vibrio sp. during prolonged 

carbon starvation (153). The degradation of ribosomes is a step-wise process, 

initiated by the specific cleavages of ribosomal RNAs by ribonucleases (154–

156). Degradation of ribosomal proteins is accelerated by the complex of Lon 

protease with polyphosphate (98). The degradation of ribosomal proteins during 

nutrient starvation relies on the generation on polyphosphate; A mutant strain of 

E. coli deficient for polyphosphate kinase was unable to induce proteolysis, and 
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expressed enzymes for amino acid biosynthesis to maintain cell viability during 

carbon starvation (97), indicating the importance of polyphosphate and 

proteolysis of ribosomal proteins for maintenance of cell viability during 

starvation.  

 
 Polyphosphate and Ribosomal Protein Degradation. Kuroda et al. (97) also 

reported that the polyphosphate kinase (PPK) mutant of E. coli was unable to 

reduce the ppGpp level elevated upon amino acid starvation. As mentioned 

above, ppGpp influences the activity of proteins with GTP binding motifs in 

addition to the regulation of transcriptome. The role of polyphosphate on 

microbial dormancy may not be restricted to the activation of Lon protease for 

ribosomal protein degradation but also manipulation of cellular (p)ppGpp 

concentration through a polyphosphate kinase (PPK) activity (157). In addition, a 

mutant strain of P. aeruginosa unable to form polyphosphate retained more than 

one chromosomal origin of replication during an entry into dormancy (148), 

suggesting a role of polyphosphate for exit of DNA replication.   

 
Maintenance and Preservation during Dormancy 

 
 
 In an actively dividing cell, damaged macromolecules are probably diluted 

as cell divides (27, 158, 159). In other words, non-dividing cells accumulate 

damaged materials unless macromolecules are repaired or preserved.  
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Energy Requirement and Generation for Maintenance 

 Maintenance of macromolecules is expensive and requires energy, even for 

proteolysis. To keep up with the maintenance fees, cells must generate ATP and 

regenerate NAD+. Basta et al. (54) reported that loss of viability in oxygen and 

nutrient limited conditions was correlated with decreased ATP level (54). 

Treatment of carbon-starved cells with an inhibitor of oxidative phosphorylation or 

proton motive force, cyanide m-chlorophenylhydrazone (CCCP), reduced ATP 

levels and cell viability, indicating that ATP generation or maintenance of proton 

motive force is essential for survival in carbon and oxygen limitation (54). During 

hypoxia-induced dormancy, M. tuberculosis must maintain energized membrane 

potential or proton motive force and ATP generation to retain cultivability (82, 86, 

160). Inhibitors of proton motive force, NAD+ reduction, and ATP synthesis are 

bactericidal against dormant Mycobacterium cells (82, 160). In addition, NADH 

dehydrogenase is essential for survival of P. aeruginosa in carbon limitation and 

of M. tuberculosis in oxygen limitation (54, 82). These findings clearly indicate the 

importance of energy generation for maintenance of dormancy.  

 P. aeruginosa also requires energy generation for dormancy maintenance. 

However, the mechanisms for energy generation likely differ between oxygen 

and nutrient limitations. As mentioned earlier, P. aeruginosa utilizes fermentative 

processes for survival during energy limitation. A Tn-Seq study revealed that 

genes for pyruvate fermentation (ackA-pta operon, ldhA) and arginine 
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fermentation (arcDABC) are indispensable for survival of P. aeruginosa during 

oxygen limitation, while energy generation machineries such as low oxygen 

affinity cytochrome c oxidase and proton-pumping NADH dehydrogenase I are 

essential during carbon starvation (54).  

 
Energy Independent Macromolecule Preservation 

 Energy which dormant cells can produce during oxygen and nutrient 

scarcity is likely severely limited. To reduce the maintenance fee to minimum, 

dormant cells employ energy independent preservation systems.  

 
 Chromosome Preservation by Dps. Normally, non-replicating cells maintain 

one chromosome. Thus, dormant cells must protect their genomic DNA. One 

mechanism for protecting DNA from oxidative stress is the DNA-protein complex 

and formation of nucleoid. There are 12 nucleoid proteins in E. coli (161). DNA-

binding proteins from starved cell (Dps) were discovered as highly abundant 

proteins in starved E. coli cells (162). Expression of dps is regulated by oxidative 

stress response regulator OxyR and by stationary phase sigma factor RpoS 

(163). Intracellular Dps concentration increases as growth rate decreases and 

Dps predominates the nucleoid protein pool during stationary phase (161). Dps 

has two separate functions and both activities are essential for DNA 

preservation; DNA binding and ferroxidase activity. DNA-bound Dps forms 

aggregates, while ferroxidase activity converts Fe(II) to Fe(III), reducing the 
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Fenton reaction to occur (162, 164–166). Dps is reported to be only one nucleoid 

associated protein (out of 15 tested) to protect DNA from reactive oxygen 

species and inhibit mutagenic DNA break repair (167). In addition, Dps-bound 

DNA is highly resistant to DNase activity (162), indicating the important role of 

Dps on DNA preservation. Since transcription and DNA replication require DNA 

unwinding, Dps-dependent condensation of chromosome may lead to the 

repression of transcription and DNA replication. Dps deficient mutant strain of E. 

coli showed largely different patterns of protein synthesis during stationary phase 

(162), supporting the function of Dps on gene regulation during starvation.    

 
 RNA Stability during Dormancy. During lag phase of growth, cells express 

genes necessary for adaptation to a new environment as well as for utilization of 

available nutrients for growth (168). Thus, maintaining mRNAs encode for genes 

necessary for nutrient utilization would be advantageous. During stationary 

phase and nutrient starvation, total mRNA stability increases compared to 

exponential growth phase (169, 170). In the case of mycobacteria, mRNA 

stability increased 15 fold in quiescent cells (141). Kuzj et al. (170) determined 

the stability and turnover of mRNA as well as the translation activity using 

chloramphenicol acetyltransferase (cat) gene as a model. Similar to the total 

mRNAs, cat mRNA half-life increased as E. coli cells enter stationary phase and 

RNA stability was inversely correlated with protein synthesis. Interestingly, 

protein synthesis from the cat gene increased within 2 min of incubation of 
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stationary phase cells in fresh media without significant increase in cat mRNA 

(170), suggesting that cat mRNA was not used for translation but preserved 

during stationary phase. Not surprisingly, the stability and translation efficiency 

were different among genes (171), even though similar trends were observed at 

total mRNA and protein levels (169–171). During energy- and resource-limited 

conditions, dormant cells may preserve, instead of resynthesize, the mRNAs 

required for resuscitation. RNA stability are regulated by multiple factors. 

Ribonucleases including RNaseE are important for mRNA decay (172) and 

proteins interacting with RNases and mRNAs can influence the RNA processes 

positively and negatively (173). The (p)ppGpp is documented to inhibit the 

activity of polynucleotide phosphorylase (PNPase) in Streptomyces coelicolor 

and Nonomuraea sp. ATCC 39727 and reduce RNA degradation (174). In 

biofilms, dormant subpopulation of P. aeruginosa cells maintains mRNAs for 

certain genes at high abundance (27). P. aeruginosa may have a mechanism for 

preservation of specific mRNAs.  

 
 Molecular Chaperones. Molecular chaperones are important molecular 

machines assisting correct folding of unfold and misfold proteins generated by 

stresses. Chaperones such as IbpA and DnaK are highly abundant in biofilms, 

even in a dormant subpopulation of P. aeruginosa biofilms (27, 175). A protein 

with alpha-crystalline domain is one of four highly synthesized proteins in M. 

tuberculosis during hypoxia (83). DnaK is expressed throughout the growth 
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phase of E. coli, even during glucose starvation, and predominates the total 

protein pool during starvation (146), indicating the importance of molecular 

chaperones during dormancy.  

 DnaK is an ortholog of eukaryotic ATP-dependent Hsp70, refolding proteins 

with cochaperone DnaJ and nucleotide exchange factor GrpE (176). DnaK is 

essential for starvation-induced tolerance to oxidative stress (H2O2) and heat 

shock as well as normal reductive division during starvation (146). Refolding of 

misfold proteins by DnaK-DnaJ-GrpE is ATP dependent and thus starved cells 

must maintain minimal level of ATP for correct folding of proteins during 

starvation induced dormancy.  

 DnaK also has an important function for regulation of gene expression. 

RpoH (sigma 34) is a substrate of DnaK. RpoH regulons mainly belong to the 

heat shock proteins and RpoH-depenent gene regulation is controlled by the 

adjustment of effective concentration of RpoH though DnaK-DnaJ complex 

formation and degradation by FtsH, an AAA protease (177). The involvement of 

DnaK on FtsH proteolysis suggests that DnaK not only regulates gene 

expression indirectly but also alters the proteomes of nutrient starved cells 

through selective protein degradation.  

 DnaK may have an additional function as a protectant of proteins during 

dormancy. DnaK mutants deficient of ATPase activities are unable to 

complement the ∆dnaK mutant strain of E. coli (178), indicating that ATPase 
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activity is necessary for fully functioning DnaK. These ATPase deficient mutants 

can still bind to the peptide substrates in a same manner as wild type DnaK. 

Interestingly, a release of peptide substrate requires the conformational change 

of DnaK upon ATP binding, without ATPase activity (178). It is possible that 

DnaK inactivates and/or preserves a bound protein during ATP-limited dormancy.  

 IbpA is a small heat shock protein important for disaggregation and 

refolding of proteins. IbpA interacts with several different chaperones including 

DnaK-DnaJ, ClpB, ClpXP, and itself and probably function to transfer substrates 

to different chaperones for correct folding and proteolysis (179). IbpA and its 

paralog, IbpB, from E. coli are demonstrated to protect enzymes from stresses 

including heat and oxidants in vitro by direct interaction (180). The function of 

IbpA during dormancy is probably to preserve native form of enzymes and 

protect from stresses without requiring energy input.  

 
 Universal Stress Proteins. P. aeruginosa carries five universal stress protein 

(Usp) genes under Anr and ppGpp regulation (68, 181). In particular, UspK 

(PA3309) and UspN (PA4352) are highly abundant during growth on pyruvate 

fermentation and stationary phase in aerobic and anaerobic growth conditions 

(66, 182). UPS was found to be essential for maintenance of cell viability during 

oxygen limitation in presence of pyruvate (54, 182). A deletion mutant of uspK 

was impaired for biofilm formation under pyruvate fermentation (183). In contrast, 

a deletion of uspN did not influence the cell viability and biofilm formation in these 
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experimental conditions (54, 182, 183). Instead, UspN was indispensable for 

maintenance of cell viability under nitrate limited condition during anaerobiosis 

(184). Addition of nitrate to anaerobic stationary phase culture rescued the 

phenotype of ∆uspN (184). Eschbach et al. (24) demonstrated that nitrate 

addition abolished pyruvate fermentation during anaerobic stationary phase, 

while arginine supplementation did not influence pyruvate fermentation. These 

results indicate that UspK is important during pyruvate fermentation or in 

absence of arginine fermentation, while UspN plays an important role during 

nitrate limitation. In E. coli, expression of uspA in trans only complements the 

∆uspA mutant, while overexpression of uspD only compensates ∆uspD mutant 

(185). In addition, UspG and UspF bind to ATP, while UspA does not (185). 

Thus, mechanism for maintaining cell viability during anaerobiosis may differ 

between UspK and UspN.  

 Mechanisms of how universal stress response proteins maintain cell 

viability through energy limitation has yet to be determined. However, there are 

some observations that may lead to their functions. The function of Usp’s is 

thought to be associated with protection from stress. However, in the case of P. 

aeruginosa, the sensitivity of deletion mutant of uspN to stresses including 

oxidative stress (H2O2), heat shock, DNA damage (UV), and osmotic stress was 

the same with wild type, arguing against Usp’s involvement in protection from 
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stress (184). Instead, the mutant strain was extremely sensitive to the CCCP 

treatment.  

 M. tuberculosis also produce universal stress response proteins. Rv2623 

encodes for the putative Usp with ATP binding was one of the highly expressed 

protein during anaerobiosis of mycobacteria (83). Rv2623 interacts with a 

putative ABC transporter (186). Overexpression of rv2623 induces growth arrest 

and its function correlates with ATP binding ability and affinity with rv1747 (186, 

187). ∆Rv2623 increased expression of phosphatidyl-myo-inositol mannosides 

(PIMs), a component of mycobacterial cell wall, while ∆v1747 decreased PIM 

expression (186). Based on the String database, rv1747 is homologous to msbA, 

an ABC transporter for lipid A core, whereas UspN (PA4352) probably is a 

homolog of Rv2623 based on BLASTp search. MsbA is necessary for transport 

of lipidA across the inner membrane and a deficient mutant accumulates lipid A 

on the cytoplasm face of inner membrane (188). The findings about Usp’s are 1) 

ATP binding, 2) ATP requirement for its function, 3) association with ATP 

requiring transporter.  

 Universal stress proteins, as the name indicates, are found in wide range of 

organisms among the tree of life and are highly conserved. One of 44 Usps from 

a plant, Arabidopsis thaliana, (AtUSP) is reported to have a chaperone activity 

during oxidative stress, heat-, and cold-shock. AtUSP showed to reduce protein 

aggregation during oxidative stress and heat shock and its chaperone activity is 
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redox-dependent (189). The same AtUSP binds to double-stranded DNA, single-

stranded DNA, and RNA and resolves (or melts) double-stranded 

oligonucleotides (190). Interestingly, AtUSP complemented the cold-shock 

sensitive mutant strain of E. coli and also acted as anti-terminator of Rho-

independent transcriptional terminator (190), suggesting that the RNA chaperone 

activity of AtUSP, in addition to the protein chaperone activity. AtUSP is predicted 

to have a ATP-binding motif. Therefore, bacterial Usp’s may also work as 

chaperones for RNAs and proteins, either preserving macromolecules or 

regulating the expression.  

 
 Ribosome Preservation by HPF and RMF. Majority of ribosomes is 

degraded when cells enter into dormant state. In E. coli, more than 80% of 

ribosomes are degraded during phosphate starvation (154). Degradation and 

recycling of ribosomal proteins are necessary for nutrient starved cells to 

generate enzymes for amino acid biosynthesis and survival through starvation 

(97, 98). Since translation activity is observed during stationary phase and 

nutrient starvation (169, 170), a fraction of ribosomes are still active and probably 

necessary for maintenance of cellular functions during dormancy. De novo 

biogenesis of ribosomes is impossible and cells must maintain a minimal level of 

ribosomes to resuscitate from dormancy.  

 Ribosome degradation is an active process. Ribosome degradation is 

initiated by a specific cleavage of ribosomal RNAs by ribonucleases (154–156), 
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followed by targeted degradation of ribosomal proteins by formation of complex 

with Lon protease and polyphosphate chains (98). Kuroda et al. (98) reported 

that ribosomal proteins in intact ribosomes are inaccessible by Lon proteases 

unless ribosomes are dissociated by ribonuclease treatment. Specific 

endonucleolytic cleavage site found on 23S rRNA (residues C1942 and U1943) 

of E. coli during starvation is facing 30S subunit (191, 192), and thus not 

accessible while ribosomes form 70S complex. These findings indicate that the 

intact 70S ribosome complex is resistant to the endonucleolytic cleavage and 

degradation of ribosomal proteins.  

 In E. coli, the ribosome accessory protein, ribosome modulation factor 

(RMF), is essential for cellular viability during prolonged stationary phase (193). 

RMF, in combination with hibernation promoting factor (HPF), forms 

translationally inactive 100S ribosome dimers (194–196). Paralogous protein of 

HPF in E. coli, YfiA, was found to inhibit formation of 100S ribosome dimers 

(197). Protein folding of HPF homolog, YfiA, appears to be similar to a double-

stranded RNA binding domain (198), suggesting the HPF-RNA interaction. 

Crystal structures of ribosomes with HPF and its paralogs shows that these 

ribosome accessory proteins bind to the sites where mRNA and tRNA bind (A- 

and P-site), potentially inactivating the translation (191, 199). Structural studies 

also suggest that HPF and its paralogs protect 16S rRNA at A- and P-sites from 
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cleavage. Since HPF induces the formation of 70S complex, 23S rRNA at 

peptidyl transferase center would also be protected from cleavage. 

 HPF is widely distributed among prokaryotes, while RMF is restricted to 

gammaproteobacteria (Chapter 2 and 3) (53, 200). Presence of RMF and HPF 

as well as formation of 100S ribosome dimers were found in E. coli, S. 

typhimurium, Proteus mirabilis, Pectobacterium carotovorum, Klebsiella 

pneumoniae, Serratia marcescens, and Vibrio cholerae (201, 202). HPF 

homologs with long C-terminal tails are often found in rmf-negative bacteria 

(200). In contrast to the combination of RMF and HPF, long HPF alone induces 

the 100S ribosome dimer formation in Staphylococcus aureus, Bacillus subtilis, 

Listeria monocytogenes, Lactobacillus paracasei, Lactococcus lactis, Thermus 

thermophilus, and Synechocystis sp. PCC6803 (201, 203–207). Interestingly, 

long HPFs from S. aureus and L. paracasei can induce 100S dimers of E. coli 

ribosomes, while RMF and HPF from E. coli can form 100S dimers with T. 

thermophilus ribosomes in vitro (191, 201), suggesting that a function of a long 

HPF and a combination of RMF and HPF is likely universal among prokaryotes. 

Crystal structures of ribosomes interacting with long HPFs indicate that a core 

domain of long HPF binds to the same site as short HPF binds (208–211), further 

suggesting the common function of short and long HPFs.  

Interestingly, apparent formation of 100S ribosome dimers by long HPF 

homologs was not observed in Mycobacterium smegmatis (212). Since a paralog 
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of HPF, YfiA, inhibits 100S dimer formation in E. coli (197), a role of 100S dimer 

formation may be distinct from formation of YfiA-70S ribosome complex.  

 In E. coli, a deletion of rmf gene leads to loss of 100S ribosome dimers and 

cell viability loss during prolonged stationary phase (193). Loss of viability 

coincides with reduction in 100S ribosome dimers (193), suggesting the 

importance of 100S ribosome dimers for cell viability maintenance. The role of 

100S dimer formation on maintenance of cell viability and survival in competition 

with wild type during prolonged stationary phase is also demonstrated in L. lactis, 

S. aureus, and L. monocytogenes (205–207). Interestingly, long HPF was 

necessary for M. smegmatis to maintain cell viability during hypoxia without 100S 

dimer formation (212), suggesting that cell viability maintenance through long 

HPFs is independent of 100S dimer formation. Indubitably, we demonstrated that 

HPF, but not RMF, was important for P. aeruginosa to maintain cell viability 

during nutrient starvation (53). In the V. cholerae study (which carries RMF and 

two HPF homologs), deletion of either HPF or HPF paralog did not influence the 

cell viability during starvation (202). However, a mutant strain with deletion of 

both genes reduced cell viability (202), supporting that cell viability maintenance 

by HPF homologs is independent of 100S ribosome dimer formation.  

 Proteomic as well as structural studies support that HPF interacts with 

ribosome. Since ribosomes are locked in either 70S complex or 100S ribosome 

dimers (depending on organisms), a role of HPF for cell viability maintenance is 
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predicted to be ribosome preservation through inhibition of endoribonucleic 

cleavage. We showed in our study (Chapter 2) that in P. aeruginosa, HPF is 

required for ribosomal RNA preservation during nutrient starvation, especially for 

23S rRNA (53). Interestingly, loss of 16S rRNA occurred before 23S rRNA 

reduction in a ∆dosR mutant strain of M. smegmatis deficient of long HPF 

production during hypoxia (212). Exposure of ∆rmf mutant strain of E. coli to heat 

shock induced the loss of 16S rRNA (213). The role of HPF on cell viability 

maintenance during stressful conditions is generally through ribosome 

preservation, and selective or preferential degradation of ribosomal RNAs in the 

absence of HPF may differ among organisms or type of stresses.  

 Structural studies also suggest that interaction of HPF with ribosomes, 

either in 70S complex or in 100S dimers, inhibits translational activities. Indeed, 

both short and long HPFs are documented to inhibit translational activities in E. 

coli and S. aureus (200, 206, 214, 215). Interaction of YfiA alone or a 

combination of HPF and RMF with ribosomes reduced the ribosome dissociation 

activity of IF3 (199, 216), suggesting that HPF not only inhibits translation but 

also recycling of vacant ribosomes. Interestingly, ribosome dissociation activity 

by IF3 and IF1 was interrupted by YfiA only in presence of polyamines (199), 

suggesting that HPF-Ribosome interaction may be condition dependent requiring 

additional factors.  
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 During stationary phase or nutrient starvation, translation still occurs (169, 

170). Therefore, a fraction of ribosomes must be active. Since polyamines 

influence the competition between translation initiation factors and HPF for 

ribosome binding (199), concentration of factors such as polyamines may 

regulate the number of active ribosomes. The (p)ppGpp is another candidate 

factor influencing the HPF-ribosome interaction and/or the active fraction of 

ribosomes. Long HPF found in chloroplasts was recycled from ribosomes by 

ribosome recycling factor (Rrf) and elongation factor G (EF-G) (217). Therefore, 

HPF bound ribosomes are probably recycled by Rrf and EF-G constantly. During 

stationary phase and starvation, (p)ppGpp/GTP ratio increases and GTPae 

activity of EF-G is inhibited (130, 131), leading to the reduced translation 

elongation and ribosome recycling. During this condition, ribosomes are probably 

recycled by (p)ppGpp insensitive ribosome recycling factor, HflX (134, 135). 

Interestingly, HflX dissociates 100S ribosome dimers of S. aureus only when 

GTP is available for HflX to hydrolyze (135). Therefore, HPF, in combination with 

chemicals such as polyamines and (p)ppGpp, may regulate the proportion of 

active and inactive ribosomes during stressed conditions.  

 The ability of HPF to inhibit translation may have an additional function. Di 

Pietro et al. (214) reported that YfiA is not necessary for cold shock adaptation 

nor reduction of total protein synthesis. Instead, YfiA differentially inhibited in vitro 

translation of various mRNAs in concentration dependent manner. Translation 
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inhibition was more pronounce for mRNAs not associated with cold shock 

compared to the ones associated with cold shock and cold tolerance, and 

translation inhibition by YfiA only occurred at lower temperature. In addition, 

Agafonov and Spirin (215) demonstrated that E. coli HPF reduced the mis-

incorporation of leucine on poly(U) RNA in the presence of high Mg2+ 

concentration using an in vitro translation system, suggesting that HPF 

influences the fidelity of ribosomes. Therefore, HPF homologs may have a 

regulatory function for translation.  

 Short HPF was also found in Borrelia burgdoferi without homologs of RMF 

or YfiA (218). Unlike any other organisms, HPF was not necessary for survival in 

prolonged nutrient-limited conditions in the unfed tick or during infection of mice. 

Even though expression (both transcriptional and translational) was observed, 

HPF was not found in ribosome-associated fraction. Authors argued the function 

of HPF other than ribosome preservation. McKay and Portnoy (219) reported that 

a ∆hpf mutant of L. monocytogenes was more sensitive to the killing by 

gentamicin and other aminoglycosides than wild type during prolonged exposure. 

Authors also demonstrated that ∆hpf mutant had elevated intracellular ATP and 

NADH levels and increased gentamicin uptake. The gentamicin sensitivity of 

∆hpf mutant was reduced by CCCP treatment, suggesting that the gentamicin 

sensitivity of mutant strain is due to the elevated proton motive force leading to 

the increased aminoglycoside uptake. Interestingly, treatment of ∆hpf mutant with 
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rifampin or chloramphenicol reduced the sensitivity to gentamicin killing, 

suggesting that gentamicin killing of mutant cells requires expression of genes. It 

is tempting to speculate that HPF regulates expression of various genes affecting 

cell physiology, both positively and negatively, through inhibition of translation 

and/or enhancement of translation fidelity.  

