
 

 UNIVERSITY OF WISCONSIN-LA CROSSE  

Graduate Studies 

 

 

DOES THE YICJI OPERON CONTRIBUTE TO UROPATHOGENIC ESCHERICHIA 

COLI FITNESS WHEN CULTURED IN HUMAN URINE 

 

 

A Manuscript Style Thesis Submitted in Partial Fulfillment of the Requirements for the 
Degree of Master of Science in Microbiology 

 

 

Christopher Kalinka 

 

 

College of Science and Health  
Microbiology 

 

 

May, 2020 

 

 

 

 

 





   
 

iii 
 

ABSTRACT 

Kalinka, C.P. Does the yicJI operon contribute to uropathogenic Escherichia coli fitness 
when cultured in human urine. MS in Microbiology, May 2020, 81pp. (W.Schwan). 
 
Escherichia coli is a common bacterium found in the intestinal tracts of many mammals. 
A medically relevant type of E. coli is known as uropathogenic E. coli (UPEC). One of 
the most critical research areas involves genes that are responsible for bacterial fitness, 
like the yicJ gene, which encodes the sodium:galactoside symporter; yicI, which encodes 
the α-glycosidase YicI; and frzR, which encodes FrzR that is the activator of the frz 
operon and a putative activator of the yicJI operon. To examine what impacts yicJ, yicI, 
the yicJI operon, and frzR had on fitness, each gene was cloned into the pMMB91 
plasmid and growth curves in urine and buffered Luria broth were done for each 
recombinant strain in 96-well plates from 0 h-72 h. The growth curve studies 
demonstrated that overexpression of yicJI and frzR significantly enhanced growth in 
shaken human urine, whereas overexpression of yicJI attenuated growth in Luria-Bertani 
broth. Additionally, a portion of the promoter region of frzR was also cloned into the 
pCRISPathBrick plasmid to act as a gRNA scaffold for dCas9 to knock down the gene 
expression of the frzR gene. When frzR expression was knocked down, fitness was 
enhanced in shaken human urine, but decreased growth in static pooled human urine. 
Quantitative reverse transcriptase polymerase chain reaction analysis showed that 
overexpression of the frzR gene led to the transcriptional activation of both the frz and 
yicJI operons. These results demonstrate the potential importance of the yicJI operon and 
frzR gene in UPEC pathogenesis. 
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INTRODUCTION 

Escherichia coli and Implications of Infection 

Escherichia coli (E. coli) strains are commonly found as commensal bacteria of 

the mammalian intestinal track (1). Commensal E. coli typically colonize the intestinal 

lumen of infants a few hours after birth and stay within the intestinal lumen (2). Some 

commensal strains possess the capacity to cause disease in an immunosuppressed host 

when they move from the intestinal lumen to some other location within the host’s body 

(3). On the other hand, certain strains of E. coli with specific virulence factor genes are 

far more dangerous and possess global importance to public health (3, 4). 

One of the most medically important types of E. coli is uropathogenic E. coli 

(UPEC) (5). UPEC is the most common cause of urinary tract infections (UTIs) around 

the world, affecting over 150 million individuals annually. Even in the United States, the 

annual cost of missing work and healthcare used to treat UTIs totals over $3.5 billion (5). 

Women, infant boys, and the elderly are the groups most susceptible to UPEC infection. 

Forty percent of women have one or more UTIs within their lifetime, and women over 18 

years old have an 11% chance of developing UTIs annually (6-8). 

UPEC Fitness in UTIs 

 To cause urinary tract infections, UPEC must evade the host’s immune system to 

survive and reproduce. The survival and reproduction of UPEC in the human urinary tract 

is accomplished with what are known as fitness determinants (9, 10). Many of these 

UPEC fitness determinants are metabolic in nature and capable of metabolizing the high 

levels of peptides and amino acids found within the human urinary tract. The amino acid 

biosynthesis pathways seem to be particularly pertinent to UPEC fitness when growing in 
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human urine. Mutants deficient in the guanine, glutamate, arginine, proline, serine, 

leucine, methionine, or phenylalanine biosynthetic pathways possess fitness defects when 

compared with wild-type UPEC when grown in human urine. Besides amino acid 

utilization, peptides, and oligopeptides found in human urine are important carbon 

sources for UPEC growth in the human urinary tract (9-11). 

Human Urine Osmolarity, pH, and Other Factors 

Human urine contains high levels of peptides and amino acids sufficient to 

support the growth of UPEC (9, 10). However, human urine also possesses several 

antimicrobial properties that UPEC must circumvent to successfully establish infection. 

Many of these antimicrobial agents are natural components of the human urinary tract, 

such as high osmolality, acidic pH, and high concentrations of urea. The osmolality of the 

human urinary tract typically falls within the range of 500-600 mOsm/kg, but can range 

from 50 to more than 1400 mOsm/kg (12, 13). Further, osmolarity in the human urinary 

tract is not lethal to UPEC. Osmoprotectants; (e.g. carnitine, glycine betaine, and proline) 

accumulate within UPEC cells to protect the bacteria from osmotic stress (14). 

Additionally, UPEC cells pump in other osmoprotectants such as trehalose, glutamate, 

and potassium ions to deal with osmotic stress. (15). 

Two-Component Systems (TCSs) 

To survive in the high osmolality environment of the human urinary tract, UPEC 

must sense changes in the environment and trigger regulatory cascades that modulate 

transcription of genes tied to UPEC fitness. The centerpiece of regulatory cascades are 

two-component systems (TCSs). At the most basic level each TCS is comprised of a 

sensor kinase protein that detects a specific signal from the environment and becomes 
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phosphorylated via ATP hydrolysis. Once the sensor kinase is phosphorylated, the 

phosphate group is transferred to a response regulator protein, which can now repress or 

activate genes in the bacteria (16). Many two-component systems in E. coli are important 

for UPEC pathogenesis, such as CpxAR, KguRS, and EnvZ-OmpR (17-19).  

