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ABSTRACT 

Wu, I. Determining the effect of the loss of small RNAs OmrA and OmrB on type 1 pili 

expression in Escherichia coli. MS in Biology, Clinical Microbiology Concentration, 

May 2017, 74pp. (W.R. Schwan) 

 

Uropathogenic Escherichia coli (UPEC) cause up to 90% of the seven million annual 

cases of urinary tract infections in the United States.  Expression of type 1 pili is 

necessary for pathogenicity and allows UPEC to attach to the host bladder epithelium.  

Under high osmolality, OmpR regulates type 1 pili expression through the recombinases 

FimB and FimE.  OmpR also regulates transcription of the small RNAs OmrA and OmrB 

under the same environmental conditions.  In this study, a ΔomrAB mutant strain was 

created to see its effects on type 1 pili expression in vitro under varying pH and 

osmolality and in vivo.  Changes in fimB, fimE, and fimA transcription were determined 

by a β-galactosidase assay.  The orientation of the reversible fimS element that contains 

the promoter for fimA was determined using a multiplex PCR, while surface expression 

of type 1 pili was estimated using hemagglutination.  A low pH and high osmolality 

growth condition resulted in significantly less type 1 piliation in the mutant strain and 

reduced in vivo survival, suggesting regulation of type 1 pili by OmrA and OmrB.  

Additional experiments are needed to determine the exact mechanism by which OmrA 

and OmrB regulate type 1 pili expression.     
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INTRODUCTION 

Significance and Epidemiology of Urinary Tract Infections 

There are 150 million cases of urinary tract infections (UTIs) worldwide annually, 

resulting in six billion dollars in healthcare costs (1).  Seven million of those cases occur 

in the United States alone, costing two billion dollars annually.  Urinary tract infections 

are the most common bacterial infections of humans and actual numbers may be even 

higher as many cases are not reported (2).  Women are three times more likely to get 

UTIs than males.  Approximately 50-60% of all women will get one UTI in their lifetime 

(2).  Other factors that increase the risk of getting UTIs include catheter use, diabetes, 

HIV infections, and other urological abnormalities.  Infants, pregnant women, and the 

elderly are also at an increased risk (2). 

Anatomy and Physiology of the Human Urinary Tract 

The symptoms of UTIs are caused by bacterial colonization of the urinary tract.  

The upper urinary tract includes the kidneys and ureters.  Kidneys regulate electrolytes 

and acid-base balance, filter blood, and reabsorb water, glucose and amino acids (3).  The 

bladder and urethra (and prostate in males) make up the lower urinary tract, which stores 

and expels urine (4).  The unidirectional flow of urine and the secretion of glycosamines, 

which form a mucin layer, prevent bacterial attachment to the urinary tract epithelium.  

The low pH and high osmolality of urine also inhibits the growth of bacteria (1).  Despite 
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these innate immune defenses, urinary tract infections remain the most common bacterial 

infection. 

Urinary Tract Infection: Disease and Treatment 

Urinary tract infections can be subdivided into two categories: lower urinary tract 

infections (cystitis and/or urethritis) and upper urinary tract infections (pyelonephritis) 

(5).  A majority of UTIs are uncomplicated lower UTIs, which begin when fecal bacteria 

are introduced into the urinary tract (2, 5).  This results in inflammation and produces the 

typical symptoms of dysuria (painful urination), frequent urination, and bacteriuria (6, 7).  

Occasionally, the infection may ascend further up the ureters into the kidneys, leading to 

the more severe pyelonephritis that is responsible for kidney failure and possibly death.  

UTIs also cause significant cases of bacteremia, some of which lead to septic shock (8).  

Approximately 75% to 90% of UTIs are caused by uropathogenic Escherichia coli 

(UPEC) (1, 9).  Exact numbers are difficult to determine since UTIs are mostly treated 

empirically due to their prevalence and obvious symptoms.  Common drugs used 

currently to treat UTIs in the United States include trimethoprim-sulfamethoxazole 

(TMP-SXT), fluoroquinolones, fosfomycin, and nitrofurantoin (5, 7).  The recurrent 

nature of UTIs promotes the development of drug resistance.  Resistance to both TMP-

SXT and ciprofloxacin, a fluoroquinolone antibiotic, have increased over the past decade 

(10-13). 

Escherichia coli Virulence Factors 

 Several virulence factors produced by E. coli have been correlated with 

pathogenicity, including fimbrial and afimbrial adhesins, a siderophore (aerobactin), a 

polysaccharide capsule, and toxins such as cytotoxic-necrotizing factor and alpha 
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hemolysin (14-16).  Fimbrial adhesins are key virulence factors that allow the bacteria to 

attach and subsequently colonize the urinary epithelium (17).  The type 1 pilus/fimbria is 

the most common virulence factor found on UPEC isolates and is necessary for 

pathogenicity (16, 18, 19). 

Type 1 Pilus Operon, Structure, and Regulation 

The type 1 pilus is encoded by the fim operon, a cluster of genes located at 98 min 

in the E. coli chromosome (20-22).  The fim operon contains nine genes plus an invertible 

DNA element, labeled fimS (Fig. 1).  The overall structure of type 1 pilus is described in 

Figure 2.  Fimbriae, flagella and other surface proteins specific to bacteria are highly 

immunogenic and energetically costly.  Therefore, the expression of these proteins is 

tightly regulated.  Expression of type 1 pili turns on when E. coli is in the bladder, 

allowing the bacterium to attach to D-mannose linked lipids present on the bladder 

epithelium (40-42).   

Expression of type 1 pili switches between Phase-ON and Phase-OFF by the 

inversion of the 314-bp DNA segment fimS, which contains the promoter for fimA, and is 

flanked by a 9-bp inverted repeat sequence on both sides (43).  Located upstream of fimS 

are fimB and fimE, which encode the site-specific recombinases, FimB and FimE, 

respectively (44, 45).  One to three promoters have been identified for the fimB gene (Fig. 

1).  In UPEC clinical isolates, two promoters, P1 and P2, have been confirmed in separate 

studies, while P3 remains a putative promoter (46, 47).  Another study using a K-12 

strain identified a single promoter for fimB (48).  Only one promoter has been identified 

for fimE (48).  FimB binds and switches fimS to either the Phase-ON or Phase-OFF 

position, with a preference for the Phase-ON position, while FimE switches fimS from the  
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FIG 1 Schematic model of the fim operon (permission granted by William R Schwan). 
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FIG 2 Schematic diagram of type 1 pilus and accessory proteins.  The fimA gene encodes 

a 158-159 amino acid protein, which polymerizes into a right-handed helical structure 

that forms the pilus shaft (23-25).  Attached to the pilus shaft is the fibrillum, consisting 

of FimF, FimG and FimH proteins (26, 27).  FimH, which is located on the distal end of 

the fibrillum, is the adhesin that binds D-mannose (28).  FimF and FimG regulate the 

overall length of the pilus (29).  The fimC and fimD genes code for a periplasmic 

chaperone and usher protein, respectively (30, 31).  FimC binds other Fim proteins and 

catalyzes their folding (32-35).  FimD is embedded in the outer membrane and binds 

FimC-Fim complexes, which are then translocated in a linear fashion to the bacterial cell 

surface (36-39). 

 

Phase-ON to OFF orientation (45, 49).  The function of FimI remains unknown, but it 

also appears to be necessary for type 1 pili expression (50, 51). 

In addition to FimB and FimE, other site-specific recombinases that may affect 

the orientation of fimS have been identified: HbiF, IpbA, IpuA, IpuB, and FimX (Fig. 3) 

(52).  HbiF primarily mediates fimS switching from Phase-OFF to Phase-ON (53).  The 

invertases, IpbA, IpuA, and IpuB were identified through their amino acid sequence   
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FIG 3 Schematic model of the actions of 20 auxiliary proteins on the regulation of type 1 pili expression.  The inverted repeat left and 

right (IRL and IRR) are shown as open boxes. Binding sites for integration host factor (IHF I and II) and leucine-responsive protein 

(Lrp1, 2, and 3) are also represented as open boxes. Genes are displayed as black boxes and the promoters are shown as bent black 

arrows. The dark gray arrows correspond to FimB and the light gray arrows are for FimE. Black arrows signify an effect on the fimS 

element. Solid green arrows indicate confirmed binding associated with stimulatory effects, whereas dashed green arrows indicate 

presumed stimulatory effects. Solid red arrows indicate confirmed binding associated with repressing effects, whereas dashed red 

arrows indicate presumed repressing effects. (Permission granted by William R Schwan). 
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similarity to FimB (54).  IpbA is identical to HbiF and performs a similar function, 

switching fimS from Phase-OFF to Phase-ON (54).  IpuA switches fimS in both 

directions, much like what FimB does (54).  IpuB has not been shown to invert fimS and 

may be a nonfunctional recombinase (50).  FimX is another protein with significant 

amino acid similarity to FimB capable of switching fimS from Phase-OFF to Phase-ON 

(55).  FimX, in particular, has been predominately associated with UPEC strains (55, 56).  

The fimX gene is located within a horizontally acquired genomic island termed a 

pathogenicity-associated island, which contains many genes for virulence factors (56). 