 
Research Goals 

 
 

 Previously, we unraveled that messenger RNAs (mRNAs) encode for HPF 

and RMF were highly abundant throughout P. aeruginosa biofilms, while the 

abundance of mRNAs for majority of genes was vastly reduced in bottom of 

biofilms where metabolically dormant, non-dividing cells reside (27). Our 

research goals were 1) to determine the role of HPF and RMF on maintenance of 

cell viability and ribosome quality during starvation-induced dormancy in 

planktonic culture of P. aeruginosa and 2) to characterize the regulatory factors 

influencing the expression of HPF.  
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Abstract 
 
 

 Pseudomonas aeruginosa biofilm infections are difficult to treat with 

antibiotic therapy, in part because the biofilms contain subpopulations of dormant 

antibiotic-tolerant cells.  The dormant cells can repopulate the biofilms following 

alleviation of antibiotic treatments.  While dormant, the bacteria must maintain 

cellular integrity, including ribosome abundance, in order to reinitiate the de novo 

protein synthesis required for resuscitation.  Here, we demonstrate that the P. 

aeruginosa gene PA4463 (hibernation promoting factor – HPF), but not ribosome 

modulation factor (RMF – PA3049), is required for ribosomal RNA preservation 

during prolonged nutrient starvation conditions.  Single-cell level studies using 

fluorescence in situ hybridization (FISH) and growth in microfluidic drops 

demonstrate that in the absence of hpf, the rRNA abundances of starved cells 

decrease to levels that cause them to lose their ability to resuscitate from 

starvation, leaving intact non-dividing cells.  P. aeruginosa defective in the 

stringent response also had reduced ability to resuscitate from dormancy.  

However, FISH analysis of the starved stringent response mutant showed a 

bimodal response where the individual cells either contained abundant or low 

ribosome content, compared to the wild-type strain.  The results indicate that 

ribosome maintenance is key for maintaining the ability of P. aeruginosa to 

resuscitate from starvation-induced dormancy, and that HPF is the major factor 

associated with P. aeruginosa ribosome preservation.    



 
 

 

73 

Significance 
 
 

 The dormant subpopulations of Pseudomonas aeruginosa biofilms are 

linked to chronic infections, because dormant cells tolerate antibiotic treatment, 

then repopulate the infections when conditions become favorable.  Dormant cells 

must maintain cellular integrity, including pre-formed ribosomes, in order to 

resuscitate.  The small ribosome-binding proteins, ribosome modulation factor 

(RMF) and hibernation promoting factor (HPF), have evolved to maintain 

ribosomes in an inactive state.  Using both population and single-cell level 

studies, we show that HPF provides the primary mechanism used by P. 

aeruginosa to maintain ribosome integrity during dormancy, and that it is required 

for optimal P. aeruginosa resuscitation from dormancy.  Preventing regrowth of 

the dormant subpopulation by targeting HPF may provide an effective means for 

eliminating the dormant subpopulations of P. aeruginosa infections. 

  



 
 

 

74 

Introduction 
 
 

 Biofilms are communities of microorganisms that are attached to surfaces 

through their secreted extracellular polymeric substance (EPS) material (1, 2).  

Biofilms are found in most aqueous environments but become problematic when 

associated with infectious diseases (3).  In particular, bacteria growing in biofilms 

on host tissue or artificial implant devices are difficult to eradicate with antibiotic 

treatments, often resulting in chronic infections (4).  For example, Pseudomonas 

aeruginosa growing in biofilms on pulmonary tissue is associated with chronic 

infections of cystic fibrosis (CF) patients (5).  Even though the population of P. 

aeruginosa associated with biofilm infections can be reduced with antibiotic 

treatments, it is rarely eliminated.  Results of longitudinal genomics studies of P. 

aeruginosa strains infecting CF pulmonary tissue show that strains within a 

patient are usually clonal over time (6, 7), suggesting that even though antibiotics 

reduce the bacterial loads of pulmonary biofilms, clones of the original infecting 

strains are able to re-emerge and establish new biofilm infections.  One 

mechanism for enhanced tolerance of biofilm-associated bacteria to antibiotics is 

that biofilms contain heterogeneous populations of cells, including 

subpopulations of cells that are tolerant to the treatments (8, 9).  

 Bacterial heterogeneity in biofilms may arise by several mechanisms (10) 

including adaptation to local environmental conditions.  Cells within regions of the 

biofilm with low nutrients or oxygen may enter a slow-growth or dormant state.  
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Since antibiotics generally target active metabolic functions, dormant bacteria are 

tolerant to most antibiotic treatments.  The dormant bacteria may then resuscitate 

and repopulate the biofilms following alleviation of antibiotics.  Supporting this 

mechanism for biofilm-associated antibiotic tolerance, in prior research, we 

differentially labeled P. aeruginosa cells with the green fluorescent protein (GFP) 

and sorted them based on their metabolic activity (9).  In those studies, the slow-

growing P. aeruginosa cells in biofilms were tolerant to ciprofloxacin or 

tobramycin at concentrations ten-fold greater than their minimum inhibitory 

concentrations (MIC), whereas the active bacteria were killed by those 

antibiotics.  We also used transcriptomics in combination with laser capture 

microdissection to identify mRNA transcripts that were abundant in the different 

biofilm subpopulations (9).  As expected, most mRNA transcripts were in low 

abundance in the dormant subpopulation.  However, the slow-growing antibiotic-

tolerant subpopulation had a high abundance of mRNA transcripts for several 

genes, including PA4463 (a homolog to the Escherichia coli HPF - hibernation 

promoting factor).  In E. coli, HPF along with ribosome modulation factor (RMF), 

inactivates ribosomes during stationary phase (11). 

 RMF and HPF have been well characterized in E. coli as ribosome 

interacting proteins (12–15).  RMF binds to the ribosome near the mRNA exit 

tunnel on the 30S ribosomal subunit, and HPF binds at the channel of the 30S 

ribosomal subunit where tRNA and mRNA bind, thereby inhibiting translation (12, 
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16, 17).  RMF and HPF also cause conformational changes to the ribosome, 

which results in dimerization of two ribosomes to form an inactive 100S form 

(18).  Ueta et al. (11) developed a model for ribosome inactivation during 

stationary phase of E. coli.  They concluded that RMF binds the ribosome, 

forming an inactive 90S dimer, and HPF stabilizes the ribosome in an inactive 

100S form.  E. coli also encodes an HPF paralog, YfiA, that inactivates the 70S 

ribosome, but inhibits the formation of the 100S dimer (11).  

 Homologs to RMF and HPF are found in many bacterial taxa, but vary 

depending on the organism.  E. coli and most other gamma Proteobacteria have 

genes for rmf, hpf, and yfiA, while bacteria other than the gamma Proteobacteria 

lack the gene for rmf. Staphylococcus aureus, does not encode rmf, but has an 

hpf with an extended C-terminal tail, termed long HPF (19).  Long HPF results in 

100S ribosome formation in stationary phase S. aureus cells, even in the 

absence of an RMF homolog (19).  P. aeruginosa PAO1 contains genes for rmf 

(PA3049) and hpf (PA4463), but does not encode the hpf paralog, yfiA (20).  The 

involvement of HPF and RMF on maintenance of cell viability also varies among 

bacterial species.  In E. coli, RMF, but not the HPF homologs, is required to 

maintain cell viability during stationary phase (11, 14).  Vibrio cholerae, which 

has an rmf and two hpf homologs, requires at least one copy of hpf to maintain 

cell viability during stationary phase (21).  Mycobacterium spp. and Listeria 
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monocytogenes, which encode long HPF, require HPF for cell viability 

maintenance during prolonged incubation and during hypoxic conditions (22, 23).   

 In our prior study (9), biofilms of P. aeruginosa PAO1 with deletions of rmf 

or hpf  had increased uptake of the membrane impermeable stain, propidium 

iodide, compared to wild-type cells, suggesting that the nutrient or oxygen 

starved P. aeruginosa cells may lose viability in the absence of these ribosome-

interacting factors.   Here, we investigated the roles of hpf and rmf in the 

maintenance of viability of P. aeruginosa undergoing nutrient deprived 

conditions. Under starvation conditions, wild-type P. aeruginosa PAO1 

maintained the ability to resuscitate for weeks, with little loss of viability.  

Surprisingly, the Δrmf mutant also had little loss of viability during extended 

starvation.  However, the Δhpf mutant was impaired in its ability to resuscitate 

from starvation.  To investigate the molecular mechanism for impaired 

resuscitation of the mutant strain, we analyzed the ribosomal RNA (rRNAs) of the 

starved cells both at the population level and at the single-cell level.  Unlike the 

wild-type cells and the Δrmf mutant cells, the Δhpf mutant strain lost most of its 

rRNA by day 4 of starvation.  In addition, by using drop-based microfluidic 

approach, we show that most of the Δhpf mutant cells were unable to divide and 

remained as single non-replicating cells following extended starvation.  Overall, 

the results demonstrate that in P. aeruginosa, HPF is required to protect cells 

from ribosome loss during extended nutrient deprived conditions, and that 
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ribosome protection by HPF is necessary for P. aeruginosa to resuscitate from 

dormancy. 

 
Results 

 
 

HPF, but not RMF, Is Required for Maintenance of P. aeruginosa Viability Under 
Starvation Conditions 
 

In order to characterize the physiological roles of HPF and RMF in P. 

aeruginosa, we tested the ability of P. aeruginosa PAO1 with Δhpf, Δrmf, and 

Δhpf/Δrmf mutations to resuscitate following prolonged nutrient deprivation.  Wild-

type and mutant cells were cultured to early stationary phase, washed in 

phosphate buffered saline (PBS) then incubated in PBS with shaking at 37ºC.  

Aliquots of the cultures were sampled daily for their ability to form colonies on 

Tryptic Soy Agar (TSA) plates.  The wild-type P. aeruginosa PAO1 was able to 

survive the starvation conditions with no apparent loss of viability (p = 0.96) (Fig 

1A).  Based on results from E. coli (11, 14), RMF is predicted to play a role in 

ribosome inactivation.  However, no observable phenotype with respect to 

recovery from starvation conditions (p = 0.37) was observed for P. aeruginosa 

Δrmf (Fig 1A).  In addition, and in contrast to published results for RMF in E. coli 

(24–27), the P. aeruginosa Δrmf mutant did not show an observable survival 

phenotype compared to the wild-type strain when exposed to osmotic shock, 

heat shock, acid stress, or sensitivity to gentamicin.  In contrast, a deletion of 

PA4463 (Δhpf) resulted in a decrease in cell recovery following starvation (p < 
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0.0001).  The Δhpf mutant strain initially produced 1.9 x 108 CFU x ml-1 after 30 

minutes of starvation, and reduced to 2.5 x 107 CFU x ml-1 by 5 days of starvation 

(Fig 1A).  When Δhpf was complemented in trans (Δhpf + hpf), survival under 

nutrient limited conditions was restored to wild-type levels (p = 0.25), but not for 

the vector control strain (Δhpf + VC) (p < 0.0001).  The Δhpf/Δrmf double mutant 

also showed loss of recovery following starvation compared to the wild type 

strain (p = 0.0002) (SI Appendix, Fig S1).  The Δhpf/Δrmf double mutant could be 

restored to wild-type levels of resuscitation with a plasmid containing hpf alone, 

but not with a plasmid containing rmf alone (SI Appendix, Fig S1).   

 The stringent response plays a role in the ability of P. aeruginiosa to 

survive in stationary phase (28).  In the stringent response, guanidine penta- and 

tetra-phosphate ((p)ppGpp), produced by the activities of RelA and SpoT, when 

RelA interacts with stalled ribosomes (29), acts as a signaling molecule that 

induces expression of genes required for survival during stationary phase (30).  

We tested a ΔrelA/ΔspoT mutant under the same starvation conditions as the 

Δrmf and Δhpf mutant strains.  The ΔrelA/ΔspoT mutant showed a similar 

response to starvation as the Δhpf mutant, where cell recovery was impaired 

compared to the wild-type strain (p = 0.03) (Fig1A). The results indicate that HPF 

and the stringent response, but not RMF, is necessary for prolonged P. 

aeruginosa survival under nutrient limited conditions. 
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HPF Is Required for Optimal Recovery of P. aeruginosa from Nutrient Starvation 
 

During the starvation experiments, we noticed that in addition to the 

reduced number of CFUs for the Δhpf mutant strain, the colonies that arose were 

heterogeneous in morphology (Fig 1B, SI Appendix, Fig S2).  The starved wild-

type strain produced large uniform colonies.  While some colonies of the Δhpf 

strain were similar to those of the wild-type, many were small and required 

extended incubation time to become visible. The Δhpf + hpf complemented strain 

had smaller colonies than the wild-type, but the colonies were uniform (Fig 1B, SI 

Appendix, Fig S2).  The ΔrelA/ΔspoT strain had colony morphologies with 

heterogeneity in size, but did not require extended incubation time to become 

visible.  When the small Δhpf colonies were restreaked on new TSA plates, the 

wild-type colony morphology was restored, indicating that heterogeneity in 

recovered colony size was not heritable.  To determine if the reduced CFU 

counts following starvation of the ΔrelA/ΔspoT mutant strain was due to the role 

of the stringent response in regulation of hpf expression, we introduced a plasmid 

copy of hpf under control of the IPTG inducible Ptrc promoter into the ΔrelA/ΔspoT 

strain.  The ΔrelA/ΔspoT + hpf strain had a similar survival phenotype as the 

ΔrelA/ΔspoT strain (Fig S3) indicating that loss of cell viability in the ΔrelA/ΔspoT 

mutant is not associated with loss of hpf expression.   

 
 
 
 



 
 

 

81 

HPF Is Required for Preservation of 23S rRNA During Nutrient Starvation  
 

HPF and RMF are ribosome-associated proteins that in E. coli cause 

formation of inactive 100S ribosome dimers during stationary phase (11).  To 

characterize the roles of RMF and HPF on ribosomes during starvation 

conditions of P. aeruginosa, we extracted total RNA from nutrient deprived 

cultures and assayed relative abundance of the 23S and 16S rRNAs using the 

Agilent Bioanalyzer. P. aeruginosa PAO1 cells cultured to stationary phase 

showed a 23S/16S rRNA ratio of approximately 1.6 (Fig 2A,B).  Remarkably, this 

ratio was maintained in P. aeruginosa PAO1 throughout the starvation period 

(Fig 2B, SI Appendix, Fig S4), indicating little loss of ribosome quality during 

prolonged nutrient deprivation.  Similarly, the Δrmf mutant maintained a 23S/16S 

rRNA ratio of approximately 1.5 throughout starvation (Fig 2B, SI Appendix, Fig 

S4).  In contrast, the Δhpf strain had 23S/16S rRNA ratios of 1.4 prior to 

starvation, that rapidly decreased to 0.1 by day 4 of starvation (Fig 2A,B, SI 

Appendix, Fig S4).  The differences between the Δhpf mutant and the wild-type 

strain were significant throughout starvation, except on day 0 (p < 0.000001).  

When the Δhpf mutant strain was complemented with hpf, the ratio of 23S and 

16S rRNA was restored to levels that were not significantly different from the wild 

type (p = 0.83), while the vector control (Δhpf + VC) did not restore the rRNA 

ratios (p < 0.0001) (Fig 2A,B, SI Appendix, Fig S4). We also determined the 

23S/16S rRNA ratios of the Δhpf/Δrmf double mutant.  As with the Δhpf mutant, 
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the Δhpf/Δrmf double mutant had loss of the 23S rRNA during nutrient starvation 

(SI Appendix, Fig S5).  The 23S/16S rRNA ratio for the double mutant was 

complemented by a plasmid copy of hpf without rmf, but not with rmf alone (SI 

Appendix, Fig S5).  The results indicate that HPF, but not RMF, is required for 

maintenance of the 23S rRNA during starvation conditions. Interestingly, while 

the ΔrelA/ΔspoT mutant had reduced viability during starvation compared to wild 

type, the strain did not show selective loss of the 23S rRNA compared to wild 

type (p = 0.30) (Fig 2B, SI Appendix, Fig S4).  The results indicate that the 

molecular mechanism for reduced viability in the starved ΔrelA/ΔspoT mutant 

likely differs from that of the Δhpf mutant. 

 During nutrient starvation of E. coli, ribosome degradation is initiated by 

site-specific endoribonuclease cleavages of the 16S and 23S rRNAs, leading to 

reduced 70S ribosome abundances, and proteolysis of ribosomal proteins (31–

33).  To determine the fate of the rRNA during nutrient starvation of the P. 

aeruginosa Δhpf strain, we performed time-course Bioanalyzer studies over the 

first day of starvation.  The Δhpf mutant showed reduction of the 23S peak and a 

concomitant increase in a peak associated small molecular weight RNAs 

(approximately 100 nucleotides in length), characteristic of degraded rRNA 

fragments (SI Appendix, Fig S6A).  In contrast to the wild-type cells and the Δhpf 

+ hpf cells, the small molecular weight RNA comprised most of the cellular RNA 

of the Δhpf mutant strain by day 4 of starvation (SI Appendix, Fig S6B).  The total 
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RNA content of the Δhpf culture also decreased, compared to the wild-type 

control, after 4 days of starvation (p = 0.01) (SI Appendix, Fig S6D).  We next 

analyzed the relative amounts of 16S and 23S rRNA of the Δhpf mutant strain 

compared to wild-type strain following 0 and 4 days of starvation by RT-qPCR.  

The results showed a reduction of both rRNA subunits in the Δhpf mutant cells on 

day 4 (p = 0.03), but with greater reduction of the 23S rRNA subunit than the 16S 

subunit (SI Appendix, Fig S6E).  

 
Heterogeneity of HPF-Based rRNA Protection Determined at the Single-Cell 
Level  
 

Although cell viability was reduced in the Δhpf mutant, viability was not 

completely eliminated during nutrient deprivation (Fig 1).  In addition, loss of the 

rRNA was characterized for the entire population of cells, which may have 

masked the amount of rRNA present in individual cells within the population.  

Therefore, we used fluorescence in situ hybridization (FISH) analysis to 

determine the 16S rRNA levels of individual nutrient deprived cells. To analyze 

the FISH results quantitatively, we determined the average fluorescence intensity 

per pixel within the area of single cells using ImageJ 

(https://imagej.nih.gov/ij/docs/faqs.html).  The fluorescence intensity for each cell 

was background subtracted and then normalized by the spike-in control cells, 

consisting of exponentially growing P. aeruginosa PAO1 (pMF230). The spike-in 

cells were differentiated from the starved test cells because they were larger, had 
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higher abundances of rRNAs, and had GFP fluorescence (Fig 3A).  The results 

from the wild-type cells showed a gradual reduction in the average FISH-

fluorescence intensity per cell over time (p = 0.008) (Fig 3, SI Appendix, Fig S7).  

However, the FISH-fluorescence of the wild-type cells was maintained at high 

levels throughout the starvation conditions, indicating that most cells maintained 

abundant ribosome content during starvation (Fig 3, SI Appendix, Fig S7).  The 

FISH-fluorescence intensities for the Δhpf mutant strain were at similar levels to 

the wild-type cells prior to nutrient starvation (p = 0.17) (Fig 3).  However, the 

average FISH-fluorescence intensity of Δhpf decreased following one day of 

starvation (p < 0.001), and continued to decrease compared to wild-type cells 

with continued starvation incubation (Fig 3B, SI Appendix, Fig S7, Table S1).  

The complemented Δhpf + hpf strain had restored of FISH-fluorescence, 

comparable to the wild type (Fig 3, SI Appendix, Fig S7, Table S2).  

 The FISH results for the ΔrelA/ΔspoT mutant showed a strikingly different 

response to starvation than either the wild-type strain or the Δhpf mutant strain.  

During the first two days of starvation, the ΔrelA/ΔspoT cells had higher 

abundances of 16S rRNA than the wild-type cells (SI Appendix, Fig S7).  

Continued incubation in nutrient-free medium resulted in ΔrelA/ΔspoT mutant 

cells segregating into two populations with bimodal distribution.  One 

subpopulation of ΔrelA/ΔspoT cells continued to have higher 16S rRNA content 

than the wild-type cells, while the other subpopulation of cells had little detectable 



 
 

 

85 

rRNA (Fig 3, SI Appendix, Fig S7).  By day 4 of starvation, most (~63%) 

ΔrelA/ΔspoT cells had little signal for the 16S rRNA, while 26% had signals 

greater than the average of the wild-type cells.   

 The presence of outliers with high and low FISH fluorescence intensities 

were observed for all strains.  The box and whisker plots (SI Appendix, Fig S8) 

show a greater average decrease of 16S rRNA for the Δhpf cells than the wild-

type cells.  However, all strains had outliers where either high or low abundances 

of rRNAs were observed, including a small fraction of Δhpf mutant cells that had 

fluorescence intensity as high as the average intensity of 4 d starved wild-type 

cells.  The observation of outliers at the single-cell level suggests that HPF may 

not be the sole mechanism for maintenance of ribosome integrity of P. 

aeruginosa.   

 
Role of HPF in the Resuscitation of Individual Dormant Cells  
 

The colony size and variable rRNA levels of the starved Δhpf mutant cells 

suggested that there was heterogeneity in the resuscitating population.  

Therefore, we employed a drop-based microfluidic approach (34) to quantify the 

heterogeneity in this population.  These drop-based experiments allowed us to 

differentiate and quantify individual cells undergoing resuscitation from the non-

dividing cells, within many drop-based bioreactors.  We compared resuscitation 

of the wild-type cells and the Δhpf mutant cells, both expressing GFP, so that 

they could be visualized by confocal scanning laser microscopy (CSLM) (Fig 
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4A,B).  Cultures were starved using the conditions described above, then 

individual cells were encapsulated in 15 μm diameter, water-in-oil drops 

containing TSB medium as the dispersed phase in oil.  The ratio of drops 

containing one cell to empty drops was set at approximately 1:5 to 1:10.  The 

cells were then incubated in the TSB contained in each drop for 24 to 48 h to 

allow resuscitation of individual cells from the starvation-induced dormancy.  

Drops were then analyzed by CSLM and quantified by image analysis for cell 

growth (drops that were completely or partially filled with bacteria versus drops 

that contained only one cell) (Fig 4).  Similar to the CFU counts, there was an 

increase in total number of cells from day 0 to day 1 of starvation for both the 

wild-type (p = 0.037) and Δhpf mutant cells (p = 0.003) (Fig 1, SI Appendix, Fig 

S9), suggesting that the cells had divided in the PBS-starvation medium.  To 

determine if cells were capable of division during the first day of starvation, we 

encapsulated and incubated cells in drops containing PBS.  Under these 

conditions, most drops contained multiple cells after 24 h (SI Appendix, Fig S10), 

indicating that the cells had undergone at least one round of cell division during 

the first day of incubation in PBS.    

 Following the initial cell division in PBS from day 0 to day 1 of starvation, 

the total number of cells captured in drops remained essentially constant 

throughout the starvation period, for both the Δhpf mutant (p = 0.41) and wild-

type cells (p = 0.88) (SI Appendix, Fig S9), indicating little cell lysis during 
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starvation.  However, the percentage of cells that remained as single non-

replicating cells versus cells that grew within the drops differed over time for 

PAO1 (p = 0.03) and the Δhpf mutant strains (p = 0.01) (Fig 4C, SI Appendix, Fig 

S9).  Initially, approximately 100% of the wild-type cells were capable of 

resuscitation inside of drops.  The number of PAO1 cells capable of resuscitation 

decreased to 96% by 4 d of starvation (Fig 4C, SI Appendix, Fig S9).  In contrast, 

the number of Δhpf mutant cells capable of resuscitation inside of the drops 

decreased over time of starvation, with most cells (81%) remaining as single non-

dividing cells by day 4 of starvation (Fig 4C, SI Appendix, Fig S9). Additional 

incubation to 48 h inside drops did not result in a significant increase in the 

number of cells that could resuscitate (p = 0.81).  The results indicate the number 

of non-dividing P. aeruginosa cells increases during starvation, in the absence of 

a functional HPF. 

The resuscitating Δhpf mutant cells had heterogeneous colony 

morphology (Fig 1), suggesting that some of the recovering Δhpf cells either had 

an increased lag time or a reduced growth rate.  To distinguish these two 

possibilities, we performed time-course imaging of single cells in microfluidic 

drops, following 4 days of starvation.  Most wild-type cells (98.7%) recovered 

from starvation and had a relatively uniform growth rate averaging 0.56 h-1 (SI 

Appendix, Movie S1, Fig S11), while most of the Δhpf mutant cells (84.4%) did 

not recover following 4 days of starvation.  The Δhpf cells that recovered had a 
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slightly lower average growth rate (0.44 h-1) than the wild-type cells.  However, 

the Δhpf cells had highly variable lag times (SI Appendix, Movie S2, Fig S11). 