The EnvZ-OmpR TCS 

One type of TCS in E. coli is the EnvZ-OmpR system. The EnvZ-OmpR TCS 

allows UPEC to respond to changes in osmolality in the environment (20). EnvZ is the 

sensor kinase that senses a change in the osmolality of the environment and undergoes 

autophosphorylation at H243 (21). Phosphorylated EnvZ then proceeds to phosphorylate 

the response regulator OmpR at D55 (22). Once OmpR is phosphorylated, OmpR-P can 

regulate over 100 genes, including virulence genes important for UPEC pathogenesis 

(23). Furthermore, a UPEC ompR deletion mutant showed attenuated growth in a high 

osmolality environment in vitro as well as in a murine urinary tract model of infection 

compared to the wild-type strain (19, 24). This attenuated growth phenotype is likely the 

result of OmpR repressing transcription of key fim genes and other virulence factor 

genes, such as flhD, flhC, csgD, and cirA (24-27). 

Antisense/Cis-Encoded sRNAs 

One way the EnvZ-OmpR TCS regulates the expression of UPEC genes is 

through small regulatory RNAs (sRNAs). The sRNAs fall into three classes: antisense 

sRNAs, trans-encoded sRNAs, and Hfq-independent trans-encoded sRNAs (28-31). 

Antisense sRNAs, or cis-encoded sRNA, are so named because they are transcribed on 

the opposite strand of DNA from the gene they regulate (28). This positioning gives an 

antisense RNA perfect complementarity with its respective target gene. Furthermore, 
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antisense sRNAs have four main mechanisms through which they regulate gene 

expression (FIG. 1). The first mechanism inhibits transcription and is known as 

transcription interference (32).  

 

Figure 1. Mechanisms of antisense sRNA gene regulation. (A) Transcript interference. 
(B) Transcript attenuation. (C) Ribonuclease cut site blocking. (D) Creation of 
ribonuclease cut site. (E) Direct translational interference. (F) Indirect translational 
inhibition. 

Transcription interference occurs when the antisense sRNA blocks transcription 

of a target gene by binding to the promoter of that target gene, thus inhibiting the binding 

of RNA polymerase (Fig 1A). A second mechanism known as transcript attenuation (Fig 

1B) works when an antisense sRNA of one gene base pairs with its target mRNA 

transcript (28). The target transcript changes shape via binding interactions and thus, 

affects when transcription will be terminated. A third mechanism involves post-

transcriptional regulation and involves the removal or creation of a ribonuclease cut site 

(Fig 1C, 1D). This ribonuclease substrate alteration occurs by the antisense sRNA gene 

product of one gene base pairing with its target mRNA transcript, which either produces 
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a cut site for a nuclease or blocks one that currently exists. Lastly, sRNAs can inhibit 

translation either directly or indirectly (Fig 1E, 1F). Direct translation inhibition occurs 

when an sRNA base pairs to its respective mRNA transcript at the ribosomal binding site 

(RBS), which blocks ribosomes from being able to bind to that respective mRNA 

transcript. On the other hand, indirect translation inhibition occurs when an antisense 

sRNA binds to its respective mRNA transcript and physically changes the shape of that 

transcript through binding interactions (28). 

Trans-Encoded sRNAs 

Besides antisense sRNAs, a more extensively studied class of sRNAs that requires 

the chaperone protein Hfq to facilitate binding interactions are known as trans-encoded 

sRNAs (29). These trans-encoded sRNAs are so named because unlike antisense sRNAs, 

trans-encoded sRNAs are transcribed far from the genes they regulate. Furthermore, 

trans-encoded sRNAs have three main mechanisms for regulating gene expression (FIG. 

2). First, trans-encoded sRNAs can regulate gene expression by binding to the RBS of its 

respective mRNA target transcript with the aid of Hfq. One outcome of this binding is 

RNase E is produced and degrades the trans-encoded sRNA-mRNA duplex. 

Alternatively, a protein known as Rho binds to the trans-encoded sRNA-mRNA duplex 

and then proceeds to translocate up the target mRNA transcript until it reaches the bound 

RNA polymerase. Upon reaching the bound RNA polymerase, Rho terminates 

transcription and the incomplete mRNA transcript is released. Lastly, trans-encoded 

sRNA gene regulation involves the indirect inhibition of transcription (30). This 

mechanism of gene regulation involves trans-encoded sRNAs inhibiting the expression 

of a target gene by inhibiting the respective activators for that gene. This mechanism of 
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indirect transcriptional interference has been observed for trans-encoded sRNAs that 

inhibit the expression of OmpR and YdaM that serve as the csgD gene activators, which 

consequently decreases the transcription of the csgD gene and csgD mRNA transcript 

abundance. 

 

Figure 2. Mechanisms of trans-encoded sRNA gene regulation. 

Hfq-Independent Trans-Encoded sRNAs 

In addition to normal trans-encoded sRNAs that require Hfq to facilitate all 

binding interactions, there are also trans-encoded sRNAs that do not require Hfq to 

facilitate any binding interactions with a respective mRNA target transcript (31). This 

class of sRNAs is known as Hfq-independent trans-encoded sRNAs, which are found 

mostly in gram positive bacteria, such as Bacillus subtilis (32). Several theories have 

been proposed that explain how trans-encoded Hfq-independent sRNAs facilitate binding 

interactions. Two of the most prominent theories suggest that either there could be a high 
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enough G:C% to facilitate binding to a target mRNA transcript independently of Hfq or a 

protein that has yet to be discovered aids in binding to target mRNA transcripts (33). 

The Trans-Encoded sRNAs OmrA and OmrB 

Two redundant trans-encoded sRNAs that interact with the RNA chaperone 

protein Hfq found in UPEC are OmrA and OmrB (34). Hfq assists OmrA and OmrB by 

stabilizing the binding interaction between the sRNAs and the respective transcripts that 

they partner with (35, 36). Like other trans-encoded sRNAs, OmrA and OmrB can 

interfere with transcription by indirect repression of target genes and by attracting Rho 

(19, 37). OmrA and OmrB can also regulate genes post-transcriptionally by creating 

RNase E cut sites, resulting in OmrA or OmrB-mRNA target transcript duplex 

degradation. Lastly, just like other trans-encoded sRNAs, OmrA and OmrB can block 

translation by binding to the RBS. The genes that are regulated by OmrA and OmrB 

include genes encoding porins, siderophores, and regulatory components of curli fibers 

and type 1 pili (23, 30, 38, 39).  

