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ABSTRACT 
 
 
Grund, S.M. Effects of the Escherichia coli small regulatory RNAs OmrA and OmrB on 
global transcription following growth in urine. MS in Microbiology, December 2017, 
55pp. (W. Schwan) 
 
Urinary tract infections (UTIs) are common both in the US and worldwide, with 50-60% 
of women developing a UTI during their lifetime. The estimated cost of UTIs in the US is 
3.5 billion dollars yearly. Approximately 70% - 90% of UTIs are caused by 
uropathogenic Escherichia coli (UPEC). UPEC differentially expresses a variety of genes 
to establish and maintain UTI in an osmotically stressful, urine-saturated environment. E. 
coli regulates some stress-related genes with small regulatory RNAs (sRNAs). Two 
sRNAs known to regulate UPEC virulence factors are OmrA and OmrB (OmrAB), which 
are expressed in high osmolarity conditions. To investigate genes regulated by OmrAB in 
UPEC grown in human urine, UPEC strains UTI89 and UTI89 ΔomrAB were grown in 
human urine and subjected to RNA sequencing and qRT-PCR analyses. Genes with 
significantly dysregulated transcript levels in UTI89 ΔomrAB were those involved in 
xylose transport/metabolism (i.e., xylA, xylR) as well as the nhaC and a malY homolog 
hypothetical protein genes, which encode a putative Na+/H+ antiporter and a putative 
cystathionine β-lyase and maltose operon repressor, respectively. To investigate potential 
roles these genes have in UPEC survival in urine, UTI89 strains overexpressing xylR, 
nhaC, or the malY homolog were grown in human urine and compared to the parent 
strain. Overexpression of nhaC and the malY homolog significantly decreased and 
increased UTI89 growth in human urine, respectively. Additionally, overexpression of 
xylR had a minor inhibitory effect on UTI89 growth in human urine. These results 
indicate novel connections between OmrAB and metabolism and potential virulence 
factor genes, which could be useful in furthering the understanding of the UPEC 
transcriptome during a UTI as well as highlighting targets for antibacterial agents. 
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INTRODUCTION 

Significance and epidemiology of urinary tract infections 

Between 50-60% of women will develop a urinary tract infection (UTI) in their 

lifetime (1, 2). UTIs are the primary cause of ambulatory emergency room visits for 

women in the U.S, and account for 0.9% of total ambulatory visits. Further, the estimated 

cost of UTIs in the U.S. is more than 3.5 billion dollars yearly (3). Uropathogenic 

Escherichia coli (UPEC) cause approximately 75% - 90% percent of human UTIs and are 

responsible for the majority of both community-acquired and healthcare-associated UTIs 

(4).  

Human urinary tract anatomy and physiology 

UPEC infections can occur in both the upper and lower urinary tract, and are 

called pyelonephritis and cystitis/urethritis, respectively. These environments are 

physiologically and anatomically distinct. The upper urinary tract is composed of the 

kidneys and ureters. Kidneys are responsible for filtering blood; absorbing various 

nutrients; regulating pH, fluids, and electrolytes; and producing urine (5). Ureters are 

muscular tubes that transfer urine to the bladder. In bladder and urethra in both sexes as 

well as the prostate in males form the lower urinary tract. The bladder is a reservoir for 

urine and expels it into the urethra, which leads outside the body (6). Additionally, the 

bladder is the primary site of infection for uropathogens, as about 95% of UTIs occur 

there (7). Uroepithelial cells line the inner surface of the renal pelvis, ureter bladder, and 

upper



  

2 
 

urethra (8). For UPEC to establish itself in this environment, it must attach to 

glycosylated uroepithelial cells using pili and survive and grow within a urinary tract 

saturated with human urine.  

Although urine can support bacterial growth, several of its properties can inhibit 

UTI establishment. For example, urine is generally low in pH, high in osmolality, and 

flows unidirectionally through the urinary tract, all of which can prevent UTI 

establishment (9). Human urine can have a pH range between 4 – 8 with an average of 

pH 6. The specific gravity of human urine ranges from 1.003 – 1.035 with an average of 

1.015 (10). A commonly used and robust model for UTI study is the murine urinary tract, 

which possesses many similarities with the human urinary tract. Murine urine has a pH 

and specific gravity similar to that of human urine (11), uroplankins (i.e., proteins that 

coat uroepithelial cells) are conserved between humans and mice (12), and filamentous 

UPEC cells from human UTI samples were similar to those taken from murine urinary 

tracts (7).  

UPEC metabolism during UTI 

Besides pH and osmolality, other UPEC-inhibiting factors of human bladder urine 

are iron scarcity, moderate oxygenation, and solubilized compounds (13). More than 

2,000 different compounds (e.g., urea, salts, proteins, amino acids, oligosaccharides) can 

be found in human urine that UPEC must utilize or tolerate (14). Normal human urine has 

Tamm-Horsfall glycoproteins, which inhibit the establishment of a UTI by binding the 

adhesins of type 1 pili and preventing their attachment to epithelial cells (15). 

Conversely, small peptides and amino acids are the primary carbon sources for UPEC 
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during UTI and are relatively abundant in human bladder urine (13, Figure 1). UPEC 

employs  

         

FIG 1 UPEC strategies for survival in human urine. 

 

oligo-peptide and di-peptide binding proteins DppA and OppA, respectively, to import 

these peptides during UTI, while some amino acids (specifically histidine, serine, 

arginine, and branched-chain amino acids) are brought into bacterial cells using various 

permease importers (16). Both DppA and OppA proteins are highly expressed in UPEC 

grown in urine in vitro.  

After peptides and amino acids are imported by their respective transporters, they 

are broken down into oxaloacetate and pyruvate, which are utilized in gluconeogenesis 

and the TCA cycle, respectively. These two pathways are critical for UPEC fitness during 

a UTI; however, mutational studies have shown that the disruptions of the pentose 

phosphate pathway, Entner-Douderhoff pathway, and glycolysis have no detected effect 

on fitness (13). Although peptides and individual amino acids are the primary carbon 

source for UPEC, the pentose sugars xylose and arabinose may also be utilized. One 
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study determined that genes involved in their catabolism are differentially upregulated in 

urine as compared to iron-limited Luria-Burtani (LB) medium (16). 

Xylose metabolism and operon expression in UPEC 

The pentose sugar xylose is transported and metabolized by the xyl regulon, 

which includes 2 xyl operons containing genes involved in xylose transport (xylFGH) and 

xylose metabolism (xylAB) as well as a xyl operon transcriptional activator (xylR, Figure 

2). XylR binds upstream of the xylAB and xylFGH operon promoters to increase their 

transcription (17). The xylFGH gene products import xylose; specifically, XylF is a 

xylose-binding protein, XylG is an ATP-binding protein, and XylH is a membrane 

transporter.  

 

 

FIG 2 Schematic of the xyl operons. Arrows represent transcriptional start sites. 

 

Several studies have shown that the xyl regulon is important for UPEC survival. 

In one study, the xylFGH operon was upregulated in an asymptomatic bacteriuria strain 

when grown in sterile human urine compared to rich growth media (18). The xylose 

metabolism locus xylAB encodes XylA (xylose isomerase), which naturally converts 

xylose to xylulose but can also convert glucose to fructose (19), and XylB (xylulose 

kinase), which naturally phosphorylates xylulose to create xylulose-5-phosphate but can 

also phosphorylate ribose to create ribulose-5-phosphate (20). Transcription of xylA was 
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also upregulated 2- to 5-fold in UPEC strain CFT073 when grown in sterile human urine 

compared to rich growth media (16). Surprisingly, a CFT073 ΔxylA mutant outcompeted 

the wild-type strain during infection of mouse bladders and kidneys (~60-fold and ~4-

fold more mutant cells than wild-type at 48 hours post-innoculation, respectively), 

although these results were not statistically significant (Wilcoxon matched pairs test P 

values = 0.0625 and 0.0649, respectively; 16). Moreover, xylA transcription was also 

shown to be downregulated by the two-component regulatory system (TCS) KguR/KguS, 

which is involved in nutrient acquisition in UPEC strain CFT073 and activated during 

conditions of low oxygen concentration and high α-ketoglutarate concentration (21).  

Collectively, these studies indicate that xylose transport and metabolism genes 

may be important to UPEC survival during a UTI. This is plausible, as xylose is found in 

urine in concentrations comparable to those of individual amino acids that are utilized by 

UPEC during a UTI (e.g., L-serine; mean ~0.3 mM, range 0.04 mM – 1.5 mM) (22), 

although sugars are less important to UPEC metabolism in urine than amino acids and 

peptides (13). 

Two-component system regulation in UTI establishment 

Although nutrient acquisition is an important facet of UTI establishment, UPEC 

must also tolerate variable and adverse conditions to survive within the human urinary 

tract. To do this, UPEC employ a variety of TCSs (21). Bacterial TCSs are signal 

transduction mechanisms that allow cells to respond to environmental stimuli. While 

functionally diverse, each TCS is composed of two components: a sensor kinase, which 

senses a stimulus and transmits a signal, and a response regulator, which receives the 

signal and acts upon its target(s). One TCS important for UPEC survival in the urinary 
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tract is EnvZ/OmpR, which responds to osmotic stress conditions like those found in 

human urine. EnvZ, the transmembrane histidine kinase, detects osmotic signals and 

autophosphorylates itself at histidine 243 (23). This phosphate is then transferred to 

aspartate 55 of the response regulatory protein OmpR (24), which acts as a transcriptional 

regulator of target genes. While the specific signal that activates EnvZ is still unknown, 

different osmolality signals are known to modulate the activity of EnvZ and OmpR (25). 