The results indicate that the small colony variants of the Δhpf cells as seen in Fig 

1 are likely caused by an increased lag time required for these cells to recover 

from starvation. 

 
Discussion 

 
 
 Heterotrophic bacteria living in aqueous environments often experience 

conditions where nutrients are scarce, including the nutrient depleted zones of 

biofilms (10).  Rapidly growing bacteria contain sufficient ribosome 

concentrations for maximum protein biosynthesis during exponential phase (35, 

36).  When the cells switch to slow-growth conditions, the number of ribosomes 

per cell diminishes, through degradation or by partitioning to daughter cells.  

However, slowly growing and dormant cells must have mechanisms to maintain 

sufficient quantities of pre-made macromolecules, including ribosomes, to allow 

de novo protein synthesis and cell regrowth when conditions become favorable 

(37).  Mechanisms have evolved to avoid complete loss of these essential 

macromolecules when cells are dormant.  Here, we demonstrate that the small 

ribosome interacting protein, HPF, is required for ribosome preservation during 

dormancy of P. aeruginosa.  Surprisingly, although important for E. coli ribosome 

inactivation (13) and abundant in most P. aeruginosa biofilm transcriptomic 
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experiments (38), RMF does not appear to play a significant role in ribosome 

preservation in P. aeruginosa under the conditions tested here. Mechanisms for 

starvation responses may be specific for a certain nutrient.  In P. aeruginosa, hpf 

is located downstream of the nitrogen stress-associated sigma factor, rpoN, and 

is expressed, in part, from the rpoN promoter.  However, hpf also has its own 

promoter(s), allowing high expression under certain conditions.   

 In a previous study, we measured the ribosome abundance of cells at 

different vertical strata within P. aeruginosa biofilms by microdissecting the 

biofilms and then assaying 16S rRNA amounts from the different microzones 

using RT-qPCR (39).  Since rRNA is rapidly degraded when not associated with 

ribosomes (40), quantification of rRNA provides an estimate of the ribosome 

copy number per cell.  From that study, we showed that exponentially growing P. 

aeruginosa had approximately 70,000 ribosomes per cell, whereas cells in the 

slowly growing subpopulation of biofilms had approximately 20,000 ribosomes 

per cell (39).  This relatively high concentration of ribosomes in the slow-growing 

cells was maintained even for cells with little transcriptional activity, suggesting 

that ribosomes are preserved in the cells in the interior of the biofilms.  

Identification of transcripts for the ribosomal accessory protein, hpf, as abundant 

in the interior of the biofilms indicated that the product of this gene may be 

important for ribosome preservation in the dormant subpopulation of cells (9).  

Here, we show that in the absence of hpf, starved cells have reduced capacity to 
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resuscitate following nutrient deprivation, and have reduced rRNA levels. The 

population-level experiments of the Δhpf strain showed greater loss of the 23S 

rRNA than the16S rRNA (Fig 2), but with a significant loss of both rRNA species 

(SI Appendix, Fig S6), compared to only a modest decrease of 16S and 23S 

rRNA levels for starved wild type cells.  The FISH single-cell results also showed 

loss of the 16S rRNA in the Δhpf mutant, while the wild-type strain maintained 

relatively high levels of 16S rRNA during starvation (Fig 3).   

 Ribosome degradation during nutrient starvation in E. coli is initiated by 

site-specific endoribonuclease cleavages of 16S and 23S rRNAs, leading to the 

loss of detectable free subunits as well as reduced 70S ribosome abundance 

(31, 33).  Ribosomal proteins dissociated from rRNAs are susceptible to 

proteolysis and likely recycled as nutrients (32).  We observed an additional peak 

in the Δhpf mutant in the Bioanalyzer studies, that may indicate the product of 

23S rRNA cleavage (Fig2, SI Appendix, Fig S6).  Cleavage of 23S rRNA may 

initiate rRNA degradation to small fragments as observed here in the Bioanalyzer 

studies.  The crystal structures of ribosomes with HPF and its paralog revealed 

that the HPF binding site overlaps with the binding sites of translation initiation 

factors on the 30S subunit (12, 41).  In vitro studies also indicate that the HPF 

paralog YfiA competes for 30S binding with IF-3 in the presence of polyamines 

(41).  Binding of IF-3 to the 30S subunit prevents the association of the 50S 

subunit until IF-2 promotes subunit joining to form the 70S initiation complex (42).  
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Since the interaction of ribosomal subunits with HPF induces subunit joining (12, 

16, 41), HPF may protect unused ribosomes from endoribonucleases through 

70S-HPF complex formation, while IF-3 binding to the 30S subunit in absence of 

HPF would leave free 50S subunits available for endonuclease cleavage.  

 The heterogeneity observed in microfluidic studies of resuscitating cells 

indicates that HPF may not provide the sole mechanism for ribosome 

preservation.  A percentage of the Δhpf cells were capable of regrowth in 

microfluidic drops (Fig 4).  In addition, some Δhpf cells maintained their ribosomal 

content even after extended starvation (SI Appendix, Fig S8).  Therefore, an 

alternative strategy to ensure ribosome preservation may exist in P. aeruginosa.  

The microfluidic studies of wild-type cells also showed that a percentage of cells 

(4% by day 4 of starvation) were unable to regrow following starvation.  Whether 

these cells still had metabolic activity and were unable to grow (e.g. viable but 

non-culturable cells), or if the cells were not viable is not known yet.  In either 

case, the results demonstrate that even in a clonal population of cells, 

heterogeneity in ribosome content and cellular capacity for regrowth exists.  

 The stringent response mutant had a similar loss of recovery from 

starvation as the Δhpf mutant.  However, the mechanism for impaired recovery of 

the stringent response mutant differs from the Δhpf mutant strain.  Our 

preliminary data using a transcriptional reporter of hpf indicate that the stringent 

response has a small modulatory effect on hpf expression, but that hpf 
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expression is not abolished in the ΔrelA/ΔspoT mutant.  A plasmid copy of hpf did 

not have any effect on the survival phenotype of the ΔrelA/ΔspoT strain (SI 

Appendix, Fig S3).  Therefore, we conclude that expression of hpf is not solely 

regulated through the product of the stringent response alarmone, (p)ppGpp.  

Overall, the results demonstrate that HPF provides the primary mechanism for 

ribosome preservation during nutrient starvation of P. aeruginosa, and that 

ribosome preservation is needed for P. aeruginosa cells to resuscitate from 

dormancy. 

 
Materials and Methods 

 
 

Bacterial Strains and Growth Conditions 

 Studies were performed on P. aeruginosa strain PAO1 and its Δrmf, Δhpf, 

and Δhpf/Δrmf mutant derivatives, and complemented strains as described in “SI 

Appendix, Materials and Methods” and previously (9).  The stringent response 

mutant, containing deletions of relA and spoT (28) was graciously provided by 

Dr. Pradeep Singh.  Nutrient starvation studies and the drop plate method (43) 

used to quantify colony forming units were performed as described in “SI 

Appendix, Materials and Methods”.  

 
RNA Extraction and Determination of Relative rRNA Abundances 

 RNA was extracted as described previously (44) with modifications 

described in “SI Appendix, Materials and Methods”. RNA was analyzed using the 
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Bioanalyzer 2100 (Agilent Technologies) as described in detail in the “SI 

Appendix, Materials and Methods”. Total rRNA and 16S and 23S rRNAs were 

quantified using the NanoDrop1000 (Thermo Fisher Scientific) and by RT-qPCR 

as described in “SI Appendix, Materials and Methods”.  

 
Fluorescence in situ Hybridization (FISH) for Quantification of rRNA 

 Fluorescence in situ hybridization (FISH) as described by Brileya et al. 

(45), using a Cy3-labeled16S rRNA probe described by Hogardt et al. (46), was 

used to quantify the relative amounts of 16S RNA from individual cells.  A 

detailed description of the FISH method and analysis is provided in “SI Appendix, 

Materials and Methods”.   

 
Drop Encapsulation and Monitoring Growth of Single Bacterial Cells 

 Single bacterial cells were encapsulated into microfluidic drops as 

described in detail in “SI Appendix, Materials and Methods” and in (47).  Drop-

encapsulated cells were injected into a modified “Dropspots” immobilization 

device (48). Microscopic and statistical analysis of bacterial growth in drops are 

provided in the “SI Appendix, Materials and Methods”.  
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Figures 
 
 

 
 
Figure 1. Recovery of P. aeruginosa following extended incubation under nutrient 
deprived conditions.  (A) Colony Forming Units (CFU) on TSA agar following 
incubation in aerated phosphate buffered saline (PBS). (B) Colony morphology of 
P. aeruginosa on TSA, following four days of incubation in PBS for wild-type P. 
aeruginosa PAO1, PAO1 Δhpf, PAO1 ΔrelA/ΔspoT, and PAO1 Δhpf + hpf.  
Colony morphologies of each strain and at each time point are shown in Fig S2. 
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Figure 2. P. aeruginosa 23S to 16S rRNA ratios following extended incubation 
under nutrient deprived conditions with shaking at 37ºC.  (A) Bioanalyzer traces 
of 23S and 16S rRNA following four days of starvation for wild-type strain PAO1, 
the Δhpf mutant, and the Δhpf mutant complemented with hpf (Δhpf + hpf).  (B) P. 
aeruginosa 23S to 16S rRNA ratios following extended starvation conditions.  
Representative bioanalyzer traces showing 23S and 16S rRNAs for all strains at 
each time point are shown in Fig S4 and Fig S5. 
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Figure 3. (A) Fluorescence in situ hybridization (FISH) analysis of 16S rRNAs for 
P. aeruginsoa PAO1 and mutant derivatives, starved for 4 d in PBS at 37ºC.  
The16S probe labeled with Cy3 is false colored yellow. Each field contains a 
spike-in control cell of exponential phase PAO1 (pMF230) (the large cell with 
high rRNA abundance).  The edges of cells were determined by using bright field 
microscopy and are outlined in green.  (B) The$mean$fluorescence$intensity$for$
16S5Cy3$probe$was$quantified,$normalized$to$the$spike5in$controls,$and$binned$
based$on$the$fluorescence$intensity$of$individual$cells.$$The$dotted$vertical$lines$
represent$the$average$FISH$fluorescence$intensity$for$the$wild5type$strain$prior$to$
starvation$and$after$4$d$of$starvation.$Data$for$the$wild$type$strain$are$shown$on$
each$plot$in$blue.$$Data$shown$are$from$three$independent$biological$replicates$
per$strain$at$each$time$point,$with$the$total$number$of$cells$quantified$indicated.$
Histograms$showing$the$FISH$fluorescence$intensities$for$each$day$of$starvation$
are$shown$in$Fig$S7.$$Box5Whisker$plots$showing$the$average$and$range$of$these$
data$are$shown$in$Fig$S8.$
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Figure$4.$Examples$of$cell$resuscitation$of$individual$P.#aeruginosa$(pMF230)$
cells$within$15$μm$diameter$oil$drops,$visualization$by$confocal$scanning$laser$
microscopy$(CSLM).$$Cells$were$incubated$in$PBS$for$4$d,$and$encapsulated$in$
drops$containing$TSB$medium.$(A)#P.#aeruginosa$PAO1$following$4$days$of$
starvation,$then$regrowth$for$24$h$in$TSB.$$(B)$P.#aeruginosa$PAO1$∆hpf$after$4$d$
of$starvation,$then$regrowth$for$24$h$in$TSB.$$Insets$show$cell$regrowth$and$single$
non5dividing$cells$in$drops.$(C)$Percentage of cells that replicated inside of TSB-
containing drops versus cells that remained as single intact non-dividing cells 
following starvation in PBS.  Cell counts of replicating and non-replicating cells 
are shown in Fig S9.  Regrowth$of$PAO1$and$the$∆hpf$mutant$cells$in$drops$over$
24$h$is$shown$in$Movies$S1$and$S2. 
$
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Supporting Information 
 
 

Movies 
 
 

 
SI Movie S1. Growth of P. aeruginosa PAO1 (pMF230) in microfluidic drops 
containing TSB medium, following four days of incubation under nutrient deprived 
conditions.  
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1700695114/video-1 
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SI Movie S2. Growth of P. aeruginosa PAO1 ∆hpf (pMF230) in microfluidic drops 
containing TSB medium, following four days of incubation under nutrient deprived 
conditions. 
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1700695114/video-2 
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SI, Materials and Methods 
 

Bacterial Strains and Growth Conditions. Studies were performed on 

Pseudomonas aeruginosa strain PAO1 and its Δrmf and Δhpf deletion mutant 

derivatives, which were described previously and generated using the PCR 

primers described previously (1). The Δhpf/Δrmf double mutant was also 

constructed using the allelic exchange approach with the same PCR primers (1), 

with rmf deleted from the Δhpf mutant. The stringent response mutant strain, 

containing deletions of relA and spoT (2) was graciously provided by Dr. Pradeep 

Singh. The Δhpf and Δrmf mutant strains were complemented with plasmids 

constructed as follows: fragments of hpf and rmf were amplified using primers: 

Rmf XbaI5’ (5’- AGTCTAGAAGTGAGGGCAACACCCTATG), Rmf HindIII 3’ (5’- 

TTAAGCTTGCGC-CCGCCGCCCGGATG), HPF XbaI 5’ (5’- 

CATCTAGACACGGGCAACAAGGAGAACGC), HPF HindIII 3’ (5’- 

TCAAGCTTTGCTCAAGTCGGATCATAG). The PCR products were ligated into 

the plasmid vector pMF54, which contained an IPTG-inducible promoter. The 

resulting plasmids were labeled pMF462 for rmf, and pMF466 for hpf. In certain 

experiments, the ΔrelA/ΔspoT strain was also complemented with the hpf- 

containing plasmid, pMF466. The plasmid pMF230, described in (3) was 

introduced into strains to provide constitutive expression of the green fluorescent 

protein (GFP) for confocal scanning laser microscopy (CSLM) analyses. Strains 

were cultured on trypticase soy agar (TSA) using gentamicin (100 μg x ml-1), 
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carbenicillin (150 μg x ml-1), and 1.0 mM isopropyl ß-D-1-thiogalactopyranoside 

(IPTG) when necessary.  

 
Nutrient Starvation Studies. Frozen stock strains were cultured overnight 

in TSB. For strains containing plasmids, the TSB was supplemented with 150 μg 

x ml-1 carbenicillin and 1.0 mM IPTG to induce expression of hpf or rmf. An 

aliquot (120 μl) of the overnight culture was used to inoculate 4 ml of TSB. The 

cultures were incubated at 37°C with aeration for 7 h, until the optical density 

(OD600) was a minimum of 7.0 on a CE2041 Spectrophotometer (Cecil 

Instruments). An aliquot of the culture was centrifuged and the pellet was washed 

twice in phosphate buffered saline solution (PBS), pH 7.0. The resulting cell 

pellets were resuspended in 1 ml PBS and used to inoculate 25 ml of pre-

warmed PBS in 125 ml baffled flasks to obtain an initial cell concentration of 1.5 x 

108 CFU x ml-1. Cultures were continuously incubated at 37°C with shaking at 

200 rpm and were sampled after 30 min and then daily for use in cell viability, 

rRNA abundance, fluorescence in situ hybridization, and microfluidic drop 

assays.  

 
Determination of Cell Viability. The drop plate method was used to 

quantify colony forming units. Briefly, cells were serially diluted in 0.85% NaCl 

solution and 100 μl volumes were plated on TSA (4). Colonies were counted 

after 18 h of incubation at 37°C, and again at 42 h. Six biological replicates were 
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performed for the wild type and single knockout strains at each time point. A 

minimum of three biological replicates were performed for the additional seven 

mutant strains. The mean and standard error of the mean (SEM) were calculated 

for the recovering colonies and plotted using GraphPad Prism 7.01. GraphPad 

Prism was also used to perform t-tests and one and two-way ANOVAs at alpha < 

0.05.  

 
RNA Extraction and Determination of Relative 23S and 16S rRNA 

Abundances. At each time point, cells were collected by centrifugation at 7,800 x 

g for 1 min at 4°C. After removal of the supernatant, cell pellets were stored at -

80°C until RNA extraction. Total RNA was extracted similar to that described 

previously (5). Briefly, cell pellets were resuspended in a mixture of 50 μl lysis 

buffer and 50 μl of sodium dodecyl sulfate (SDS). After the addition of 100 μl 

phenol, the reaction mixture was incubated at 65°C for 5 min with vortexing. The 

mixture was centrifuged to allow for phase separation, and 100 μl of 

phenol:chloroform:isoamyl alcohol solution was added to the aqueous phase. 

Following a second phase separation step, the Clean and Concentrator-5 kit 

(Zymo Research) was used on the aqueous phase as per the manufacturer’s 

instructions. RNA was then measured on the NanoDrop1000 (Thermo Fisher 

Scientific), diluted to approximately 50 ng x μl-1, and visualized on the 

Bioanalyzer 2100 (Agilent Technologies) with the Prokaryotic Total RNA 6000 

Nanoassay (Agilent Technologies). The ratio of 23S rRNA to 16S rRNA was 
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plotted using GraphPad Prism 7.01 as the mean and standard error of the mean 

for three to four biological replicates. GraphPad Prism was also used to perform 

t-tests and one and two-way ANOVAs at alpha < 0.05. For fragment analysis, the 

time corrected area from the peak at 100 nucleotides (comprised of RNA 

fragments and 5S rRNA) was divided by the total time corrected area of the total 

RNA detected for each sample. The mean and SEM for 3 to 4 biological 

replicates were plotted in GraphPad Prism.  

 
Quantification of total rRNA, and quantification of 16S and 23S rRNAs by 

RT- qPCR. During starvation, 100 μl cell suspensions were frozen daily at -80°C 

and stored until RNA extraction was performed as above, but with the following 

modifications: 20 μl of 10x lysis buffer/SDS was added to the cell suspension, the 

incubation time was extended to 8 min, and a heavy phase lock gel (5 Prime) 

was used to ensure complete RNA recovery. RNA yield was measured in 

triplicate for each sample on the NanoDrop1000 (Thermo Fisher Scientific), using 

a minimum of three biological replicates. The mean ng RNA recovered per μl of 

starvation culture and standard error of the mean were plotted using GraphPad 

Prism 7.01, and a t-test was performed at alpha < 0.05. One-step reverse 

transcription-quantitative PCR (RT-qPCR) was performed with the Rotor-Gene 

SYBR green RT-PCR kit (Qiagen) as described previously (46) with 16S_F 

primer (TACCTGGCCTTG ACATGCTG), 16S_R primer 

(CCCAACATCTCACGACACGA), 23S_F primer 
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(TGTGGATCGGAGTGAAAGGC) and 23S_R primer 

(AGCCGAAACAGTGCTCTACC), using 2 μl of a 1:1000 dilution of turbo-DNase 

(ThermoFisher Scientific) treated recovered RNA as the template in each 

reaction. Reactions were performed in triplicate on three biological replicates for 

each strain at 0 and 4 days of starvation. RT-qPCR primer efficiencies, 

calculated from the slope of standard curves using Rotor- Gene software, were 

similar for 16S (0.96) and 23S (0.98) primers. Negative controls lacking reverse 

transcriptase were performed with each biological sample, and revealed that 

samples were free from DNA contamination. The Relative Expression Software 

Tool V2.0.13 (REST) (6) was used to calculate mean fold change of 16S and 

23S RNA recovered in the Δhpf strain compared to wild type PAO1 and to 

interpret significance at α ≤ 0.05. Mean relative expression and standard error of 

the mean were plotted in GraphPad Prism.  

 
Fluorescence in situ Hybridization (FISH) for Quantification of Ribosomal 

RNAs. Fluorescence in situ hybridization (FISH) was used to quantify the relative 

amounts of 16S RNA from individual cells following starvation conditions. An 

aliquot, 1 to 2 ml, of nutrient-deprived cells was centrifuged, washed with PBS, 

then resuspended in 100 μl of ice-cold PBS. Resuspended cells were fixed with 

300 μl of 4% paraformaldehyde, and incubated at 4°C for 3 h. Fixed cells were 

washed with ice-cold PBS twice, resuspended in 50-100 μl of ice-cold 50% 

ethanol:PBS solution, and stored at -20°C, prior to visualization. FISH was 
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performed as described by Brileya et al. (7). Fixed cells were dried on 10 well 

poly-L-lysine coated teflon-printed microscope slides (Tekdon, Inc.), and 

dehydrated by incubating slides in increasing concentrations of ethanol (50, 80, 

and 100%) for 3 min each. Fixed cells were incubated at 46°C for 2 h in the dark 

in hybridization buffer (0.9 M NaCl, 20 mM Tris-Hcl, pH 8.0, 0.01% SDS) which 

contained probes targeting 16S rRNAs, using oligonucleotide sequences 

described by Hogardt et al. (8). The 16S rRNA probe (PseaerA) and 23S probe 

(PseaerB) were labeled with Cy3 and ATTOTM647N, respectively (Integrated 

DNA Technologies, Inc.). After incubation, slides were washed with 0.9 M NaCl, 

20 mM Tris-HCl, pH 8.0 at 48°C for 10 min. Slides were dipped in ice-cold water 

and dried with compressed air. Citifluor Antifadent mounting medium, AF-1 

(Electron Microscopy Sciences), and a coverslip were placed onto the slides and 

cells were imaged using an epifluorescent microscope. Filters used are as 

follows: FITC for GFP, 480/30 excitation, 505LP mirror, 535/40 emission; TRITC 

for 16S-Cy3, 540/25 excitation, 565LP mirror, 605/55 emission; Cy5 for 23S- 

ATTOTM647N, 620/60 excitation, 660LP mirror, 700/75 emission. Three 

biological replicates were used for the FISH experiments for each strain and 

each time point. Five to seven fields were imaged for each biological replicate 

and time point. The images were analyzed using ImageJ 

(http://imagej.nih.gov/ij/). Only 16S rRNA data are reported in this study. For 

quantification, background was subtracted using a rolling ball background 
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subtraction algorithm in ImageJ with the rolling ball radius set for 200 pixels. The 

edge of each cell was determined using the Canny Edge Detector plugin in 

ImageJ. The edge of each cell was selected as a region of interest (ROI) and 

overlaid on images for Cy3 and FITC. The overlaid ROI was adjusted using the 

ROI Manager Move Selection macro in ImageJ and mean gray value per pixel 

within the ROI was measured and used to indicate the abundance of 16S rRNA, 

and GFP. To reduce the fluctuations in fluorescence intensity caused by 

technical errors, such as differences in the hybridization efficiency and photo-

bleaching among experiments, exponential phase P. aeruginosa PAO1 

(pMF230) was used as an internal spike-in control, and mean gray values of 

samples were normalized to the spike-in control for each picture as follows: the 

total average mean gray value per pixel of spike-in control cells was determined 

for every slide. The ratio of the average mean gray value for the spike-in cells per 

picture to the total average mean gray value for spike-in cells was used to 

normalize the mean gray value per pixel for cells of interest for each picture. 

Welch’s t-tests (unequal variance t- test) and Kruskal-Wallis tests (one-way 

ANOVA on ranks) at alpha = 0.05 were performed on the average normalized 

background subtracted intensities of each biological replicate in Graphpad Prism.  

 
Drop Encapsulation and Monitoring Growth of Single Bacterial Cells  P. 

aeruginosa. PAO1 and the Δhpf mutant constitutively expressing the GFP from 

pMF230 were incubated under starvation conditions as described above. The 
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cultures, 100 μl, were mixed with 900 μl of TSB. 1 ml of each cell culture and 2 

ml of fluorocarbon oil (3M HFE 7500) with 1.2 to 1.5% w/w of a biocompatible 

PFPE-PEG fluorinated surfactant (9) were injected to a 15 μm drop making chip 

with flow focusing features. Flow rates for the two aqueous phases, cell 

resuspension and HFE, were 100 μl x h-1 and 375 μl x h-1, respectively. 