Remodeling of the Outer Membrane of E. coli by the Trans-Encoded sRNAs 

OmrA and OmrB 

 Even though a number of genes appear to be regulated by the trans-encoded 

sRNAs OmrA and OmrB, most of the work has examined regulation of the outer 

membrane porins OmpC and OmpF (27). Under conditions of low osmolality, more 

OmpF is expressed, whereas under conditions of high osmolality, more OmpC is 

expressed. However, additional OmrA and OmrB regulated genes were identified using a 

ΔomrAB strain of E. coli complemented with a pBAD-derived plasmid containing the 

omrAB genes downstream of an arabinose inducible promoter (27). Many of the genes 
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that OmrA and OmrB controlled were downregulated at least two-fold. Some of the 

genes were involved in binding colistin, the acquisition of iron, or serving as 

bacteriophage receptor encoded outer membrane proteins, such as OmpT, CirA, FecA, 

FepA, and BtuB (27). The transcriptional downregulation of these outer membrane 

protein genes could provide several advantages in the high osmolality environments 

where OmrA and OmrB are expressed. These advantages include reducing the number of 

nutrient receptors in the cell membrane in an environment high in nutrients, decreasing 

the membrane stress response by reducing the mechanisms required to insert proteins into 

the outer membrane, and decreasing the number of receptors in the outer membrane for 

bacteriophages, colistins, and recognition by the host’s immune system (27). 

Regulation of Motility in UPEC by the Trans-Encoded sRNAs OmrA and 

OmrB 

 In addition to altering the composition of proteins in the E. coli outer membrane, 

the trans-encoded sRNAs OmrA and OmrB also have the potential to regulate motility in 

E. coli (39). Regulation of motility is accomplished by OmrA and OmrB mediated post-

transcriptional regulation of flhC and flhD, which encode the master regulatory proteins 

for flagellar synthesis. Specifically, the post-transcriptional regulation of flhC and flhD 

occurs because of the 5’-untranslated region (UTR) of OmrA and OmrB binding at or 

near the RBS on the flhC and flhD mRNAs, which inhibits ribosomal binding of flhC and 

flhD transcripts and consequently downregulates the expression of flagella in E. coli (39, 

40). Thus, negative regulation allows E. coli to rapidly shut off the expression of flagella 

in high osmolality environments like that observed in human urine. 
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Regulation of Biofilm Formation and Curli Synthesis by the Trans-Encoded 

sRNAs OmrA and OmrB 

 Besides regulating genes tied to motility, OmrA and OmrB can also post-

transcriptionally regulate the master regulator of curli synthesis and biofilm formation, 

csgD (26). While OmrA and OmrB bind to the csgD gene via antisense mechanisms, this 

binding does not occur in relative proximity to the RBS of csgD. Instead, the antisense 

binding of OmrA and OmrB inhibits ribosomal access to the start codon of csgD mRNA 

through an unknown mechanism. Even though the specific mechanism of this antisense 

regulation has yet to be elucidated, there are two critical components of csgD mRNA 

regulation by OmrA and OmrB. Specifically, the binding of OmrA and OmrB to csgD 

mRNA elicits a change in the structure of the mRNA that results in the production of two 

major loops (FIG. 3). The first SL1 loop, is essential for the translational regulation of the 

mRNA and the second SL2 loop, affects translational efficiency. 

Results of Gene Dysregulation in a UPEC ΔomrAB Mutant 

To ascertain the breadth of UPEC genes regulated by OmrA/B, an RNA sequencing 

experiment was performed that compared the transcriptome of a UPEC omrAB deletion 

mutant compared to the transcriptome of the wild type UPEC strain when grown in 

human urine (23). More than 400 genes were differentially expressed due to the omrAB 

deletion. In the ΔomrAB mutant, genes encoding proteins that were responsible for phase 

shock, mannose metabolism, and several hypothetical proteins had lower transcript 

abundance compared to the wild-type UPEC grown in human urine. Genes that had the 

greatest transcript abundance in the ΔomrAB mutant encoded proteins that were 
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responsible for metabolizing xylose, xylosides, and maltose compared to the wild-type 

strain. 

 

Figure 3. Structural changes of csgD mRNA induced by OmrA and OmrB binding. 

The Metabolic Functions of the yicJI Operon 

Two of the genes that had transcription most significantly dysregulated in the 

ΔomrAB mutant were yicJ, which was upregulated 3.7 fold, and yicI, which was 

upregulated 2.8 fold. Both genes comprise the yicJI operon that encodes a galactosides–

pentoses–hexuronides:cation symporter and an α-xylosidase within the family 31 α- 

glycosidase, respectively (41) (FIG. 4). 
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Figure 4. Location and arrangement of the yicJI operon within the genome of E. coli 
UTI89. The numbers above or below each gene illustrate the respective location of that 
particular gene in the genome of E. coli UTI89. The red boxes indicate the location of the 
shared common motif (SCM) upstream of yicJI and frz operons. 
 
The α-xylosidase encoded by yicI has the greatest substrate specificity for α-xylosyl 

fluoride, the disaccharide isoprimeverose, and xyloglucan oligosaccharides. However, 

YicI itself cannot metabolize insoluble xyloglucan, nor can it metabolize 

oligosaccharides like maltose or panose. Enzyme kinetic analysis has shown that YicI 

hydrolyses α-xylosyl fluoride at a rate of 132 μmol mg protein−1 min−1, whereas the 

hydrolysis of α-glucosyl fluoride by YicI occurs at a rate of 7.58 × 10−3 μmol mg 

protein−1 min−1, thus determining that YicI was an α-xylosidase. To determine the 

aglycone binding site of YicI and the specific glycolytic residue YicI interacts with, YicI 

was incubated individually with different sugars or α-xylosyl fluoride followed by 

separation using thin-layer chromatography. Trehalose, glucose, mannose, fructose, 

nigerose, kojibiose, sucrose, and xylose interacted with the aglycone-binding site of YicI, 

but the specific amino acid residues that comprise the aglycone binding site of YicI 

remain unknown. YicI hydrolyzes an α-D-xylose from oligoxyloses. The yicJ gene, 

which encodes the sodium:galactoside symporter YicJ, likely imports xylose from the 

periplasm into the cytoplasm (FIG. 5). 
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Figure 5. Predicted functional role of YicJI. Isoprimeverose being hydrolyzed into D-
glucopyranose and α-D-xylopyranose by the α-xylosidase YicI (green). D-glucopyranose 
and α-D-xylopyranose would then be imported into the periplasm via an outer membrane 
porin (purple), and imported into the cytoplasm via the YicJ permease (red). From there 
the α-D-xylopyranose could be converted into D-xylose and fed into the pentose 
phosphate pathway and the D-glucopyranose could fed into pathways for glycolysis or 
gluconeogenesis. 