Therefore, regulation of OmpR targets, such as the ompC and ompF porin protein genes, 

is dependent upon osmolality. 

In addition to osmoregulatory functions, OmpR has been shown to regulate genes 

involved in type 1 pilus synthesis (26, 27), flagella and curli synthesis (28), pH 

homeostasis, acid response, and biofilm development (29). Moreover, a UPEC ΔompR 

strain exhibited significantly decreased survival in the murine urinary tract compared to 

the wild-type strain (26). Transcription of ompR was not affected by pH or osmolarity 

(27). This lack of transcriptional variation is in part due to the promoter sequence of 

ompB, the bicistronic ompR/envZ operon (29, 30). Nucleotide differences between the 

Salmonella typhimurium and E. coli ompB promoter sequences lead to increased 

envZ/ompR expression in the former and decreased expression in the latter. Because 

OmpR protein levels were elevated in low pH and high osmolality conditions while 

ompR mRNA levels were not, post-transcriptional regulation must be taking place (27), 

possibly through the involvement of small regulatory RNAs (sRNAs). 

Small regulatory RNAs and virulence 

sRNAs are noncoding RNAs that transcriptionally or post-transcriptionally 

regulate target genes or modify protein function (e.g., RNA polymerase holoenzyme; 31). 
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The mRNA-targeting sRNAs range in length from 50-500 nucleotides (32) and are 

categorized into three mechanistically distinct groups. True antisense sRNAs, or cis-

encoded sRNAs, are reverse complements of their targets that generally repress 

translation through ribosomal binding site (RBS) blockage or inhibit transcription 

through base pairing with their target (33). Indeed, these sRNAs can pair completely or 

incompletely with their target mRNAs, and can be co-transcribed with them from the 

same locus or transcribed separately from a nearby position. Proteins translated from 

antisense sRNA-targeted mRNAs can be toxic to cells at high concentrations; in such 

cases, true antisense sRNAs aid in maintaining appropriate cellular concentrations of 

these proteins.  

The second and better-known class of sRNAs, titled limited complementarity or 

trans-encoded sRNAs, have shorter stretches of reverse complementarity with their 

targets. Trans-encoded sRNAs of enteric bacteria almost always require the chaperone 

Hfq to mediate pairing with target mRNAs (32). Hfq is a 67 kDa homohexamer with 

three distinct faces: proximal, distal, and lateral (34). The proximal face binds the poly-

uridine tails of sRNAs, while the distal face has a strong affinity for ARN motifs of target 

mRNAs (where R is a purine and N is any nucleotide). The lateral face contains arginine 

residues involved in sRNA binding and is required for normal functioning of Hfq (34). 

Pairing of RNA molecules can have one of two results: increased translational activation 

(e.g., by putting the transcript in a conformation conducive to ribosomal binding) or 

translational inhibition (e.g., by ribosome-binding site blocking and/or degradation; 32). 

The trans-encoded sRNAs that promote degradation of their targets do so by recruiting 

the degradosome, a complex of proteins including the ribonuclease RNase E. Like cis-
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encoded sRNAs, this group of sRNAs generally pairs with the 5’ region of its targets. 

Additionally, cis-encoded and trans-encoded sRNAs are stoichiometric, meaning that one 

sRNA molecule regulates a single target mRNA and is degraded with it (31).  

The third group of mRNA-targeting sRNAs is Hfq-independent trans-encoded 

sRNAs. sRNAs of this type are generally seen in non-enteric bacteria, such as the Gram-

positive species Bacillus subtilis and Staphylococcus aureus (31). These sRNAs affect 

their targets similarly Hfq-dependent sRNAs, but they do not associate wth Hfq. 

Bacterial sRNAs have been implicated in a wide variety of cellular activities, such 

as quorum sensing, environmental adaptation, and plasmid replication (34). Additionally, 

some bacterial sRNAs are involved in virulence within a variety of genera, such as Vibrio 

(Quorum sensing), Erwinia (biofilm formation), Shigella (acid resistance), and Klebsiella 

(biofilm formation, 35-37). Various E. coli sRNAs (e.g., RyhB, RfaH, MicA, and RybB) 

have also been implicated in virulence. RyhB regulates iron storage control by post-

transcriptionally inhibiting non-essential iron-using proteins (38). Since the urinary tract 

is iron-poor, RyhB is important for UPEC virulence, indicated by a ΔryhB mutant strain 

exhibiting significantly reduced fitness in the murine urinary tract relative to the wild-

type strain (37). MicA regulates the TCS PhoP/PhoQ to affect translation of outer 

membrane proteins (OMPs) OmpA and LamB (39). MicA has also been shown to 

promote E. coli motility (40) and to post-transcriptionally repress fimB, a phase-variation 

recombinase that promotes type 1 piliation. RfaH, a transcriptional inhibitor and 

translational activator, indirectly represses MicA and potentially activates unknown 

inhibitory transcription factors to result in an overall increase in fimB expression (38). 
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The sRNA RybB inhibits translation of OmpA (41), which is involved in adhesion, 

biofilm formation, and transport, as well as translation the OmpC porin protein (42).  

Most Hfq-dependent sRNAs are expressed under stress conditions like high 

osmolality and nutrient starvation (31, 32). Since both conditions are encountered in the 

human urinary tract, the OmrA and OmrB (OmrAB) sRNAs appear to be likely 

contributors to survival in that environment, as they regulate and are induced by the 

osmoregulator OmpR (29). 

OmrAB and UPEC virulence 

OmrAB are redundant trans-encoded sRNAs that both inhibit and activate 

translation of target mRNAs in E. coli (Figure 3, 43). A microarray analysis of mRNA 

levels showed OmrAB are involved in the osmotic stress response by regulating the 

production of outer-membrane proteins such as the OmpT protease, CirA (a siderophore 

receptor), and EnvZ/OmpR. EnvZ/OmpR activation promotes transcription of omrAB 

while OmrAB post-transcriptionally inhibit EnvZ/OmpR expression, forming a negative 

feedback loop (29, 43). It has been shown that under acidic conditions, OmpR protein 

levels increase while transcript levels remain the same, indicating that OmrAB may 

increase OmpR levels by increasing ompR mRNA accessibility to ribosomes (27). 

Recently, OmrAB levels were shown to be quite sensitive to total levels of OmpR, unlike 

other robust OmpR targets such as ompC and ompF that are only sensitive to 

phosphorylated OmpR (OmpR-P, 29). Furthermore, OmrAB were shown to alter total 

OmpR levels, while OmpR-P levels remained relatively constant. This provides a 

mechanism by which OmrAB may regulate a subset of genes affected by OmpR (i.e., by 

regulating the OmpR targets affected by total OmpR and not OmpR-P). An important 
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subset of genes that are affected by OmrAB, likely through OmpR, is the fim operon (43). 

This operon contains the fimA-H genes, which control type 1 piliation in UPEC (44). 

 

FIG 3 Targets of OmrA & OmrB relevant to survival of UPEC during a UTI. Black lines 
indicate upregulation of the target, and grey lines indicate repression of the target. The 
dotted grey line indicates indirect repression of the target. 
 
 

In addition to EnvZ/OmpR, OmrAB have also been shown to regulate expression 

of a number of factors involved in UPEC virulence. For example, OmrAB inhibit motility 

by repressing translation of the flhDC mRNA, which encodes a master regulator of 

flagella synthesis (40). OmrAB also inhibit synthesis of curli proteins, which contribute 

to virulence through biofilm formation and adhesion (45). OmrAB do this by pairing with 

a secondary structure in the 5’-UTR of the csgD mRNA, which encodes a transcriptional 

activator of the curli component-producing csgBA operon, and inhibiting its expression 

(46). OmrAB can also inhibit csgD transcription indirectly by regulating levels of OmpR 
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and YdaM, a csgD transcriptional activator (47). By regulating flagella and curli 

synthesis, OmrAB may be allowing cells to focus activity on preservative measures 

during situations of osmotic stress.  

Because OmrAB have been shown to affect expression of genes related to UPEC 

virulence, it is desirable to investigate other potential roles they may have in virulence. 

To assess the broad role of OmrAB on UPEC pathways, a double deletion ΔomrAB 

mutant was made in strain NU149. This NU149 ΔomrAB strain exhibited reduced fitness 

in the murine urinary tract relative to the wild-type strain (48). Additionally, several fim 

genes were shown to be dysregulated in NU149 ΔomrAB compared to the wild-type 

strain. These data indicate that OmrAB are important to UPEC in vivo and, more 

specifically, that genes regulated by OmrAB aid UPEC in causing a UTI. Although 

OmrAB-regulated genes involved in virulence have been discovered, there are likely 

other genes with undiscovered relationships to OmrAB that are dysregulated in an 

ΔomrAB mutant. Some of these genes may encode proteins in the Na+/H+ antiporter 

superfamily, as one study’s microarray results showed the Na+/H+ antiporter gene nhaB 

was downregulated by OmrAB (43). 

Na+/H+ antiporters in bacterial virulence 

 In general, Na+/H+ antiporters are involved in pH and osmolarity tolerance (49). 