E. coli expresses other pili besides type 1 pili.  Two other pili commonly 

associated with UTIs are pyelonephritis (P) and sialic acid (S) pili (18, 57).  The P pilus 

is the second most common virulence factor of UPEC involved in attachment, binding to 

glycosphingolipids with an α-D-galactopyranosyl-(1→4)-β-D-galactopyranoside 

[Galα(1-4)Gal] linkage common in the kidney epithelium (16, 58, 59).  The S pilus has 

been shown to bind to α-sialyl-(2→3)-β-galactosides, allowing for attachment to human 

kidney epithelium and endothelium (60-62).  S-piliated E. coli serotypes have also been 

implicated in septicemia and meningitis, most likely through their ability to bind 

plasminogen and brain-specific glycolipids (63-67).  Competition between the expression 

of these three fimbrial adhesins is controlled by regulatory cross-talk.  PapB and SfaB, 

which regulate the expression of P and S pili, respectively, also inhibit type 1 pili 

expression by preventing Phase-OFF to Phase-ON switching (68).  Genome sequence 

analyses have identified a number of putative genes encoding 17-kDa proteins (17-kDa 

genes) downstream of fimbrial operons (69).  The 17-kDa genes are named after their 

adjacent fimbrial operons, although no functional relationship between the two has been 
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determined.  A gene located downstream of the sfa operon encodes a 17-kDa protein, 

SfaX.  SfaX has no apparent effect on the sfa operon, but rather inhibits the expression of 

type 1 pili, allowing for the expression of flagella (69, 70). 

Auxiliary proteins may also indirectly affect the expression of type 1 pili by 

regulating the expression of FimB and FimE.  Histone-like nucleoid-structuring protein 

(H-NS) binds and represses transcription from the fimB P1 and P2 promoters as well as 

the fimE promoter (47).  H-NS also represses the expression of the leucine-responsive 

regulatory protein (Lrp) (71).  Lrp responds to changes in amino acid metabolism and 

regulates the expression of many genes, including fimS (72-74).  Both Lrp and IHF bind 

the fimS sequence and facilitate recombination by causing bends in the DNA structure 

(74-78).  LysR-type regulator (LrhA) binds to the promoter of fimE, causing an increase 

in FimE, which results in less type 1 pili expression (79).  The regulatory alarmone, 

ppGpp and its cofactor DskA activate the expression of FimB at the second promoter 

through the binding of RNA polymerase (80, 81).  SlyA also activates FimB expression 

at P2, by preventing H-NS binding (82). 

There are several other proteins that may also regulate FimB and FimE 

expression, although binding to their respective promoters has yet to be shown.  NanR 

and NagC activate the expression of fimB, mostly likely acting on the putative fimB P3 

promoter (83-85).  RfaH activates fimB expression indirectly, by suppressing the small 

RNA, MicA, an inhibitor of fimB (86).  The phosphate-specific transport system (Pst) 

also activates FimB, possibly through increasing the level of ppGpp (87).  Under neutral 

pH and low salt conditions, RcsB activates fimB expression, whereas under neutral pH 

and high salt, RcsB inhibits the expression of fimE (88).  E. coli in stationary phase 
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express less type 1 pili on their surface, which may be due to the suppression of fimB 

expression by the alternate sigma factor, RpoS (89).  During logarithmic growth, 

expression of type 1 pili may be reduced under certain environmental signals, which alter 

the level of intracellular CRP-cAMP.  CRP-cAMP inhibits FimB-mediated Phase-OFF to 

Phase-ON recombination by repressing Lrp expression (90).  CRP-cAMP also stimulates 

the fimA promoter, suggesting that CRP-cAMP plays a dual role in type 1 pili expression 

depending on environmental cues (90).  UvrY is also needed for the transcription of both 

fimB and fimE (91).  Two final proteins involved in regulating type 1 pili expression are 

part of the OmpR/EnvZ two-component regulatory system (TCS) (92, 93). 

Two-Component Regulatory Systems 

Two-component regulatory systems are key mediators of signal transduction in 

bacteria, allowing bacteria to sense and react to changes in the environment (94, 95).  A 

TCS consists of a histidine kinase (HK) and response regulator (RR). The HK is typically 

an integral membrane protein with the ability to autophosphorylate its histidine residue.  

Under certain conditions, the phosphate from the HK is transferred to the aspartate 

residue(s) on the RR.  Phosphorylated RRs bind DNA, RNA or other proteins, resulting 

in transcriptional or enzymatic changes within the cell (96).  External signals that activate 

TCSs include temperature, pH, osmolality, certain ions, and oxygen pressure.  The TCSs 

can also be stimulated artificially.  For example, the EnvZ HK can be activated by the 

anesthetic procaine, leading to subsequent phosphorylation of the OmpR RR (97). 

E. coli has genes for 30 HKs and 34 RRs, which are conserved across different 

strains (94, 96).  Some TCSs associated with virulence include CpxA/CpxR, RcsC/RcsB, 

PhoQ/PhoP, QseC/QseB, and EnvZ/OmpR (listed as HK sensor/RR effector).  Stresses 
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on the bacterial envelope are sensed by the CpxA/CpxR TCS (98).  CpxA/CpxR regulates 

several surface structures, including type IV bundle-forming pili and the type III 

secretion system (99).  Interplay between the response regulators CpxR and OmpR 

regulate the expression of curli, which are amyloid fibers involved in adhesion and 

associated with pathogenicity (100, 101).  The CpxA/CpxR system has also been 

implicated in antibiotic resistance (102).  Desiccation, osmotic shock, and growth on 

solid surfaces activate the RcsC/RcsB TCS and induce the production of a polysaccharide 

capsule and biofilm (103-106).  PhoQ/PhoP senses divalent cations, such as Mg2+ and 

Ca2+, and regulates the expression of LPS and Mg2+ uptake (107).  Quorum sensing 

activates QseB/QseC, which regulates flagella, type 1 pili, and curli expression (108-

112).  Changes in osmolality are sensed by EnvZ/OmpR, which regulates porin 

expression (113-116).  Porin expression is also regulated by the CpxA/CpxR TCS (117). 

Both OmpR and EnvZ are encoded within the ompB operon, located at 74 min on 

the E. coli chromosome (118-121).  Changes in osmolality and pH are sensed by EnvZ, a 

histidine kinase located in the inner membrane (122, 123).  Under high osmolality 

conditions, EnvZ autophosphorylates its His-243 residue more frequently, using the 

gamma phosphate from ATP (124).  The phosphate is then transferred to the cytoplasmic 

response regulator OmpR at either Asp-55 or Asp-11 (125, 126).  The phosphorylated 

OmpR (OmpR-P) binds DNA and acts as a transcription regulator of a variety of genes 

(127-129).  Deletion of envZ/ompR in E. coli K-12 altered the expression of 125 genes, 

71 of which were up-regulated and 54 were down-regulated (130).  Some of the genes 

affected are involved in the synthesis of cysteine, isoleucine, enterochelin (enterobactin), 

and flagella (130).  Loss of envZ/ompR severely down-regulated the expression of the 
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porin genes, ompC (at 47 min) and ompF (at 21 min) (130-133).  High osmolality leads to 

higher levels of OmpR-P, which in turn stimulates the expression of ompC while down-

regulating ompF (133-137).  OmpC forms a smaller porin than OmpF, thus restricting the 

size of molecules that can pass through the bacterial membrane.  The altered expression 

of many genes by envZ/ompR deletion may ultimately result from its control of ompC and 

ompF expression.  

Deletion of envZ/ompR also resulted in a slight increase of fimB, fimE, and fimA 

expression (130).  OmpR binds and represses transcription from the second promoter of 

fimB (93), and may repress fimE expression through another unidentified regulatory 

protein.  In one study, UPEC grown in a low pH/high osmolality environment had 

significantly more OmpR protein present than in UPEC grown in a neutral pH/high 

osmolality environment, although no change in ompR transcription was seen.  Growth of 

an ompR deletion mutant under high osmolality expressed higher fimB transcripts, Phase-

ON positioning of fimS, and subsequently more type 1 pili.  This suggests that OmpR 

may regulate type 1 pili expression under low pH/high osmolality through post-

transcriptional regulation of fimB (93).  

Non-Coding Regulatory RNAs 

Two-component regulatory systems, such as EnvZ/OmpR, are highly intertwined 

with regulatory, non-coding small RNAs (sRNAs) (138, 139).  Small RNAs bind to 

complementary nucleic acid sequences and modify transcription, translation or protein 

activity (140).  In E. coli, more than 80 different sRNAs have been found in genome-

wide searches. Out of the 30 different TCSs found in E. coli, seven are known to 

incorporate sRNAs as part of their regulatory functions: ArcB/ArcA, 
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DpiB/DpiA(CitA/CitB), GlrK/GlrR(QseE/QseF), PhoQ/PhoP, RcsC/RcsB, BarA/UvrY, 

and EnvZ/OmpR (138).  OmpR induces the transcription of the small RNA genes, omrA 

and omrB, whose gene products have been correlated with post-transcriptional regulation 

of genes (141). The exact functions of OmrA and OmrB sRNAs remain unknown, 

although the emerging picture indicates they respond to environmental stresses and 

regulate genes post-transcriptionally.  Small RNAs fall under one of two classes 

depending on their mechanism of action.  The first class consists of sRNAs that bind to 

proteins and modify their activity.  The second and largest class of sRNAs, which 

accounts for more than 20 sRNAs found in E. coli, bind mRNA at the ribosome-binding 

site and modify translation by changing the stability of the bound mRNA.  The latter 

class requires initial binding to the RNA chaperone, Hfq, which facilitates sRNA-mRNA 

interactions (142, 143). 