The yicJI Operon is Implicated in E. coli Pathogenesis 

Even though the yicJI operon is typically associated with metabolism, it has also 

recently been implicated in E. coli pathogenesis by regulating genes encoding proteins 

responsible for colonic acid synthesis, biofilm formation, O-antigen modification, and 

capsular polysaccharide synthesis (42-44). The yicJ gene is under the control of the σE 

regulon, conferring a selective advantage to the bacteria when they are adapting to the 

microenvironments present in a eukaryotic host (45). The functions of proteins encoded 

by genes regulated by the extended σE regulon stand in sharp contrast to the functions of 
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proteins encoded by genes that are members of the core σE regulon, which are mainly 

responsible for iron scavenging and cell survival when phagocytized by macrophages. 

Further, sigma factor σE gene deletion mutants exhibited decreased pathogenesis in both 

enterohemorrhagic E. coli and UPEC strains of E. coli when compared to the wild-type 

strains (45). 

The yicJI Operon Elicits a Fitness Phenotype in Late Stationary Stage 

In addition to being controlled by the σE regulon, the yicJI operon was shown to 

contribute to fitness in the extra-intestinal pathogenic E. coli (ExPEC) strain BEN2809 

(41). A ΔyicJI mutant of strain BEN2908 showed lower fitness during late stationary 

phase when cultured in Luria-Bertani broth (LB), chicken broth, as well as several 

different kinds of minimal media with D-sorbose, D-fructose, D-psicose, or D-glucose as 

sole carbon sources. The fitness defect exhibited by the ΔyicJI mutant of strain BEN2908 

demonstrates that YicJ and YicI are critical for fitness in E. coli, but the mechanism is 

unknown. 

The yicJI Operon is Co-Transcribed with the frz Operon, Which Also 

Produces a Fitness Phenotype in E. coli 

An interesting feature of the yicJI operon is its co-transcription with the frz 

operon. Interestingly, a Δfrz mutant produced a phenotype similar to the ΔyicJI mutant in 

the BEN2908 strain, but with a few notable changes. While the Δfrz mutant was also 

attenuated during late stationary phase, this only occurred when oxygen was introduced. 

In an environment resembling the intestinal tract, the Δfrz mutant was unable to adhere to 

or enter human pneumocytes or intestinal cells when compared to the wild-type strain 

because the ratio of fimS favored the nonpileated phenotype in the Δfrz mutant versus the 
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parent strain. Furthermore, the presence of the frz gene appears to contribute to virulence 

in avian pathogenic E. coli (APEC) (46). This contribution to APEC virulence can be 

seen in APEC isolates collected from chicken that died of colibacillosis, as only 8.9% of 

the APEC isolates carried the frz gene in their genomes. In addition to eliciting fitness 

and virulence in pathogenic E. coli isolates, an analog of the frz operon has been 

identified in a pathogenicity island in Streptococcus agalactiae (47).  

Both the yicJI and frz Operons Share a Common DNA Motif Upstream of 

Both Operons 

In addition to the yicJI and frz operons being co-transcribed, being relatively close 

to one another in the genome (FIG. 4), and sharing a similar phenotype; they also possess 

a shared common motif (SCM) (40). The SCM has several conserved nucleotides located 

in the intergenic region between the yicJI and frz operons that could serve as a binding 

site for a regulator of both operons. One of those putative binding sites is for FrzR, an 

activator of the frz operon. FrzR is divided into five major domains: A winged-helix-turn 

helix (HTH) (FIG. 6), an Mga domain (FIG. 6), two phosphoenolpyruvate:carbohydrate 

phosphotransferase system (PTS) regulatory domains (PRD) (FIG. 6), and a PTS EIIB 

domain (FIG. 6). The HTH domain is involved in the regulation of genes tied to 

carbohydrate metabolism. Mga domains are predominantly responsible for regulating 

virulence genes in group A streptococci and adhesin expression in other bacteria 

(http://www.ebi.ac.uk/interpro/entry/IPR007737). The two PRD domains can have 

several different functions depending on the phosphorylation state of those domains (49). 

Finally, the PTS EIIB domain participates in PTS signal transduction 

(http://www.ebi.ac.uk/interpro/entry/IPR013011). Regulation of the frz and yicJI operons 
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could involve a mechanism that includes the PTS. Both the fitness phenotype elicited by 

the yicJI operon and the SCM sequence upstream of the yicJI and frz operons merit 

examining if there is a fitness phenotype tied to the yicJI operon in E. coli strain UTI89 

and if the protein FrzR is a transcriptional activator of both the yicJI and frz operons in E. 

coli strain UTI89. 

 
 
Figure 6. Domains of FrzR. Color indicates domain type: pink is HTH, grey is Mga, red 
is PRD, and blue is PTS EIIB. 

OBJECTIVES 

 We hypothesized that the yicJI operon was important for the fitness of the UPEC 

strain UTI89 when cultured in human urine and the FrzR protein was involved in the 

transcriptional regulation of the yicJI operon in this growth environment. 

 To determine if our hypothesis was correct, four specific aims were proposed: 

1. Create overexpression plasmids containing the yicJ, yicI, yicJI, or frzR genes. 

2. Create knockdown mutants of the frzR gene using a CRISPRi system. 

3. Determine if E. coli strain UTI89 transformed with each overexpression vector or 

knockdown vector was affected in its growth in human urine compared to the 

wild-type UPEC strain.  

4. Evaluate the transcript abundance of the yicJI operon in E. coli UTI89 

transformed with the frzR overexpression plasmid versus the parent strain using 

RT-qPCR. 