Although utilized by neutrophilic bacteria, they are important to survival in alkaline 

environments, such as seawater. In acidic environments (i.e., below pH 6.5), some 

Na+/H+ antiporters, such as NhaA, are inactive. However, NhaA is required for full 

virulence of CFT073 during septicemia in mice, despite many microenvironments within 

hosts being acidic during sepsis (50). In addition to pH regulation, Na+/H+ antiporters can 
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also be used to regulate osmolarity in pathogens. For example, Vibrio cholerae has at 

least seven Na+/H+ antiporters that contribute to its survival in high osmolarity 

environments (49). 

Besides regulating cellular homeostasis, Na+/H+ antiporters can also be used to 

facilitate the transport of molecules through the plasma membrane. For example, some 

Na+/H+ antiporters are involved in drug efflux, while others can transport metabolites 

such as malate and lactate in and out of cells (49). Interestingly, a protein with both 

amino acid synthesis and sugar metabolism regulation activity, MalY, may be another 

UPEC virulence factor. 

Cystathionine β-lyase and maltose metabolism in UPEC virulence 

 As previously mentioned, amino acids and peptides are the main carbon source 

for UPEC in the urinary tract (13). It has been shown that serine deaminase, which is 

involved in amino acid metabolism, is important to UPEC growth in urine and in vivo 

(16). Likewise, cystathionine β-lyase, which interconverts cystathionine and 

homocysteine and is involved in methionine and cysteine metabolism, has been 

implicated in the virulence of Salmonella and E. coli. Indeed, a Salmonella enterica 

serovar Typhimurium mutant possessing an inactive metC (i.e., the cystathionine β-lyase 

gene) was attenuated during infection of mouse livers and spleens (51), and Salmonella 

enterica serovar Gallinarum metC mutants exhibited significantly inhibited growth in 

day-old chickens (52). Similarly, a pathogenic avian E. coli strain with a metC homolog 

deletion showed reduced fitness relative to the wild-type strain during infection of lungs, 

livers, and spleens of chickens (53). Additionally, a gene likely homologous to malY, 

which encodes a protein with both cystathionine β-lyase and mal regulon repressor 
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activities, is present on the metV pathogenicity island in UPEC strain CFT073 (54). 

Deletion of the metV pathogenicity island resulted in an attenuated mutant in a mouse 

model relative to the wild-type strain, although other genes were also contained within 

this region. 

 Other genes present on the metV pathogenicity island include pafP and pafR. The 

pafP gene encodes a protein that exhibits similarity to the glucose/maltose 

phosphotransferase system permease malX. Immediately downstream of pafP is pafR, 

which encodes a transcriptional antiterminator that causes downregulation of the maltose 

transport and metabolism (mal) regulon and regulates other genes (55). It was shown that 

CFT073 ΔpafPR, ΔpafP, and ΔpafR deletion mutants were each outcompeted by the 

parent strain in urine, bladder, and kidneys during coinfection of mice. Additionally, 

there is evidence that connects outer membrane maltoporins to cytopathicity in 

enteropathogenic E. coli (56), growth of Group A Streptococcus in saliva to maltose 

metabolism (57), and virulence factor production with maltose metabolism in V. cholerae 

(58). The presence of the maltose/glucose permease gene malX has shown a strong 

positive correlation with pathogenicity in E. coli (59).  

 Because the mal regulon and cystathionine β-lyase both appear to contribute to 

bacterial virulence in a variety of contexts, a protein that has connections to both 

pathways may prove to also be tied to virulence. The malY gene encodes a protein with 

activity as a cystathionine β-lyase and mal gene repressor and, interestingly, has a 

homolog in strain UTI89. Immediately downstream of that malY homolog is a gene with 

significant homology to the NhaC family of Na+/H+ antiporters. 
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Objectives 

 This study investigated how OmrA and OmrB affect the UPEC transcriptome 

during growth in human urine and whether certain genes with differential expression in a 

UTI89 ΔomrAB mutant contribute to UPEC survival in human urine. We hypothesize that 

OmrAB regulate expression of genes involved in xylose metabolism (xylAB) and 

transport (xylFGH) during UPEC growth in human urine. Additionally, connections of 

the nhaC and malY homolog genes to UPEC growth in human urine were also 

investigated. This project had three main objectives: 

 

1. Determine the transcriptional differences between UTI89 ΔomrAB and the parent 

strain grown in human urine using RNAseq of total RNA extracted from both 

strains.	

2. Confirm the RNAseq results using quantitative real-time polymerase chain 

reaction (qRT-PCR) on RNA populations from UTI89 ΔomrAB and the wild-type 

strain, both grown in human urine.	

3. Overexpress genes of interest dysregulated in the UTI89 ΔomrAB mutant grown 

in urine in the UTI89 background and compare each strain’s ability to grow in 

human urine to that of the parent strain.
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MATERIALS AND METHODS 

Bacterial strains and plasmids 

 The UPEC strain UTI89 used in this study is a clinical isolate (60) that has had its 

genome sequenced and available on the open access database GenBank (Table 1, 61). 

Strain DH5α was used for recombinant plasmid selection and propagation. Plasmid 

pKD46 (Figure 4) contains the genes encoding the λ Red recombinase ligated to an ara 

promoter, which recombines the gene of interest with an antibiotic resistance gene. The 

pKD4 plasmid has a kanamycin resistance (KanR) marker flanked by FRT sites. Plasmid 

pCP20 was used to express the FLP recombinase, which recognizes FRT sites and 

excises the KanR marker from the deletion mutant’s genome. Both pCP20 and pKD46 

have temperature-sensitive origins of replication that are shut off when the temperature 

gets above 32°C. Plasmid pMMB91 was used for cloning and gene overexpression in 

suppression analysis studies. 

Creation of an omrAB deletion in strain UTI89 

 To create the UTI89 ΔomrAB deletion mutant, a modified version of the λ Red 

recombinase system, originally described by Datsenko and Wanner (62), was used. Strain 

UTI89(pKD46) was shaken overnight in 3 ml of super optimal broth (SOB) medium with 

100 µg/ml ampicillin (SOB-Amp100) at 32°C. One ml of the overnight culture was used to 

inoculate 50 ml of SOB-Amp100, which was shaken at 250 rpm to an OD600 of 0.5 at 

32°C. To cure the pKD46 plasmid (Figure 4) from the strain, a 20 ml aliquot of culture 

was transferred to a sterile flask and incubated at 42°C and 250 rpm for 15 min. Twenty 



  

 

TABLE 1 Bacterial strains and plasmids used in this study 

 
Strain or plasmid 
 

 
Description 
 

 
Reference or source 
 

Strains        
      UTI89 UPEC clinical isolate 60 
      UTI89 ΔomrAB ΔomrAB in UTI89 background This study 
      DH5α supE44, lacU169(lacZΔM15), hsdR17, endA1 gyrA96 thi-1 relA1 Thermo Fischer Scientific 
Plasmids    
      pKD46 λ Red recombinase, AmpR 62 
      pKD4 FRT-flanked KanR cassette, AmpR 62 
      pCP20 FLP recombinase, AmpR 62 
      pMMB91 Low-copy plasmid, tac promoter, KanR 63 
      pSG1 pMMB91::xylR This study 
      pSG2 pMMB91::malY This study 
      pSG3 pMMB91::nhaC This study 
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FIG 4 Map of the plasmid pKD46. 

 

FIG 5 Map of the plasmid pMMB91. 
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ml of culture was then pelleted by centrifugation for 10 min at 4°C and 8,000 x g. Cell 

pellets were washed three times with 5 ml of ice cold, sterile, distilled water, and 

resuspended in 200 µl of sterile water. Eighty µl of cells were put into a 0.2 cm 

electroporation cuvette (BioRad, Hercules, CA) and combined with 1/10 vol (~1-2 ug 

DNA) of the PCR product. 

 The PCR product that was electroporated with the cells was created using primers 

(OmrAB3/4, Table 2) that target the KanR marker on the pKD4 plasmid. The ends of 

these primers have homology with the ends of the gene of interest, which allow for 

recombination, as well as FRT sites (i.e., FLP recombinase sites), which are required for 

subsequent excision of the KanR marker from the genome. The pKD4 plasmid was used 

as a template in each PCR reaction, which contained 100 pM oligonucleotide primers, 

one µl of template DNA, 500 nM dNTP, 20 µl of Complete Wigler’s Buffer (67 mM tris-

HCl pH 8.8, 4 mM MgCl2, 16 mM (NH4)2SO4, 10 mM β-mercaptoethanol, 100 µg/ml 

bovine serum albumin; 64), and 5 U of GoTaq Flexi DNA polymerase (Promega, 

Madison, WI) in a 100 µl volume. The reaction conditions consisted of an initial 

denaturation at 95°C for 5 min, followed by 35 cycles at 95°C for 1 min, an appropriate 

annealing temperature for 1 min, and 72°C for 1 min. The DNA was precipitated 

overnight at -20°C using two volumes of 100% ethanol and 1/10 volume of 3 M 

anhydrous sodium acetate (Merck, Darmstadt, Germany), resuspended, purified via gel 

electrophoresis, precipitated, and resuspended in 40 µl of water. 