Encapsulated cells were collected in syringes and incubated at 37°C for 24 and 

48 h. The emulsions were gently agitated using a Hula Mixer set to 30° at 1 rpm. 

Drops were re-injected into a modified “Dropspots” immobilization device (10), 

which allows for a monolayer of drops to be immobilized in an array of round 

chambers, and imaged using an inverted confocal microscope (Leica TSC SP2). 

Three biological replicates were prepared and three to five images at three 

different magnifications (a total of nine to eleven images) per biological replicate 

were collected. Images were taken using a 473 nm excitation wavelength (argon 

laser), a PMT detection range of 500-550 nm, a 20x long working distance 

objective, and a z resolution of 1.5 μm. Magnifications were adjusted using 

Leica’s microscopy software such that magnification 1 captured 250-400 drops, 

magnification 2 captured 125-200 drops, and magnification 3 captured 15-25 

drops. Images were analyzed using MetaMorph and ImageJ softwares, where 

drops containing single cells were differentiated from drops containing higher 

amounts by creating maximum projection reconstructions. Additionally, single 

cells were differentiated from artifacts by scanning through each slice examining 
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for cell motility. To test for statistical significance, Welch’s t-tests (unequal 

variance t-test), an ANOVA, and Kruskal-Wallis tests (one way ANOVA on ranks) 

were performed in Graphpad Prism at alpha < 0.05.  

For real-time imaging of bacterial growth within drops, a Dropspot device 

was prepared by bonding the molded PDMS slab to a coverslip, and then  bonding 

this device to a petridish with a coverslip viewing window. The entire assembly 

was soaked under a layer of HFE7500 and water for a minimum of 12  h at 70°C, 

and allowed to cool for 30 min. Fifteen μm drops containing TSB, inoculated with 

single cells, were placed into the 50 μm well diameter PDMS Dropspot device. 

The Dropspot device was incubated in a microscope stage environmental 

chamber at 37°C with 75% relative humidity. Drops were imaged every 10 min at 

10x magnification for 24 h. Bacterial growth rate within drops was calculated 

using image analysis software ImageJ with the Fiji image processing package 

(11). The TrackMate plugin (12) was used to identify and track the fluorescent 

intensity over time of drops with cell growth frame-by-frame, allowing the 

automatic identification of active drops with minor user input for filtering 

incorrectly tracked drops. The text file output from TrackMate was then loaded 

into a custom MATLAB script for the calculation of a maximum growth rate 

(μmax) for each drop by taking the natural log of the linear region of the growth 

curve. We assumed that the fluorescence intensity of the drops was linearly 

correlated with the concentration of cells within the drops over the range of the 
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PMT output on the confocal microscope (13).  
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Supplementary Tables 
 
 

Table S1. Resulting p-values from Welch’s t-test between PAO1 and Δhpf FISH 
intensities, showing a significant difference between the strains over time, after 
Day 0, under starvation conditions.  
 
! 16S!
Day!1! 0.009!
Day!2! 0.016!
Day!3! 0.016!
Day!4! <!0.001!

 
 
 
Table S2. Resulting p-values from Welch’s t-test between PAO1 and the 
complemented strain (Δhpf + hpf) FISH intensities, showing no significant 
difference between the strains over time under starvation conditions.  
 
! 16S!
Day!0! 0.755!
Day!1! 0.893!
Day!2! 0.602!
Day!3! 0.395!
Day!4! 0.130!
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Supplemental Figures 
 
 

                    
 
Figure S1. Recovery of P. aeruginosa following extended incubation under 
nutrient deprived conditions.  Colony Forming Units (CFU) on TSA agar following 
incubation in aerated phosphate buffered saline (PBS).  Closed Squares – P. 
aeruginosa PAO1; Open Squares – PAO1 ∆hpf/∆rmf double mutant; Circles - 
PAO1 ∆hpf/∆rmf complemented with rmf (∆hpf/∆rmf + rmf); Triangles – PAO1 
∆hpf/∆rmf complemented with hpf (∆hpf/∆rmf + hpf).  The mean and standard 
error of the mean of a minimum of three biological replicates are shown. 
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Figure S2. Colony morphology of P. aeruginosa PAO1 and its mutant derivatives following 
incubation in PBS with shaking at 37ºC, then plating on TSA medium.  P. aeruginosa PAO1 wild-
type cells had homogenous colony morphology throughout starvation conditions, whereas the 
∆hpf mutant had non-uniform colony morphology with extended incubation in PBS.  Uniform 
colony morphologies were restored by complementing hpf in trans (∆hpf + hpf), although 
colonies were smaller than the wild-type strain. The ∆relA/∆spoT strain had heterogeneous 
colony morphology, but with no colonies requiring extended incubation to become visible.  
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Figure S3. Recovery of P. aeruginosa stringent response mutant containing a 
plasmid copy of hpf following starvation.  Closed Squares – P. aeruginosa PAO1; 
Circles – PAO1 ∆relA/∆spoT double mutant; Triangles – PAO1 ∆relA/∆spoT 
complemented with Ptrc-> hpf (∆relA/∆spoT + hpf).  The mean and standard error 
of the mean for three biological replicates are plotted. 
 
 
  



 

 

 

 
 

Day$1 Day$2 Day$3 Day$4 Day$5Day$0
PAO1

Δhpf +$hpf

Δhpf +$VC

ΔrelA/ΔspoT

Δrmf

Δhpf

Figure S4. Agilent Bioanalyzer profiles showing 23S and 16S rRNA levels from nutrient deprived P. 
aeruginosa cultures.  P. aeruginosa PAO1 and PAO1 ∆rmf maintained rRNA ratios similar to non-starved 
cultures throughout incubation.  The PAO1 ∆hpf strain selectively lost most 23S rRNA by day 3 of starvation.  
The 23S/16S rRNA levels were restored in the ∆hpf mutant when hpf was complemented in trans (∆hpf + 
hpf), but not with the vector control (∆hpf + VC).  The ∆relA/∆spoT mutant had 23S/16S ratios similar to the 
wild-type strain.  Representative images shown were selected from a minimum of three biological replicates 
per strain and time point.   
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Figure S5. RNA profiles from nutrient deprived P. aeruginosa PAO1 ∆hpf/∆rmf double mutants, and double 
mutants complemented with either rmf or hpf (∆hpf/∆rmf + rmf, ∆hpf/∆rmf + hpf).  The double mutant had 
preferential loss of 23S rRNA, and the 23S/16S rRNA ratio was restored to the wild-type level with hpf, but 
not with rmf.  
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Figure S6. (A) RNA profiles from nutrient deprived P. aeruginosa PAO1 ∆hpf, within the first day of starvation, 
showing an increase in the amount of small, degraded RNA fragments as the 23S rRNA decreases.  (B) 
Percentage of the total cellular RNA associated with small RNA fragments for P. aeruginosa PAO1 (filled 
squares) and the ∆hpf mutant strain (open squares) over the first 24 h of starvation.  Percentage of total RNA 
was calculated as described in the materials and methods. (C) Percentage of total cellular RNA associated with 
small RNA fragments over 5 days of starvation for PAO1 (filled squares), the ∆hpf mutant (open squares), and 
the ∆hpf mutant complemented with hpf (open triangles), showing accumulation of small RNA fragments in the 
∆hpf mutant strain.  (D) Total RNA recovered from PAO1 and the ∆hpf strains following zero and four days of 
starvation.  (E) Relative abundances of 16S and 23S rRNA for the ∆hpf strain compared to the wild-type control 
after zero and four days of starvation, determined by RT-qPCR, as described in the methods. Graphs B-E show 
the mean and standard error of the mean for at least three biological replicates. 
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Figure S7. Fluorescent in situ hybridization (FISH) analysis of PAO1, ∆hpf, ∆hpf 
+ hpf, and relA/SpoT strains, using the 16S-Cy3 probe. Fluorescence intensity 
was quantified as described in the methods and individual cell fluorescence 
intensity was binned.  The red dotted vertical lines represent the average FISH 
fluorescence intensity for the wild-type strain prior to starvation and after four 
days of starvation. Data for the wild type strain are shown for comparison on 
each plot in blue.  Data shown are from three independent biological replicates 
per strain at each time point, with the total number of cells quantified indicated.  
Data points with 16S rRNA abundance higher than 2000 are not shown.  P. 
aeruginosa PAO1 shows a normal distribution of fluorescence intensities that 
gradually decreases with time of starvation.  The ∆hpf mutant shows a rapid loss 
of 16S rRNA for most cells.  The loss of rRNA in the ∆hpf mutant is restored by 
providing hpf in trans (∆hpf + hpf).  The ∆relA/∆spoT mutant shows a bimodal 
distribution of 16S FISH-fluorescence intensities with a population of cells having 
greater 16S rRNA amounts than the wild-type strain, and a population of cells 
with low 16S rRNA levels.  Box-Whisker plots showing the average and range of 
these data are shown in Fig S8.  
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Figure S8. Box and Whisker plot representation of 16S rRNA abundance of 
starved cells determined by image analysis of FISH data.  Shown are wild-type 
P. aeruginosa PAO1 (Blue); PAO1 ∆hpf (Red); PAO1 ∆hpf complemented with 
hpf (∆hpf + hpf) (Magenta); PAO1 ∆relA/∆spoT (Cyan).  The two red dotted 
horizontal lines in each plot represent the mean FISH intensity for P. aeruginosa 
PAO1 prior to starvation and after four days of starvation.  Boxes correspond to 
the 25th and 75th percentile of the FISH-fluorescence intensities for individual 
cells, and the whiskers spread 1.5 internal quartile range (IQR) from the 25th and 
75th percentiles.  The data plotted as circles outside of 1.5 IQR are considered 
outliers.  The data represent results from three independent biological replicates.  
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Figure S9. Cells capable of regrowth inside of microfluidic drops and cells that remain as single cells within 
drops.  (A) Total number of cells encapsulated into drops calculated per milliliter of starvation culture, including 
both cells capable of regrowth and cells that remained as single cells within drops.  The total cell numbers were 
quantified after 24 h and after 48 h incubation in drops.  (B) Number of cells that resuscitated within drops.  
Filled and Open Circles – P. aeruginosa PAO1 cells that grew within drops at 24 h and at 48 h; Filled and Open 
Crosses – PAO1 ∆hpf cells that grew within drops at 24 h and 48 h.  (C) Number of cells that remained as single 
cells within drops.  Filled and Open Circles – P. aeruginosa PAO1 cells that did not grow within drops at 24 h 
and at 48 h, respectively; Filled and Open Crosses – PAO1 ∆hpf cells that did not grow within drops at 24 h and 
48 h. Data from three biological replicates are plotted, error bars show the standard error of the mean. 
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Figure S10. Determination of cell growth in PBS starvation medium.  P. 
aeruginosa PAO1 cells were incubated to stationary phase, washed in PBS, then 
encapsulated in 15 μm diameter oil drops containing PBS.  Drops were 
incubated for 24 h at 37ºC, then examined by confocal scanning laser 
microscopy.  P. aeruginosa PAO1 showing multiple cells within drops, indicating 
that some cells divided at least once during one day of incubation in PBS.  
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Figure S11.  Growth rate of P. aeruginosa PAO1 and P. aeruginosa PAO1 ∆hpf 
within individual microfluidic drops containing TSB, incubated at 37oC, calculated 
as described in the materials and methods.  Results show the average and 
standard deviation from three independent biological replicates for each strain.  
Mean and standard deviation were calculated for 848 drops that had cell growth 
for PAO1, and 75 drops that had cell growth for PAO1 ∆hpf. 
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Abstract 
 
 
Bacterial biofilms contain subpopulations of cells that are dormant and highly 

tolerant to antibiotics.  While dormant, the bacteria must maintain the integrity of 

macromolecules required for resuscitation.  Previously, we showed that 

hibernation promoting factor (HPF) is essential for protecting Pseudomonas 

aeruginosa from ribosomal loss during dormancy.  In this study, we mapped the 

genetic components required for hpf expression.  Using 5’-RACE and fluorescent 

protein reporter fusions, we show that hpf is expressed as part of the rpoN 

operon, but that hpf also has a second promoter (Phpf) within the rpoN gene.  Phpf 

is active when the cells enter stationary phase, and expression from Phpf is 

modulated, but not eliminated, in mutant strains impaired in stationary phase 

transition (∆dksA2, ∆rpoS, and ∆relA/∆spoT mutants).  The results of reporter 

gene studies and mRNA folding predictions indicated that the 5’ end of the hpf 

mRNA may also influence hpf expression.  Mutations that opened or that 

stabilized the mRNA hairpin loop structures strongly influenced the amount of 

HPF produced.  The results demonstrate that hpf is expressed independently of 

rpoN, and that hpf regulation includes both transcriptional and post-

transcriptional processes, allowing the cells to produce sufficient HPF during 

stationary phase, to maintain viability while dormant. 
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Introduction 

 
Pseudomonas aeruginosa is an opportunistic pathogen that causes 

chronic biofilm-associated infections (1, 2).  P. aeruginosa causes pulmonary 

infections in patients with cystic fibrosis, and reduces wound healing in diabetic 

ulcers (3, 4).  Biofilm-associated infections are often highly tolerant to antibiotic 

treatments (5).  One mechanism for the enhanced resistance of biofilms to 

antibiotics is that biofilms harbor physiologically heterogeneous subpopulations 

of cells (6–8).  While some cells may be sensitive to antibiotics, subpopulations 

of the bacteria may be highly tolerant to the treatments.  In particular, when 

bacteria enter a dormant state due to oxygen or nutrient limitation, the dormant 

subpopulation of cells is able to resist antibiotics that target active metabolism or 

growth (4, 8).  This subpopulation of cells is able to survive treatment, then 

repopulate the biofilm when conditions become favorable, ultimately resulting in 

persistent infections (9). 

 In most environments, heterotrophic bacteria experience conditions that 

vary from nutrient abundance to nutrient starvation.  Both of these conditions 

may occur at different regions within biofilms, since nutrient availability is limited 

by diffusion into the biofilm, and utilization of the nutrients by the bacteria (7).  

Cells may become nutrient-starved in certain regions of the biofilms, with the 

starved cells entering a low-metabolic or dormant state (4).  In order for the 

bacteria to resuscitate from starvation-induced dormancy, the cells must maintain 
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the integrity of certain macromolecules, including ribosomes, so that they may 

perform anabolic processes, including de novo protein synthesis, required for 

resuscitation (10).  Our prior transcriptomics analyses of P. aeruginosa biofilm 

subpopulations showed high abundance of mRNA encoding the hibernation 

promoting factor, HPF, in the dormant antibiotic-tolerant subpopulation of cells 

(8).  A deletion of the hpf gene resulted in impaired recovery of starvation-

induced dormant cells, as well as loss of ribosomal RNAs in the starved cells 

(10).  Those results demonstrated that HPF is required for ribosome protection in 

the dormant subpopulation of cells.  

 HPF structure and ribosome hibernation have been well characterized in 

E. coli and several other species of bacteria (11–17).  In E. coli, ribosome 

hibernation requires the small ribosome binding proteins, hibernation factor 

(HPF), or its paralog, YfiA, and ribosome modulation factor (RMF) (15, 17, 18).  

The model for ribosome hibernation involves binding of HPF and RMF to the 

sites where mRNA and tRNA bind and the mRNA exit tunnel (19).  Binding of 

these factors causes formation of inactive 70S ribosomes, or inactive100S 

dimers (12, 20), with YfiA competing with HPF, and forming an inactive 70S 

ribosome (17).  In P. aeruginosa PAO1, RMF does not appear to be required for 

recovery from starvation or for ribosome integrity during starvation (10).  P. 

aeruginosa PAO1 does not encode a YfiA homolog.  Therefore, HPF is the 

crucial ribosome preservation factor in P. aeruginosa (10).  Unlike RMF, HPF 
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homologs are widely distributed in Bacteria (21), suggesting that HPF may be 

important for most bacteria that live in environments where nutrient availability 

fluctuates.  Sequence homolog for HPF and RMF have yet to be discovered in 

Archaea.  

While HPF structure and activity have been characterized for several 

species of bacteria (11–17), little is known about the regulatory mechanisms that 

control hpf expression.  Based on its function, hpf is likely expressed as the 

bacteria begin to enter a starvation state.  The hpf gene is located downstream of 

rpoN and was originally recognized as part of the rpoN operon (22).  However, 

recent transcriptomic analysis of P. aeruginosa growing planktonically and in 

biofilms suggested that hpf may be expressed independently of rpoN (23, 24).  

Our previous microarray data show that under biofilm conditions, hpf is 

expressed at much higher levels than rpoN or than the downstream genes of the 

rpoN operon (8).  Recent RNA-Seq-based transcriptomics studies of P. 

aeruginosa indicate that hpf may have three transcription start sites (TSSs) (23, 

24).  Gill et al. (23), using RNA-Seq which could differentiate naïve mRNA from 

processed RNA based on the 5’ phosphate group of the mRNA, identified the 

presence of two naïve transcriptional start sites (TSSs) upstream of the hpf gene.  

Collectively, the transcriptomics results suggest that hpf may be transcribed as 

part of the rpoN operon, but that hpf may also contain its own promoter and 

possibly be expressed as a monocistronic mRNA.  This promoter arrangement 
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may allow independent expression of hpf even under conditions where rpoN 

expression is not induced.  

In this study, we identified and characterized transcriptional factors and 

post-transcriptional regulatory sequences that are involved in the regulation of 

HPF production.  To study transcriptional regulation, we used a Tn7 transposon-

based single-copy fluorescent reporter system where the hpf gene was fused in-

frame to the gene for the yellow fluorescent protein (yfp) (25).  From the results, 

we demonstrate that hpf is expressed from its own promoter, in addition to being 

expressed at low levels by transcriptional read-through from PrpoN.  We tested the 

roles of stress and stringent response factors on the regulation of hpf expression, 

and found that stationary phase factors, RpoS and DksA2, play roles in 

expression from Phpf, whereas the stringent response factor, ppGpp, likely plays 

a small role in hpf expression, but that none of these stationary phase factors are 

required for hpf expression.  We also identified hairpin loop structures that 

overlapped the 5’ untranslated region (UTR) and the 5’ end of the coding region 

of the hpf mRNA that play a major role in regulation of hpf expression.  

Collectively, the results indicate that hpf is regulated at both the transcriptional 

and post-transcriptional levels, and that this complex regulatory control plays a 

role in ribosome hibernation and maintenance of cell viability during dormancy.  
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Materials and Methods 

 
Bacterial Strains and Growth Conditions 

 Pseudomonas aeruginosa strain PAO1 and its ∆hpf mutant strain (8) were 

used in this study.  Transposon insertion mutant strains of rpoS and dksA2 were 

obtained from the Pseudomonas aeruginosa PAO1 transposon mutant library 

(26, 27).  The ∆relA/∆spoT double knockout mutant strain was kindly provided by 

Dr. Pradeep K. Singh (University of Washington).  The rpoN deletion mutant was 

kindly provided by Dr. Michael Schurr (University of Colorado).  Cells were 

cultured in Luria Bertani (LB) broth (Lennox), with antibiotic concentrations as 

follows: for E. coli, Ampicillin 100 µg/mL; for P. aeruginosa, Carbenicillin 150 

µg/mL, Gentamicin 30 µg/mL, Trimethoprim 500 µg/mL. 

 
Generation of Reporter Constructs 

 All reporter constructs were generated using a Tn7-based single copy 

reporter system described by Choi et al. (25).  A schematic description of 

transcriptional and translational reporters to the yfp is shown in Fig 1 and Fig S2.  

A complete list of strains, plasmid constructs, and transposon fusion constructs is 

shown in Table S1.  Sequences of DNA primers used for all constructs, 5’-RACE, 

and RT-qPCR are shown in Table S2. 

 DNA fragments were amplified from genomic DNA isolated from P. 

aeruginosa PAO1 using the Phusion PCR kit (NEB) with a gene specific primer 
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set.  Amplicons were either directly ligated into the Tn7 vector, or ligated into the 

TA cloning vector pCR2.1, using the TA cloning kit (Thermo Fisher), prior to 

ligating into Tn7 vector.  The Tn7-YFP vector (pUC18T-mini-Tn7T-Gm-eyfp) (25) 

and inserts were digested with the appropriate restriction enzymes and ligated 

using the Quick Ligation kit (NEB).  Ligation reactions were transformed into 

chemically competent cells and plated onto LB agar plates with appropriate 

antibiotics.  Plasmids were screened by restriction digestion and insert 

sequences were confirmed by sequencing (GenScript).  Arabinose-inducible 

reporter constructs (PBADTSS1-3-hpf-yfp) were generated by extraction of TSS-

hpf-yfp fragments from promoterless reporters by restriction digestion and cloned 

into the arabinose-inducible vector pTJ1 (28).  Overlap extension PCR was used 

to generate hpf-yfp reporters with modified hairpin loop structures.  Insert 

direction was confirmed by restriction digestion and sequencing.  The Tn7 

reporter constructs were introduced into the P. aeruginosa PAO1 genome by 

transposition as described (25) using electrocompetent cells and the transposase 

helper plasmid (pTNS1).  After recovery in 1mL SOC medium for 1h at 37ºC, 

transformants were plated onto LB agar plates with gentamicin or trimethoprim.  

 
Assay of Gene Expression by YFP Fluorescence 

 YFP fluorescence and cell growth were assayed over time using a 96 well 

plate reader, Synergy 2 Multi-Mode Microplate Reader (BioTek).  Overnight 

cultures of the reporter strains were diluted in LB broth and adjusted to an optical 



 
 

 

143 

density of 0.1 at 600nm (OD600). 100 µL of diluted samples and 100 µL of LB 

broth were mixed in a 96 well clear bottom black plate (Corning).  The edges of 

the plates were sealed with parafilm to help prevent evaporation, and the plates 

were incubated in the Synergy 2 Multi-Mode Microplate Reader with medium 

speed at 37°C.  Fluorescence and OD600 were measured from the bottom of the 

wells every 15min for 48h.  The fluorescence filter set used for YFP detection 

was: Excitation at 485nm/20 and emission at 528nm/20 with sensitivity set to 50.  

All experiments were performed with at least three independent biological 

replicates and three technical replicates per plate.  The average and standard 

deviations were calculated from the biological replicates after first averaging the 

values of the technical replicates.  The growth rates for every 30min was 

calculated as follows: growth rate (h-1) = [ln(OD(t+30min)) – ln(OD(t))] /0.5h.  The 

gene expression rate for every 30min was calculated based on the equation 

developed by Leveau and Lindow (29) with promoter activity P = Fss x µ x 

(1+u/m), where Fss = ∂FL/∂OD, µ = growth rate (h-1), and m = maturation time for 

the fluorescent protein (h-1).  Maturation time of eYFP was set for 0.66 h-1 (30). 

 
Epifluorescence Microscopy 

 An overnight culture of PAO1∆hpf::Phpfhpf-yfp was diluted 1:100 in 3 mL of 

LB broth (Lennox) in a test tube and grown on a roller at 37°C.  Cells were 

sampled every hour and placed between a microscope slide and a coverslip.  

Cells were visualized and recorded using a Zeiss Axio Imager.A1 with AioCam 
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MRc5 (Zeiss).  

 
5’ Rapid Amplification of cDNA Ends (5’-RACE) 

 An overnight culture of PAO1∆hpf::Phpfhpf-yfp was diluted 1:100 in 25 mL of 

LB broth (Lennox).  Following 6h of growth at 37°C with shaking, cells were 

collected by centrifugation, and RNA was extracted, cleaned, and turbo DNase 

treated as described previously (31).  Quality was assessed using the 

Bioanalyzer 2100 RNA 6000 Nanoassay (Agilent).  Rapid-amplification of 5′-

complementary DNA ends (5′-RACE) analysis was performed similar to the 

method described previously (32) using the primers listed in Table S2.  The 

product was visualized with the Bioanalyzer 2100 DNA 12000 assay (Agilent) 

and sequenced (GenScript). 

 
Analysis of mRNA Levels by RT-qPCR 

 RNA was extracted from the wild-type cells and mutant strains that were 

cultured in microtiter plates for 3, 10, and 28h as described previously (31).  The 

RNA was purified and DNase treated as described (31).  One-step reverse 

transcription-quantitative PCR (RT-qPCR) was carried out as described (8).  