Hfq is coded by a gene located at 94.8 min on the E. coli chromosome (144).  The 

resulting protein is 102 amino acids long and forms a cyclical homohexamer.  The 

hexamer has two RNA binding sites: a proximal site that binds sRNAs and mRNAs and a 

distal site that binds poly(A) tails (145).  The proximal site contains a highly conserved 

binding pocket that recognizes a stretch of uridines.  The distal site has three binding sites 

(A, R, E/N).  The A-site has a high affinity for adenosines, while the R-site binds purines 

(146, 147).  Hfq binds both sRNA and its target mRNA, forming a duplex.  In some 

cases, Hfq also recruits proteins to the duplex for degradation or activation of the bound 

mRNA (148).  Mutations in the hfq gene result in pleiotropic phenotypes, including 

reduced growth rate, increased cell size, and osmosensitivity (149).  Deletion of hfq in 

UPEC strains UTI189 and J96 showed reduced virulence and pathogenicity in murine 
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and C. elegans models, respectively (150, 151).  Hfq has also been correlated with 

multidrug resistance, through the regulation of the efflux pump, AcrAB (152).  The 

effects of Hfq on fim gene expression are inconclusive.  A 2008 study by Kulesus et al. 

showed that a hfq deletion in UTI189 did not affect its ability to agglutinate yeast and red 

blood cells, which is dependent on the presence of type 1 pili (150).  In contrast, a study 

by Pichon et al. showed the deletion of hfq in E. coli 536 resulted in visible loss of yeast 

agglutination and a four-fold average reduction in fim mRNAs, including fimB, fimE, and 

fimA (153).  Both studies used E. coli grown in unbuffered Luria broth (LB), which may 

lead to changes in pH and subsequent variation in type 1 pili expression. 

Two sRNAs in E. coli that require a functional Hfq are OmrA and OmrB 

(previously known as RygA and RygB).  The “genes” encoding OmrA/B are located in 

the intergenic region between aas and galR on the counterclockwise strand (Fig. 4).  

OmrA is 88 nucleotides and OmrB is 82 nucleotides long (141, 154, 155).  Transcription 

of omrA and omrB is activated by OmpR.  OmrA and OmrB share significant sequence 

similarity, with the first 21 and last 35 nucleotides being identical, resulting in an overlap 

of functions and targets.  A majority of mRNAs targeted by OmrA/B showed a decrease 

in abundance, consistent with the sRNAs’ mode of action.  Most targets altered by 

OmrA/B code for cell surface structures/functions, including flagella (flhD/C), curli 

(csgD), and type 1 pili (fimA) (141, 156, 157).  A preliminary microarray showed that a 

10-fold overexpression of OmrA and OmrB reduced fimA transcripts by 2.6±0.1-fold and 

1.6±0.2-fold, respectively (141).  This experiment used a K-12 E. coli strain grown in 

unbuffered LB and the results were not verified by PCR. 
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AAGTAAGACA AAAAAAGAGA TTGCAAACCT TTGGTTACAC TTTGCGAAAC GCTGTTGCGA 

TTGACCGCTG GTGGCGTTTG GCTTCAGGTT GCTAAAGTGG TGATCCCAGA GGTATTGATA 

GGTGAAGTCA ACTTCGGGTT GAGCACATGA ATTACACCAG CCTGCGCAGA TGCGCAGGTT 

TTTTTTGCCG GTCATCAATC TGTAACAGTA ACCGACAATT TACACACCTC GTTGCATTTC 

CCTTCATTCC TTTGCGTTTT CTCGCTGGCG AAGAGTCGTC GTGCAGACCA CAATCAAGAT 

CCCAGAGGTA TTGATTGGTG AGATTATTCG GTACGCTCTT CGTACCCTGT CTCTTGCACC 

AACCTGCGCG GATGCGCAGG TTTTTTTTCG CACCTAATTT ACTGTCGCTC GCGTTCTTTA 

 

 

FIG 4 Nucleotide sequence from E. coli MG1655 showing the antisense strand.  The 

omrB sequence is highlighted in light gray and the omrA sequence is underlined. 

 

The mechanism by which fimA transcription is reduced by OmrA/B is unknown.  

OmrA/B may reduce fimA transcription by binding to its main regulators fimB and fimE.  

Alternatively, OmrA/B can bind directly to fimA mRNA and flag it for degradation.  And 

finally, the binding of OmrA/B to fimA, fimB and/or fimE may inhibit translation of the 

bound mRNA (Fig. 5).  The fact that the expression of OmrA/B is controlled by OmpR 

may suggest this is another mechanism by which OmpR controls type 1 pili expression 

under high osmolality: by inducing the expression of OmrA/B, which in turn, suppresses 

the expression of fimA. 
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FIG 5 Possible mechanisms of OmrA/B reduction of fimA transcription. (A) OmrA/B binds and degrades fimB or fimE mRNA.  

Reduced FimB and FimE protein leads to phase OFF position, reduced fimA transcription and type 1 pili. Reduction of FimE not 

shown. (B) OmrA/B binds and degrades fimA mRNA.  Reduced FimA protein and type 1 pili. (C) OmrA/B binds to fimB or fimE 

mRNA, inhibits translation.  Reduced FimB and FimE protein leads to phase OFF position, reduced fimA transcription and type 1 pili.  

FimE not shown. (D) OmrA/B binds to fimA mRNA and inhibits translation.  No reduction in fimA mRNA is seen but there is a 

reduction in FimA protein and subsequent type 1 pili expression. 
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Objectives 

This study examined how Hfq and OmrA/OmrB regulate type 1 pili expression in 

E. coli and how they affect colonization of a murine urinary tract.  To do so, the 

following objectives were addressed: 

Objective 1: Transcription of fimB::lacZYA, fimE::lacZYA, and fimA::lacZYA fusions in 

omrA, omrB, omrAB and hfq deletion mutations in E. coli K-12 strains was analyzed 

using a β-galactosidase assay 

Objective 2: Type 1 pili expression was characterized in an omrAB deletion mutation in 

UPEC strain NU149 in vitro.  Effect of this mutation on survival in vivo was investigated. 

The focus of this research was to examine the effects that omrA, omrB, and hfq 

mutations have on type 1 pili expression in E. coli.  This study will contribute to an 

understanding of the control of type 1 pili expression in UPEC.  
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MATERIALS AND METHODS 

Bacteria Strains, Plasmids, and Antibiotics 

 All bacterial strains and plasmids used are listed in Table 1.  Several E. coli K-12 

strains have been generously donated by Susan Gottesman’s laboratory (NIH), including 

DJ480 (MG1655 Δlac X74 K-12 substrain), MG1001 (DJ480 ΔomrA::kan), MG1002 

(DJ480 ΔomrB::kan), MG1398 (DJ480 ΔomrAB::kan), and MG1406 (DJ480 Δhfq::cm).  

These strains were transformed with single copy number plasmids containing promoters 

for fimB, fimE, and fimA, each fused to the lacZ gene.  All antibiotics were purchased 

from Sigma Aldrich Chemical Co. and used in the following concentrations: 12.5 µg/mL 

chloramphenicol (Cm12.5), 40 µg/mL kanamycin (Kan40), 8 or 10 µg/mL gentamicin 

(Gm8 or Gm10, respectively), and 100 µg/mL ampicillin (Ap100). 

Construction of K-12 and ΔomrA/B Mutant E. coli Strains with fim::lacZYA 

Plasmids 

To determine how the loss of omrA/B affects type 1 pili expression, single copy 

number plasmids, containing the promoters of fimA, fimB, and fimE connected to a 

promoter-less reporter gene, lacZ, were transformed into DJ480, MG1001, MG1002, and 

MG1398.  To make these cells competent, they were grown to mid-log phase 

(OD600=0.4) and washed several times with cold CaCl2 solution (158-160).  Strains 

DJ480, MG1001, MG1002 and MG1398 were transformed with each of the three reporter 

constructs on a pPP2-6 plasmid background that contains a chloramphenicol resistance  
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TABLE 1 Strains and plasmids used in this study  

Strain or Plasmid Description Reference or Source 

Strains   

DJ480 MG1655 Δlac X74 (parent strain) D. Jin (NCI) 

MG1001 DJ480, ΔomrA::kan S. Gottesman 

MG1002 DJ480, ΔomrB::kan S. Gottesman 

MG1398 DJ480, ΔomrAB::kan S. Gottesman 

MG1406 DJ480, Δhfq::cm S. Gottesman 

NU149 Clinical isolate (161) 

NU149 ΔomrAB NU149, ΔomrAB This study 

DH5α F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) 

phoA supE44 λ-thi-1 gyrA96 relA1 

Life Technologies 

Plasmids   

pPP2-6 pPR274 + multiple cloning site (92) 

pJB5A fimB::lacZYA on pPP2-6 (92) 

pJLE4-3 fimE::lacZYA on pPP2-6 (92) 

pWRS124-17 fimA::lacZYA locked-on on pPP2-6 (92) 

pUJ8 trp’-‘lacZ phoA Apr (162) 

pAON-1 fimA-lacZYA locked-on on pUJ8 (92) 

pP5-48 fimB-lacZYA on pUJ8 (92) 

pUT-Tc Mini-Tn5 on pUT Tcr (162) 

pUTE1 fimE-lacZYA on pUT-Tc (92) 

pPPBMR1 pPP2-6 + GmR B. Reuter 

pIWB1 fimB::lacZYA on pPPBMR1 This study 

pIWE1 fimE::lacZYA on pPPBMR1 This study 

pIWA1 fimA::lacZYA on pPPBMR1 This study 

pKD46 λ Red recombinase, Apr (163) 
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pKD4 FRT-flanked KanR cassette, Apr (163) 

pCP20 Flp recombinase, Apr (164) 

pHSS22 oriT KanR (165) 

pCG1-4 omrAB on pHSS22 This study 
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gene (166).  The plasmids used included: pWRS124-17 (fimA::lacZYA), pJB5A 

(fimB::lacZYA) and pJLE4-3 (fimE::lacZYA).  Parent strain DJ480 transformants were 

selected by plating on Luria agar (LA)+Cm12.5+5-bromo-4-chloro-3-indolyl-β-d-

galactopyranoside (X-Gal).  MG1001, MG1002 and MG1398 transformants were 

selected for by plating on LA+Kan40+ Cm12.5+X-Gal.  Presence of the fim::lacZYA fusion 

in each transformant was confirmed using a β-galactosidase (β-gal) assay. 