The cells were electroporated with the DNA for 5 ms under the following 

conditions: capacitance, 100 Ώ; resistance, 25 µF; and charging voltage, 2.5 kV. The 

electroporated cells were immediately recovered in 1 ml of super optimal broth with 



  

 

TABLE 2 Oligonucleotide primers used in this study 

Primer Gene Sequence (5’ ! 3’)a 

EcFtsZ1 ftsZ TAGCGGTATCACCAAAGGACT 

EcFtsZ2  GTGATCAGAGAGTTCACATGC   

OmrAB3 omrAB TTACACGAGATAAAGAACGCGAGCGACAGTAAATTAGGTGCGTGTGTAGGCTGGAGCTGCTTCG 

OmrAB4  ACCGCTGGTGGCGTTTGGCTTCAGGTTGCTAAAGTGGTGATCATATGAATATCCTCCTTAG 

OmrA9 omrA GGTGAGATTATTCGCTACGCT 

OmrA10  ACCCGTAACGCGAACGCGAT 

XylR1 xylR TCAATGCCAATAAAGCCTATG 

XylR2  GTAATGAACGGGTAACTTTC 

XylR5  ACAGAATTCTGATTCAGCAGGAAAAGAACC  

XylR6  ACAGGATCCCGACGCCGATAATTCTCATCA 

XylA1 xylA  CAAGCAATACTTCCGAGTTTTAGG   

XylA2   TTTGAGTTTACGCTGTAGAC    

MetC5 malY ACAGAATTCATCGGGCGAGTAACAAATATG  

MetC6  ACAGGATCCGGGGATCTTGGAGTATTGTTA  

NhaC1 nhaC CTCTGGTGGAATCATTATTACC 

NhaC2  GGAATAGTACCGCCTATCATC 

NhaC5  ACAGAATTCCACTACAGGAGTTTCCCTTC 

NhaC10  ACAGTCGACATCAGGCCGATTCTATTTGCT  
a Restriction endonuclease sites are underlined, homologous ends of OmrAB primers are in bold.
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catabolite repression (SOC) medium and were shaken at 250 rpm for 1 h at 37°C.  

Transformed cells were plated onto Luria agar (LA) with 40 µg/ml kanamycin 

and incubated overnight at 37°C. Transformants were patched onto LA with 40 µg/ml 

kanamycin as well as LA with 100 µg/ml ampicillin and were incubated at 37°C. A 

patched colony with a KanR, AmpS phenotype was subcultured and electroporated as 

described above with ~20 ng of pCP20. Each deletion mutant had the pCP20 plasmid 

cured by growth at 42°C. The ΔomrAB deletion was confirmed via a PCR reaction 

targeting the 5’-UTR and 3’-UTR of the omrAB genes. Each PCR reaction contained 50 

pmol oligonucleotide primers (OmrA9/10, Table 2), 1 µl of a chromosomal DNA aliquot 

from the putative UTI89 ΔomrAB strain, 500 nM dNTP, 10 µl of Complete Wigler’s 

Buffer (64), and 3 U of GoTaq Flexi DNA polymerase (Promega; Madison, WI) in a 50 

µl volume. Negative and positive control reactions were also performed, which contained 

either ddH2O or UTI89 chromosomal DNA, respectively. 

RNA extraction for RNA sequencing 

Once the UTI89 ΔomrAB strain was created, it was sent to the Scott Hultgren 

laboratory at Washington University to be used in RNA extraction and RNAseq. 

Extraction of RNA samples from strains UTI89 and UTI89 ΔomrAB was performed as 

follows. First, midstream urine pooled from at least two individuals was sterilized using a 

Stericup 0.22 µm vacuum filter (EMD Millipore, Billerica, MA). Strain UTI89 and 

UTI89 ΔomrAB were inoculated into 3 ml LB broth and grown overnight at 37°C and 

250 rpm. Forty ml aliquots of sterile human urine were then inoculated to 1% total 

volume using the overnight cultures and incubated at 37°C and 250 rpm. After the 

cultures were grown overnight (~16 h), they were pelleted at 8,000 x g for 10 min. The 
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cells were resuspended in 400 µl sterile H2O and treated with 2.5 mg/ml lysozyme 

(Thermo-Fisher Scientific, Waltham, MA) for 30 min at 37°C. The lysed cultures were 

then mixed with 500 µl of 65°C TRIzol reagent (Thermo-Fisher Scientific, Waltham, 

MA) and incubated at room temperature for 5 min, after which the protein was pelleted 

by centrifugation at 12,000 x g for 1 min. After the phase separation, RNA from the 

aqueous phase was purified using the Zymo Research DirectZol kit (Irvine, CA) 

according to the manufacturer’s instructions. The Zymo Research clean and concentrate 

kit was used to remove DNA from samples. Three replicate sets of DNA-free RNA 

samples were used in next generation RNAseq performed using a HiSeq2500 Illumina 

machine (Illumina, San Diego, CA), which utilizes a sequencing-by-synthesis 

technology. Annotation was performed by Jonathan Livny from the Broad Institute at 

MIT and Harvard. The annotated data was put into an Excel file and given to our 

laboratory via email.  

RNA extraction and qRT-PCR 

 To confirm the RNAseq results, a quantitative real-time polymerase chain 

reaction (qRT-PCR) technique was used to further investigate transcript abundance of 

genes identified by the RNAseq results as being differentially regulated in the ΔomrAB 

mutant culture compared to wild-type culture after growth in human urine. Twenty-five 

ml aliquots of filter-sterilized urine were inoculated with a UTI89 or UTI89 ΔomrAB 

colony and grown overnight (~16 h) at 37 °C, 250 rpm. Cultures were pelleted by 

centrifugation at 8,000 x g, 4°C for 10 min, and the supernatant was removed by 

aspiration. Total RNAs were extracted using the RNAsnap method as described by Stread 

et al. (65), which first entails cell lysis at 95°C for 7 min in 1 ml of a reagent containing 
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91% RNA-grade formamide (Sigma-Aldrich, St. Louis, MO), 18 mM EDTA (Thermo-

Fisher Scientific, Waltham, MA), 0.025% SDS (Thermo-Fisher Scientific, Waltham, 

MA), and 1% β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO). The samples were 

mixed with 1 volume 0.1% DEPC-treated H2O, and a phenol-chloroform extraction was 

performed by adding 1 volume of buffered phenol (Sigma-Aldrich, St. Louis, MO) and 1 

volume chloroform  (Thermo-Fisher Scientific, Waltham, MA). Samples were mixed by 

inversion, pelleted by centrifugation at 14,000 x g for 10 min, and the aqueous phase was 

transferred to a new microfuge tube without disturbing the protein pellet. An equal 

volume of chloroform (Thermo-Fisher Scientific, Waltham, MA) was added, and the 

samples were mixed, centrifuged, and transferred as described earlier in this paragraph. 

Samples were precipitated at -80°C for at least 1 h using 2.5 volumes of 100% ethanol 

and 1/10 volume of 0.1% DEPC-treated 3M sodium acetate. RNA samples were pelleted 

by centrifugation at 14,000 x g and 4°C for 15 min, and the supernatant was decanted. 

The RNA pellets were washed with 70% ethanol in 0.1% DEPC-treated water, pelleted 

by centrifugation at 14,000 x g and 4°C for 5 min, decanted, and air-dried in a biosafety 

cabinet for 20 – 30 min. Pellets were then resuspended in 50 µl of 0.1% DEPC-treated 

water and incubated with 30 U RNase-free recombinant DNase I (Life Technologies, 

Carlsbad, CA) for 1 h at 37°C. A subsequent phenol-chloroform extraction and 

precipitation was performed as previously described.  

 To assess RNA quality, A260 and A280 measurements were taken using a 

Nanodrop 2000 spectrophotometer (ThermoFischer, Waltham, MA), A260/A280 ratios 

were calculated, and 1 µg aliquots of each RNA sample were analyzed for rRNA bands 

via 0.8% agarose gel electrophoresis with TBE buffer. An A260/A280 ratio of ~2.0 in 
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addition to clear 5S, 16S, and 23S rRNA bands were used to judge high quality. To check 

for genomic DNA (gDNA) contamination, RNA samples were used as templates in PCR 

reactions that contain the following components: 50 pmol of primers EcFtsZ1/2 (which 

target the housekeeping gene ftsZ, Table 2), ~100-200 ng of an RNA sample, 500 µM 

dNTPs, 10 µl of Complete Wigler’s Buffer (64), and 3 U GoTaq Flexi DNA polymerase 

(Promega, Madison, WI) in a 50 µl volume. The reaction conditions consisted of initial 

denaturation at 95°C for 5 min, followed by 30 cycles at 95°C for 1 min, 57°C for 1 min, 

and 72°C for 1 min. No product was observed after 1.5% agarose gel electrophoresis if 

the RNA sample was free from significant chromosomal DNA contamination. 