   
 

17 
 

METHODS AND MATERIALS 

Plasmids and Bacterial Strains Used in the Study 

 All of the strains and plasmids used in the study are listed in Table 1. E. coli 

UTI89 is a UPEC cystitis isolate (50) whose genome has been fully sequenced, 

annotated, and is freely available on the website for the National Center for 

Biotechnology Information (NCBI). E. coli DH5α was used for the construction, 

proliferation, and antibiotic selection of recombinant plasmids. Plasmid pMMB91 

harbors a low-copy origin of replication, a gene encoding a protein for kanamycin 

resistance, and a tac inducible promoter upstream of a multiple cloning site (51). Plasmid 

pCRISPathBrick has a medium-copy origin of replication, a gene encoding a protein for 

chloramphenicol resistance, and a gene encoding the dead Cas9 endonuclease (dCas9) 

(FIG. 7) (52). Plasmid pCRISPathBrick also encodes crRNA and trRNA meant to be 

used with dCas9 to knockdown gene expression of a target gene. Furthermore, a direct 

repeat sequence with a BsaI restriction endonuclease site designed to insert the 

protospacer sequence can be used in combination with the crRNA, trRNA, and dCas9 to 

knockdown gene expression of a target gene. Luria Bertani broth with 40 µg/ml of 

kanamycin (LB+Km40) and Luria Bertani agar (LA) with 40 µg/ml of kanamycin 

(LA+Km40) was used to select for pMMB91 transformants and strains, whereas LB with 

10 µg/ml of chloramphenicol (LB+Cm10) and LA with 10 µg/ml of chloramphenicol 

(LA+Cm10) was used to select for pCRISPathBrick transformants and strains. Super 

optimal broth (SOB) was used to make electrocompetent E. coli UTI89 and super optimal 

broth with catabolite repression (SOC) was used to recover electroporated E. coli UTI89 

(53). 
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Figure 7. Map of the pCRISPathBrick plasmid. 

Create Overexpression Plasmids Containing the yicJ, yicI, yicJI, or frzR 

Genes 

To create the yicJ, yicI, yicJI, and frzR overexpression plasmids, the pMMB91 

plasmid was used as a backbone. The frzR and yicI genes were PCR amplified with the 

FrzR4/5 or YicI5/6 primers (Integrated DNA Technologies, Coralville, IA) that contained 

EcoRI and SalI sites on the 5’ and 3’-end (Table 2), respectively. DNA sequences for the 

yicJ and yicJI genes were PCR amplified with YicJ4/6 or YicJ4/YicI6 primers (Integrated 

DNA Technologies, Coralville, IA) that contained EcoRI and BamHI sites on the 5’ and 

3’-end (Table 2), respectively. For each of the aforementioned PCR reactions used for 

cloning 5 µl of E. coli UTI89 genomic DNA isolated with the EdgeBio bacterial genomic 

DNA purification kit (EdgeBio, Gaithersburg, MD), 20 µl of complete Wigler’s buffer 
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(100 µg/ml bovine serum albumin, 67 mM Tris HCl pH 8.8, 10 mM β-mercaptoethanol, 

16 mM (NH4)2SO4, and 4 mM MgCl2), 50 pmol of each primer, 200 µM dNTPs 

(Promega, Madison, WI), 5 U of Taq polymerase (Promega, Madison, WI), and ddH2O 

to bring the volume of the reactions to 100 µl was used. An Applied Biosystems 2720 

thermocycler (Applied Biosystems, Foster City, CA) was used to amplify the template 

and the conditions used were 94 ℃ for 5 min for initial denaturation, then 30 cycles of 

denaturation at 94 ℃ for 1 min, annealing at 59 ℃ for 1 min, and extension at 72 ℃ for 

4 min respectively. A final extension at 72 ℃ for 5 min was done after the 30th cycle. 

Following the completion of PCR, the amplicons were separated by electrophoresis on a 

0.8% gel to determine that the PCR products were the appropriate size. 
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Table 1. Plasmids and Bacterial Strains Used in Study 
 

 
Plasmid or Strain 

 
Description Source 

Strain   
E. coli DH5α Laboratory strain of E. coli Thermo Fisher 

Scientific 
E. coli UTI89 
 

UPEC cystitis isolate 50 

Plasmids   
pMMB91 tac inducible promoter, low-copy, KanR 

 
51 

pMMB91:yicJ pMMB91 with the yicJ gene cloned downstream of the tac inducible 
promoter 

This study 

pMMB91:yicI pMMB91 with the yicI gene cloned downstream of the tac inducible 
promoter 

This study 

pMMB91:yicJI pMMB91 with the yicJI genes cloned downstream of the tac 
inducible promoter 

This study 

pMMB91:frzR pMMB91 with the gene frzR cloned downstream of the tac inducible 
promoter 

This study 

pCRISPathBrick 
 

dCas9, crRNA and trRNA scaffold, mid-copy, CmR 53 

pCRISPathBrick:frzRSRB pCRISPathBrick with a short, repeating, brick of the frzR promoter 
cloned into the crRNA scaffold site 

This study 
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 To concentrate the PCR products, each of the amplicons was PCR amplified in 

triplicate in 100 µl PCR volumes. Each amplicon was then concentrated using Microcon 

30 filters, resuspended in 60 µl of elution buffer, and gel isolated in a 0.8% agarose gel to 

physically remove non-specific PCR amplification. The gel isolated PCR products were 

again concentrated using Microcon 30 filters and resuspended in 50 µl of elution buffer. 

 The gel isolated frzR and yicI DNAs as well as the pMMB91 plasmid DNA were 

cut with EcoRI-HF and SalI (New England Biolabs, Ipswich, MA). The gel isolated yicJ 

and yicJI DNAs were cut with EcoRI-HF and BamHI-HF (New England Biolabs, 

Ipswich, MA) as well as the pMMB91 plasmid DNA. Each cut DNA population ligated 

to cut pMMB91 DNA using T4 DNA ligase (New England Biolabs, Ipswich, MA). 

After the yicJ, yicI, yicJI, and frzR genes were cloned into pMMB91 individually and the 

5’ phosphorylated frzR duplex was cloned into pCRISPathBrick, each vector was 

transformed into chemically competent E. coli DH5α via the heat shock procedure 

outlined by Dagert and Ehrlich (54). Transformants were selected on LA+Km40 plates 

incubated at 37 ℃. Several transformants underwent plasmid isolation with the Qiagen 

miniprep kit (Qiagen, Hilden, Germany) and the recombinant plasmids were digested 

with EcoRI-HF (New England Biolabs, Ipswich, MA) and BamHI-HF (New England 

Biolabs, Ipswich, MA) or EcoRI (New England Biolabs, Ipswich, MA) and SalI (New 

England Biolabs, Ipswich, MA) to confirm the inserts. Plasmids pMMB91:yicJ, 

pMMB91:yicI, pMMB91:yicJI, and pMMB91:frzR were created by this process. Once 

each recombinant plasmid had been created, each one was electroporated into 

electrocompetent E. coli UTI89 cells made competent according to the Datsenko and 

Wanner (49). Eighty microliter aliquots of competent E. coli UTI89 cells were mixed 
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with 10 µl of a recombinant plasmid preparation and electroporated with the following 

parameters: 2.5 kV, 100 Ω, 2.5 msec, and 25 µF. Following electroporation, the cultures 

were resuspended in 1 ml of SOC broth and allowed to recover at 37 ℃ shaken at 250 

rpm. Aliquots were plated on LA+Km40 overnight at 37 ℃ to select for transformants. E. 

coli UTI89 containing the proper recombinant plasmids were screened as described 

above. 