Construction of fim::lacZYA Plasmids with Gentamicin Resistance 

Since strain MG1406 (hfq mutant), contains a chloramphenicol resistance gene 

insertion, the fim::lacZYA fusion plasmids on pPP2-6 are incompatible because they are 

selected for on LA+Cm media.  Instead, fimA::lacZYA, fimB::lacZYA, and fimE::lacZYA 

fusions were inserted into the single copy number plasmid pPPBMR1, which contains a 

gentamicin resistance gene.  High copy number plasmids pAON-1, pP5-48, and pUTE1 

(containing fimA::lacZYA, fimB::lacZYA, and fimE::lacZYA fusions, respectively) were 

extracted from AAEC189/pAON-1, DH5α/pP5-48, and S17.1/pUTE1 using a QIAprep 

Spin Miniprep kit (Qiagen).  The plasmids were then digested with NotI [New England 

Biolabs (NEB)] and EcoRI (NEB) and the fim::lacZYA fusions were ligated to 

NotI/EcoRI-digested pPPBMR1 using T4 DNA ligase (NEB).  E. coli DH5α cells were 

transformed with the ligation mixture and plated on LA+Gm10+X-Gal to screen for the 

fusion construct.  Blue colonies were patched on LA+Gm10 and LA+Ap100.  Colonies that 

grew only on LA+Gm10 were retested for the fim::lacZYA fusion inserts using a β-gal 

assay.  The fim::lacZYA fusions on pPPBMR1 were extracted from E. coli DH5α cells 

and used to transform MG1406 cells via electroporation (2.5 kV, 3-5 ms).  MG1406 
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transformants were selected by plating on LA+Cm12.5+Gm8.  The presence of a 

fim::lacZYA fusion was confirmed using a β-gal assay.  

Growth Curve 

 A growth curve was generated for each strain grown in LB pH 5.5 and pH 7.0 

with and without 400 mM NaCl by measuring the OD600 every 2 h over a 12 h period.  

Growth differences between mutant and wild-type strains were taken into consideration 

when interpreting β-galactosidase activity for each strain. 

β-galactosidase Activity Assay 

Each strain containing a fim::lacZYA plasmid was serially passaged (48 h at 37°C, 

static; then 24 h at 37°C, static; and then 24 h at 37°C, static) in Luria broth (LB) plus the 

appropriate antibiotic (Cm12.5 for DJ480 strains, Kan40+Cm12.5 for MG1001, MG1002, 

and MG1398 strains and Gm8+Cm12.5 for MG1406 strains) to maximize type 1 pili 

expression (167).  Cultures were then grown to log and stationary phase (OD600 = 0.4-

0.6) in neutral (pH 7) and acidic (pH 5.5) LB with or without 400 mM NaCl (92).  

Transcription of fimA, fimB, and fimE under these four growth conditions was estimated 

by measuring the amount of β-galactosidase produced at OD420 using the β-galactosidase 

activity assays according to Miller and reported as Miller units (168).  Assays were done 

at least three times per strain on separate days.  The mean and standard deviations were 

calculated.  Differences in β-galactosidase activity between mutant and wild-type strains 

were determined using the Student’s t-test.  Significance was recorded as P ≤ 0.05. 

Construction of ΔomrAB Mutant in UPEC Strain NU149 

 Since gene expression among E. coli strains can differ significantly, an omrAB 

deletion mutant was created in the UPEC strain NU149 using the λ Red recombinase 
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system (163).  The λ Red plasmid pKD46 contains the genes for λ Red recombinase 

under an arabinose-inducible promoter.  When a strain containing pKD46 is grown in 

media containing arabinose, expression of the λ Red recombinase protein occurs.  The 

recombinase aligns and recombines complementary PCR-derived DNA sequences.  The 

pKD46 plasmid also contains an ampicillin resistance gene and is temperature-sensitive 

(will not replicate at 42°C).  After recombination occurs, the strains can be cured of 

pKD46 by growing them at 42°C, preventing further recombination. 

Primers were designed to have a 5’ overhang containing sequences that flank 

omrAB.  The 3’ end of the primers were complementary to the kanamycin resistance gene 

flanked by Flp recognition targets (FRTs) on pKD4.  All primers used in this study are 

listed in Table 2.  PCR amplification (denaturation at 94°C for 5 min followed by 35 

cycles of 94°C for 1 min, 57°C for 1 min, and 72°C for 3 min, and a final elongation step 

at 72°C for 7 min) with primers OmrAB3 and OmrAB4 and the pKD4 template produced 

a ~1.5 kb kanamycin resistance gene with sequences complementary to regions flanking 

the omrAB gene on each end.  DNA from three PCR reactions was concentrated using a 

Microcon-30 filter (Millipore).  The concentrated PCR product was gel purified by 

excising the ~1.5 kb band and running the gel through fiberfill at 6200 x g for 10 min.  

The gel purified DNA was precipitated by adding two volumes of 100% ethanol and 1/3 

volume of 3 M sodium acetate and incubated overnight at -20°C.  The DNA was pelleted 

by centrifugation at 17,000 x g for 10 min at 4°C.  The DNA pellet was washed with 500 

µL 70% ethanol and re-spun.  The DNA was allowed to air dry at room temperature for 

30 min before being resuspended in 20 µL ddH2O.  
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TABLE 2 Primers used in this study   

Primer Sequence 5’3’ Purpose 

OmrAB3 TTACACGAGATAAAGAACGCGAGCGACAGTAAATTAGGTGCGTGTGTAGGCTGGAGCTGCTTCG λ Red deletion of 

omrAB gene OmrAB4 ACCGCTGGTGGCGTTTGGCTTCAGGTTGCTAAAGTGGTGATCATATGAATATCCTCCTTAG 

 

OmrA9 GGTGAGATTATTCGCTACGCT Detect loss of 

omrAB gene OmrA10 ACCCGTAACGCGAACGCGAT 

 

EcFtsZ1 TAGCGGTATCACCAAAGGACT Detection of ftsZ 

housekeeping gene EcFtsZ2 GTGATCAGAGAGTTCACATGC 

 

OmrAB7 GTACGAATTCCACCAGACGTACCAGATGTT Amplify omrAB 

gene for 

complementation 

OmrAB8 GTATGGATCCGGTGATAGCTAAGAGACTCC 

 

INV GAGGTGATGTGAAATTAATTTAC Detect fimS 

orientation FIME GCAGGCGGTTTGTTACGGGG 

FIMA GATGCGGTACGAACCTGTCC 
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Strain NU149/pKD46 was grown to mid-log phase (OD600 = 0.4) in LB + 10 mM 

arabinose to induce λ Red recombinase gene expression at 30°C, 200 rpm and then heat 

shocked at 42°C for 15 min for plasmid curing.  Cells from approximately 40 mL of 

culture were pelleted by centrifugation at 5000 x g for 10 min at 4°C.  The cells were 

resuspended in 10 mL cold ddH2O and pelleted at 5000 x g for 10 min at 4°C three times 

to remove all salts and resuspended in a final volume of 200 µL ddH2O.  The cells were 

electroporated to introduce the PCR products into NU149/pKD46 using a Gene Pulser 

(Bio-Rad) and allowed to recover in Super Optimal with Catabolite repression (SOC) 

broth for 1 to 2 h at 37°C, 250 rpm. 

The λ Red recombinase aligned each PCR product with the corresponding gene in 

the chromosome and initiated crossing over, effectively replacing omrAB with a 

kanamycin resistance gene.  Transformants were selected by plating on LA+Kan40 grown 

at 37ºC.  As a control, other batches of NU149/pKD46 grown without 10 mM arabinose 

induction were given the same treatment and for which no growth on LA+Kan40 plates 

was observed.  To confirm the loss of the pKD46 plasmid, all colonies recovered were 

patched onto LA+Kan40 plate and LA+Ap100 plate and incubated at 37°C.  Transformants 

that represent homologous recombination events and loss of the pKD46 plasmid should 

grow on LA+Kan40, but not LA+Ap100.  Transformants that grew on both Kan40 and 

Ap100 were incubated at 42°C overnight to cure the plasmid and re-patched on LA+Kan40 

and LA+Ap100.  To confirm deletion of each target gene, colony PCRs (denaturation at 

94°C for 5 min, followed by 30 cycles at 94°C for 1 min, 57°C for 1 min, and 72°C for 1 

min) were performed using primers OmrA9 and OmrA10 and cell lysates from putative 

omrAB deletion mutants as templates.  Chromosomal DNA from wild-type NU149 was 



 

25 

 

used as a positive control.  Amplification of the ftsZ housekeeping gene from NU149 

ΔomrAB chromosomal DNA ensured that the lack of amplification was due to the loss of 

omrAB and not the lack of chromosomal DNA. 