Three biological replicates for each strain at each time point were assayed with 

three technical replicates per RNA sample, using 2 ng of RNA and 250 nM 

primers.  Primer sets were designed to assay hpf-yfp expression and expression 

of the housekeeping gene acpP, which was used to normalize RNA abundance.  
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Primer sequences used for RT-qPCR are shown in Table S2.  Primer set 

validation revealed that the primers had similar efficiencies (EacpP = 1.03, EeYFP = 

1.04) over 4 orders of magnitude, with r2 > 0.995.  Controls lacking reverse 

transcriptase revealed that all 36 biological samples were negative for DNA 

contamination.  Abundance of hpf-yfp mRNA in each strain was calculated 

relative to that produced from the native promoter Phpf at each timepoint using 

the formula Fold Change = 2-ΔΔCt.  A one-tailed t-test was performed on the 

normalized Δct values to determine if hpf-yfp mRNA was produced in greater 

amounts from the PBAD promoter compared to the native promoter at each 

timepoint.  A one-way ANOVA was performed to determine if the fold change in 

expression in PBAD-TSS2 strain was greater than that in PBAD-TSS1 or PBAD-TSS3 

at each timepoint.  An alpha level of 0.10 was used for all statistical tests. 

 
Immunoblot Analysis 

 Strains for immunoblot analysis were cultured in microtiter plates for 3, 10, 

and 28h.  Proteins were separated by sodium dodecyl sulfate (SDS)-

polyacrylamide gel electrophoresis (PAGE) using 12% resolving gels (33).  

Proteins were electroblotted onto nitrocellulose membrane and then probed with 

anti-GFP antibodies at 1:10,000 dilution.  Horseradish peroxidase-conjugated 

anti-rabbit immunoglobulin G was used as the secondary antibody.  Immunoblots 

were developed using chemiluminescence detection (34).  Representative gels 

from three biological replicates of the immunoblot analyses are shown. 
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Bioinformatic Analyses 

 The hpf gene and its neighboring genes for different bacterial species were 

retrieved using the STRING database (35) and BioCyc (36).  Promoter sequence 

predictions were made using BPROM (37).  Hairpin loop predictions were 

generated using the RNAfold server (38). 

 
Results 

 
HPF is Widely Distributed in Bacteria and its Expression is Linked to the rpoN 
Operon in Proteobacteria 
 
 In most bacterial taxa, hpf is genetically linked and immediately 

downstream of rpoN (Fig 1 and Fig S1), which encodes the alternative sigma 

factor required for expression of nitrogen scavenging genes (39, 40).  In most 

Proteobacteria, the rpoN operon also includes two other genes involved in 

carbon and nitrogen metabolism: ptsN, the gene for Phosphoenolpyruvate-

dependent phosphotransferase, and rapZ, the gene for P-loop containing 

nucleoside triphosphate hydrolase - RNase adaptor protein.  In some species of 

gamma Proteobacteria, the operon also contains npr, encoding a phosphocarrier 

HPr protein-like protein.  Expression of hpf and ptsN may be translationally 

coupled, since there is no obvious ribosomal binding site upstream of ptsN in P. 

aeruginosa.  At this time, it is not clear if there is a physiological association of 

HPF with the other proteins encoded on the rpoN operon, or why hpf is usually 

linked to the rpoN operon (Fig S1). 
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The hpf Promoter is Independent of the rpoN Promoter and within the rpoN 
Coding Sequence 
 
 Our previous expression studies indicate that in biofilms, hpf may be 

highly expressed even when rpoN is not expressed at high levels (8).  Therefore, 

hpf may contain its own regulatory components that are independent of rpoN, 

and hpf may be monocistronic.  Data from Dötsch et al. (24) using RNA-Seq, 

indicated that there are three putative transcriptional start sites (TSS) upstream 

of hpf.  Here, we refer to those TSSs as TSS1, TSS2, and TSS3, with TSS3 

closest to the hpf ribosomal binding site (RBS) and the hpf start codon (Fig 1).  

An RNA-Seq study by Gill et al. (23) that differentiated 5’-triphosphate groups 

indicated that TSS1 and TSS3 produce naïve mRNAs, with unprocessed 5’-

triphosphate groups, indicating that hpf transcription starts at TSS1 and/or TSS3.  

Using the promoter prediction program, BPROM (37), we analyzed the sequence 

upstream of hpf, and predicted the presence of an RpoD/RpoS-like promoter 

sequence approximately 12 base pairs upstream of TSS1 (Fig 1).  The putative 

Phpf promoter sequence is within the protein coding sequence of rpoN.  RpoD-like 

promoters are often associated with AT rich-UP elements, where the C-terminus 

of alpha subunits of RNA holoenzyme interact with the DNA (41).  The putative 

Phpf identified by BPROM also contains a predicted UP-element (Fig 1).  

 To determine if hpf is expressed from the promoter predicted by BPROM, 

we constructed a series of reporter fusions that generated translational fusions of 

HPF to the yellow fluorescent protein (HPF-YFP fusions) using a single copy 
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Tn7-based reporter system (25) (Fig 1 and Fig S2).  We then assayed YFP-

fluorescence over time, while monitoring cell growth as optical density, using a 

96 well plate reader.  The HPF-YFP reporter fusions either contained the rpoN 

promoter (PrpoNrpoN-Phpfhpf-yfp), or lacked PrpoN, but contained the predicted Phpf 

(Phpfhpf-yfp) (Fig 1).  The results showed that fluorescence from Phpfhpf-yfp 

reporter was much higher than background fluorescence (Fig 2A), supporting the 

RNA-Seq results (23) that hpf contains its own promoter that is independent of 

the PrpoN promoter.  The fluorescence from the strain containing PrpoNrpoN-

Phpfhpf-yfp occurred at a faster rate and peaked at a higher level than the strain 

lacking PrpoN (Fig 2A), indicating that in addition to the Phpf promoter, there is 

likely transcriptional readthrough of hpf from PrpoN.   

 To determine whether higher expression of PrpoNrpoN-Phpfhpf-yfp 

compared to Phpfhpf-yfp is due to polycistronic expression from the PrpoN 

promoter, reporter constructs were generated that contained PrpoN but lacked 

Phpf.  The PrpoN was fused to the hpf TSS1, and Phpf was deleted.  The reporter 

constructs had either a deleted rpoN gene (PrpoNTSS1-hpf-yfp) (Fig S2, construct 

C) or a truncated rpoN gene (PrpoNrpoNtru-TSS1-hpf-yfp) (Fig S2, construct D).  

Expression of hpf from PrpoN was low, but higher than the control lacking both 

PrpoN and Phpf (Fig 2B), indicating that hpf is expressed primarily from Phpf but 

also from PrpoN at low levels. 
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 Expression of hpf was higher in the presence of both PrpoN and Phpf than 

for Phpf alone (Fig 2A).  The increased fluorescence in the PrpoNrpoN-Phpfhpf-yfp 

strain may have been due to a gene dosage effect, since the PrpoNrpoN-Phpfhpf-

yfp construct contains an extra copy of the rpoN gene.  To determine if the 

additional copy of rpoN affects Phpf expression, and to determine if Phpf is under 

RpoN control, we truncated the rpoN coding sequence, producing the reporter 

strain with an inactive rpoN (PrpoNrpoN147-Phpfhpf-yfp) (Fig S2 construct E).  No 

difference in expression from Phpf was observed between strains containing full-

length rpoN and truncated rpoN (Fig S3A).  Next, we introduced the Phpfhpf-yfp 

fusion into a strain containing a deletion of rpoN.  The YFP-fluorescence intensity 

from the Phpf promoter was similar in the �rpoN mutant as for the wild-type strain 

(Fig S3B).  However, the growth rate and growth yield were reduced in the �rpoN 

mutant compared to the wild-type strain (Fig S3B).  Therefore, RpoN may have 

an inhibitory effect (either directly or indirectly) on expression from Phpf.  Taken 

together, the results above demonstrate that: (i) hpf contains its own promoter 

that is downstream of the rpoN promoter, (ii) hpf is also expressed at low levels 

as part of a polycistronic RNA from PrpoN, and (iii) Phpf is not under positive control 

of the RpoN sigma factor. 

 
Mapping the Sequence of the Phpf Promoter Region 

 Based on the predictions from BPROM, we mapped the position of the Phpf 

promoter sequence, by generating HPF-YFP reporter fusions that lacked the Phpf 
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or its associated UP-element.  The hpf-yfp fusions were constructed so that 

transcription would begin at each of the three predicted TSSs, but each lacked 

the predicted Phpf (Fig S2 constructs F,G,H).  Each of the strains lacking Phpf had 

low levels of fluorescence that was less than the strain containing the predicted 

Phpf (Fig 3).  To test the role of the predicted UP-element, we deleted the UP-

element by starting the construct four bases upstream of the -35 consensus 

sequence, leaving the -35 and -10 consensus sequences intact (Fig S2 construct 

I).  The reporter strain lacking the UP-element had reduced Phpf expression 

during cell growth, and 2-fold reduced expression at the end of incubation period 

compared to the strain containing the intact Phpf (Fig 3).  The results show that 

both the predicted promoter sequence and the UP-element are necessary for 

maximum hpf expression from Phpf.  The Phpf -promoterless constructs had 

fluorescence levels that were slightly higher than the background control strains, 

suggesting that there may be a weak secondary promoter downstream of Phpf.  

 
Growth Phase Dependence of hpf Expression 

 The growth and fluorescence results above indicated that there was very 

little hpf expression during exponential phase, as was predicted based on its 

function as a dormancy hibernation factor.  We used the equation developed by 

Leveau and Lindow (29) to estimate the expression rate per cell, based on the 

fluorescence of the reporter, the optical density of cultures, and the bacterial 

growth rate.  The results confirmed that the expression rate of hpf increased as 
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cells entered stationary phase (Fig S4A).  We also analyzed expression of hpf 

using the Phpfhpf-yfp constructs at the cellular level using epifluorescence 

microscopy.  In the stationary phase inoculum, cells were fluorescent, (Fig S4B).  

Cell fluorescence dimmed after 1 h and 2 h of growth then increased at 5 h of 

growth, with most cells containing Phpfhpf-yfp reporter being highly fluorescent at 

5 h.  These results indicated that hpf is low during exponential phase, and 

increases as cells transition to stationary phase.  

 
Effect of Stationary Phase Factors on hpf Expression  

 Since Phpf appears to be active during the transition to stationary phase, 

we next tested the effect of mutants with defects in genes required for bacterial 

transition to stationary phase on hpf expression.  We introduced the Phpfhpf-yfp 

translational reporter into P. aeruginosa strains that were mutants of the 

stationary phase sigma factor RpoS, the RNA polymerase-interacting protein 

DksA2, and proteins that produce guanidine tetra- and penta-phosphate 

((p)ppGpp), RelA/SpoT.  The rpoS and dksA2 mutants gave similar expression 

profiles for Phpfhpf-yfp as the wild-type strain for the first five hours of growth.  

However, the expression plateaued at a lower level for the rpoS and dksA2 

mutants as they entered stationary phase (Fig 4).  The fluorescence rates per 

cell, characterized by the Leveau equation (29), also showed similar expression 

rates for the rpoS and dksA2 mutants compared to wild-type for the first five 

hours of growth, but reduced expression per cell in stationary phase (Fig S5).  



 
 

 

152 

The expression patterns and growth curves of the rpoS and dksA2 mutant strains 

were almost identical to each other, indicating that the regulatory pathways of 

RpoS and DksA2 may overlap. 

 The ∆relA/∆spoT mutant, which is impaired for (p)ppGpp production, had 

a Phpfhpf-yfp expression pattern that differed from that of the wild type (Fig 4).  

Initially, expression rate was lower than in the wild type strain, but reached the 

wild type level as the cells entered late stationary phase.  The expression rate 

per cell was initially slower than wild-type in stationary phase, but peaked as the 

cells were in late stationary phase (Fig S5).  The results indicate that ppGpp may 

modulate expression from Phpf, but expression is not eliminated from the Phpf 

promoter.  We also tested the effect of RpoS, DksA2, and RelA/SpoT on 

expression of hpf from both the PrpoN and Phpf using the construct PrpoNrpoN-

Phpfhpf-yfp (Fig S2, construct B).  The results showed a similar pattern of 

expression as the construct with Phpf alone, with the rpoS and dksA2 mutants 

showing reduced expression when cells are in stationary phase, and the 

∆relA/∆spoT mutant having a modulatory effect on hpf expression primarily 

during stationary phase (Fig S6A, S6B). 

 
Mapping the Transcriptional Start Site (TSS) for the hpf mRNA 

 The RNAseq results of Gill et al. (23) indicated that TSS1 and TSS3 are 

unprocessed (naïve) transcriptional start sites containing 5’ triphosphate groups 

on the mRNA, whereas TSS2 is a processed site.  We performed 5’ rapid 
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amplification of cDNA ends (5’-RACE) to identify the major mRNA species 

produced from the wild type strain with the Phpfhpf-yfp reporter in the hpf deletion 

strain.  The results showed a single mRNA species that corresponded to starting 

at TSS2 using a primer that targets the hpf gene of the reporter construct (Fig 1).  

Since TSS1 is likely the naïve form of the mRNA transcript, and since TSS1 is in 

an optimal position with respect to the Phpf promoter, mRNA starting at TSS2 as 

determined by 5’-RACE indicates that TSS2 may be a processed form of the hpf 

transcript.   

 To determine if the position of the transcriptional start site (TSS1, TSS2, 

or TSS3) affects the degree of hpf expression, we replaced the native Phpf 

promoter with the arabinose inducible promoter (PBAD), so that transcription 

would begin near each of the three putative TSSs (Fig S2, constructs J,K,L).  In 

the absence of arabinose addition, expression from each of the three TSSs was 

lower than transcription from the native Phpf promoter (Fig S7).  However, when 

arabinose was added to the medium, expression was up to ten fold greater than 

expression from the native Phpf promoter (Fig 5A).  Surprisingly, the expression 

level varied greatly depending on the position of the PBAD promoter, even though 

the positions of the TSS sites varied by only 110 nucleotides from TSS1 and 

TSS2, and 31 nucleotides from TSS2 and TSS3.  Expression from TSS2 showed 

the greatest expression level and was approximately two fold greater than 

expression from TSS1 and three fold greater than expression from TSS3.   
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 To determine if the differences in fluorescence between the arabinose 

inducible promoters, positioned at the three different TSSs, was due to changes 

in mRNA abundance or protein amounts, we assayed hfp-yfp mRNA levels using 

reverse transcription-quantitative PCR (RT-qPCR) and HPF-YFP protein levels 

using immunoblots.  The RT-qPCR and immunoblot analyses were performed at 

three time points, 3h, 10h, and 28h, corresponding to exponential phase growth, 

stationary phase, and late stationary phase.  The abundance of hpf-yfp mRNA in 

the PBAD constructs was calculated relative to that produced from the native 

promoter (Phfp).  The RT-qPCR results show that hpf mRNA is produced at much 

greater amounts from the PBAD promoter, compared to the native promoter, at all 

three timepoints (Fig 5B) (t-test, p < 0.10).  In addition, the hpf-yfp mRNA 

abundances varied depending on the position of the PBAD promoter with respect 

to the putative TSSs.  The greatest mRNA amounts occurred when PBAD was 

positioned for expression from TSS2 (for all three growth phases) (ANOVA, p < 

0.10).   

 The immunoblot analysis showed that the amount of HPF-YFP protein 

produced from the Phpf native promoter was negligible at 3h, and increased 

during stationary phase at 10h (Fig 5C).  Similar to the RT-qPCR results, the 

immunoblot analyses also showed that HFP-YFP was produced maximally when 

the native promoter was replaced by the PBAD promoter, and when PBAD was 

positioned optimally with expression from TSS2.  Overall, the results show that (i) 
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Phpf is a relatively weak promoter compared to the PBAD promoter, (ii) 

transcription of hpf likely begins at TSS1, however, (iii) the greatest hpf 

expression is derived when transcription begins at TSS2 rather than TSS1.  The 

results indicate that there may be a regulatory sequence(s) between TSS1 and 

TSS2 that affects hpf mRNA production or stability.  Results of the 5’-RACE 

studies suggest that this regulatory sequence between TSS1 and TSS2 may be 

cleaved to give the mature hpf mRNA product.  

 
Post-Transcriptional Regulation of hpf Expression  

 We constructed transcriptional reporters that lacked the hpf coding 

sequence (Fig S2, constructs M,N).  Surprisingly, YFP fluorescence from these 

transcriptional reporters lacking the hpf coding sequence was much less than for 

the translational reporter that contained the hpf coding sequence (Fig S2, 

construct A) (Fig 6A).  Expression of the transcriptional reporters was less than 

the translational reporter, both when the constructs contained the hpf 5’UTR 

(Phpf5’UTR-yfp) (Fig S2, construct M) or lacked the hpf 5’UTR (Phpfyfp) (Fig S2, 

construct N).  The results suggest that the 5’UTR alone does not influence 

expression of hpf, and that the 5’ end of the hpf coding sequence may be 

necessary for optimal hpf expression.   

 To identify the portion of the hpf coding sequence required for optimal 

expression, we generated a series of translational fusion reporters, containing 

different lengths of the HPF N-terminus.  The in-frame translational fusions were 
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constructed to contain 14, 43, or 90 amino acids of the HPF N-terminus (Fig S2, 

constructs P,Q,R) or the full-length HPF.  Full expression from Phpf only occurred 

when at least 90 amino acids were included in the construct (Fig 6B).  These 

results, combined with the different expression levels from each of the TSSs, 

indicated some aspect the 5’UTR and the hpf coding region are required for 

optimal hpf expression, possibly involving mRNA folding.   

 We used the RNAfold server (38) to identify potential hairpin loop 

structures (HPL) in the hpf 5’UTR.  When we included the first 100 nucleotides of 

the hpf coding sequence in the RNAfold analysis, the analysis showed at least 

two stable HPLs: one located in the 5’UTR between TSS2 and TSS3 and a 

second HPL overlapping the first 50 nucleotides of the hpf coding region, 

approximately seven nucleotides downstream of the ATG start codon (Fig 7A).  

To determine if these putative HPLs play a role in hpf expression, we substituted 

nucleotides that would disrupt the HPLs, but not affect the amino acid sequence 

of HPF.  Mod1 was designed to create an open less-stable HPL in the coding 

region (Fig S2, construct S, Fig S8B), and mod3 was designed to create a closed 

stable HPL (Fig S2, construct T, Fig S8C).  Mod1 (open) resulted in a twofold 

increase in expression from Phpfhpf-yfp, whereas mod3 resulted in reduced 

expression of hpf by approximately twofold (Fig 7B).  Modifications 4 and 5 

(mod4 and 5) were designed to disrupt the HPL in the 5’UTR (Fig S2, constructs 

U, V).  Both of these modifications caused a reduction in hpf expression (Fig 7B).  



 
 

 

157 

 The effect of the four HPL modifications on protein production was tested 

by immunoblot analysis on cells cultured for 10h and 28h.  As with the 

fluorescence assay, the HPF-YFP protein amounts was greater with the mod1 

modification, which formed the open complex, than for the wild-type sequence at 

both time points (Fig 7C).  The least protein production occurred with mod3, 

which formed the closed complex in the coding region HPL.  Mod4 and mod5, 

which disrupted the HPL in the 5’UTR also resulted in reduced protein amounts, 

compared to the wild-type sequence, similar to the fluorescence data.   

 
Discussion 

 
 In bacteria, the number of ribosomes per cell varies depending on the 

growth phase of the bacteria (42).  Ribosomes are abundant in exponentially 

growing cells, but decrease on a per cell basis when cells enter stationary phase 

(43).  However, for bacteria to recover from long-term starvation, they must 

maintain a sufficient number of ribosomes to allow the de novo protein synthesis 

required for resuscitation.  Previously, we showed that P. aeruginosa cultured in 

biofilms maintain a constant ribosome supply (approximately 15,000 per cell) 

even for the cells deep in the biofilms that have very low metabolic activity (44).  

Hibernation promoting factor (HFP) plays a role in maintenance of this ribosome 

supply in the low metabolic activity cells.  When the hpf gene of P. aeruginosa is 

deleted, the ribosomal supply of cells cultured under starvation conditions falls 
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below a level required for optimal resuscitation (10).  Therefore, HPF likely 

evolved as a factor to help prevent complete ribosome loss during starvation.  

 The hpf gene is widely distributed in Bacteria (Fig S1).  Some species of 

bacteria encode hpf paralogs (such as hpf and yfiA), while others, particularly the 

Gram-positive bacteria, encode a long HPF, that has an extended C-terminal tail 

(45).  P. aeruginosa and many other species of Proteobacteria, encode a short 

hpf, that is genetically linked to the rpoN operon.  Here, in order to define the 

timing of expression of hpf, we describe the regulatory factors involved in 

production of HPF.  In P. aeruginosa, this regulation includes both transcriptional 

and post-transcriptional processes. 

 Early work characterizing the rpoN operon in E. coli and P. aeruginosa 

indicated that hpf and ptsN are likely transcribed as part of the rpoN operon (22, 

39).  Köhler et al. (46) using Northern blotting showed that in Pseudomonas 

putida, hpf is separately transcribed when the rpoN operon was expressed on a 

plasmid.  Using RT-PCR Ancona et al. (47) supported that hpf is part of rpoN 

operon in Erwinia amylovora.  Here, we show that in P. aeruginosa, hpf is 

expressed from both its own promoter and as part of rpoN operon.  Under the 

conditions used here, hpf is primarily expressed from its own promoter with some 

read-through from the PrpoN.  The -35 and -10 promoter consensus sequence of 

Phpf was mapped to be within the rpoN coding sequence.  In addition to the 

consensus sequence, the Phpf promoter also contains an UP element, that when 
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deleted, reduced hpf expression.  This dual promoter arrangement (PrpoN 

followed by Phpf) may allow differential expression of the rpoN and hpf genes 

depending on the environmental conditions.  For example, hpf mRNA may be 

produced under nitrogen stress conditions from the PrpoN promoter, but hpf 

mRNA amounts can increase independently of rpoN under certain conditions, 

such as for cells deep in biofilms that are undergoing hypoxia, as we observed 

previously.  This dual promoter arrangement is consistent with RNA-seq results 

that show abundant hpf mRNA under conditions where the amount of rpoN 

mRNA is low (23).   

 Based on the physiological role of HPF as a starvation-responsive factor, 

and on the promoter consensus sequence, which is similar to RpoD/RpoS 

promoters, we predicted that hpf expression would be expressed maximally 

when cells enter stationary phase.  The results indicate that hpf is expressed 

primarily when the bacteria transition to stationary phase.  Surprisingly, hpf 

expression is only moderately affected by the stationary phase and/or stringent 

response factors, RpoS, DksA2, and (p)ppGpp (Fig 4, Fig S6).  The dksA2 

mutant and the rpoS mutant showed similar patterns of growth and hpf 

expression in P. aeruginosa, with slightly less expression of hpf in stationary 

phase cells, but similar expression profiles in exponential phase cells.  In E. coli, 

DksA influences RpoS abundance at the post-translation level, probably through 

expression of anti-RpoS adapter proteins (48, 49). Therefore, the effect of DksA2 



 
 

 

160 

disruption on hpf expression is probably RpoS-dependent.  P. aeruginosa 

encodes at least two DksA paralogs (50, 51).  The DksA paralogs have unique 

features, with dksA listed as essential for growth of P. aeruginosa PAO1 in 

MOPS-succinate medium, while DksA2 is not essential (52).  DksA2 is a zinc-

independent DksA which is expressed during metal depletion and can 

complement the ∆dksA mutant of E. coli (50).  