Creation of the CRISPRi Knockdown Plasmid Containing a gRNA Insert for 

frzR 

To create the CRISPRi knockdown plasmid designed to knockdown the 

expression of the frzR gene, a CRISPRi system supplied by Dr. Paul Schweiger from the 

University of Wisconsin La Crosse was used (52). Briefly, to produce the CRISPRi 

recombinant plasmid, a 250 nmol duplex, synthesized by IDT was used that encoded a 

part of the frzR gene promoter. This duplex was 5’ phosphorylated to allow immediate 

ligation. To prepare CRISPathBrick for ligation, the pCRISPathBrick plasmid DNA was 

digested with BsaI-HF (New England Biolabs, Ipswich, MA). After the BsaI-HF 

digestion, the concentrated pCRSIPathBrick was 5’ de-phosphorylated with recombinant 

shrimp alkaline phosphatase (rSAP) (New England Biolabs, Ipswich, MA).   Following 

the rSAP treatment of the pCRISPathBrick plasmid DNA, the 5’ phosphorylated frzR 

duplex was ligated into the plasmid DNA using T4 DNA ligase (New England Biolabs, 

Ipswich, MA) overnight at room temperature. The constructed pCRISPathBrick:frzRSRB 

plasmid was transformed as described above and transformants were selected on 

LA+Cm10 plates and incubated overnight at 37 ℃. 
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Table 2. Primers Used in Study 

 
Primer Designation 

 
Use Targeted gene(s) Primer Sequence 5’→3’a 

YicJ6 Gene cloning yicJ GACGGATCCATTGCCGTTCCTTAGTTCTGC 
YicJ4   GACGAATTCTATCGGAATATTCGCTCTCGC 
YicI6  yicI GACGGATCCCCGGATACGACACAAAACCAT 
YicI4   GACGAATTCGCAGAACTAAGGAACGGCAAT 
YicI5   GACGTCGACCCGGATACGACACAAAACCAT 
FrzR5  frzR GACGTCGACTGTCCATTCGTCATACCTCAT 
FrzR4   GACGAATTCGATGGCAACTGAAGCTCTTCC 
FrzR6 RT-qPCR frzR TTAGCGGATGTCTGGCGGTT 
FrzR7   AGCGACCGGCATAGTGACTG 
YicJ8  yicJI CGAGGTTGAACAGCAGGATAA 
YicI6   TCAATCCGTACACCGACAATAC 
EcFtsZ1  ftsZ TAGCGGTATCACCAAAGGACT 
EcFtsZ2   GTGATCAGAGAGTTCACATGC 
aUnderlined sequences indicate restriction endonuclease cut sites. 
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Growth Curves in Pooled Human Urine or Buffered LB 

 Previous work has shown a fitness benefit associated with the yicJ and yicI genes 

(41). To assess whether the fitness of E. coli UTI89 grown in human urine may be tied to 

yicJ or yicI genes, the recombinant strains E. coli UTI89/pMMB91, E. coli 

UTI89/pMMB91:yicJ, E. coli UTI89/pMMB91:yicI, E. coli UTI89/pMMB91:yicJI, E. 

coli UTI89/pMMB91:frzR, E. coli UTI89/pCRISPathBrick, and E. coli 

UTI89/pCRISPathBrick:frzRSRB were either grown in pooled human urine obtained 

from participants who signed an Institutional Review Board informed consent protocol 

approved by the University of Wisconsin La Crosse Institutional Review Board 

committee (see appendix I), or LB broth set at various pHs from pH 4.5 to pH 7. All of 

these cultures were incubated at 37 ℃ with shaking at 250 rpm or cultured statically at 37 

℃ and compared to the E. coli UTI89 strains containing either the pMMB91 or 

pCRISPathBrick plasmids. Growth curves were performed in 96-well plates and OD600 

measurements were taken every 2 h for 12 h, and then at 24 h, 48 h, and 72 h. Each 

growth curve for each strain grown was run a minimum of three separate times on 

different days. The means ± standard error were calculated for each strain. A two-tailed 

Student’s t-test was performed and a P-value <0.05 was considered significant. 

RT-qPCR Analysis 

 To determine if overexpression of the frzR gene affected yicJI transcription in 

UPEC strain UTI89 grown in human urine, a RT-qPCR procedure was used. Briefly, total 

RNA from E. coli UTI89/pMMB91 and E. coli UTI89/pMMB91:frzR cultures grown in 

human urine for 8 h, 24 h, and 72 h were isolated using the TRIzol (Invitrogen, Carlsbad, 

California) RNA isolation procedure. Briefly, 5 ml overnight cultures of E. coli 
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UTI89/pMMB91 and E. coli UTI89/pMMB91:frzR were inoculated into three pairs of 

125 ml flasks containing 100 ml of pooled human urine, 0.33 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG), and 10 µg/ml of chloramphenicol. Cultures of E. coli 

UTI89/pMMB91 and E. coli UTI89/pMMB91:frzR were pelleted by centrifugation at 

8,000 x g for 10 min at 4 ℃. The cell pellets were then resuspended in 750 µl of TRIzol 

reagent (Invitrogen, Carlsbad, California), transferred to a clean 1.5 ml microcentrifuge 

tube, and incubated at room temperature for 5 min. Chloroform was added to the and 

shaken vigorously, incubated at room temperature for 3 min, and separated by 

centrifugation at 13,000 x g for 15 min at 4 ℃. The aqueous layer had the RNA 

precipitated overnight after the addition of one volume of isopropanol and 1/10 volume 

of 3M sodium acetate made DEPC treated water. Precipitated RNA was pelleted by 

centrifugation at 13,000 x g for 10 min at 4 ℃, washed with 750 µl of 70% ethanol in 

DEPC treated ddH2O, pelleted again at 8,000 x g for 5 min at 4 ℃, and finally the dried 

RNA was resuspended in 50 µl of DEPC treated ddH2O.  