The kanamycin resistance gene was removed from the NU149 ΔomrAB mutant by 

electroporating in the pCP20 plasmid, which contains the gene encoding the Flp 

recombinase as well as an ampicillin resistance gene (164).  Flp recombinase catalyzes 

the recombination between FRT sequences, effectively removing the kanamycin 

resistance gene (169).  The plasmid pCP20 was then cured from NU149 ΔomrAB by 

growing the cells at 42°C.  To confirm the loss of the kanamycin resistance gene and the 

pCP20 plasmid, colonies were patched onto LA, LA+Kan40, and LA+Ap100 and 

incubated overnight at 42°C.  The resulting NU149 ΔomrAB mutant grew on LA, but not 

LA+Kan40 or LA+Ap100. 

Complementation of NU149 ΔomrAB Mutant 

 To restore the omrAB gene back into NU149 ΔomrAB, a high copy number 

plasmid containing the full length omrAB gene was introduced into the ΔomrAB mutant 

strain.  The omrAB gene was amplified (denaturation at 94°C for 5 min, and 35 cycles at 

94°C for 1 min, 57°C for 1 min, and 72°C for 1.5 min) from NU149 chromosomal DNA 

using primers OmrAB7 and OmrAB8.  OmrAB7 contains an EcoRI site at the 5’ end and 

OmrAB8 contains a BamHI site at the 5’ end.  The resulting ~1005 bp PCR product was 

cut with EcoRI (NEB) and BamHI (NEB) and ligated to EcoRI/BamHI-digested pHSS22 

using T4 ligase (NEB).  The plasmid pCG1-4 that resulted, containing the omrAB gene, 

was electroporated into NU149 ΔomrAB and transformants were selected by plating on 

LA+Kan40. 
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Multiplex PCR for fimS Orientation 

To see if the loss of omrAB affected fimS orientation, the positioning of fimS in 

NU149, NU149 ΔomrAB, and NU149 ΔomrAB/pCG1-4 was determined using multiplex 

PCR.  The UPEC strains were passaged to maximize type 1 pili expression as described 

above.  Chromosomal DNA was extracted from stationary phase cells grown in four 

conditions (pH 7.0 LB ± 400 mM NaCl and pH 5.5 LB ± 400 mM NaCl) using PurElute 

bacterial genomic kit (EdgeBio) and amplified with the primers INV (complementary to a 

region within the invertible element), FIMA (complementary to a region downstream), 

and FIME (complementary to a region upstream) as previously described (165).  When 

fimS is in the phase-ON position, a 450 bp PCR product was amplified.  When fimS is in 

the phase-OFF position, a 750 bp product was amplified.  The intensity of the resulting 

phase-ON or phase-OFF bands were normalized to the housekeeping gene ftsZ, which 

was amplified by the primers EcFtsZ1 and EcFtsZ2, and quantified using ImageQuant 

software (Molecular Dynamics) (88). 

Hemagglutination Assay 

To see if the loss of omrAB affected type 1 pili production on the surface of E. 

coli cells, hemagglutination assays (HA) using guinea pig erythrocytes were done as 

previously described (170-172).  E. coli cells cause agglutination of guinea pig 

erythrocytes proportional to the level of type 1 pili expression.  NU149, NU149 ΔomrAB, 

and NU149 ΔomrAB/pCG1-4 strains were passaged to maximize type 1 pili expression 

and grown to stationary phase in pH 7.0 LB ± 400 mM NaCl and pH 5.5 LB ± 400 mM 

NaCl.  The cells were pelleted at 6,200 x g for 2 min, resuspended in 1/10 volume of 

phosphate buffered saline (PBS), and two-fold serially diluted in PBS in a microtiter 
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plate.  An equal volume of 1% guinea pig red blood cells (GPRBCs) (Hardy Diagnostics) 

was added to each well and allowed to incubate overnight at 4°C.  The HA titers were 

calculated as the reciprocal of the last dilution that still agglutinated the GPRBCs. 

Murine Urinary Tract Infection Model 

 To see if the loss of omrAB in UPEC affected colonization and survival in the 

urinary tract, a murine urinary tract infection model was used (173).  Wild-type, ΔomrAB, 

and complemented NU149 strains were passaged to maximize type 1 pili expression, 

pelleted by centrifugation at 6,200 x g for 2 min, and resuspended in 1/10 volume PBS.  

Female Swiss Webster mice were then infected transurethrally with 200 µL of the 

bacterial suspensions.  The mice were euthanized and the bladders and kidneys were 

harvested at 1, 3, and 5- days post-infection and homogenized in one milliliter PBS.  

Each homogenate was 10-fold serially diluted in PBS, plated on LA, and incubated 

overnight at 37°C to enumerate the bacteria in each organ.  The median values for each 

cohort (NU149, NU149 ΔomrAB, and NU149 ΔomrAB/pCG1-4) were determined and 

ANOVA analyses were performed to determine significance.  P values ≤ 0.05 were 

considered significant. 
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RESULTS 

Effects of omrA/B and hfq Gene Deletions on Growth Rate 

 Several mutant strains were obtained from Susan Gottesman’s laboratory, 

representing mutations in omrA, omrB, omrAB, and hfq (Table 1).  To determine if 

changes in the pH or osmolality affected growth of each mutant, growth curves were 

performed on the mutants compared to the wild-type E. coli K-12 strain in pH 5.5 and 7.0 

LB with or without 400 mM NaCl.  No significant growth differences were found for the 

single sRNA deletion mutants MG1001 and MG1002 (ΔomrA and ΔomrB, respectively) 

compared to the wild-type strain, DJ480 (Fig. 6A to D).  However, the ΔomrAB mutant 

MG1398 had a lower OD600 at 12 h compared to the wild-type strain when grown in pH 

7.0 with and without added NaCl (Fig. 6B and D; P < 0.04).  The Δhfq mutant MG1406 

grew slower than the wild-type strain in all conditions tested, and had a significant 

difference in the OD600 readings at 6-8 h (Fig. 6A to D; P < 0.04).  When the Δhfq mutant 

was grown in pH 7.0 with and without added NaCl, the OD600 reading was significantly 

lower when compared to wild-type at 12 h as well (Fig. 6B and D; P < 0.01). 
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FIG 6 Growth curves of E. coli K-12 strains DJ480 (wild-type, blue line), MG1001 (ΔomrA, orange line), MG1002 (ΔomrB, gray 

line), MG1398 (ΔomrAB, green line), and MG1406 (Δhfq, red line) in (A) pH 5.5 LB, (B) pH 7.0 LB, (C) pH 5.5 LB + 400 mM NaCl, 

and (D) pH 7.0 LB + 400 mM NaCl. 
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Both omrA/B and hfq Deletions Affect fim Transcription in Strains Grown under 

Different pH and Osmolality Conditions 

Microarray data from Guillier and Gottesman suggest that OmrA and OmrB may 

regulate fimA transcription (141).  To determine if the loss of omrA, omrB, omrAB and 

hfq had an effect on type 1 pili expression; β-galactosidase activity assays were done to 

measure the transcription of fimA, fimB, and fimE, using lacZYA fusions on single copy 

number plasmids.  Wild-type, ΔomrA, ΔomrB, ΔomrAB, and Δhfq E. coli K-12 strains 

containing a fimA, fimB, or fimE promoter fused to lacZYA on single copy number 

plasmids were grown to logarithmic (OD600 = 0.4-0.6) and stationary phase in pH 5.5 and 

7.0 LB with or without added 400 mM NaCl and tested for β-galactosidase activity.   

Growth of the omrA mutant in pH 5.5 LB led to a statistically significant 

increase in fimA transcription compared to the wild-type during logarithmic growth (P < 

0.03), but not at stationary growth (P < 0.61) (Fig. 7).  No increase in fimA transcription 

was detected between the omrA mutant and the wild-type strain for all other conditions 

tested.  The increase in fimA transcription by the ΔomrA mutant at logarithmic growth in 

pH 5.5 LB is questionable as no significant difference in fimA transcription was observed 

between ΔomrB and ΔomrAB mutant strains versus wild-type in all growth conditions 

tested (Fig. 7).  The lack of change in fimA transcription between the ΔomrAB mutant and 

the wild-type strain suggests that OmrA and OmrB does not directly affect fimA 

transcription.  The Δhfq strain showed no significant difference in fimA transcription 

compared to the wild-type when grown in LB at pH 5.5, 7.0, and 7.0 + NaCl media (P < 

0.11, P < 0.60, and P < 0.67 at logarithmic growth, respectively; P < 0.13, P < 0.22, and P 

< 0.13 at stationary growth, respectively). 
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FIG 7 β-galactosidase activity for fimA transcription in pH 5.5 or 7.0 LB ± 400 mM 

NaCl.  Effects of pH and osmolality on fimA expression in DJ480 (wild-type, white bar), 

MG1001 (ΔomrA, back-hatched bar), MG1002 (ΔomrB, forward-hatched bar), MG1398 

(ΔomrAB, black bar), and MG1406 (Δhfq, gray bar) as determined with a lacZYA 

transcriptional fusion.  The β-galactosidase activity (expressed in Miller units) was 

determined after 5 min; means ± standard deviations of at least three separate runs are 

indicated for (A) logarithmic phase and (B) stationary phase.  Asterisks indicate 

statistically significant differences at P ≤ 0.05 (*). 