 The stringent response signaling molecule (p)ppGpp influences 

expression of many genes during nutrient depletion and the stringent response 

through interaction with DksA and the RNA polymerase (53).  In E. coli, these 

genes include rRNA/tRNA synthesis genes, metabolic genes, and genes for 

amino acid biosynthesis (54).  The effect of a ∆relA/∆spoT mutant on expression 

from Phpf in P. aeruginosa was also minor (Fig 4).  However, the expression from 

Phpf in the ∆relA/∆spoT mutant was distinct from the wild-type strain.  In 

particular, the expression rate from Phpf was reduced in the ∆relA/∆spoT mutant 

during exponential phase, but then increased as the cells entered stationary 

phase.  This expression pattern differed from our prediction.  If expression from 

Phpf was controlled by the stringent response, we expected that expression would 

be reduced in the ∆relA/∆spoT mutant.  The results indicate that regulation of hpf 

production by (p)ppGpp differs from other ribosomal proteins.  The results 

presented here do not preclude the possibility that other, yet to be identified, 
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regulatory proteins or DNA-binding proteins influence hpf expression at the 

transcriptional level. 

 Riboswitches and the secondary and tertiary structures of RNA can 

influence translation primarily by blocking access of the ribosomal binding site on 

mRNAs (55).  The results of the Phpf expression studies presented here indicate 

that the 5’ UTR of the hpf mRNA has a strong effect on translation of HPF.  The 

hpf riboswitch appears to extend into the 5’ coding region of the hpf gene. 

Several lines of evidence indicate that mRNA folding influences HPF production 

at the post-transcriptional level.  First, expression from Phpf differs, depending on 

whether or not the hpf coding region is included in the reporter constructs (Fig 6).  

Second, HPF mRNA and protein production differ when the Phpf promoter is 

replaced with the PBAD promoter, and the PBAD promoter is positioned to delete 

part of the 5’UTR region (Fig 5A).  Third, stable hairpin loop structures are 

predicted in the 5’UTR and the adjacent coding region of hpf (Fig 7).  When the 

HPL structure predicted to be within the 5’UTR is modified, HPF translation is 

impaired.   When the hairpin loop that occludes the ribosomal binding sites is 

altered to create an open structure, HPF production increases, while a 

modification that forms a stable hairpin structure in this region causes decreased 

HPF production.  Therefore, the sequence associated with the native HPL 

overlapping the 5’end of the hpf gene plays an inhibitory role on HPF production, 

while the HPL in the 5’UTR of hpf has a positive regulatory role on HPF 
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production.  Post-transcriptional regulation through modification of mRNA stability 

and translation efficiency is a major regulatory process that allows HPF 

production under certain environmental conditions.   

 In this study we show that regulation of HPF is complex, and involves both 

transcriptional and post-transcriptional processes.  This complex regulatory 

network may allow cells to respond to the conditions that cells experience as they 

enter a dormant state, allowing them to protect ribosomes from complete 

functional loss during conditions of low metabolic activity.  
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Figure Legends 
 
 

Fig1. Schematic representation of the rpoN operon of P. aeruginosa PAO1, 
showing the position of the predicted Phpf promoter sequence (located within the 
rpoN gene).  Shown are the positions of the three transcriptional start sites 
(TSS1, TSS2, and TSS3) detected by RNA-Seq analysis of P. aeruginosa PA14 
(Dotsch et al., 2012;Gill et al., 2016).   The asterisks indicates that the TSS2 
sequence was detected here by using 5’-RACE.  Schematics representation of 
two of the single-copy hpf-yfp reporter constructs used to assay the relative 
promoter strengths of the PrpoN and Phpf promoters (all reporter constructs are 
shown in Fig S2). 
 
Fig2. (A) hpf expression from PrpoN and Phpf promoters.  Fluorescence (large 
symbols) and optical density (small symbols) of P. aeruginosa PAO1 containing 
single-copy Tn7 translational hfp-yfp fusions, during 48 h of growth.  The control 
strains are wild-type P. aeruginosa PAO1 lacking a reporter construct (open 
rectangles), and PAO1 with an hpf-yfp translational fusion, but lacking a promoter 
sequence (closed rectangles). The Phpfhpf-yfp reporter (closed blue circles) 
contains the putative  Phpf  promoter sequence and UP element. The reporter 
containing both the PrpoN and putative Phpf promoters (open blue circles) had 
greater expression than the reporter containing Phpf alone. (B) hpf expression 
from PrpoN promoter, but lacking the Phpf promoter.  The reporter constructs 
contained the PrpoN promoter and either a deleted rpoN gene (closed red circles) 
or a truncated rpoN gene (open red circles).  Results show the average of three 
biological replicates.  Error bars show standard deviation. 
 
Fig 3. Expression and growth of P. aeruginosa PAO1 containing hpf-yfp reporter 
fusions that lacked the Phpf promoter or its UP-element (constructs F,G,H of Fig 
S2). The promoterless reporter constructs were generated so that transcription 
would start at each of the three putative transcriptional start sites;TSS1 (red 
circles), TSS2 (yellow circles), and TSS3 (green circles).  The results show 
comparison to strain containing the Phpf (blue circles)The control strain shows 
background fluorescence (open rectangles).  The strain containing Phpf, but 
lacking the UP-element (green circles) had reduced expression compared to Phpf.  
Data represent the mean and standard deviation of three independent biological 
replicates. 
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Fig 4. Effect of stationary phase factors on growth (small symbols) and 
expression (large symbols) from Phpf. Expression of Phpfhpf-yfp in an rpoS mutant 
(green circles) and dksA2 mutant (yellow squares) reached a lower level than the 
wild-type control (blue circles).  The mutant defective in ppGpp production (blue 
triangles) had reduced initial expression compared to the control, then equivalent 
expression when in stationary phase.   
 
Fig5.  Expression of hpf-yfp reporter with the Phpf promoter replaced by the PBAD 
promoter, in the presence of arabinose induction. (A) Growth (small symbols) 
and expression of hpf-yfp reporter when the PBAD promoter was placed in 
orientation for expression from TSS1 (red cross), TSS2 (yellow cross), and TSS3 
(green cross). Expression from Phpf (blue circles) is shown as a positive control. 
(note that the Y-axis scale is 10 fold greater than in Figure 1). (B) RT-qPCR of 
hpf-yfp mRNA expressed from PBAD promoter upstream of TSS1, TSS2 and 
TSS3, showing fold change compared to mRNA expressed from the Phpf 
promoter. (C) Immunoblots of the HPF-YFP fusion protein, when expressed from 
the Phpf promoter, compared to the protein amounts produced from the PBAD 
promoter, positioned upstream of TSS1, TSS2, and TSS3.  Data for A and B 
show the mean and standard deviation from three biolocial replicates.  Data from 
C shows a representative immunoblot from three replicates. 
 
Fig 6. Growth (small symbols) and expression from Phpf reporters that lack the 
hpf coding sequence. (A) Expression patterns of transcriptional reporters of Phpf-
yfp containing or lacking the hpf 5’UTR, compared to the control strain containing 
the translational fusion (closed circles).  Expression levels are compared to a 
control that lacks the Phpf (rectangles).  (B) Expression patterns of translational 
fusions that contain part of the N-terminus of HPF; 14 amino acids, 43 amino 
acids, 90 amino acids or full length HPF.  All data show the mean and standard 
deviation of three biological replicates. 
 
  



 
 

 

171 

Fig 7. (A) Secondary structure prediction of the hpf mRNA starting from TSS1 
through the first 100 nucleotides of the hpf structural gene, predicted by RNAfold 
server and visualized using VARNA (Lorenz et al. 2011). Shown are the sites of 
the predicted transcriptional start sites (TSS1,2,3), and the position of the hpf 
start codon (red).  The hairpin loop (HPL) at 5’ end of hpf coding sequence (red 
box) was mutated by nucleotide substitutions without modifying the amino acid 
sequenceof HPF creating an open (mod1) or closed (mod3) HPLs.  The 5’ and 3’ 
ends of HPL stem located between TSS2 and TSS3 (highlighted in red) were 
altered to disrupt the HPL structure (mod 4 and mod5). (B) Growth and 
expression from Phpf containing modifications; mod1 (pink) mod3 (green) mod4 
(maroon) mod5 (orange), compared to the wild-type sequence (blue). (C) 
Immunoblot analysis of the HPF-YFP fusion protein produced at 10h and 24h of 
growth, when the HPLs were modified as in Fig 7B. 
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Supporting Information Legends 
 

 
S1 Table: Strains and Genetic Constructs used in this study 
 
S2 Table: DNA Oligonucleotides used in this study. 
 
Fig S1. Schematic representation of hpf distribution among diverse species of 
bacteria, and the neighboring genes surrounding hpf. The percentages indicate 
the amino acid sequence similarity to the Pseudomonas aeruginosa PAO1 
homologs.  Letters indicate that one or more hpf paralogs are encoded by the 
representative organisms, with (a) indicating one paralog, (b) two paralogs, (c) 
one paralog with long HPF tail, (d) strains that contain a HPF with a long tail.  
Gene annotations are as follow:  rpoN, RNA polymerase sigma-54 factor; hpf, 
hibernation promoting factor; ptsN, phosphotransferase system enzyme IIA(Ntr); 
rapZ, Rnase adaptor protein; npr, phosphorelay protein Npr; hprK, HPr 
kinase/phosphorylase; Nco_2798, phosphotransferase system enzyme IIA(Fru); 
Rleg_0065, hypothetical protein with 2 EamA domains; CCNA_03712, 
hypothetical protein with ExoD domain; Gmet_1287: phosphotransferase system, 
mannose-type, protein IIA; ptsH, phosphocarrier protein HPr; ptsI: 
phosphoenolpyruvate protein phosphotransferase. 
 
Fig S2. Schematic representation of reporter constructs used in these studies.  
The hpf gene is shown in red, and the yfp gene in green.  Arrows indicate 
promoter sequences.  Sites of Hairpin loops are also shown in S through V. 
 
Fig S3. Effect of RpoN on expression of hpf.  (A) Expression patterns (large 
symbols) and growth curves (small symbols) of HPF-YFP reporter constructs 
containg both the PrpoN and Phpf promoters with the reporter construct containing 
an intact rpoN gene (open circles) and with the rpoN gene truncated (closed 
circles) (constructs B and E from Fig S2).  (B) Growth curves (small symbols) 
and expression of hpf (large symbols) from Phpf in the wild-type strain (closed 
circles) and in a rpoN deletion mutant (hourglass) (construct A from Fig S2).  The 
results show that RpoN is not required for expression from Phpf.  Data show the 
average and standard deviations from three biological replicates. 
 
Fig S4. Growth phase dependence expression of hpf.  (A) Expression rate (dark 
blue) and growth rate (light blue) were calculated based on the increases in 
optical density and fluorescence from the Phpf-hpf-yfp reporter. (B) 
Epifluorescence micrographs showing fluorescence of individual cells containing 
the Phpf-hpf-yfp reporter over time. 
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FigS5. Growth rate (lines) and expression rate of Phpf (symbols) in mutant strains 
impared in stationary phase factors, rpoS (green diamonds) dksA2 (yellow 
squares) and ppGpp production (blue triangles).  The Phfp expression rate in the 
wild-type strains is shown (blue circles) for comparison.  Expression rate of Phpf is 
moderately inhibited during stationary phase of the rpoS and dksA2 mutants. 
 
Fig 6S. Effect of stationary phase factors on expression (large symbols) from 
PrpoN-rpoN-Phpf hpf-yfp reporter.  (A) Expression from both PrpoN and Phpf in the 
rpoS mutant (green circles) and dksA2 mutant (yellow squares) compared to the 
wild-type strain (blue circles).  The mutant defective in ppGpp production (blue 
triangles) had a similar pattern of expression as in the reporter construct lacking 
PrpoN.  (B) Growth rate (lines) and expression rates (symbols) for the rpoS, 
dksA2, and relA/spoT mutants calculated from the growth and expression data in 
(A). 
 
FigS7.  Growth (small symbols) and Expression of hpf-yfp reporter with the Phpf 
promoter replaced by the PBAD promoter, in the absense of arabinose induction.  
The PBAD promoter was placed in orientation for expression from TSS1 (red 
symbols), TSS2 (yellow symbols), and TSS3 (green symbols).  Expression from 
Phpf (blue circles) is shown as a positive control. 
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Table S1. Strains and genetic constructs used in this study.   
 
Strain or 
plasmid 

Identifiera Genotype and relevant characteristics Source or 
reference 

Strains    
Pseudomonas 
aeruginosa PAO1 

   

Pseudomonas 
aeruginosa PAO1 
∆relA/∆spoT 

 relA ∆181 – 2019, spoT ∆200 – 1948 (56) 

Pseudomonas 
aeruginosa PAO1 
∆hpf 

  (1) 

Pseudomonas 
aeruginosa PAO1 
∆dksA2 

 PW10380 from University of Washington 
Psseudonomas aeruginosa PAO1 
transposon mutant Two-Allele Library  

(1, 2) 

Pseudomonas 
aeruginosa PAO1 
∆rpoS 

 PW7151 from University of Washington 
Psseudonomas aeruginosa PAO1 
transposon mutant Two-Allele Library 

(1, 2) 

    
Plasmids    
pMF54  pKK233-2 derivative of Ptrc expression vector 

with lacIq 
(57) 

pMF466  hpf gene under IPTG-inducible Ptrc promoter 
(pMF54)  

(8) 

pUC18T-mini-
Tn7T-Gm-eyfp 

 Mini-Tn7 base vector with MCS, GmR, and 
efyp 

(25) 

pTJ1  Mini-Tn7 base vector with MCS, PBAD 
promoter, TpR, and araC 

(28) 

pTNS1  Helper plasmid encoding TnsABCD 
transposon machinery 

(25) 

pCR2.1  TA cloning vector Invitrogen® 
pCR-hpf  TA cloning vector with PCR product of 

PA4463 StuI 5’ + PA4463 SphI 3’ from PAO1 
genome 

This study 

pCR-rpoN  TA cloning vector with PCR product of RpoN 
StuI 5’ + RpoN StuI 3’ from PAO1 genome 

This study 

pCR-rpoN147  TA cloning vector with PCR product of RpoN 
StuI 5’ + 3’RpoN147-StuI from PAO1 
genome 

This study 

pCR-TSS1-hpf-
yfp 

 TA cloning vector with PCR product of 
5’HPFtss1-EcoRI + PA4463 SphI 3’ from 
Phpfhpf-yfp plasmid 

This study 

pCR-TSS2-hpf-
yfp 

 TA cloning vector with PCR product of 
5’HPFtss2-EcoRI + PA4463 SphI 3’ from 
Phpfhpf-yfp plasmid 

This study 

pCR-TSS3-hpf-
yfp 

 TA cloning vector with PCR product of 
5’HPFtss3-EcoRI + PA4463 SphI 3’ from 
Phpfhpf-yfp plasmid 

This study 
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pCR-Up207  TA cloning vector with PCR product of 
5’HPFup207-KpnI + PA4463 SphI 3’ from 
PAO1 genome 

This study 

pCR-
PA4463prom 

 TA cloning vector with PCR product of 
PA4463 StuI 5’ + 3’PA4463prom-SphI from 
PAO1 genome 

This study 

pCR-hpf43  TA cloning vector with PCR product of 
PA4463 StuI 5’ + 3’HPF43-SphI from PAO1 
genome 

This study 

pCR-hpf130  TA cloning vector with PCR product of 
PA4463 StuI 5’ + 3’HPF130-SphI from PAO1 
genome 

This study 

    
Tn7-YFP 
reporters 

   

Phpfhpf-yfp A pUC18T-mini-Tn7T-Gm-eyfp carrying Phpf 
and in-frame fusion of HPF-YFP 
(translational reporter); Fragment from StuI-
SphI digested pCR-hpf was cloned into StuI-
SphI site of pUC18T-mini-Tn7T-Gm-eyfp 

This study 

PrpoNrpoN-hpf-yfp B pUC18T-mini-Tn7T-Gm-eyfp carrying PrpoN, 
rpoN, Phpf, and in-frame fusion of HPF-YFP; 
Fragment from StuI digested pCR-rpoN was 
cloned into StuI site of Phpfhpf-yfp 

This study 

PrpoNTSS1-hpf-
yfp 

C pUC18T-mini-Tn7T-Gm-eyfp carrying PrpoN 
and promoterless HPF-YFP reporter with 
5’UTR starting from TSS1; Fragment from 
StuI-KpnI digested pCR-rpoN was cloned into 
StuI-KpnI site of TSS1-hpf-yfp 

This study 

PrpoNrpoNtru-
TSS1-hpf-yfp 

D pUC18T-mini-Tn7T-Gm-eyfp carrying PrpoN, 
1296 nt of rpoN, and promoterless HPF-YFP 
reporter with 5’UTR starting from TSS1; 
Fragment from StuI digested pCR-rpoN was 
cloned into StuI site of TSS1-hpf-yfp 

This study 

PrpoNrpoN147-hpf-
yfp 

E pUC18T-mini-Tn7T-Gm-eyfp carrying PrpoN, 
147 nt of rpoN, Phpf, and in-frame fusion of 
HPF-YFP; Fragment from StuI digested pCR-
rpoN147 was cloned into StuI site of Phpfhpf-
yfp 

This study 

TSS1-hpf-yfp F pUC18T-mini-Tn7T-Gm-eyfp carrying a 
promoterless HPF-YFP and 5’UTR starting 
from TSS1; Fragment from KpnI-SphI 
digested pCR-TSS1-hpf-yfp was cloned into 
KpnI-SphI site of pUC18T-mini-Tn7T-Gm-
eyfp 

This study 

TSS2-hpf-yfp G pUC18T-mini-Tn7T-Gm-eyfp carrying a 
promoterless HPF-YFP and 5’UTR starting 
from TSS2; Fragment from KpnI-SphI 
digested pCR-TSS2-hpf-yfp was cloned into 
KpnI-SphI site of pUC18T-mini-Tn7T-Gm-
eyfp 

This study 
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TSS3-hpf-yfp H pUC18T-mini-Tn7T-Gm-eyfp carrying a 
promoterless HPF-YFP and 5’UTR starting 
from TSS3; Fragment from KpnI-SphI 
digested pCR-TSS3-hpf-yfp was cloned into 
EcoRI-SphI site of pUC18T-mini-Tn7T-Gm-
eyfp 

This study 

Up207-Phpfhpf-yfp I Phpfhpf-yfp plasmid with putative UP element 
and upstream sequence removed); Fragment 
from KpnI-SphI digested pCR-Up207 was 
cloned into KpnI-SphI site of pUC18T-mini-
Tn7T-Gm-eyfp 

This study 

PBADTSS1-hpf-yfp J pTJ1 containing TSS1-hpf-yfp under PBAD; 
Fragment from EcoRI-SphI digested pCR-
TSS1-hpf-yfp was cloned into EcoRI-SphI 
site of pTJ1 

This study 

PBADTSS2-hpf-yfp K pTJ1 containing TSS2-hpf-yfp under PBAD; 
Fragment from EcoRI-SphI digested pCR-
TSS2-hpf-yfp was cloned into EcoRI-SphI 
site of pTJ1 

This study 

PBADTSS3-hpf-yfp L pTJ1 containing TSS2-hpf-yfp under PBAD; 
Fragment from EcoRI-SphI digested pCR-
TSS2-hpf-yfp was cloned into EcoRI-SphI 
site of pTJ1 

This study 

Phpf5’UTR-yfp M pUC18T-mini-Tn7T-Gm-eyfp carrying Phpf 
and 5’UTR fused to eyfp (transcriptional 
reporter); Fragment from StuI-SphI digested 
pCR-PA4463prom was cloned into StuI-SphI 
site of pUC18T-mini-Tn7T-Gm-eyfp 

This study 

Phpfyfp N pUC18T-mini-Tn7T-Gm-eyfp carrying Phpf 
fused to eyfp; StuI-KpnI digested PCR 
product of PA4463 StuI 5’ + 3’HPFprom-KpnI 
was cloned into StuI-KpnI site of RBS-yfp 

This study 

RBS-yfp O pUC18T-mini-Tn7T-Gm-eyfp with PA1/04/03 
promoter sequence removed; Annealed 
oligonucleotides 5’KpnI-RBS-SphI + 3’KpnI-
RBS-SphI were cloned into KpnI-SphI site of 
pUC18T-mini-Tn7T-Gm-eyfp 

This study 

Phpfhpf81-yfp P pUC18T-mini-Tn7T-Gm-eyfp carrying Phpf 
and in-frame fusion of partial HPF (81 aa) 
and YFP; StuI-SphI digested PCR product of 
PA4463 StuI 5’ + 3’HPF243-SphI from PAO1 
genome was cloned into StuI-SphI site of 
pUC18T-mini-Tn7T-Gm-eyfp 

This study 

Phpfhpf43-yfp Q pUC18T-mini-Tn7T-Gm-eyfp carrying Phpf 
and in-frame fusion of partial HPF (43 aa) 
and YFP; Fragment from StuI-SphI digested 
pCR-hpf130 was cloned into pUC18T-mini-
Tn7T-Gm-eyfp 

This study 

Phpfhpf12-yfp R pUC18T-mini-Tn7T-Gm-eyfp carrying Phpf 
and in-frame fusion of partial HPF (12 aa) 
and YFP (partial translational reporter); 

This study 
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Fragment from StuI-SphI digested pCR-hpf43 
was cloned into pUC18T-mini-Tn7T-Gm-eyfp 

PBADhpf-yfp  pTJ1 containing an in-frame fusion of HPF-
YFP under PBAD; NcoI-NotI digested PCR 
production of 5’_NcoI_hpf_inframe + 3’yfp-
term-NotI from Phpfhpf-yfp was cloned into 
NcoI-NotI site of pTJ1 

This study 

Phpfmod1-hpf-yfp S Phpfhpf-yfp plasmid with modification of 
putative HPL sequence at 5’ coding 
sequence of hpf reducing the HPL stability; 
StuI-SphI digested fused fragments from 
overlap extension PCR using PA4463 StuI 5’ 
+ 3’HPLmod1 and 5’HPLmod1 + PA4463 
SphI 3’ were cloned into StuI-SphI site of 
pUC18T-mini-Tn7T-Gm-eyfp 

This study 

Phpfmod3-hpf-yfp T Phpfhpf-yfp plasmid with modification of 
putative HPL sequence at 5’ coding 
sequence of hpf; StuI-SphI digested fused 
used fragments from overlap extension PCR 
using PA4463 StuI 5’ + 3’HPLmod3 and 
5’HPLmod3 + PA4463 SphI 3’ were cloned 
into StuI-SphI site of pUC18T-mini-Tn7T-Gm-
eyfp 

This study 

Phpfmod4-hpf-yfp U Phpfhpf-yfp plasmid with modification of 3’ end 
putative HPL stem at 5’ UTR of hpf reducing 
the HPL stability; StuI-SphI digested fused 
used fragments of overlap extension PCR 
using PA4463 StuI 5’ + 3’HPLmod4 and 
5’HPLmod4 + PA4463 SphI 3’ were cloned 
into StuI-SphI site of pUC18T-mini-Tn7T-Gm-
eyfp 

This study 

Phpfmod5-hpf-yfp V Phpfhpf-yfp plasmid with modification of 5’ end 
putative HPL stem at 5’ UTR of hpf reducing 
the HPL stability; StuI-SphI digested fused 
used fragments of overlap extension PCR 
using PA4463 StuI 5’ + 3’HPLmod5 and 
5’HPLmod5 + PA4463 SphI 3’ were cloned 
into StuI-SphI site of pUC18T-mini-Tn7T-Gm-
eyfp 

This study 
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Table S2: DNA oligonucleotides used in this study.   
Primer Name Sequence (5’ -> 3’) 