Each total RNA preparation was analyzed for purity using a nanodrop 

spectrophotometer (Thermo Fisher, Waltham, MA) and for RNA intensity when 

separated by gel electrophoresis on a 0.8% agarose gel by ensuring that the 5S, 16S, and 

23S bands of rRNA were all visible and not smeared. After RNA purity was confirmed, 2 

μg of each RNA preparation was converted to complementary DNA (cDNA) with the 

Superscript III First Strand Synthesis System (Invitrogen, Carlsbad, CA) per the kit 

instructions. Next, a SYBR green real-time PCR kit (Roche, Basel, Switzerland) was 

used to quantify the mRNA transcript abundance of the genes of the yicJI operon in the 

overexpressed frzR strain compared to the unmutated parent strain using a CFX96 
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thermocycler (BioRad, Hercules, CA). Each RT-qPCR reaction contained 50 pmol of 

each primer, 2 µl of template cDNA, 10 µl of supermix, and a volume of ddH2O to bring 

the volume of the reactions to 20 µl. The cDNA of the ftsZ transcripts were PCR 

amplified with the EcFtsZ1/EcFtsZ2 primers, the cDNA of the frzR transcripts were PCR 

amplified with the FrzR6/FrzR7 primers, and the cDNA of the yicJI transcripts was PCR 

amplified with the YicJ8/YicI6 primers. The thermocycler conditions used were 95 ℃ for 

5 min for initial denaturation, then 34 cycles of denaturation at 95 ℃ for 40 sec, 

annealing at 58 ℃ for 40 sec, and extension at 72 ℃ for 1 min, respectively. Differences 

in yicJI operon transcript abundance in the overexpressed frzR strain were compared with 

the unmutated parent strain using the 2-ΔΔCT method (55). The ftsZ gene was used as a 

reference gene to standardize the reactions (56). For a positive control, E. coli strain 

UTI89 genomic DNA was used. Negative controls included no template DNA, S. aureus 

genomic DNA, and no reverse transcriptase reactions. Each of the aforementioned 

reactions comparing the overexpressed frzR strain to the wild-type strain were run three 

times on separate days. The mean ± standard deviation were calculated for each time 

point and strain. A Student’s t-test was used to determine significance with a P < 0.05 

value being significant. 

RESULTS 

Overexpression of yicJI and frzR Confers a Fitness Advantage to E. coli 

UTI89 Strains Grown Aerobically in Human Urine 

To determine if overexpression of recombinant yicJ, yicI, yicJI, or frzR genes 

conferred a fitness advantage to E. coli UTI89 grown in human urine, E. coli UTI89 

strains carrying the pMMB91:yicJ, pMMB91:yicI, pMMB91:yicJI, or pMMB91:frzR 
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plasmid were grown in pooled human urine and compared to E. coli UTI89/pMMB91. 

The most dramatic fitness impacts were observed when the bacteria were cultured in 

human urine under shaking conditions. Strain E. coli UTI89/pMMB91:yicJI 

demonstrated a fitness advantage compared to E. coli UTI89/pMMB91 in shaken human 

urine at 6 h (P<0.05), 8 h (P<0.01), 10 h (P<0.001), 12 h (P<0.01), and 72 h (P<0.05) 

(FIG. 8A). Overexpression of frzR in E. coli UTI89 also exhibited better growth at 8 h 

(P<0.05), 10 h (P<0.05), 12 h (P<0.01), and 24 h (P<0.01). However, overexpression of 

yicJ and yicJI in E. coli UTI89 grown in static human urine demonstrated a reduction in 

growth at 24 h (P< 0.005 and P<0.01, respectively) (FIG. 8B). By 72 h, all but the yicJI 

overexpressed strain had better growth than the wild-type E. coli UTI89 (P<0.1).  

An examination of the growth of each overexpressed strain in buffered LB (range 

4.5-7.0) was also undertaken, comparing shaken cultures to statically grown ones. In 

shaken LB, overexpression of yicJI caused significantly reduced growth to occur 

(P<0.01) compared to the E. coli UTI89/pMMB91 strain generally beginning around 24 h 

in all pH conditions (FIGs. 9A-9F). However, the strains overexpressing yicJ, yicI, and 

frzR had better growth around 24 h and grew more similar to the parental strain. No 

discernable difference in bacterial growth was observed between the strains when the 

bacteria were grown statically in buffered LB (FIGs. 10A-10F).
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Figure 8A. Growth curves of E. coli UTI89/pMMB91 (blue circle), E. coli UTI89/pMMB91:yicJ orange dashed line), E. coli 
UTI89/pMMB91:yicI (grey square), E. coli UTI89/pMMB91:yicJI (light blue triangle), and E. coli UTI89/pMMB91:frzR 
(yellow diamond) cultured in pooled human at 37 ℃ and shaken at 250 rpm. Each data point represents the mean ± the 
standard error of the mean of three replicates.  
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Figure 8B. Growth curves of E. coli UTI89/pMMB91 (blue circle), E. coli UTI89/pMMB91:yicJ (orange dashed line), E. coli 
UTI89/pMMB91:yicI (grey square), E. coli UTI89/pMMB91:yicJI (light blue triangle), and E. coli UTI89/pMMB91:frzR 
(yellow diamond) cultured statically in pooled human at 37 ℃. Each data point represents the mean ± the standard error of the 
mean from three replicates. 
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Figure 9A. Growth curves of E. coli UTI89/pMMB91 (blue circle), E. coli UTI89/pMMB91:yicJ (orange dashed line), E. coli 
UTI89/pMMB91:yicI (grey square), E. coli UTI89/pMMB91:yicJI (light blue triangle), and E. coli UTI89/pMMB91:frzR 
(yellow diamond) cultured in LB broth at 37 ℃ and shaken at 250 rpm. Each data point represents the mean of three replicates 
and the error bars represent the standard error of that mean. The following pH conditions were tested A) 4.5, B) 5.0, C) 5.5, D) 
6.0, E) 6.5, F) 7.0.  
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Figure 9B.  
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Figure 9C. 
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Figure 9D.  
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Figure 9E.  
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Figure 9F.  
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Figure 10A. Growth curves of E. coli UTI89/pMMB91 (blue circle), E. coli UTI89/pMMB91:yicJ (orange dashed line), E. coli 
UTI89/pMMB91:yicI (grey square), E. coli UTI89/pMMB91:yicJI (light blue triangle), and E. coli UTI89/pMMB91:frzR 
(yellow diamond) cultured statically in LB broth at 37 ℃. Each data point represents the mean ± the standard error of the mean 
from three replicates. The following pH conditions were tested A) 4.5, B) 5.0, C) 5.5, D) 6.0, E) 6.5, F) 7.0. 
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Figure 10B.  
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Figure 10C.  
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Figure 10D. 
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Figure 10E.  
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Figure 10F.  
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Effect of CRISPRi Knockdown of frzR Transcription on UPEC Growth in 