 

0

500

1000

1500

2000

2500

3000

3500

LB pH 5.5 LB pH 7.0 LB pH 5.5 + NaCl LB pH 7.0 + NaCl

β
-g

al
ac

to
si

d
as

e 
A

ct
iv

it
y 

(M
ill

er
)

Growth Condition

A.

DJ480 MG1001 MG1002 MG1398 MG1406

0

100

200

300

400

500

600

700

800

900

1000

LB pH 5.5 LB pH 7.0 LB pH 5.5 + NaCl LB pH 7.0 + NaCl

β
-g

al
ac

to
si

d
as

e 
A

ct
iv

it
y 

(M
ill

er
)

Growth Condition

B.

DJ480 MG1001 MG1002 MG1398 MG1406

* 

* 

* 



 

32 

 

Although OmrA and OmrB have no direct effect on fimA transcription, the loss of 

both sRNAs in strain MG1398 (ΔomrAB) significantly increased fimB transcription 

compared to wild-type when grown in pH 5.5 LB + NaCl medium (Fig. 8).  Strains 

MG1001 (ΔomrA) and MG1002 (ΔomrB) had no significant difference in fimB 

transcription compared to wild-type in all growth conditions tested (Fig. 8).  Strain 

MG1406 (hfq) grown to stationary phase demonstrated 1.4-to 1.5-fold higher fimB 

transcription compared to the wild-type strain under all growth conditions, but the 

differences were only significant for growth in pH 5.5 LB + NaCl and pH 7.0 LB media.  

When the hfq mutant strain was examined at logarithmic phase, fimB transcription 

increased significantly when grown in pH 5.5, pH 7.0, and pH 7.0 + NaCl LB, but not in 

pH 5.5 LB + NaCl.  No difference in fimE transcription was seen for the ΔomrA and 

ΔomrB strains when compared to the wild-type strain in all of the media tested (Fig. 9).  

The lack of changes in fim transcription for the ΔomrA and ΔomrB single mutants support 

the idea that OmrA and OmrB have functional redundancy.  Although the single omrA 

and omrB mutants did not demonstrate differences in fim gene transcription, the ΔomrAB 

double mutant transcribed significantly more fimE than wild-type under all growth 

conditions tested except when grown in pH 7.0 LB.  The difference in fimE transcription 

was greatest in pH 5.5 LB + NaCl medium. The Δhfq mutant displayed a significant 

increase in fimE transcription compared to wild-type in all growth conditions tested.  

Under all growth conditions tested, the ΔomrAB and Δhfq mutants consistently had a 

higher fold change in fimE transcription than fimB transcription, changing the ratio of 

FimB to FimE to favor FimE. 
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FIG 8 β-galactosidase activity for fimB transcription in pH 5.5 or 7.0 LB ± 400 mM 

NaCl.  Effects of pH and osmolality on fimB expression in DJ480 (wild-type, white bar), 

MG1001 (ΔomrA, back-hatched bar), MG1002 (ΔomrB, forward-hatched bar), MG1398 

(ΔomrAB, black bar), and MG1406 (Δhfq, gray bar) as determined with a lacZYA 

transcriptional fusion.  The β-galactosidase activity (expressed in Miller units) was 

determined after 5 min; means ± standard deviations of at least three separate runs are 

indicated for (A) logarithmic phase and (B) stationary phase.  Asterisks indicate 

statistically significant differences at P ≤ 0.05 (*) or P ≤ 0.01 (**). 
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FIG 9 β-galactosidase activity for fimE transcription in pH 5.5 or 7.0 LB ± 400 mM 

NaCl.  Effects of pH and osmolality on fimE expression in DJ480 (wild-type, white bar), 

MG1001 (ΔomrA, back-hatched bar), MG1002 (ΔomrB, forward-hatched bar), MG1398 

(ΔomrAB, black bar), and MG1406 (Δhfq, gray bar) as determined with a lacZYA 

transcriptional fusion.  The β-galactosidase activity (expressed in Miller units) was 

determined after 5 min; means ± standard deviations of at least three separate runs are 

indicated for (A) logarithmic phase and (B) stationary phase.  Asterisks indicate 

statistically significant differences at P ≤ 0.05 (*) or P ≤ 0.01 (**). 
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The Orientation of the fimS Element Switches to Favor the Phase-OFF Orientation 

in an omrAB Mutant Grown under High Osmolality Media 

To see if the omrAB mutation affected fimS positioning, chromosomal DNA from 

NU149, NU149 ΔomrAB, and NU149 ΔomrAB pCG1-4 grown in pH 5.5 or 7.0 LB with 

or without NaCl were used in a multiplex PCR.  No differences in the orientation of the 

fimS element were detected between the NU149 ΔomrAB mutant (AB) and wild-type 

(WT) when grown to stationary phase in pH 5.5 and pH 7.0 media (Fig. 10).  In pH 7.0 + 

NaCl, the fimS element was in the Phase-OFF position twice as much in the ΔomrAB 

mutant compared to wild-type, and half as much in the Phase-ON position.  In pH 5.5 + 

NaCl, the fimS element in the ΔomrAB mutant favored the Phase-OFF orientation four 

times as much and had four times less fimS in the Phase-ON position versus wild-type.  

Complementation of the ΔomrAB mutant with pCG1-4 reverted orientation of the fimS 

element back to wild-type levels.  
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FIG 10 Orientation of the fimS element in E. coli NU149, NU149 omrAB, and NU149 

omrAB/pCG1-4 strains when grown in LB pH 5.5 or 7.0 with or without added 400 mM 

NaCl.  Multiplex PCRs were set up with INV and FIMA primers to amplify Phase-ON 

oriented DNA (ON, 450-bp product), FIME and INV to amplify Phase-OFF oriented 

DNA (OFF, 750-bp product), and EcFtsZ1 and EcFtsZ2 primers to amplify the ftsZ 

reference gene (302-bp product).  Each multiplex was run at least three times.  The PCR 

products of NU149 wild-type (WT), NU149 ΔomrAB (AB), and NU149 ΔomrAB/pCG1-

4 (C) were loaded onto a 1.5% agarose gel. 

 

High Osmolality Growth Conditions Diminish Type 1 Pili Expression in an omrAB 

Mutant 

 To ascertain if differences in fim gene transcription observed from the β-

galactosidase assays and fimS orientation from the multiplex PCR corresponded to 

differences in type 1 pili surface expression, strains NU149, NU149 ΔomrAB, and NU149 

ΔomrAB/pCG1-4 were grown in pH 5.5 or 7.0 LB with or without NaCl and tested for 

their ability to agglutinate GPRBCs.  Wild-type NU149 grown in pH 7.0 medium had the 

highest level of type 1 pili expression (Table 3).  Growth in low pH or high salt media 

reduced type 1 pili expression on NU149.  The ΔomrAB double mutant grown under low 

salt conditions exhibited HA titers that were the same as wild-type.  However, when the 

ΔomrAB mutant was grown in pH 5.5 or pH 7.0 LB with added NaCl, the HA titers 
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dropped 4-fold and 2-fold compared to the wild-type, respectively.   Complementation of 

the ΔomrAB mutant with pCG 1-4 restored HA titers to wild-type levels in all growth 

media tested. 

TABLE 3 Hemagglutination titers for UPEC strains NU149, NU149 ΔomrAB, and 

NU149 ΔomrAB/pCG1-4. 

 HA titer 

Strain pH 5.5 pH 5.5+b pH 7.0 pH 7.0+ 

NU149 256a 16 512 128 

NU149 ΔomrAB 256 4 512 64 

NU149 ΔomrAB/pCG1-4 256 16 512 128 
a HA titers were reported as the average of at least three separate runs. 
b Addition of 400 mM NaCl 

 

An omrAB Deletion Attenuates Survival of a UPEC Strain in Murine Urinary 

Tracts 

 

 Reduced type 1 pili expression by NU149 ΔomrAB under high salt conditions 

may impact its ability to attach to the bladder epithelium.  To determine if the fitness of 

the omrAB mutant in the murine urinary tract was affected, strains NU149, NU149 

ΔomrAB, and NU149 ΔomrAB/pCG1-4 were transurethrally injected into female Swiss 

Webster mice and monitored over a five-day period.  At 1 day post-inoculation, the 

NU149 ΔomrAB strain in the murine bladders dropped to a median bacterial count that 

was nearly equal to the wild-type strain (P < 0.41) (Fig. 11A).  The complemented 

ΔomrAB strain had a bacterial count that was two logs lower than the wild-type strain, 

although the reduction in bacterial load was not significant (P < 0.20).  In the infected 

murine kidneys at 1 day post-inoculation, the NU149 ΔomrAB mutant strain had a four 

log lower bacterial count compared to wild-type (Fig. 11B), but this marked difference 

was not significant (P < 0.13).  The complemented ΔomrAB strain had a six log lower  
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FIG 11 Independent challenges of female Swiss Webster mice with E. coli strain NU149 

(•), NU149 ΔomrAB (○), and a complemented mutant strain NU149 ΔomrAB/pCG1-4 

(▲).  Bacterial counts are shown for (A) the bladder 1 day post-inoculation; (B) the 

kidney, 1 day post-inoculation; (C) the bladder, 3 days post-inoculation; (D) the kidney, 3 

days post-inoculation; (E) the bladder, 5 days post-inoculation; and (F) the kidney, 5 days 

post-inoculation.  Each data point represents the CFU/ml for one mouse.  The numbers in 

parentheses next to a data point indicate more than one data point with the same value.   