After confirming the quality of RNA samples, 1 µg of total RNA was used to 

create cDNA with a Superscript III First-Strand Synthesis kit (Life Technologies, 

Carlsbad, CA) according to the manufacturer’s instructions. To investigate transcription 

levels of genes potentially regulated by OmrAB, qRT-PCR was performed using the 

LightCyler FastStart DNA MASTERplus SYBR Green kit (Roche, Basel, Switzerland) on 

genes potentially differentially transcribed in the UTI89 ΔomrAB mutant strain compared 

to the wild-type strain. Twenty microliter reactions were made using 2 µl of SYBR green 

master mix, 50 pmol of each oligonucleotide primer, 2 µl of cDNA, and PCR-grade 

water. Primer pairs targeting xylA (XylA3/4), nhaC (NhaC1/2), and the malY homolog 

(MetC1/2) were used (Table 2). The reaction conditions consisted of an initial 

denaturation at 95°C for 3 min, followed by 35 cycles at 95°C for 30 sec, 57°C for 30 

sec, and 72°C for 30 sec. As a reference control, the EcFtsZ1/2 primer pair (Table 2) 

were used. All qRT-PCR was performed in a CFX96 Touch Real-Time PCR 

Thermocycler (BioRad, Hercules, CA). A minimum of three replicate reactions were 
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performed for each gene using two different total RNA sets. Transcriptional differences 

were calculated using the crossover points of each sample according to the method shown 

below (66, 67), with Ct being the crossover point of a particular cDNA sample, ftsZ 

indicating the housekeeping gene, G.O.I. indicating the gene of interest, and R being the 

fold-difference in transcription between strains. 

 

  To confirm the validity of the qRT-PCR results, various templates were used in 

control reactions: UTI89 chromosomal DNA was used in positive control reactions, 

Staphylococcus aureus chromosomal DNA was used in negative control reactions, and 

water was used in no template control reactions. Transcription levels of ftsZ were used to 

normalize transcription levels of targeted genes in each run. All primers were purchased 

from Integrated DNA Technologies (Coralville, IA). Results were analyzed using a 

paired two-tailed Student’s t-test. Any P value < 0.05 was considered significant. 

Xylose detection assay 

 To compare xylose use in UTI89 ΔomrAB versus the wild-type strain, an assay 

measuring xylose in human urine (69) that was recently modified for increased sensitivity 

(70) was used. When xylose is heated to 95 - 100°C with hydrochloric acid, it is 

converted to furfural (71). Furfural reacts with phloroglucinol to produce a stable red-

colored product that absorbs at a wavelength of 554 nm, which is measurable. A color 

reagent composed of 0.5 g phloroglucinol (Sigma-Aldrich, St. Louis, MO), 100 mL of 
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glacial acetic acid, and 10 ml HCl, was prepared. Five hundred µl of urine culture 

containing UTI89 ΔomrAB or the parent strain was pelleted by centrifugation at 17,000 x 

g for 1 min to remove cells, and 25 µl of sterile urine or urine culture supernatant were 

combined with 25 µl aliquots of sterile deionized water and 950 µl volumes of 

phloroglucinol reagent in microfuge tubes. Tubes were incubated at 100°C for 4 min in a 

heat block, then cooled to room temperature in water. Absorbance readings at 554 nm 

were measured in a Shimadzu Bio-Spec 1601 spectrophotometer. To determine a test 

sample’s xylose concentration, the sample readings were converted to mg/l values using 

an equation generated by a standard curve of xylose samples with known concentrations 

of 0.125, 0.25, 0.5, 1.0, 2.0, 4.0, and 5.0 mg/l. 

Construction of recombinant plasmids 

The xylR and hypothetical protein genes malY homolog and nhaC were amplified 

from UTI89 chromosomal DNA via PCR consisting of an initial denaturation at 95°C for 

5 min, followed by 32 cycles at 95°C for 1 min, 61°C for 1 min, and 72 °C for 1.5 min. 

Each reaction contained 50 pmol of each primer, 1 µl of UTI89 gDNA, 500 µM dNTP, 

10 µl of Complete Wigler’s Buffer (64), and 3 U GoTaq Flexi DNA polymerase in a 50 

µl volume. The primer sets used to amplify fragments for cloning into pMMB91 were 

XylR5/6, MetC 5/6, and NhaC5/10. Each primer set was flanked by EcoRI and BamHI 

(XylR5/6 and MetC5/6) or EcoRI and SalI (NhaC5/10) restriction endonuclease sites. 

The PCR products were precipitated as described above and resuspended in 50 µl 

ddH2O. Twenty microliters of DNA were digested with 20 U of each restriction enzyme 

according to manufacturer’s instructions (New England Biolabs, Ipswich, MA) overnight 

at 37°C. Plasmids DNA was extracted from an overnight culture of DH5α(pMMB91) 
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cells using a QiaPrep spin mini-prep kit (Qiagen, Valencia, CA) and a 40 µl aliquot of 

pMMB91 was subjected to the same digestion conditions as their corresponding DNA 

fragment. Digestion reactions were heat-inactivated at 65°C for 20 min and precipitated 

as previously described. Digested DNA fragments and plasmids were ligated using 1 µl 

T4 DNA ligase in 1X T4 DNA ligase buffer (New England Biolabs, Ipswich, MA) 

according to the manufacturer’s instructions (72). The recombinant plasmids were 

transformed into DH5α using CaCl2 transformation. Briefly, 100 µl of competent DH5α 

was mixed with 10 µl ligation reaction, incubated at 42°C for 30 sec, added to 1 ml of 

SOC medium, and incubated at 37°C with shaking at 250 rpm for 1 h. Transformed cells 

were plated on LA + 40 µg/ml kanamycin. Transformants were checked for recombinant 

plasmids by plasmid extraction and digestion with appropriate restriction endonucleases 

as previously described. Digested plasmid DNA was analyzed via 0.8% agarose gel 

electrophoresis in TBE buffer. All recombinant plasmids were introduced into UTI89 by 

electroporation as described above. The generated recombinant plasmids harbored xylR, 

the malY homolog, or nhaC, and were named pSG1, pSG2, and pSG3, respectively. 

Urine Growth Curves 

 To investigate how each deletion mutation in strain UTI89 affected growth in 

human urine, urine growth curves were performed using the wild-type and suppression 

analysis strains comparing the UTI89 mutants to their respective parent strains. Three 

milliliter aliquots of LB broth were inoculated with a mutant or wild-type UTI89 strain 

and incubated overnight at 37°C with shaking at 250 rpm. Midstream, clean catch urine 

(IRB approval) was pooled from two or more healthy adults, including at least 1 female, 

and filter-sterilized using a Stericup 0.22 µm vacuum filter (EMD Millipore, Billerica, 
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MA). The pH and specific gravity were recorded using an Orion Star A211 pH meter 

(Thermo-Fisher Scientific, Waltham, MA) and a Reichert TS400 total solids 

refractometer (Depew, NY), respectively. Overnight LB broth cultures were used to 

inoculate 25 ml aliquots of sterile human urine to an average OD600 of 0.010. Cultures 

were incubated in 125 ml Erlenmeyer flasks with shaking at 250 rpm and 37°C for 24 h. 

OD600 measurements were taken using a Nanodrop 2000 spectrophotometer and 1 cm 

plastic cuvettes every two hours from 0-12 h post-inoculation, followed by final 

measurements taken at 24 h. At least three experimental replicates were performed for 

each strain being investigated on separate days. Unpaired two-tailed Student’s t-tests 

were performed, testing the mean OD600 values of each mutant strain at each time point 

relative to the mean density of the parent strain at each time point with any P value < 0.05 

being considered significant. 
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RESULTS 

RNAseq analysis 

 Illumina RNAseq was performed by the Scott Hultgren laboratory at Washington 

University using three replicate RNA samples isolated from UTI89 and UTI89 ΔomrAB 

cultures incubated at 37°C shaken and 250 rpm overnight (~16 h) in filter-sterilized 

human urine. A total of 408 genes exhibited significantly different transcript levels 

between the strains according to adjusted P values calculated using DESeq2, with 205 

genes being significantly upregulated and 203 genes being significantly downregulated in 

UTI89 ΔomrAB relative to the parent strain. Eighty genes with the lowest P values (i.e., 

the most significant differential expression between strains) are provided (Table 3). Of 

these 80 genes, 20 are associated with carbohydrate metabolism, 20 are hypothetical or 

unannotated, 20 genes are associated with amino acid transport and metabolism (e.g., the 

isoleucine-valine ilv operon and the glutamate glt operon), 7 genes are prophage-related, 

and 12 genes are related to housekeeping functions (e.g., rRNA or DNA polymerase 

genes). Genes exhibiting the largest difference in transcript abundance in strain UTI89 

ΔomrAB relative to the wild-type strain included 6 associated with the xyl operons as well 

as 2 annotated as hypothetical protein genes, 1 encoding a Na+/H+ antiporter (nhaC), and 

the other encoding a protein homologous to the cystathionine β-lyase and mal operon 

regulator malY (malY homolog, Table 3). Each of these mRNAs had significantly higher 

average read counts in UTI89 ΔomrAB relative to the parent strain while the 

housekeeping gene ftsZ exhibited similar read counts in both strains (Table 4).



 

 

TABLE 3 Eighty genes exhibiting the most statistically significant transcriptional differences between UPEC strains UTI89 ΔomrAB 
and UTI89 as determined by RNA sequencing. 
 