PA4463 StuI 5’ GAAGGCCTGGAATGCTCGTCCACCGCGATCCG 
PA4463 SphI 3’ AGGCATGCGGGCGCCTACGCCTTGCTGCCG 
RpoN StuI 5’ GAAGGCCTGCTGCAGGAATTCCACATCCAC 
RpoN StuI 3’ CCAGGCCTTCAGCGGTACTGACGTGACT 
3’RpoN147-StuI gaAGGCCTgcatGCGTTCGAGCATGGGATTGGATT 
5’HPFtss1-EcoRI atGGTACCgaattcACAGGGCATTCAAGTGGCTCGC 
5’HPFtss2-EcoRI atGGTACCgaattcGTTCCGGAGGCAGGTTGCTAACCTG 
5’HPFtss3-EcoRI atGGTACCgaattcACACACGGGCAACAAGGAGAACGC 
5’HPFup207-KpnI ATggtaccGCCATTGAGCGACAGCAAGATC 
3’PA4463prom-SphI CAgcatgCCGCGTTCTCCTTGTTGCCCGTG 
3’HPFprom-KpnI CTAggtaccGCCTCCAGTAAACCAGCGATCTTG 
3’HPF43-SphI GAgcatgcCGTCGGTCACATCCAGTTGATGG 
3’HPF130-SphI GAgcatgcCGACCTCCATGATCACCTGAACAT 
3’HPF243-SphI atgcatgcTCTCTTTGTGTTTGATCAGTTGACGG 
5’_NcoI_hpf_inframe TTACCATGGAAGTCAACATCAGTGGC 
3’yfp-term-NotI atGCGGCCgctaattcgatcatgcatgagctcg 
5’HPLmod1 GCAAGTCAACATCAGTGGCCATCAgtTGGAcGTaACCGACGCCCTG

CGCGACTA 
5’HPLmod3 AACGCGGTATGCAAGTgAACATCAGcGGCCATCAgCTaGATGTcAC

CGACGCCCTGCGCG 
5’HPLmod4 GTTCCGGAGGCAGGTTGCTAAggTcggACTTACACACGGGCAACAA

GGAG 
5’HPLmod5 ACGCCAAGGTGTTCCGGAccgAccTTGCTAACCTGCCACTTACACAC

G 
3’HPLmod1 TAGTCGCGCAGGGCGTCGGTtACgTCCAacTGATGGCCACTGATGT

TGACTTGC 
3’HPLmod3 CGCGCAGGGCGTCGGTgACATCtAGcTGATGGCCgCTGATGTTcAC

TTGCATACCGCGTT 
3’HPLmod4 CTCCTTGTTGCCCGTGTGTAAGTccgAccTTAGCAACCTGCCTCCGG

AAC 
3’HPLmod5 CGTGTGTAAGTGGCAGGTTAGCAAggTcggTCCGGAACACCTTGGC

GT 
5’KpnI-RBS-SphI cacacatctagaattaaagaggagaaattaagcatg 
3’KpnI-RBS-SphI cttaatttctcctctttaattctagatgtgtggtac 
Poly adapter CACCTGAGCAGAGTGACGAGGACTACGGCTTCAGCTTTTTTTTTTT

TTTTTTT 
Poly outer adapter CACCTGAGCAGAGTGACG 
hpf GTCGATCAGCAGGTCGATGGCCGCG 
hpf nested GTTCCGCATTGGCTACGATCTCG 
acp-For ACTCGGCGTGAAGGAAGAAG 
acp-Rev CGACGGTGTCAAGGGAGT 
eYFP-For CACATGAAGCAGCACGACTT 
eYFP-Rev GGTCTTGTAGTTGCCGTCGT 
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Figure 1. Schematic representation of the rpoN operon of P. aeruginosa PAO1, 
showing the position of the predicted Phpf promoter sequence (located within the 
rpoN gene).  Shown are the positions of the three transcriptional start sites 
(TSS1, TSS2, and TSS3) detected by RNA-Seq analysis of P. aeruginosa PA14 
(Dotsch et al., 2012;Gill et al., 2016)  .   The asterisks indicates that the TSS2 
sequence was detected here by using 5’-RACE.  Schematics representation of 
two of the single-copy hpf-yfp reporter constructs used to assay the relative 
promoter strengths of the PrpoN and Phpf promoters (all reporter constructs are 
shown in Fig S2). 
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Figure 2. (A) hpf expression from PrpoN and Phpf promoters.  Fluorescence (large 
symbols) and optical density (small symbols) of P. aeruginosa PAO1 containing 
single-copy Tn7 translational hfp-yfp fusions, during 48 h of growth.  The control 
strains are wild-type P. aeruginosa PAO1 lacking a reporter construct (open 
rectangles), and PAO1 with an hpf-yfp translational fusion, but lacking a promoter 
sequence (closed rectangles). The Phpfhpf-yfp reporter (closed blue circles) 
contains the putative Phpf  promoter sequence and UP element. The reporter 
containing both the PrpoN and putative Phpf promoters (open blue circles) had 
greater expression than the reporter containing Phpf alone. (B) hpf expression 
from PrpoN promoter, but lacking the Phpf promoter.  The reporter constructs 
contained the PrpoN promoter and either a deleted rpoN gene (closed red circles) 
or a truncated rpoN gene (open red circles).  Results show the average of three 
biological replicates.  Error bars show standard deviation. 
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Figure 3. Expression and growth of P. aeruginosa PAO1 containing hpf-yfp 
reporter fusions that lacked the Phpf promoter or its UP-element (constructs F,G,H 
of Fig S2). The promoterless reporter constructs were generated so that 
transcription would start at each of the three putative transcriptional start sites; 
TSS1 (red circles), TSS2 (yellow circles), and TSS3 (green circles).  The results 
show comparison to strain containing the Phpf (blue circles). The control strain 
shows background fluorescence (open rectangles).  The strain containing Phpf, 
but lacking the UP-element (green circles) had reduced expression compared to 
Phpf.  Data represent the mean and standard deviation of three independent 
biological replicates. 
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Figure 4. Effect of stationary phase factors on growth (small symbols) and 
expression (large symbols) from Phpf. Expression of Phpfhpf-yfp in an rpoS mutant 
(green circles) and dksA2 mutant (yellow squares) reached a lower level than the 
wild-type control (blue circles).  The mutant defective in ppGpp production (blue 
triangles) had reduced initial expression compared to the control, then equivalent 
expression when in stationary phase.   
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Figure 5.  Expression of hpf-yfp reporter with the Phpf promoter replaced by the 
PBAD promoter, in the presence of arabinose induction. (A) Growth (small 
symbols) and expression of hpf-yfp reporter when the PBAD promoter was placed 
in orientation for expression from TSS1 (red cross), TSS2 (yellow cross), and 
TSS3 (green cross). Expression from Phpf (blue circles) is shown as a positive 
control. (note that the Y-axis scale is 10 fold greater than in Figure 1). (B) RT-
qPCR of hpf-yfp mRNA expressed from PBAD promoter upstream of TSS1, TSS2 
and TSS3, showing fold change compared to mRNA expressed from the Phpf 
promoter. (C) Immunoblots of the HPF-YFP fusion protein, when expressed from 
the Phpf promoter, compared to the protein amounts produced from the PBAD 
promoter, positioned upstream of TSS1, TSS2, and TSS3.  Data for A and B 
show the mean and standard error from three biolocial replicates.  Data from C 
shows a representative immunoblot from three replicates. 
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Figure 6. Growth (small symbols) and expression from Phpf reporters that lack the 
hpf coding sequence. (A) Expression patterns of transcriptional reporters of Phpf-
yfp containing or lacking the hpf 5’UTR, compared to the control strain containing 
the translational fusion (closed circles).  Expression levels are compared to a 
control that lacks the Phpf (rectangles).  (B) Expression patterns of translational 
fusions that contain part of the N-terminus of HPF; 14 amino acids, 43 amino 
acids, 90 amino acids or full length HPF.  All data show the mean and standard 
deviation of three biological replicates. 
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Figure 7. (A) Secondary structure prediction of the hpf mRNA starting from TSS1 
through the first 100 nucleotides of the hpf structural gene, predicted by RNAfold 
server and visualized using VARNA (Lorenz et al., 2011). Shown are the sites of 
the predicted transcriptional start sites (TSS1,2,3), and the position of the hpf 
start codon (red).  The hairpin loop (HPL) at 5’ end of hpf coding sequence (red 
box) was mutated by nucleotide substitutions without modifying the amino acid 
sequenceof HPF creating an open (mod1) or closed (mod3) HPLs.  The 5’ and 3’ 
ends of HPL stem located between TSS2 and TSS3 (highlighted in red) were 
altered to disrupt the HPL structure (mod 4 and mod5). (B) Growth and 
expression from Phpf containing modifications; mod1 (pink) mod3 (green) mod4 
(maroon) mod5 (orange), compared to the wild-type sequence (blue). (C) 
Immunoblot analysis of the HPF-YFP fusion protein produced at 10h and 24h of 
growth when the HPLs were modified as in Fig 7B. 
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Figure S1. Schematic representation of hpf distribution among diverse species of 
bacteria, and the neighboring genes surrounding hpf. The percentages indicate 
the amino acid sequence similarity to the Pseudomonas aeruginosa PAO1 
homologs.  Letters indicate that one or more hpf paralogs are encoded by the 
representative organisms, with (a) indicating one paralog, (b) two paralogs, (c) 
one paralog with long HPF tail, (d) strains that contain a HPF with a long tail.  
Gene annotations are as follow:  rpoN, RNA polymerase sigma-54 factor; hpf, 
hibernation promoting factor; ptsN, phosphotransferase system enzyme IIA(Ntr); 
rapZ, Rnase adaptor protein; npr, phosphorelay protein Npr; hprK, HPr 
kinase/phosphorylase; Nco_2798, phosphotransferase system enzyme IIA(Fru); 
Rleg_0065, hypothetical protein with 2 EamA domains; CCNA_03712, 
hypothetical protein with ExoD domain; Gmet_1287: phosphotransferase system, 
mannose-type, protein IIA; ptsH, phosphocarrier protein HPr; ptsI: 
phosphoenolpyruvate protein phosphotransferase. 
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Figure S2. Schematic representation of reporter constructs used in these studies.  
The hpf gene is shown in red, and the yfp gene in green.  Arrows indicate 
promoter sequences.  Sites of Hairpin loops are also shown in S through V. 
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Figure S3. Effect of RpoN on expression of hpf.  (A) Expression patterns (large 
symbols) and growth curves (small symbols) of HPF-YFP reporter constructs 
containg both the PrpoN and Phpf promoters with the reporter construct containing 
an intact rpoN gene (open circles) and with the rpoN gene truncated (closed 
circles) (constructs B and E from Fig S2).  (B) Growth curves (small symbols) 
and expression of hpf (large symbols) from Phpf in the wild-type strain (closed 
circles) and in a rpoN deletion mutant (hourglass) (construct A from Fig S2).  The 
results show that RpoN is not required for expression from Phpf.  Data show the 
average and standard deviations from three biological replicates. 
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Figure S4. Growth phase dependence expression of hpf.  (A) Expression rate 
(dark blue) and growth rate (light blue) were calculated based on the increases in 
optical density and fluorescence from the Phpfhpf-yfp reporter. (B) 
Epifluorescence micrographs showing fluorescence of individual cells containing 
the Phpfhpf-yfp reporter over time. 
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Figure S5. Growth rate (lines) and expression rate of Phpf (symbols) in mutant 
strains impaired in stationary phase factors, rpoS (green diamonds) dksA2 
(yellow squares) and ppGpp production (blue triangles).  The Phfp expression rate 
in the wild-type strains is shown (blue circles) for comparison.  Expression rate of 
Phpf is moderately inhibited during stationary phase of the rpoS and dksA2 
mutants. 
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Figure 6S. Effect of stationary phase factors on expression (large symbols) from 
PrpoNrpoN-Phpfhpf-yfp reporter.  (A) Expression from both PrpoN and Phpf in the 
rpoS mutant (green circles) and dksA2 mutant (yellow squares) compared to the 
wild-type strain (blue circles).  The mutant defective in ppGpp production (blue 
triangles) had a similar pattern of expression as in the reporter construct lacking 
PrpoN.  (B) Growth rate (lines) and expression rates (symbols) for the rpoS, 
dksA2, and relA/spoT mutants calculated from the growth and expression data in 
(A). 
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Figure S7.  Growth (small symbols) and Expression of hpf-yfp reporter with the 
Phpf promoter replaced by the PBAD promoter, in the absence of arabinose 
induction.  The PBAD promoter was placed in orientation for expression from 
TSS1 (red symbols), TSS2 (yellow symbols), and TSS3 (green symbols).  
Expression from Phpf (blue circles) is shown as a positive control. 
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Figure S8. (A) Secondary structure predictions of the hpf mRNA wild-type 
sequence, starting from TSS1 through the first 100 nucleotides of the hpf 
structural gene, as predicted by RNAfold server and visualized using VARNA 
(Lorenz et al, 2011).  Shown in red is the stable hairpin loop (HPL) in the 5’UTR. 
Also shown in red is the hpf start codon.  Shown in cyan is the site of TSS2 and 
yellow is the site of TSS3.  The HPL shown in green is downstream of the start 
codon, and is the HPL modified by mod1 and mod3.  (B) The HPL structure 
predicted by RNAfold after mod1, creating an open 5’ end of the hpf mRNA.  (C) 
The HPL predicted by RNAfold after mod3, which creates a tighter HPL structure. 
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CHAPTER FOUR 
 
 

AUTOREGULATION OF HIBERNATION PROMOTING FACTOR EXPRESSION 
 
 

Introduction 
 
 

 In Chapter 3, sequences necessary for regulation of HPF expression were 

determined by generating a series of reporter constructs using a Tn7-based 

single copy fluorescent protein fusion system. Our study suggests that the HPF 

expression is regulated at transcriptional and post-transcriptional levels. We have 

identified putative hairpin loop structures of hpf mRNA that influence the HPF 

expression probably at post-transcriptional level.  

 Ribosomal proteins, when excessed, autoregulate their own translation 

through RNA-protein interactions (1–3). Binding site of ribosomal proteins on 

their mRNAs often resembles the rRNA structures where ribosomal proteins bind 

to (1, 2). HPF is a ribosome accessory protein necessary for ribosomal RNA 

preservation and maintenance of cell viability during nutrient starvation in 

Pseudomonas aeruginosa (Chapter 2) (4). Structural studies on interaction of 

ribosomes with HPF and its homolog, YfiA, revealed that HPF binds to the 

channel on 30S ribosomal subunit where mRNA and tRNA bind to through 

interaction with 16S rRNA (5, 6). Furthermore, the similarity of HPF to double 

stranded RNA binding proteins has been reported (7), suggesting that HPF may 

interact with its own mRNAs for gene regulation.  
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 In Chapter 4, we demonstrated that the HPF autoregulates its own 

expression. Complementation of ∆hpf mutant strain carrying a reporter construct 

with PrpoN and Phpf promoters with exogenous expression of HPF decreased the 

HPF expression to the level similar to the wild type with Phpf promoter, suggesting 

that HPF autoregulation is independent of RpoN coding sequence. HPF 

expression from a reporter under regulation of arabinose promoter, replaced with 

Phpf, showed increased expression level in ∆hpf mutant strain than wild type, 

indicating that HPF autoregulation is not on Phpf promoter. Expression of 

transcriptional reporter, with 5’ untranslated region (5’UTR) but without hpf 

coding sequence, in ∆hpf mutant strain was similar to the expression in wild type, 

while expression of a partial translational fusion reporter with 42 nucleotides of 

hpf coding sequence in ∆hpf mutant strain was more than wild type, suggesting 

that combination of 5’UTR and hpf coding sequence, rather than 5’UTR alone, is 

required for HPF autoregulation. Site-directed mutagenesis of a putative hairpin 

loop structure formed at the 5’ end of hpf coding sequence either increased and 

decreased the HPF expression, for open and closed conformation, respectively, 

in both ∆hpf mutant strain and wild type. Unexpectedly, however, the difference 

in expression between ∆hpf mutant strain and wild type was not eliminated by 

either mutation. These results indicate that HPF autoregulates its own expression 

though interaction with its own coding sequence but the exact region where HPF 

targets is yet to be determined.  
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Materials and Methods 
 

 
Bacterial Strains, Plasmids, and Reporter Constructs 
 
 Pseudomonas aeruginosa PAO1 and its ∆hpf mutant derivative (8) were 

used in this study. Tn7-based reporter constructs were previously generated and 

described in Chapter 3 (Fig 1). Plasmid pMF466 was previously generated and 

used to complement the ∆hpf mutant strain (4). Plasmid pMF54 was used as a 

vector control (9). Plasmids were introduced to the strains by either 

electroporation or triparental mating (9, 10).  

 
Growth Conditions 
 
 Cells were grown in Luria Bertani (LB) broth (Lennox), with antibiotics when 

necessary. Antibiotic concentrations are: for E. coli, ampicillin 100 µg/mL; for P. 

aeruginosa, carbenicillin 150 µg/mL, gentamicin 30 µg/mL, trimethoprim 500 

µg/mL.  

 
Detection of YFP Fluorescence 

 The procedure used to determine the expression and growth of HPF-YFP 

reporters is described in Chapter 3. Briefly, overnight grown cultures of reporter 

constructs in LB broth were diluted in fresh LB broth and adjusted to optical 

density of 0.1 at 600nm (OD600). The 100 µL of diluted cultures and fresh LB 

broth were mixed in a 96 well clear bottom black plate (Corning). After sealing 

the edge with parafilm, a 96 well plate was incubated in the Synergy 2 Multi-
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Mode Microplate Reader (BioTek) with medium speed agitation at 37 °C. 

Fluorescence and absorbance at 600 nm were measured from the bottom of 

wells every 15 min for 48h. YFP fluorescence was detected using a filter set for 

GFP: Excitation at 485 nm/20 and emission at 528 nm/20 with sensitivity set to 

50. All experiments were performed with at least three independent biological 

replicates and three technical replicates per plate. The average and standard 

deviations were calculated from averaged values of technical replicates from 

each biological replicate.  

 
Bioinformatics 

 Secondary structures of hpf mRNAs were predicted by RNAfold server (11) 

and visualized by VARNA (12).  

 
Results 

 
 
HPF Autoregulates Its Expression 

 Ribosomal proteins often interact with their own mRNAs to regulate 

translation.  In our expression studies, we notice an increase in expression from 

Phpfhpf-yfp (construct A in Fig 1) in the ∆hpf mutant strain compared to the wild-

type strain without change in growth (Fig 2A,B).  The expression of HPF-YFP 

from PrpoNrpoN-Phpfhpf-yfp (construct B in Fig 1) was also increased in the ∆hpf 

mutant strain compared to the wild type (Fig 2A).  To examine the effect of 

exogenously expressed HPF on expression from Phpfhpf-yfp, we assayed 
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expression of Phpfhpf-yfp in the presence of plasmid pMF466, which contains hpf 

under control of the IPTG-inducible Ptrc promoter (4).  We observed an inhibition 

of Phpfhpf-yfp expression in the ∆hpf strain with 10mM IPTG, equivalent to 

expression from the Phpfhpf-yfp in the wild-type strain, while inhibition of HPF-

YFP expression in the vector control was minimal (Fig 3A,C).  Interestingly, 

exogenous expression of HPF reduced HPF-YFP fluorescence in the ∆hpf 

mutant strain carrying PrpoNrpoN-hpf-yfp to the level of Phpfhpf-yfp expression in 

the wild type strain (Fig 4A,C).  These results indicate that HPF autoregulates its 

expression through a mechanism independent of PrpoN and the rpoN gene.   

 
HPF Autoregulation is Not on Promoter 

 To determine if autoregulation of hpf expression occurred at the level of the 

promoter, we introduced the PBAD promoter into hpf-yfp reporter strains with three 

TSSs to the ∆hpf mutant strain (construct C,D,E in Fig 1).  The hpf expression 

from these reporters was higher in the ∆hpf mutant strain than in the wild type, 

even in the absence of arabinose addition for the PBADTSS1 and PBADTSS2-hpf-

yfp reporters (Fig 5AC), indicating that the Phpf promoter is not necessary for HPF 

autoregulation.  The difference in expression levels of these reporters was similar 

to wild type, with the expression level from TSS2 being the highest and TSS3 

being the lowest (Fig 5A).  We further confirmed that HPF autoregulation does 

not occur on Phpf and 5’UTR by introducing a transcriptional reporter lacking the 

hpf coding sequence (Phpf5’UTR-yfp, construct F in Fig 1) (Fig 6A).   
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HPF Coding Sequence Influences the Autoregulation 

 Next, we introduced the partial translational reporter with 42 nucleotides of 

hpf coding region (or 14 amino acids of HPF) to determine whether the 5’ end of 

the coding region is necessary for HPF autoregulation (Phpfhpf14-yfp, construct I 

in Fig 1).  The significant difference in the expression of partial HPF-YFP was 

observed between ∆hpf mutant strain and wild type with higher expression in 

∆hpf mutant strain (Fig 6A), suggesting that the target of HPF autoregulation is at 

5’ coding sequence.  We also generated partial translational reporters with 

extended hpf coding sequence (Phpfhpf43-yfp, 129 nt for 43 amino acids, 

construct H in Fig 1; Phpfhpf90-yfp, 270n for 90 amino acids, construct G in Fig 1).  

The fluorescence of Phpfhpf43-yfp for both wild type and ∆hpf mutant strain was at 

basal level (Fig 6A), suggesting that the fluorescent protein of this partial 

translational fusion reporter is truncated. Another partial translational fusion 

reporter, Phpfhpf90-yfp, retained the expression difference between wild type and 

∆hpf mutant strain (Fig 6C).  Surprisingly, however, the expression of Phpfhpf90-

yfp was lower than fully translational fusion, Phpfhpf-yfp, in ∆hpf mutant strain, 

while expression patterns of these reporters were indistinguishable when 

expressed in wild type strain. These results suggest that HPF autoregulates its 

expression both positively and negatively through interaction with hpf coding 

sequence.  
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 The 42 nucleotides of hpf coding region contains the putative HPL (Fig 7A, 

8A).  The expression level of translational reporter with nucleotide substitutions 

disrupting the HPL (mod1, construct J in Fig 1, Fig 7C, 8B for predicted RNA 

structure) in wild type was similar to ∆hpf mutant strain with translational reporter 

without modification (Phpfhpf-yfp) (Fig 9A).  However, unexpectedly, the 

expression from a mod1 reporter in ∆hpf mutant strain was higher than the 

Phpfhpf-yfp reporter.  Significant difference in expression of a reporter, mod3, with 

nucleotide substitution modification for stabilization of putative HPL was 

observed between ∆hpf mutant strain and wild type (Fig 10A, construct K in Fig 

1, Fig 7D for predicted RNA structure), suggesting that HPL at 5’ end of hpf 

coding sequence is not the only target for HPF autoregulation.  These results 

suggest that hpf coding sequence, rather than non-coding regions including Phpf 

and 5’UTR, is the target of HPF for autoregulation.   

 
Discussion 

 
 In this study, we demonstrated that HPF negatively autoregulates its 

expression. Since HPF is necessary for ribosome preservation during starvation 

(4), the abundance of HPF per cell must be maintained high enough to preserve 

ribosomes for sudden changes in growth conditions. Protein concentration, if 

half-life is long, is mainly influenced by the cell division. Negative autoregulation 

(auto-repression), either at transcriptional levels by transcriptional factors or at 
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post-transcriptional levels by protein-mRNA interaction or small RNA, is 

suggested to reduce the cell to cell variations that may occur during cell division 

(13, 14). In addition, the auto-repression reduces the time required to initiate 

expression of gene product (15). These theoretical and experimental works 

suggest that auto-repression has important functions reducing heterogeneous 

protein concentration among population and increasing the response time to the 

change in protein concentration.  

 HPF is predicted to be a double stranded RNA binding protein (7). 