Horizontal bars represent the median values of the bacterial concentration of the 

population.  Asterisks indicate statistically significant differences at P ≤ 0.05 (*) or P ≤ 

0.01 (**). 
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bacterial count than wild-type, however, this reduction in bacterial numbers was also not 

significant (P < 0.08).   

At 3 days post-inoculation, the NU149 ΔomrAB bacterial count in the murine 

bladders was three logs significantly lower than the wild-type (P < 0.02) (Fig. 11C).  The 

NU149 ΔomrAB complemented strain had a significant five log lower median bacterial 

count compared to wild-type (P < 0.001).  In the murine kidneys, NU149 ΔomrAB had a 

two log lower median bacterial count than wild-type (P < 0.001) (Fig. 11D).  The 

complemented omrAB strain had a four log reduction in the bacterial count versus the 

wild-type strain (P < 0.0001).   

By 5 days post-inoculation, the bacterial counts in the murine bladders for wild-

type increased back to 1 day post-inoculation levels.  The omrAB mutant strains 

displayed results that were similar to those noted at 3 days post-infection, whereas the 

complemented omrAB strain bacterial number dropped even further.  In the murine 

bladders, the mutant NU149 ΔomrAB had a four log lower median day 5 bacterial count 

than wild-type NU149 (Fig. 11E), but the lower bacterial number was not significant (P < 

0.1).  The complemented ΔomrAB strain displayed a significantly lower median bacterial 

count than the wild-type strain (P < 0.002).  In the murine kidneys, the median bacterial 

count of NU149 ΔomrAB on day 5 post-inoculation was significantly three logs less than 

wild-type (P < 0.04) (Fig. 11F).  The complemented omrAB strain had a median 

bacterial count of 0 CFU/ml, which was significantly less than wild-type count after 5 

days post-inoculation (P < 0.002).  No significant differences in wild-type bacterial 

counts were seen across the five day period in both the bladder and the kidneys (P < 0.62 

and P < 0.1, respectively).  In contrast, both the ΔomrAB mutant and the complemented 
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strain had significantly reduced bacterial counts in both tissues across the five day period 

(in the bladder P < 0.01 and P < 0.02 and kidneys P < 0.001 and P < 0.02, respectively).  

Our data suggest that OmrA and OmrB are needed by UPEC to survive over time in the 

murine urinary tract. 
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DISCUSSION 

The main objective of this study was to determine the roles of OmrA and OmrB 

on type 1 pili expression and on in vivo survival of UPEC in a murine urinary tract.  This 

study has demonstrated that the OmrA and OmrB sRNAs repressed fimB and fimE 

transcription under low pH and high osmolality conditions, altered the fimS element 

positioning, and affected the surface expression of type 1 pili on UPEC cells.  Whether 

OmrA and OmrB directly bind and repress fim transcription or regulate fim expression 

through the binding of other regulatory genes such as ompR has not been determined.  

Taken together, it suggests that when UPEC enters the urinary tract, the low pH and high 

osmolality triggers ompR post-transcriptional changes that lead to more OmpR protein.  

An elevated OmpR concentration may repress fimB transcription and activate omrA and 

omrB transcription (93, 141).  The two-fold and three-fold increase in fimB and fimE 

transcription, respectively, in the ΔomrAB mutant suggest a greater repression of fimE 

transcription by OmrA and OmrB in the wild-type strain that favors FimB.  FimB will 

also increase with reduction of OmpR and derepression of fimB transcription.  Since the 

ratio of FimB to FimE favors FimB, the fimS element switches to the Phase-ON 

orientation, leading to greater type 1 pili expression and attachment to the bladder 

epithelium (Fig. 12).  However, transcription of fimA is also being repressed by other 

Hfq-dependent sRNA(s) and site-specific recombinases.  Overexpression of OmrA and 
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OmrB in the complemented ΔomrAB mutant did not result in increased type 1 pili 

expression, as indicated by fimS orientation and HA titers. 

 

 

 

FIG 12 Proposed mechanism of OmrA and OmrB on type 1 pili expression in E. coli 

under high osmolality conditions. 

 

The type 1 pilus is an essential virulence factor needed for UPEC attachment to 

the bladder epithelium (16, 18, 19).  Expression of type 1 pili undergoes phase variation, 

turning on (piliated) or off (non-piliated) through the switching of the fimS invertible 

DNA element in response to changes in the environment (43).  The orientation of fimS is 

largely regulated by the ratio of FimB (which switches fimS in both orientations) to FimE 

(which switches fimS to the Phase-OFF position) (45, 49).  Various proteins can regulate 

type 1 pili expression by directly changing the orientation of fimS, or by regulating 

expression of fimB and fimE.  One of these proteins is OmpR, is known to bind to the 

second fimB promoter and repress fimB transcription, which may contribute to the loss of 
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type 1 pili expression in E. coli grown in a low pH/high osmolality environment (93).  

This study detected no increase in ompR transcription, but did show an increase in OmpR 

protein under low pH/high osmolality conditions.  OmpR activates transcription of the 

small regulatory RNA genes omrA and omrB whose gene products may regulate E. coli 

surface protein expression (141, 156, 157).  In turn, OmrA and OmrB can suppress the 

transcription of ompR, which could explain the why ompR transcription under low 

osmolality does not increase (138, 141). 

 Initially, the effects of OmrA, OmrB, and their chaperone Hfq on fim gene 

transcription were assessed using ΔomrA, ΔomrB, ΔomrAB, and Δhfq mutants in an E. 

coli K-12 background.  These strains were transformed with single copy number 

plasmids containing the promoter for fimA, fimB, or fimE fused to lacZYA.  For fimA 

transcription, the hfq mutant was the only strain showing a significant difference 

compared to wild-type, and only when the bacteria were grown in a low pH/high 

osmolality environment.  These results suggest that OmrA and OmrB have no direct 

regulatory effects on fimA transcription.  Since the loss of Hfq did have a significant 

increase on fimA transcription in pH 5.5 + NaCl medium, it is likely that another sRNA 

regulates fimA under this condition.  Hfq is required by more than 20 different sRNAs, 

including DsrA and RprA, which stimulates rpoS, a sigma factor that may suppress fimA 

transcription (143, 150). 

For stationary phase cultures, the Δhfq mutant was the only mutant that had a 

significant effect on fimA transcription.  Although fimA transcription increased slightly 

(1.2- to 1.3-fold) in pH 5.5, 7.0, and 7.0 + NaCl LB growth media, it was insignificant 

and likely due to a lower OD600 reading (Fig. 6).  A previous study has shown that 
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transcription of fimA was highest at pH 7.0 with low osmolality (92).  In this study, the 

logarithmic phase pH 7.0 without NaCl culture also had the highest fimA transcription 

level.  However, the stationary phase pH 7.0 without NaCl culture had the second lowest 

level of fimA transcription.  There are several explanations for the difference in fimA 

transcription during logarithmic and stationary phase.  Previous studies using β-

galactosidase assays to measure fimA transcription have shown that β-galactosidase 

activity for fimA increases during logarithmic phase and decreases as E. coli enters 

stationary phase (80, 89), which is consistent with our findings.  However, this does not 

explain why fimA transcription decreased more at pH 7.0 in comparison with the other 

three growth conditions.  Several issues with performing β-galactosidase assays with 

stationary growth cultures may explain this decrease.  First, the OD600 exceeded the 

recommended range (0.28-0.70) suggested by Miller (174).  Excess growth leads to more 

β-galactosidase production and β-galactosidase levels exceeding 10% of the available 

ONPG would instantly convert most of the ONPG added to the reaction.  Performing the 

β-galactosidase assay on cultures at different stages of growth should generate more 

accurate readings of fim transcription.  Second, an absorbance reading greater than 1.0 

may be inaccurate in some spectrophotometers, and the OD420 readings for fimA 

transcription were similar for all growth conditions at stationary phase, ranging between 

1.4 and 2.0.  Bacterial growth and subsequently, the OD600 readings were highest at pH 

7.0, resulting in a lower β-galactosidase activity when calculated.  As such, the β-

galactosidase activities at logarithmic phase may be more accurate than those calculated 

at stationary phase. 
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In every growth condition tested, the loss of both OmrA and OmrB increased 

fimE transcription more than fimB transcription, turning fimS to the Phase-OFF position 

and reducing type 1 pili expression.  The loss of OmrA and OmrB had no significant 

effect on fimB transcription for the E. coli grown in pH 5.5, 7.0, and 7.0 + NaCl media.  

Likewise, no difference in fimE transcription was seen in the ΔomrAB mutant grown in 

pH 7.0 medium.  Transcription of omrA and omrB is activated by OmpR in response to 

high osmolality and as such, OmrA and OmrB may have limited activity under neutral 

pH/low osmolality growth conditions (141).  In pH 5.5 and 7.0 LB with added NaCl, 

fimE transcription in the ΔomrAB mutant increased by 1.5- to 1.6-fold during logarithmic 

phase and 2.2- to 2.3-fold at stationary phase, indicating that OmrA and OmrB may 

regulate type 1 pili expression at the transcriptional level by repressing fimB and fimE 

transcription directly in response to changes in pH and osmolality.  The highest increase 

in fimE transcription (3.2- to 3.8-fold) by the ΔomrAB mutant was seen in pH 5.5 LB + 

NaCl.  In low pH and high osmolality, the loss of omrAB also increased fimB 

transcription by 1.7-fold. 