Gene Product Fold-difference a 
Carbohydrate transport, metabolism   
     xylA Xylose isomerase  23 
     xylR Xylose operon regulator   14 
     xylB Xylulose kinase  13 
     xylF Xylose transporter, subunit  122 
     xylG Xylose transporter, ATP-binding subunit  39 
     xylH Xylose permease  30 
     yicI α-xylosidase  7.2 
     yicJ Inner membrane Na+:carbohydrate symporter  13 
     manX  PTS system mannose-specific transporter subunit IIAB -2.5 
     manY Mannose phosphotransferase system subunit IIC -2.2 
     manZ Mannose phosphotransferase system subunit IID -2.7 
     malT Maltose regulon transcriptional regulator -1.6 
     araF  L-arabinose-binding periplasmic protein -1.8 
     uhpA Transcription factor, uhpT  2.7 
     uhpB Signal transduction kinase, hexose phosphate transport   3.1 
     rbsA  D-ribose transporter ATP binding protein  2.1 
     yiaK  2,3-diketo-L-gulonate reductase -1.9 
     yiaL  2,3-diketo-L-gulonate utilization -2.4 
     bglJ  bgl operon transcriptional activator  2.2 
     yabN  Transcriptional regulator SgrR; sRNA sgrS activator  1.8 
     ycgC  Dihydroxyacetone kinase subunit M  2.6 
     ycgS  Dihydroxyacetone kinase subunit L -1.9 
     ycgT  Dihydroxyacetone kinase subunit K -2.0 
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TABLE 3 (Continued) 
 
Gene Product Fold-difference a 
Hypothetical proteins   
     nhaC Na+/H+ antiporter  65 
     malY homolog Cystathionine β-lyase and maltose operon repressor  100 
     bax Hypothetical protein  2.2 
     ydcH  Hypothetical protein -2 
     ykgG  Hypothetical protein -1.7 
     ytfK  Hypothetical protein -1.9 
     yqiC Hypothetical protein -1.7 
     ykgE Hypothetical protein -2.0 
     yahO Hypothetical protein -2.5 
     ucpA  Short chain dehydrogenase -1.9 
     C0399  Hypothetical protein -2.6 
     C0959 Prophage CP-933T hypothetical protein  2.5 
     C0961  Hypothetical protein  2.3 
     C0962  Hypothetical protein  2.2 
     C1516  Hypothetical protein  2.4 
     C2016  Hypothetical protein -2.2 
     C4256  Hypothetical protein  2.0 
     C4811  Hypothetical protein -2.2 
     C4813 3-ketoacyl-ACP reductase -2.2 
     C4979 Hypothetical protein  2.4 
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TABLE 3 (Continued) 
 
Gene Product Fold-difference a 
Amino acid transport, metabolism   
     ilvG Acetolactate synthase 2 subunit  2.5 
     ilvM Acetolactate synthase 2 subunit  2.1 
     ilvB Acetolactate synthase subunit   1.8 
     ilvN Acetolactate synthase subunit  2.0 
     ilvC 3-ketol-acid reductoisomerase  2.7 
     ilvA Threonine dehydratase  2.1 
     ilvE  Branched-chain amino acid aminotransferase  2.0 
     ilvD  Dihydroxy-acid dehydratase  2.1 
     thrL thr operon leader peptide -2.3 
     nadB  L-aspartate oxidase  1.9 
     leuD  Isopropylmalate isomerase small subunit  1.7 
     glnA  Glutamine synthetase  2.6 
     gltJ  Glutamate ABC transporter  2.1 
     gltK  Glutamate/aspartate transport system permease  2.5 
     gltL  ATP-binding protein of glutamate/aspartate transport system  2.2 
     ddl  D-alanyl-alanine synthetase A -1.6 
     ykgF  Electron transport protein -1.9 
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TABLE 3 (Continued) 
 

Gene 
Product 

Fold-difference a 
Phage-related   
     pspA Phage shock protein -2.6 
     pspB  phage shock protein B -2.3 
     pspC  DNA-binding transcriptional activator -2.2 
     pspD  peripheral inner membrane phage-shock protein -2.4 
     pspE  thiosulfate:cyanide sulfurtransferase -1.8 
     pspG  Phage shock protein G -2.7 
     ybcQ1  lambdoid prophage DLP12 antitermination protein Q-like protein -1.9 
Housekeeping   
     nac  nitrogen assimilation transcriptional regulator 1.9 
     rib 3,4-dihydroxy-2-butanone 4-phosphate synthase -2.5 
     cspE  Cold shock protein  -1.9 
     pheT  phenylalanyl-tRNA synthetase subunit b -1.6 
     ppiC  peptidyl-prolyl cis-trans isomerase C 2.5 
     lpxC  UDP-3-O-acyl N-acetylglucosamine deacetylase -1.9 
     rho  transcription termination factor 2.0 
     rhoL rho operon leader peptide 2.1 
     rpsV  30S ribosomal subunit S22 -2.0 
     rplT  50S ribosomal protein L20 -1.8 
     rpmI  50S ribosomal protein L35 -2.0 
     dnaX DNA polymerase III subunits g and τ -1.7 
     adk Adenylate kinase 2.0 

a Fold-difference in transcript abundance, UTI89 ΔomrAB vs. UTI89. 
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TABLE 4 Average read counts of the reference gene ftsZ and genes investigated in this 
study generated by Illumina sequencing-by-synthesis RNA sequencing. 
 
 

Gene Average read count (mRNA) 
 UTI89 UTI89 ΔomrAB 
ftsZ 1,514 1,448 
xylA 1,051 38,961 
xylR 96 1,935 
nhaC 113 15,798 
malY homolog 63 15,421 

 

qRT-PCR analysis 

 To confirm the RNAseq transcript levels of the selected genes during growth in 

human urine, qRT-PCR was performed using RNA extracted from UTI89 and UTI89 

ΔomrAB grown in sterile human urine overnight as previously described. Primers 

targeting the type 1 pili regulatory protein gene fimE, as well as the xylA, nhaC, and malY 

homolog genes, were used to detect their respective transcript abundance. Two-tailed 

Student’s t-tests using ΔCt values indicated significant differences in transcript levels 

between the two strains for all genes tested except fimE (fimE, 2.0-fold, P = 0.30; xylA, 

1.5-fold, P = 0.035; malY homolog, 2.3-fold, P = 0.033; nhaC, 2.2-fold, P = 0.0067; 

Figure 6). The differences in transcript abundance between both strains were inverted 

(i.e., UTI89 had higher transcript levels) and less drastic relative to the RNAseq data; 

nonetheless, the ΔomrAB mutation caused significant fold-decreases in transcript levels 

of three genes when compared to the wild-type strain.
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FIG 6 Fold-differences of E. coli xylA, malY homolog, nhaC, and fimE transcript levels 
in UTI89 ΔomrAB relative to wild-type UTI89 grown in human urine. Fold-differences 
were calculated using the 2-

ΔΔ
Ct method with ftsZ used as the reference gene. The data 

represents the means ± SD from 3 separate runs, except fimE that had only 2 runs. 
 

 Gene suppression analysis of UTI89 strains in human urine 

 After using qRT-PCR to confirm the differences in transcript abundance of 

several genes in a UTI89 ΔomrAB culture relative to the parent strain culture, the effects 

of those genes on UTI89 growth in human urine were examined. To accomplish this, the 

xylR, the malY homolog, and nhaC genes were cloned into the low-copy plasmid 

pMMB91 (named pSG1, pSG2, and pSG3, respectively). UTI89 cultures containing each 

of the suppression analysis plasmids were grown in sterile filtered pooled human urine 

and compared to the parent strain harboring pMMB91 (Figure 7). Significant growth 

reduction was observed in the UTI89 culture overexpressing nhaC at the 4 h (P = 0.030), 
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6 h (P = 0.00002), 8 h (P = 0.0061), and 10 h (P = 0.041) time points relative to the 

UTI89 parent strain culture. Conversely, UTI89 cultures overexpressing the malY 

homolog exhibited significantly enhanced growth compared to parent strain cultures at 6 

h (P = 0.009) and 8 h (P = 0.048). UTI89 cultures overexpressing xylR only exhibited 

significantly enhanced growth relative to the parent strain culture at the 6 h time point (P 

= 0.038). Together, these results indicate that all three gene products affected UTI89 

growth in human urine at certain times, although the malY homolog and nhaC had a more 

pronounced effects on strain UTI89 cultures when overexpressed. 

Effect of OmrAB deletion UTI89 xylose usage during urine growth 

 It was expected that, because OmrAB appear to affect xyl gene expression, the 

presence of xylose in urine would be affected by an ΔomrAB mutation. To investigate the 

potential effect of an ΔomrAB mutation on xylose usage, UTI89 and UTI89 ΔomrAB 

cultures were grown in urine overnight and the xylose concentrations of culture 

supernatants were tested by a colorimetric assay utilizing phloroglucinol (70). 

Supernatants of mid-log phase and stationary phase overnight cultures as well as sterile 

urine were each combined with acidic phloroglucinol reagent to measure the xylose 

concentration in each sample. The sterile urine had an estimated mean xylose 

concentration of 1.73 mg/l, while supernatants of mid-log phase cultures of UTI89 and 

UTI89 ΔomrAB had estimated mean xylose concentrations of 0.832 mg/l and 0.923 mg/l, 

respectively (Figure 8). Additionally, UTI89 and UTI89 ΔomrAB overnight urine culture 

supernatants had estimated mean xylose concentrations of 0.797 mg/l and 0.784 mg/l, 

respectively. Significant differences in estimated xylose concentrations were observed 

when sterile urine was compared with supernatant from either of the cultures 



 

 

   

FIG 7 Growth of UTI89 strains overexpressing xylR (open square), the malY homolog (closed triangle), or nhaC (open circle) in 
human urine. The control strain UTI89(pMMB91) (closed diamond) is also shown. Cultures were shaken at 37°C and 250 rpm for 24 
h in sterile pooled human urine with 40 µg/ml kanamycin and 0.33 mM IPTG. Each data point represents the mean ± SD from at least 
5 replicates. The following denotes significant P values: * P < 0.05, ** P < 0.01,   *** P <0.0001.
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(UTI89, P = 0.00003; UTI89 ΔomrAB, P = 0.00003), but estimated xylose concentrations 

of culture supernatant did not differ significantly between the two strains cultured to mid-

log phase (P = 0.18) or overnight (P = 0.43). Although the ΔomrAB mutation did not 

appear to have an effect on the xylose concentration, these results indicate that both 

strains utilized xylose during growth in human urine. 