Autoregulation of ribosomal protein expression occurs at post-transcriptional 

level, where excessed ribosomal proteins bind to its mRNAs structured similarly 

to the binding site on ribosomal RNAs (1–3). Therefore, we hypothesized that 

HPF auto-repression also occurs through interaction of HPF with RNA. The 

target of HPF for autoregulation was not in rpoN coding sequence or around Phpf 

promoter. The difference in expression between ∆hpf mutant strain and wild type 

was retained in a reporter starting from TSS3 under arabinose inducible promoter 

(PBADTSS3-hpf-yfp), suggesting that the target of HPF autoregulation is 

downstream of TSS3. While no difference was observed when a transcriptional 

reporter (Phpf5’UTR-yfp) was used, a reporter containing 42 nucleotides of hpf 

coding sequence (Phpfhpf14-yfp) restored the expression difference between ∆hpf 

mutant strain and wild type. These results suggest that the target of HPF is 

between TSS3 and 5’ coding sequence.  
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 We generated reporter constructs with nucleotide modification to either 

disrupt or stabilize the putative hairpin loop structure on 5’ end of hpf coding 

sequence. The expression from a reporter with disruptive mutation was higher 

than a wild type reporter, while stabilized mutation reduced the expression. The 

expression from both reporters was higher in ∆hpf mutant strain than wild type, 

suggesting that the nucleotide mutations introduced are not influencing the HPF 

autoregulation. Nucleotide mutants introduced are probably influencing the 

translation efficiency, independent of HPF autoregulation. Further study is 

necessary to determine the nucleotides necessary for auto-repression of HPF 

expression. The autoregulation can occur at transcriptional and post-

transcriptional levels (2). Our experimental design using fluorescent reporters 

cannot distinguish between transcriptional and post-transcriptional regulation or 

even the regulation at DNA or RNA Levels. Further study is necessary to 

determine how HPF auto-repress its expression.  
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Figure 1. Map of expression reporter constructs used in this study.  
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Figure 2. hpf expression from PrpoN and Phpf promoters.  (A) Fluorescence (large 
symbols) and (B) optical density (small symbols) of P. aeruginosa PAO1 and 
∆hpf mutant strain containing single-copy Tn7 translational hfp-yfp fusions, 
during 48 hr of growth. Expression of Phpfhpf-yfp reporter contained the Phpf 
promoter sequence from ∆hpf mutant strain (closed crosses) was higher than 
wild type PAO1 (closed circles), while growth was the same. Expression of a 
reporter containing both the PrpoN and Phpf promoters (PrpoNRpoN-Phpfhpf-yfp) was 
greater than expression from Phpfhpf-yfp reporter in ∆hpf mutant strain (open 
crosses) and PAO1 (open circles).  
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Figure 3. hpf expression from Phpfhpf-yfp reporter in HPF complemented strains. 
(A) HPF expression and (B) growth of ∆hpf mutant strain carrying a plasmid 
containing a IPTG inducible HPF (pMF466) with 10mM IPTG induction (closed 
triangles) was similar to wild type (closed circles), while there is no significant 
difference in HPF expression and growth of wild type and ∆hpf complemented 
strain without IPTG induction (open triangles). HPF expression from a vector 
control, a plasmid without hpf gene, was greater than the wild type with (closed 
squares) or without IPTG induction (open squares).  
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Figure 4. hpf expression from PrpoNRpoN-Phpfhpf-yfp reporter in HPF 
complemented strains was compared to the expression from Phpfhpf-yfp. (A) HPF 
expression and (B) growth of ∆hpf mutant strain carrying a PrpoNRpoN-Phpfhpf-yfp 
reporter and a plasmid containing a IPTG inducible HPF (pMF466) with 10mM 
IPTG induction (closed triangles) was similar to wild type with Phpfhpf-yfp reporter 
(closed circles), while HPF expression from PrpoNRpoN-Phpfhpf-yfp of ∆hpf strain 
without IPTG induction (open triangles) was similar to the expression from 
Phpfhpf-yfp of ∆hpf mutant strain (closed crosses). (C, D) HPF expression and 
growth from PrpoNRpoN-Phpfhpf-yfp with a plasmid without hpf gene was greater 
than the wild type with (closed squares) or without IPTG induction (open 
squares).  
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Figure 5.  Expression and growth of Pseudomonas aeruginosa PAO1 and its 
∆hpf mutant strain carrying hpf-yfp reporter with the Phpf promoter replaced by the 
PBAD promoter, in the presence (A, B) and absence (C, D) of arabinose induction. 
The PBAD promoter was placed upstream of TSS1 (closed diamonds for wild type, 
open diamonds for ∆hpf), TSS2 (closed squares for wild type, open squares for 
∆hpf), and TSS3 (closed triangles for wild type, open triangles for ∆hpf) to include 
5’ untranslated regions (5’UTR). Expression from Phpf (closed circles) is shown as 
a positive control. (note that the Y-axis scale is 10 fold greater than in the other 
figures).  
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Figure 6. Growth and expression from Phpf reporters that lack a part of or full hpf 
coding sequence. (A) Expression patterns and (B) growth of transcriptional 
reporters of Phpfyfp containing the hpf 5’UTR in wild type (closed circles) and ∆hpf 
mutant strain (open circles). Expression patterns of translational fusions that 
contain part of the N-terminus of HPF, 14 amino acids (closed squares for wild 
type, open squares for ∆hpf), 43 amino acids (closed crosses for wild type, open 
crosses for ∆hpf), and (C, D) 90 amino acids (open circles for wild type, open 
crosses for ∆hpf) or full length HPF (closed circles for wild type, closed crosses 
for ∆hpf).  
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Figure 7. Secondary structures of hpf mRNA starting from TSS1 predicted by 
RNAfold server and visualized using VARNA (Darty et al. 2009). (A) Shown are 
the sites of the predicted transcriptional start sites (TSS1,2,3), and the position of 
putative ribosomal binding site (RBS, in yellow), and the hpf start codon (red).  
(B) Predicted structure of hpf 5’UTR with 100 nucleotides of yfp coding 
sequence.  The hairpin loop (HPL) at 5’ end of hpf coding sequence (green) was 
mutated by nucleotide substitutions without modifying the amino acid sequence 
creating open (B, mod1) or closed (C, mod3) HPLs.  The 5’ and 3’ ends of HPL 
stem located between TSS2 and TSS3 were highlighted in red.  
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Figure 8. Secondary structures of hpf mRNA starting from TSS3 predicted by 
RNAfold server and visualized using VARNA (Darty et al. 2009). (A) Secondary 
structure of hpf mRNA from TSS3 to 43 nucleotides of hpf coding sequence. 
Ribosomal binding site in yellow, start codon in red, putative hairpin loop 
structure in green. Secondary structure from TSS3 to 43 nucleotides of hpf 
coding sequence with site-directed mutagenesis (B) disrupting or (C) tightening 
the predicted structure (mutated nucleotides in red within putative hairpin loop in 
green).  
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Figure 9. (A) Expression and (B) growth of Phpf containing modifications, mod1 
(closed squares for wild type, open squares for ∆hpf) are compared to the 
expression from Phpfhpf-yfp in wild type (closed circles) and ∆hpf mutant strain 
(closed crosses).  
 
 

 
 
Figure 10. (A) Expression and (B) growth of Phpf containing modifications, mod3 
(closed diamonds for wild type, open diamonds for ∆hpf) are compared to the 
expression from Phpfhpf-yfp in wild type (closed circles) and ∆hpf mutant strain 
(closed crosses).  
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CHAPTER FIVE 
 
 

CLOSING REMARKS 
 
 

Conclusions 
 

 
 Biofilms, associated with chronic infections, are highly antibiotic resistant 

due, in part, to the formation of highly antibiotic resistant dormant subpopulation. 

Substrate limitation in mature biofilms induces the formation of non-dividing 

dormant subpopulation. Our ultimate goal is to understand how bacteria enter 

into the dormancy, maintain their cellular integrity during dormancy and 

resuscitate from dormancy. One essential molecular machinery dormant cells 

must maintain is ribosomes. Previously, we found that mRNAs encode for 

ribosome accessory proteins, HPF and RMF, throughout biofilms, even in the 

dormant subpopulation. Our recent work demonstrated that for P. aeruginosa 

HPF, but not RMF, is essential for maintenance of cell viability during nutrient 

starvation-induced dormancy. We further characterized that the cells maintained 

cell viability using HPF to preserve ribosomal RNAs. HPF homologs are widely 

distributed among prokaryotes and even in chloroplasts. It is possible that 

ribosome preservation through HPF binding is a common mechanism for 

dormancy maintenance.  

 During the study, we observed that approximately 10% of ∆hpf mutant cells 

resuscitate from starvation. Single cell analysis suggested that these surviving 
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cells maintained relatively high ribosome abundance, suggesting that there is an 

additional mechanism exist for ribosome preservation. In addition, we noticed 

that ribosome abundance of a fraction of wild type cells was close to the average 

of ribosome abundance in ∆hpf mutant population, suggesting that a rare faction 

of wild type cells also lost the cell viability. Indubitably, we detected that a rare 

fraction of wild type population lost their ability to resuscitate from starvation. 

There may be a minimal threshold for ribosome abundance required for cells to 

resuscitate from dormancy and HPF determines the ones to preserve.  

 In Chapter 3 and 4, we characterized the regulatory factors influencing the 

HPF expression. Previously, HPF was thought to be transcribed with rpoN gene 

(1, 2). However, Köhler et al. (3) demonstrated with Northern blot that HPF and 

downstream gene are co-transcribed without rpoN gene. We provided evidences 

supporting that HPF is expressed from its own promoter and as rpoN operon. 

Promoter activity of PrpoN is weaker compared to Phpf, suggesting that 

transcription of HPF is separated from rpoN. Interestingly, promoter activity of 

Phpf is also weak compared to an arabinose inducible promoter, suggesting that 

translational efficiency of HPF is high. We observed that the length of 5’ 

untranslated region (5’UTR) greatly affect the expression level when expressed 

under control of arabinose inducible promoter. Surprisingly, relative abundance 

of hpf mRNAs was also different among arabinose inducible constructs, 

indicating that HPF expression is regulated by changing the abundance of 
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mRNAs. The most abundant hpf mRNA with the highest expression level started 

from second transcriptional start site (TSS2). Since TSS2 was detected without 

tri-phosphate (4), a primary mechanism regulating HPF expression is mRNA 

processing and degradation. Hairpin loop structures were predicted in 5’UTR and 

hpf coding sequence. Modification of hairpin stem stability also influenced HPF 

expression. Our results indicate that HPF expression is primarily regulated at 

post-transcriptional level.  

 Weak promoter activity could also mean that HPF expression is tightly 

regulated at transcriptional level and slight alteration of transcription rate results 

in vastly different expression outcome. Because of HPF’s role on cell viability 

maintenance during starvation, we hypothesized that stress and stringent 

response factors, RpoS, DksA2, and (p)ppGpp, are the main transcriptional 

regulators of HPF expression. However, HPF expression was only moderately 

affected by the mutant strains. It is tempting to speculate that cells generate HPF 

all the time and maintain the constant level through autoregulation, rather than 

inducing the expression, so that cells are prepared for sudden changes in the 

surrounding environment.  

 Overall, we characterized the role of HPF on cell viability maintenance and 

regulatory factors for HPF expression. There are many questions yet to be 

answered. How and when does HPF interact with ribosome? If the role of HPF is 

to preserve ribosomes from autophagy during transition to dormancy, how does 
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HPF determine which ribosome to inactivate while keeping some for translation? 

What is the minimal threshold of ribosomes needed for resuscitation and what is 

the role of regulation of HPF expression for determining the minimal number? 

And how is HPF-ribosome complex reactivated for translation? 

 
Future Directions 

 
 
Additional Mechanisms for Viability Maintenance 

 In Chapter 2, we observed that a fraction of starved ∆hpf mutant cells 

maintained 16S rRNA abundance and resumed cell division (5). This result 

indicates that there is a mechanism for ribosome preservation other than HPF. 

As part of future studies, Franklin lab recently initiated a screening of random 

transposon insertion mutants of P. aeruginosa PAO1 and ∆hpf mutant strain for 

phenotypes similar to ∆hpf mutant strain; no growth defect before starvation and 

reduced resuscitation after prolonged nutrient starvation in phosphate buffered 

solution. Initial screening of approximately 600 colonies of mutant P. aeruginosa 

PAO1 unraveled mutant strains resembling the ∆hpf phenotype. A mutant strain 

occurred multiple times carries transposon insertion on tyrZ gene. The tyrZ gene 

is one of two genes encodes for tyrosyl-tRNA synthetase. In Bacillus subtilis, 

TyrZ has selective affinity to L-tyrosine, while TyrS can bind to both L-tyrosine 

and D-tyrosine (6). D-amino acids accumulation during stationary phase of 

growth and the concentration can reach to millimolar level in some organisms (7). 
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Incorporation of tRNAs charged with D-amino acids into ribosomes can arrest the 

translation elongation (8). It would be interesting to see if the phenotypic 

characteristics of tyrZ mutant strain is due to truncated translational activity 

during a transition from active growth to starvation induced dormancy state. 

 
Mechanisms of (p)ppGpp for Viability Maintenance  

 In Chapter 2, we also observed that ∆relA/∆spoT mutant strain reduced cell 

viability during nutrient starvation and exogenous expression of HPF did not 

rescue the phenotype, suggesting that the loss of viability of ∆relA/∆spoT mutant 

is independent of HPF expression. Our expression results showed that (p)ppGpp 

influences the HPF expression but not a major regulator, further supporting that a 

role of (p)ppGpp on maintenance of cell viability during starvation is independent 

of HPF expression. Exploring the role and mechanism of (p)ppGpp on cell 

viability maintenance during starvation induced dormancy would be important for 

further understanding of dormancy maintenance as well as dormancy formation. 

As stated in literature review, (p)ppGpp regulates various cellular activities 

through direct binding and through transcriptional regulation. Therefore, roles of 

(p)ppGpp on dormancy may be complex. Possible routes of initiating the study 

would be to 1) determine the regulatory networks of (p)ppGpp, alone or in 

combination with DksA1 and DksA2, 2) measure flux of nucleotides including 

(p)ppGpp, GTP, and ATP, and 3) characterize a pool of (p)ppGpp interacting 

proteins and their functions.  
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 Basu et al. (9) demonstrated that a (p)ppGpp interacting protein, HlfX, is 

necessary for Bacillus subtilis to dissociate 100S ribosome dimers formed by 

HPF homologs. HflX requires GTP to dissociate 100S ribosome dimers while 

dissociation of 70S ribosomes, either vacant or stalled ribosomes, by HflX is GTP 

independent (9, 10). It is possible that HflX is necessary for reactivation of 

inactivated 70S ribosomes with HPF for resumption of cell growth. If ribosome 

recycling function of HflX is necessary for either HPF-ribosome complex 

formation during starvation or reactivation of HPF-ribosome complex upon 

transfer to fresh nutrient medium, the deletion of hflX gene would reduce the 

number of cells resuscitating from starvation. 
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Introduction 

 
 In Chapter 2, we demonstrated that HPF is essential for starvation survival 

through preservation of ribosomal RNAs (1). Ribosomes consist of three 

ribosomal RNAs and approximately 50 ribosomal proteins (2). During nutrient 

starvation, ribosomes are readily degraded and recycled. During phosphate 

starvation, E. coli cells degrade more than 80% of ribosomes (3). Ribosomal 

proteins free from intact ribosomes are selectively degraded through formation of 

complex with polyphosphate and Lon protease (4). This active degradation of 

ribosomal proteins through Lon protease is indispensable for survival of amino 

acid starvation through protein turnover and production of enzymes for amino 

acid biosynthesis (5). Mutant strain of E. coli deficient of protease activity 

increased the lag time during downshift of nutrient (from rich to minimal media), 

due in part to the inability of produce enzymes for amino acid biosynthesis (5). 

Amino acid supplementation eliminated the extended lag time during nutrient 

downshift (5), indicating that the degraded ribosomal proteins are used to adapt 

amino acid scarcity.   

 In Chapter 3, we showed that HPF is part of RpoN operon. The genes 

within RpoN operon are somewhat associated with nutrient availability, especially 

for nitrogens. RpoN encodes for sigma factor 54 which regulates genes for 

nitrogen assimilation necessary for nitrogen utilization. Proteins encoded by ptsN 

and npr genes involved in phosphotransferase system (PTS). Depending on 
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phosphorylation state, PtsN regulates the central metabolism and other functions 

associated with cell growth through cross talk with PTS-sugar (6, 7) and inhibition 

of enzymatic activities through direct binding (8, 9). Since neighboring genes of 

hpf are associated with carbon and nitrogen utilization, HPF expression may also 

be influenced by the nutrient availability.  

 In this study, a translational fusion reporter construct generated in Chapter 

3 was used to determine whether nutrient availability influences the HPF 

expression. In addition to the wild type P. aeruginosa PAO1, stringent and stress 

response mutants, ∆rpoS, ∆dksA2, and ∆relA/∆spoT, were tested.  

 
Materials and Methods 

 
 

Bacterial Strains, Plasmids, and Reporter Constructs 

 Pseudomonas aeruginosa PAO1 and its ∆hpf mutant derivative (10) and 

stringent and stress response mutants, ∆rpoS, ∆dksA2, and ∆relA/∆spoT were 

used in this study. Tn7-based reporter constructs were previously generated and 

described in Chapter 3.  

 
Growth Conditions 

 Cells were grown in Luria Bertani (LB) broth (Lennox), with antibiotics when 

necessary. Antibiotic concentrations are: for E. coli, ampicillin 100 µg/mL; for P. 

aeruginosa, carbenicillin 150 µg/mL, gentamicin 30 µg/mL, trimethoprim 500 

µg/mL. For expression, M9 minimal medium (1x M9 salts, 1mM MgSO4, 20 mM 
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of glucose) with or without supplementation of 0.5% (w/v) peptone. 

 
Detection of YFP Fluorescence 

 The procedure used to determine the expression and growth of HPF-YFP 

reporters is described in Chapter 3. Briefly, overnight grown cultures of reporter 

constructs in LB broth were diluted in fresh medium (M9 + glucose with or without 

peptone supplementation) and adjusted to optical density of 0.1 at 600 nm 

(OD600). The 100 µL of diluted cultures and fresh medium were mixed in a 96 well 

clear bottom black plate (Corning). After sealing the edge with parafilm, a 96 well 

plate was incubated in the Synergy 2 Multi-Mode Microplate Reader (BioTek) 

with medium speed agitation at 37 °C. Fluorescence and absorbance at 600nm 

were measured from the bottom of wells every 15 min for 48h. YFP fluorescence 

was detected using a filter set for GFP: Excitation at 485 nm/20 and emission at 

528 nm/20 with sensitivity set to 50. All experiments were performed with at least 

three independent biological replicates and three technical replicates per plate. 

The average and standard deviations were calculated from averaged values of 

technical replicates from each biological replicate. 

 
Results 

 
 

HPF Expression in Minimal Medium 

 HPF expression from Phpf reporter in M9 minimal medium with glucose was 

determined by using a 96 well plate reader. The growth of P. aeruginosa PAO1 in 
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M9 minimal medium was very low compared to the growth in LB broth (in 

Chapter 3). Absorbance initially increased linearly indicating that cells are 

growing exponentially (Fig1). The absorbance of culture, once reached to the 

peak, slightly decreased before reached to the plateau. The growth pattern of 

∆hpf mutant strain was similar to the wild type. The growth of ∆relA/∆spoT 

mutant was similar to the wild type but showed extended lag time and even 

greater decrease in absorbance after reaching to the peak (Fig1). ∆rpoS and 

∆dksA2 mutant strains also experienced the extended lag time (Fig1). 

Interestingly, the absorbance of ∆rpoS and ∆dksA2 mutant strains reached to 

0.3, while absorbance of wild type at the end of 48h incubation was 

approximately 0.2 (Fig1).  

 The expression of HPF depended on the growth of strains. HPF expression 

from wild type increased as cells grew and the fluorescence gradually decreased 

during stationary phase (Fig1). The expression pattern from ∆relA/∆spoT mutant 

strain was similar to the wild type but the fluorescence at the peak was less than 

half of wild type (Fig1). The HPF expression from ∆hpf mutant strain increased 

as cells grew. Unlike wild type, the reduction in HPF-YFP fluorescence during 

stationary phase was almost negligible (Fig1). The HPF expression from ∆rpoS 

and ∆dksA2 increased as cells grew and the HPF-YFP fluorescence reached to 

approximately 4000 AU (Fig1).  
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HPF Expression in Minimal Medium Supplemented with Peptone 

 Pseudomonas aeruginosa preferentially utilizes amino acids. The growth of 

∆hpf mutant strain was similar to wild type with slightly higher absorbance 

(approximately 0.35 compared to 0.3 for wild type) in M9 minimal medium with 

glucose (with NH4Cl) with peptone supplementation. Unlike the growth in M9 

minimal medium, the growth of ∆relA/∆spoT mutant strain in M9 medium 

supplemented with peptones was impaired and the final absorbance only 

reached to 0.2. Extended lag time was not observed in ∆rpoS and ∆dksA2 

mutant strains. Interestingly, the growth of ∆rpoS and ∆dksA2 was also impaired 

in peptone supplemented medium (Fig2).  

 Similar to the conditions we tested, the HPF expression from ∆hpf mutant 

strain was greater than wild type in M9 with peptone supplementation (Fig2). As 

expected, the expression of HPF from ∆relA/∆spoT was lower than wild type due 

in part to the reduced growth in this medium (Fig2). The expression patterns as 

well as final fluorescence of HPF-YFP from ∆rpoS and ∆dksA2 mutant strains 

were same as wild type (Fig2). The growth and the expression patterns of strains 

carrying PrpoN reporters were similar to the ones with Phpf reporters, with higher 

HPF-YFP expression from PrpoN as reported in Chapter 3.  

 
Excretion and Sensing Volatile Product 

 During the experiments, we noticed the unexpectedly high standard 

deviation in growth and HPF expression from cultures in M9 medium when 
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cultures in LB or M9 with peptone supplementation were grown on a same 96 

well plate. The growth and expression increased in cultures that were closer to 

the wells with cells grown in LB or M9 with peptone supplementation (Fig3,4). 

The effect of increase in growth and expression was higher when cultures in LB 

was grown on a same plate than in M9 with peptone supplementation (Fig3,4). 

No effect of neighboring cultures on growth and expression was observed for 

∆rpoS and ∆dksA2 (Fig3,4). This cross-well contamination was highly 

reproducible and can reach beyond the neighboring wells (Fig3). No obvious 

cross contamination by the agitation of cultures was observed. These results 

suggest that the contaminant influencing the growth and expression of HPF-YFP 

is likely a gaseous compound.  

 During stationary phase, cultures grown in LB broth produce ammonia gas 

(11). The enhanced growth and expression of cultures close to the rich media is 

probably due to the exchange and absorption of ammonia gas by nitrogen poor 

cultures. To determine whether the availability of nitrogen source influences the 

cross-contamination, wild type with Phpf was cultures in M9 medium with various 

concentration of NH4Cl and placed on a 96 well plate with cultures in LB broth. 

The growth and HPF expression from cultures supplemented with 3 mM NH4Cl 

reduced the standard deviation of data points compared to the cultures without 

NH4Cl supplementation (Fig5). Increase in supplemented NH4Cl concentration 

further reduced the standard deviation of both growth and HPF expression. Least 
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standard deviation was observed when cultures were supplemented with 12 mM 

NH4Cl (Fig5).  
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Figure 1. Expression (filled circles) and growth (lines) of P. aeruginosa PAO1 
(blue) and mutant strains, ∆hpf (red), ∆rpoS (green), ∆dksA2 (yellow), 
∆relA/∆spoT (cyan), and ∆rmf (black) carrying Phpfhpf-yfp reporters in M9 minimal 
medium.  
 
 

 
 
Figure 2. Expression (filled circles) and growth (lines) of P. aeruginosa PAO1 
(blue) and mutant strains, ∆hpf (red), ∆rpoS (green), ∆dksA2 (yellow), 
∆relA/∆spoT (cyan), and ∆rmf (black) carrying (A) Phpfhpf-yfp and (B) PrpoNrpoN-
Phpfhpf-yfp reporters in M9 minimal medium with peptone supplementation.  
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Figure 3. Expression (A,C) and growth (B,D) of P. aeruginosa PAO1 and mutant 
strains, ∆hpf, ∆rpoS, and ∆dksA2, carrying a Phpfhpf-yfp in M9 minimal medium. 
Data from individual wells are plotted, with 1 to be closest to the culture in LB.   
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Figure 4. Expression (A,C) and growth (B,D) of P. aeruginosa PAO1 and mutant 
strains, ∆hpf, ∆rpoS, and ∆dksA2, carrying a Phpfhpf-yfp in M9 minimal medium. 
Data from individual wells are plotted, with 1 to be closest to the culture in M9 
minimal medium supplemented with peptone.   
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Figure 5. Expression (A,C) and growth (B,D) of P. aeruginosa carrying a Phpfhpf-
yfp in M9 minimal medium with additional NH4Cl. Data from individual wells are 
plotted, with 1 to be closest to the culture in LB.   
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