The loss of omrAB or ompR results in more fimB transcripts under low pH/high 

osmolality, suggesting multiple mechanisms within the EnvZ/OmpR pathway in 

regulating type 1 pili (93).  Control of omrA and omrB by OmpR may be another 

mechanism by which OmpR suppresses type 1 pili expression under low pH/high 

osmolality.  Alternatively, OmrA and OmrB may be acting indirectly by regulating ompR 

expression.  Overexpression of OmrA and OmrB reduces ompR transcription (138, 141).  

Therefore, the deletion of omrAB should increase the amount of OmpR, leading to a 

reduction in fimB transcription.  Our β-galactosidase results did not show reduced fimB 
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transcription in the ΔomrAB mutant strain with respect to wild-type, but an increase in 

OmpR could explain why fimB transcription did not increase as much as fimE with the 

loss of OmrA and OmrB.  The effect of OmrA and OmrB on ompR expression requires 

further study, particularly under low pH/high osmolality conditions. 

Under low pH and high osmolality conditions, the ΔomrAB mutant significantly 

increased fimE approximately three-fold and fimB transcription two-fold, orienting the 

fimS element to favor the Phase-OFF position.  Likewise, the two-fold increase in fimE 

and no change in fimB transcription in the ΔomrAB mutant under neutral pH and high 

osmolality would also orient the fimS element to favor the Phase-OFF position.  

Complementation of the ΔomrAB mutant with pCG1-4 restored the orientation of fimS to 

wild-type levels, indicating that the change in fimS orientation was due to the loss of 

OmrA and OmrB.  Although a significant increase in fimE transcription was detected in 

pH 5.5 LB, no difference in fimS orientation was detected in the ΔomrAB mutant under 

this condition.  The fold increase in fimE transcription in pH 5.5 LB was half of that 

detected in pH 5.5 LB + NaCl and may not be sufficient to alter fimS positioning.  Other 

recombinases: such as HbiF, IpbA, and FimX; which are known to switch fimS from 

Phase-OFF to Phase-ON can minimize the effect of increased FimE on fimS orientation. 

The β-galactosidase and fimS orientation results correlated with the HA results 

measuring type 1 pili surface expression.  Wild-type strain NU149 had the highest HA 

titer, Phase-ON fimS element, and fimA transcription when grown in pH 7.0 medium, 

matching the results from a previous study (92).  No differences in fim gene transcription 

and HA titers were observed between the ΔomrAB mutant and wild-type strain when 

grown in pH 7.0 medium.  Growth of the ΔomrAB K-12 mutant in pH 5.5 medium had a 
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2.3-fold increase in fimE transcription at stationary phase compared to wild-type, but no 

difference in HA titers were seen in the UPEC counterparts.  The 2.3-fold increase may 

not be enough to cause a significant change in type 1 pili expression because no 

differences in fimS orientation were seen either.  There are also several recombinases that 

regulate fimA transcription independently of FimE and FimB that may minimize the 

impact of more FimE in the ΔomrAB strain.  In pH 7.0 LB + NaCl, no differences in fimA 

or fimB transcription were detected between the ΔomrAB mutant and the wild-type strain.  

However, NU149 ΔomrAB in pH 7.0 LB + NaCl had a two-fold reduction in the HA 

titers compared to wild-type NU149 and the orientation of fimS changed.  The reduction 

in type 1 pili expression in pH 7.0 LB + NaCl may be attributed to an increase in FimE in 

the ΔomrAB mutant, as strain MG1398 (K-12 ΔomrAB) had a 2.2-fold increase in fimE 

transcription in pH 7.0 + NaCl at stationary phase.  As no similar drop in HA titers and 

change in fimS orientation were seen in pH 5.5 LB despite similar increases in FimE, a 

mechanism independent of FimB and FimE, such as HbiF, IpuA, IpuB, IpbA, or FimX, 

may be responsible for switching the fimS element to the Phase-OFF orientation and 

reducing type 1 pili expression under high salt conditions.  In pH 5.5 LB + NaCl, the 

ΔomrAB K-12 mutant had a 3.2-fold increase in fimE transcription and a 1.7-fold increase 

in fimB transcription compared to wild-type.  A four-fold change in the fimS element to 

the Phase-OFF position and reduction in HA titer in the NU149 ΔomrAB strain under the 

same growth conditions indicate a reduction in type 1 pili production, in part, because the 

ratio of FimB to FimE switches to favor FimE, as a result of the loss of OmrA and OmrB.  

Complementation of the NU149 ΔomrAB strain restored type 1 pili expression to wild-
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type levels, suggesting that the reductions in type 1 pili under high salt conditions were 

due to the loss of OmrA and OmrB alone. 

The reduction in type 1 pili expression by the ΔomrAB mutant in pH 5.5 LB + 

NaCl may impact the strains ability to colonize the urinary tract, which is an environment 

of both low pH and high osmolality.  Swiss Webster mice transurethrally injected with 

NU149, NU149 ΔomrAB, and NU149 ΔomrAB/pCG1-4 showed no difference in bladder 

colonization between wild-type NU149 and the ΔomrAB mutant at 1 day post-

inoculation.  Bladder colonization by NU149 wild-type remained approximately the same 

across the five day infection period, but the NU149 ΔomrAB mutant had a three log drop 

in the viable counts at 3 and 5 days post-inoculation. 

The four log reduction in the median NU149 ΔomrAB viable count in the kidneys 

compared to the viable count for the wild-type strain at 1 day post-inoculation also 

suggests that OmrA and OmrB may affect initial colonization of the kidneys.  By 3 and 5 

days post-inoculation, the ΔomrAB viable counts were significantly lower than the wild-

type strain, indicating that the loss of OmrA and OmrB reduces UPEC colonization and 

survival in both the murine bladder and kidneys.  While the difference in viable counts 

could also be attributed to an overall lack of growth by the mutant strain, no difference in 

growth was detected between the ΔomrAB mutant and wild-type K-12 strain when grown 

in pH 5.5 LB with NaCl. 

Complementation of the mutant strain should restore bacterial counts to wild-type 

levels and indicate that the difference seen was due to the loss of OmrA and OmrB alone.  

However, the complemented ΔomrAB strain results from the infected murine bladders 

and kidneys were unexpected based on the growth curves, fim gene transcription, fimS 
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orientation, and HA titer analyses.  Overexpression of OmrA and OmrB in the 

complemented strain appeared to have caused an even greater reduction in the 

colonization of the murine urinary tract than the loss of OmrA and OmrB.  The 

complemented ΔomrAB strain displayed a two log lower median viable count than the 

ΔomrAB mutant strain in both the murine bladder and kidney at one and three days post-

inoculation.  By 5 days post-inoculation, the complemented strain was almost completely 

cleared from the murine urinary tract.  It is possible that excess production of OmrA and 

OmrB sRNAs in UPEC greatly reduces its ability to survive in the murine urinary tract.  

Overexpression of OmrA and OmrB, reduces other sRNAs from binding to Hfq, 

changing the gene regulation of not only those affected by OmrA and OmrB, but also 

those regulated by other sRNAs that require Hfq (175).  Alternatively, the loss of OmrA 

and OmrB could increase the activity of other Hfq-dependent sRNAs and account for 

some of the changes seen in fim expression.  Clearance of the complemented ΔomrAB 

strain in the murine kidneys suggest that OmrA and OmrB affect other genes in addition 

to type 1 pili.  Overexpression of OmrA and OmrB would reduce ompR expression, 

derepress fimB transcription, and turn on type 1 pili expression (93, 138, 141).  While 

type 1 pili are not necessary to bind to the kidney epithelium, failure to down-regulate 

type 1 pili would inhibit the expression of flagella, P pili, and S pili that are needed to 

ascend and infect the kidneys.  Additionally, FimH, the adhesin of type 1 pili is highly 

immunogenic and recognized by TLR4 receptors on phagocytes (176, 177).  Activation 

of the innate immune system could also explain the clearance of the complemented strain 

by day five.  Further studies are needed to elucidate the virulence factors affected by 

OmrA and OmrB and the mechanism by which they are regulated. 
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Type 1 pili expression in E. coli is regulated by many proteins in response to 

environmental changes.  Fecal E. coli are likely non-piliated as the receptors for type 1 

pili are not present in the colon and the solid surface of stool may signal E. coli to turn 

type 1 pili expression off (167, 173).  When E. coli enters the urinary tract, it expresses 

type 1 pili in response to the pH, osmolality, and other environmental changes.  While 

growth in low pH and high osmolality is not optimal, type 1 pili are necessary to bind to 

the bladder epithelium.  However, in an environment that has few mannose receptors, the 

production of type 1 pili is unwarrented and the loss of type 1 pili through phase variation 

would allow the UPEC cells to avoid clearance by the host immune system.  

Furthermore, repression of fim gene transcription would allow the expression of other 

virulence factors, such as P pili, that may facilitate attachment to kidney epithelial cells.  

Altering the expression of type 1 pili in E. coli using small RNAs or other molecules can 

render it non-pathogenic.  A drug that downregulates virulence factor genes, but does not 

kill the bacteria also has the advantage of preventing antibiotic resistance that has caused 

many conventional antibiotics to become ineffective.  
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