 

 

FIG 8 Estimated xylose concentrations of UTI89 and UTI89 ΔomrAB cultures grown in 
human urine to mid-log phase (OD600 = 0.5) and overnight. The data represent the means 
± SD from at least 3 replicates. Significance is represented by the following: *** P < 
0.0001.
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DISCUSSION 

The main objectives of this study were to determine the effects of an ΔomrAB 

mutation on transcript abundance in UPEC strain UTI89 grown in human urine and to 

determine if genes affected by the ΔomrAB mutation affect the ability of UTI89 to grow 

in human urine. Our results indicate that OmrAB affect transcript abundance of a variety 

of genes, and that two hypothetical protein genes, nhaC and a malY homolog, as well as 

the xyl regulon activator xylR, affect UTI89 growth in human urine when overexpressed. 

UPEC survival in osmotically stressful, nutrient-poor, urine-saturated 

environments is important for the establishment of UTIs. Under such harsh 

environmental conditions, bacteria often utilize sRNAs to modulate expression of genes 

related to stress and virulence (31, 32). In E. coli, OmpR transcriptionally induces the 

redundant sRNA genes omrA and omrB under high osmolarity conditions. In turn, 

OmrAB regulate the EnvZ/OmpR two-component osmoregulatory system (29, 43) as 

well as other targets involved in motility and adherence (44-47). RNAseq analysis in this 

study showed that an omrAB deletion had a significant effect on the transcriptome of 

UPEC strain UTI89 grown in human urine. A previous study has indicated that the 

deletion of omrAB from the genome of NU149 reduced its fitness in a mouse model; 

some of the changes in transcript abundance observed in this study may reflect that 

attenuation (48). 
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Broad effects of an omrAB deletion on the transcriptome of UTI89 grown in urine 

RNAseq analysis indicated significant dysregulation in the transcript levels of 

over 400 genes of UTI89 ΔomrAB grown in human urine compared to UTI89 cultures 

grown in human urine. The 80 genes with the most statistically significant differences in 

transcript abundance between the two strains belonged to a broad range of functional 

groups (Table 3). Genes involved in carbohydrate metabolism and transport, specifically 

those involved in xylose metabolism, displayed some of the largest fold-differences in 

transcript levels between wild-type and mutant strains. UTI89 ΔomrAB showed both 

increased and decreased transcript levels of xylose, maltose, and mannose metabolism 

genes relative to the parent strain. One study showed that the dysfunction of genes 

involved in carbohydrate metabolism pathways (e.g., pentose phosphate pathway, 

glycolysis, Entner Duodoroff pathway) does not affect UPEC fitness during UTI (13), 

indicating that sugars are not carbon sources for UPEC in vivo. However, proteins 

involved in xylose and fructose metabolism were found to be upregulated in UPEC strain 

CFT073 in urine cultures compared to general growth medium cultures (16). 

Surprisingly, a CFT073 ΔxylA mutant somewhat outcompeted the parent strain during 

infection of mouse bladders. Although the RNAseq and qRT-pCR data are somewhat 

conflicting, our data indicates that xylose metabolism is involved in UPEC growth in 

urine and in vivo. 

In addition to carbohydrate metabolism genes, transcript levels of amino acid 

metabolism and transport genes were dysregulated in UTI89 ΔomrAB urine cultures 

relative to UTI89 urine cultures. Specifically, genes involved in branched-chain amino 

acid metabolism (ilvABCDE, ilvGMN, leuD), glutamate/glutamine metabolism and 
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nitrogen assimilation (gltJKL, glnA), and alanine metabolism (ddl) were upregulated in 

UTI89 ΔomrAB. As small peptides and amino acids, specifically branched-chain amino 

acids, are the main carbon sources for UPEC during UTI and are necessary for full fitness 

during infection of mice (16), connections between OmrAB and amino acid metabolism 

indicate that these sRNAs may play a significant role in regulating UPEC carbon 

metabolism during growth in human urine. 

Other genes with transcript levels significantly dysregulated in urine-grown 

UTI89 ΔomrAB encode hypothetical proteins and housekeeping proteins (Table 3). The 

two hypothetical protein genes that showed significant dysregulation in UTI89 ΔomrAB 

compared to UTI89 were the malY homolog and nhaC, which will be discussed below. 

Most of the other hypothetical protein genes are uncharacterized and require further 

investigation to determine the functions of their products. The RNAseq data also 

indicated that transcript levels of essential housekeeping genes that encode products such 

as the DNA polymerase III γ and τ subunits as well as 30S and 50S rRNA genes were 

downregulated in UTI89 ΔomrAB. The nitrogen assimilation controller nac, one half of 

the NtrC/Nac system responsible for upregulation of nitrogen assimilation genes (73), 

was upregulated in UTI89 ΔomrAB. As the RNAseq data indicated the gltJKL and glnA 

transcription was upregulated in UTI89 ΔomrAB compared to wild-type, indicating that 

OmrAB may downregulate parts of nitrogen metabolism during UTI89 growth in urine.  

Transcript levels of seven genes that encode membrane shock proteins were also 

significantly upregulated in UTI89 ΔomrAB urine cultures. Six of the seven genes belong 

to the psp (phage shock protein) regulon (Table 3). The psp regulon is involved in the 

maintenance of inner membrane integrity and proton motive force, and its expression is 
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induced upon cellular exposure to a variety of stressors (e.g., osmotic, chemical, or phage 

stressors; 74). Additionally, psp regulon dysfunction has been shown to decrease E. coli 

fitness. If this regulon is indeed regulated by OmrAB, it would add to the number of 

membrane protein genes that are affected by OmrAB. Furthermore, as the psp regulon is 

induced by high osmolarity, it may be activated and contribute to survival in the 

osmotically stressful conditions found in urine. 

RNAseq and qRT-PCR analyses indicated that transcript levels of genes 

belonging to the xyl operons (e.g., xylA and xylR) as well as the uncharacterized 

hypothetical protein genes nhaC and the malY homolog were upregulated roughly 10-fold 

and 80- to 100-fold, respectively, in UTI89 ΔomrAB grown in human urine relative to the 

parent strain. Bioinformatic analysis using databases available through the BLAST tool 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) suggest that nhaC encodes a NhaC Na+/H+ 

antiporter family protein, while the malY homolog encodes a maltose operon regulator 

and cystathionine β-lyase. qRT-PCR  indicated that transcript levels of these genes in 

UTI89 ΔomrAB urine cultures differed significantly from those in UTI89 urine cultures, 

although the differences were less drastic (i.e., 10-fold to 100-fold differences in RNAseq 

data compared to roughly 2-fold differences in qRT-PCR data) and inverted (i.e., UTI89 

exhibited higher transcript levels than UTI89 ΔomrAB) relative to the RNAseq data. This 

discrepancy between the RNAseq and qRT-PCR results may have resulted from 

variability in urine constituents, osmolality, or even pH, which in turn could affect 

expression of omrAB and other genes in UTI89. These factors also may be the reason that 

transcript levels of various known OmrAB targets (e.g., OmpR) were not significantly 

affected in this RNAseq analysis. Future studies may benefit from storing urine samples 
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for compositional analysis in order to investigate this possibility. However, because both 

strains used in the RNAseq and qRT-PCR analyses were subjected to the same growth 

conditions, the presence or absence or omrAB appears to be the only obvious cause for 

transcriptional differences between the strains in both cases.  

Effects of malY homolog overexpression on UTI89 urine growth 

Since transcript levels of xylR, nhaC, and the malY homolog were affected by the 

omrAB deletion during growth in human urine, we examined whether overexpression of 

these genes in wild-type UTI89 affected its growth in human urine. UTI89 urine cultures 

overexpressing the malY homolog grew to significantly higher OD600 values than the 

parent strain during mid-log phase and late-log phase. As mentioned above, wild-type 

MalY functions as a cystathionine β-lyase and a mal regulon repressor. The UTI89 MalY 

homolog shares 29% identity and 51% positives matching with MalY of the E. coli 

reference strain K-12. Further, the UTI89 MalY homolog appears to possess the exact 

residues that are critical for cystathionine β-lyase activity and has none of the mutations 

that a previous study found to be inhibitory to mal repressor activity, although not all 

residues involved in mal repressor activity match those of the E. coli K12 MalY protein 

(75). While experimental results are needed to determine precisely what activities the 

MalY homolog possesses, the protein sequence analysis performed here indicates that it 

potentially has both activities found in wild-type MalY.  

Studies have indicated that cystathionine β-lyases contribute to virulence of 

Salmonella enterica serovar Gallinarum and Salmonella enterica serovar Typhimurium 

in mice (51, 52) as well as virulence of an avian E. coli strain in chicken lungs and 

spleens (53). However, MalY also acts as a repressor of the mal regulon responsible for 
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maltose transport and metabolism, an activity which has also been linked to bacterial 

virulence. One study has shown that UPEC strain CFT073 lacking the metV 

pathogenicity island that contains a different maltose regulon repressor gene, pafR, as 

well as a gene likely homologous to malY (based on BLAST results), is outcompeted by 

the parent strain in transurethral infection of mice (54). A subsequent study also indicated 

that CFT073 ΔpafR is outcompeted by the parent strain during coinfection of the bladders 

and kidneys of mice (55). Additionally, studies haved linked maltose metabolism to 

cytopathicity in E. coli (56), growth of Group A Streptococcus in saliva (57), and 

virulence factor production in V. cholerae (58), and found malX (i.e., maltose- and 

glucose-specific transport protein component) to be necessary for full fitness of an avian 

pathogenic E. coli strain during infection of chicken lungs, hearts and kidneys (52). 

Taken together, these studies indicate that the mal regulon repressor activity of the malY 

homolog is likely related to its improving UTI89 growth in human urine when 

overexpressed.  

Previous studies have shown that the dysfunction or deletion of cystathionine β-

lyase (metC) genes or genes with mal regulon repressor (pafR) activity inhibit virulence 

in E. coli and other bacteria (51-58). The results of this study indicate that the converse 

(i.e., overexpression of a malY homolog) yields a somewhat complementary effect by 

improving UTI89 growth in human urine relative to the parent strain. This may be due to 

increased cystathionine β-lyase activity, increased mal regulon repressor activity, or both. 

We postulate that both increased mal regulon repression and cystathionine β-lyase 

activity may improve the ability of UTI89 to grow in urine when MalY is overexpressed. 

This is because of the lack of necessity for maltose metabolism due to its relative scarcity 
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in urine and the necessity for methionine metabolism due to the scarcity of L-methionine 

and abundance of L-cysteine and L-cystathionine in urine.  

Effects of nhaC overexpression on UTI89 urine growth 

The nhaC gene is located directly downstream of the malY homolog and has an 

eight nucleotide overlap with the malY ORF. This study found that overexpression of 

nhaC caused UTI89 urine cultures to grow to OD600 values significantly lower than those 

of parent strain urine cultures in early-log, mid-log, and late-log phases (Figure 4). NhaC 

may be involved in pH homeostasis in environments of basic pH based on the 

characterizations of similar Na+/H+ antiporters (49). Na+/H+ antiporters generally import 

H+, thus contributing to acidification of the cytoplasm. Because tight regulation of 

Na+/H+ antiporter genes is required for growth in a variety of environments, loss of 

expression or overexpression of the nhaC gene would likely be harmful to UPEC. If 

NhaC contributes to cytoplasm acidification in UTI89, it would be unfavorable for UPEC 

cells to overexpress this protein during growth in acidic urine, potentially explaining the 

growth defects observed throughout the log-phase growth of UTI89 overexpressing nhaC 

in this study. Further study is necessary to determine what metabolites or ions NhaC 

transports. One possibility is that NhaC is used to import sulfate and/or an intermediate in 

the cysteine and methionine metabolism for use in synthesis of both amino acids. If so, 

this would connect nhaC and the malY homolog and explain why the two genes appear to 

be co-transcribed (i.e., nhaC imports sulfate, L-cysteine, or L-cystathionine for use in 

methionine metabolism, and the malY homolog converts L-cystathionine to L-

homocysteine). Further, it would tie nhaC to the metabolism of amino acids, which are 

the central carbon source of UPEC in vivo (13). 
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Interestingly, the nhaC and malY homolog genes are found within the leuX-

associated pathogenicity island II of strain UTI89. The UPEC strains 536 (76) and NU14 

(77) as well as an O25b:H4 cystitis isolate (78) and other extraintestinal pathogenic E. 

coli isolates identified using the online BLAST tool (https://blast.ncbi.nlm.nih.gov) also 

contain nhaC and the malY homolog in their genomes. However, strain CFT073 has 

neither the nhaC nor the malY homolog genes in its genome, which must have been lost 

after the evolutionary bifurcation of strains CFT073 and 536 (79). As previously 

mentioned, nhaC and the malY homolog overlap slightly in the UTI89 genome. 

Additionally, the rho-independent terminator prediction tool ARNold 

(http://rna.igmors.u-psud.fr/toolbox/arnold/index.php) predicted a terminator sequence 

after nhaC but not the malY homolog, making it appear that these two genes may produce 

a biscistronic transcript. This is interesting because, if both MalY homolog and NhaC are 

translated from the same mRNA, one would expect both genes products to be expressed 

or repressed under the same conditions and have similar effects on UTI89 growth in 

urine. However, the gene products appeared to have somewhat opposite effects on growth 

of UTI89 in human urine. Further characterization of their functions is necessary to 

explain their converse effects on UTI89 growth in urine when overexpressed. 

Effects of xylR overexpression on UTI89 urine growth 

 The overexpression of xylR, the transcriptional activator of the xyl regulon (Figure 

2), was also tested for an effect on UTI89 growth in human urine. A significant increase 

in culture density was observed between urine cultures of UTI89 overexpressing xylR and 

parent strain urine cultures at the 6 h time point, although the difference observed was 

relatively minor. However, this result may be biologically significant in the light of the 
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previously mentioned studies that found xyl genes to be associated with UPEC survival in 

urine and virulence. These studies observed that UPEC strain CFT073 and an 

asymptomatic bacteriuria strain exhibited upregulated XylA (xylose isomerase) and 

xylFGH levels, respectively, during growth in human urine compared to growth in 

general growth medium (16, 18). Additionally, KguS of the KguR/KguS two-component 

regulatory system, which is necessary for full fitness of strain CFT073 during infection of 

murine urinary tracts, was found to regulate XylA levels in CFT073 during growth in 

urine (21), and a CFT073 ΔxylA mutant strain outcompeted the parent strain in mouse 

bladders (P = 0.0625) and kidneys (P = 0.0649, 16). Despite these data, these studies did 

not investigate potential connections of xyl genes with UPEC urine growth or virulence. 

 In the present study, UTI89 and UTI89 ΔomrAB appeared to utilize xylose during 

growth in urine, although there was no difference in approximated xylose content of urine 

culture supernatants between the strains (Figure 8). In general, carbohydrate metabolism 

is not significant to UPEC cells in vivo, as indicated by mutants with deletions of genes 

involved in pentose phosphate, glycolysis, and Entner-Doudoroff pathways having little 

effect of UPEC fitness during infection of mice urinary tracts (16). Further, E. coli 

preferentially metabolizes the sugars glucose, lactose, and arabinose before xylose (80). 

Nevertheless, transcripts and proteins of xyl metabolism genes, particularly xylA, have 

been shown to be upregulated during E. coli urine growth (16, 18, 21). However, it was 

shown that a strain CFT073 mutant lacking both the talA and talB genes, which encode 

isoenzymes of transaldolase, caused fitness defects during infection of mice (13). This 

sugar isomerization in the nonoxidative pentose phosphate pathway may be important for 

UPEC during a UTI to drive nucleotide synthesis (13). The products used by 
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transaldolase are isomerized from ribulose-5-phosphate and xylulose-5-phosphate (Figure 

9). Xylose metabolism may therefore be important during UPEC growth in urine for the 

replenishment of xylulose-5-phosphate, which is funneled into the nonoxidative pentose 

phosphate pathway that feeds the synthesis of nucleotide precursors and histidine. 

 

 
FIG 9 Nonoxidative pentose phosphate pathway and xylose metabolism.                     TA 
= transaldolase, TK = transketolase, PRPP = phosphoribosyl pyrophosphate. 
 

  We have shown that OmrAB affect the transcript levels of a broad range of genes 

in UPEC strain UTI89 grown in human urine. Further, we have shown that the OmrAB-

regulated genes xylR, nhaC, and the malY homolog affect UTI89 growth in human urine 

at different times during growth and to different extents. These results add to existing 

studies that indicate similar genes contribute to the growth or virulence of UPEC or other 

bacteria. To our knowledge, no previous studies have indicated that OmrAB affect the 
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transcript levels of any gene investigated in this study. Additional research is necessary to 

learn whether OmrAB regulate transcript levels of the xylR, nhaC, and malY homolog 

genes directly or indirectly and to confirm the activities of NhaC and the MalY homolog. 

If NhaC and the MalY homolog are involved in the import of an important metabolite 

(e.g., sulfate) and biosynthesis of methionine, they may be potential targets for 

antibacterial agents. In particular, a potential cystathionine β-lyase may be of interest in 

this regard due to its dissimilarity to human enzymes and the relative lack of methionine 

in human urine.  

Besides characterization of the hypothetical proteins, it would be desirable for 

future studies to compositionally analyze urine pools along with transcript levels of 

UPEC grown in those pools. This would determine whether specific chemical properties 

or constituents of urine are affecting expression of the genes investigated here. If a 

specific constituent is found to affect transcript levels of genes of interest, its effect could 

be analyzed more precisely by growing UPEC in minimal growth medium with varying 

concentrations of that constituent. Finally, prompt use of urine pools would rule out the 

possibility that compounds like carbohydrates or peptides are breaking down over time 

and thereby adding to potential variability of the growth medium. 
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