Human Urine and Buffered LB 

To investigate the effect of reduced frzR transcription on UPEC strain UTI89 

growth fitness, a CRISPRi system was used. First, E. coli 

UTI89/pCRISPathBrick:frzRSRB was grown shaken or static in pooled human urine at 

37 ℃ and compared to E. coli UTI89/pCRISPathBrick growth. In the shaken human 

urine, the growth of E. coli UTI89/pCRISPathBrick:frzRSRB strain was better, but not 

significant, starting at 24 h (P<0.36) (FIG. 11A). By 48 h, there was a 3.4-fold increase in 

growth (P<0.001) when comparing the two strains and the growth difference continued 

after 72 h (1.9-fold increase in growth, P<0.01). However, when the same two strains 

were grown in static pooled human urine, the suppression of frzR transcription caused the 

E. coli UTI89/pCRISPathBrick:frzRSRB strain to grow less well, but still not 

significantly, compared to the E. coli UTI89/pCRISPathBrick strain beginning at 24 h ( 

P<0.1) (FIG. 11B). By 48 h, frzR downregulation led to a marked decrease in growth 

(1.2-fold, P<0.05) that continued through 72 h compared to E. coli 

UTI89/pCRISPathBrick. 

 An examination of the effects of frzR transcription in buffered LB was also 

performed. In shaken LB at pHs 4.5 and 5.0, knockdown of frzR transcription caused the 

bacteria to grow less well, but still not significantly, at 72 h when grown under shaking 

condition (P<0.1-0.08) (FIGs. 12A & B). Furthermore, suppression of frzR transcription 

caused a non-significant increase in UPEC growth compared to wild-type in pH 5.5-7.0 

LB (FIGs. 12C-12F). On the other hand, in buffered LB, the only difference in static 
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growth was observed in pH 4.5 LB from 8 h (P<0.001) to 24 h (P<0.001) where the E. 

coli UTI89/pCRISPathBrick:frzRSRB strain grew better than the wild-type strain under 

static growth conditions (FIG. 13A). There was no discernible differences were seen 

between the two strains when grown statically in pH 5.0-7.0 LB (FIGs. 13B-13F).   

Additionally, the variable ODs between the same strains under the same 

conditions could have been due to two main experimental factors. The first of which 

could have been running the growth curves in 96-well microtiter plates. Regardless of 

shacking or static growth conditions, there was a large pellet that formed at the bottom of 

the well. It was less pronounced in the shaking wells, but still there. In the static cultures, 

the 5 sec shake that the plate reader did to the 96-well plate was insufficient to break up 

the pellet. Furthermore, near the end of the growth curve experiments there were several 

wells that appeared to nearly have all the media evaporated out of them. Moreover, one 

thing that may have been able to elucidate why knocking down the frzR gene and 

overexpressing the frzR gene both resulted in enhanced fitness would have been to 

measure the levels of FrzR protein and frzR transcripts. However, there was no direct 

measurements of increased or decreased protein or RNA levels made during any of the 

growth curve experiments. 
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Figure 11A. Growth curves of E. coli UTI89/pCRISPathBrick (blue circle) and E. coli UTI89/pCRISPathBrick:frzRSRB 
(orange triangle) cultured in shaken pooled human at 37 ℃. Each data point represents the mean ± the standard error of the 
mean from three replicates. 
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Figure 11B. Growth curves of E. coli UTI89/pCRISPathBrick (blue circle) and E. coli UTI89/pCRISPathBrick:frzRSRB 
(orange triangle) cultured static pooled human urine at 37 ℃. Each data point represents the mean ± the standard error of the 
mean from three replicates. 
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Figure 12A. Growth curves of E. coli UTI89/pCRISPathBrick (blue circle) and E. coli UTI89/pCRISPathBrick:frzRSRB 
(orange triangle) cultured in shaken LB broth at 37 ℃. Each data point represents the mean ± the standard error of the mean 
from three replicates. The following pH conditions were used A) 4.5, B) 5.0, C) 5.5, D) 6.0, E) 6.5, and F) 7.0. 

 



   
 

47 
 

 
Figure 12B.  
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Figure 12C.  
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Figure 12D.  

 



   
 

50 
 

 
Figure 12E.  
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Figure 12F.  
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Figure 13A. Growth curves of E. coli UTI89 pCRISPathBrick (blue circle) and E. coli UTI89 pCRISPathBrick:frzRSRB 
(orange triangle) cultured in static LB broth at 37 ℃. Each datapoint represents the mean ± the standard error of the mean from 
three replicates. The following pH conditions were used A) 4.5, B) 5.0, C) 5.5, D) 6.0, E) 6.5, and F) 7.0. 
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Figure 13B.  
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Figure 13C.  
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Figure 13D.  
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Figure 13E.  
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Figure 13F.
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Impact of Overexpressing frzR on yicJI Transcript Abundance 

 To determine if the frzR gene was an activator for both the yicJI and frz operon, 

the frzR gene was overexpressed in E. coli UTI89 grown in human urine and the 

transcript abundance of both frzR and yicJI was quantified. The overexpression of frzR in 

E. coli UTI89/pMMB91:frzR enhanced the frzR transcript abundance 2.3-fold at 8 h 

(P=0.3), 1.7-fold at 24 h (P=0.09), and 1.2-fold at 72 h (P=0.9). Transcript abundance of 

yicJI also increased 2.0-fold at 8 h (P=0.1), 2.0-fold at 24 h (P=0.09), and 1.6-fold at 72 h 

(P=0.5).
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Figure 14. Quantitative reverse transcribed-polymerase chain reaction results of frzR (white column) and yicJI (diagonal white 
and black column) in E. coli/pMMB91 bacteria compared to E. coli UTI89/pMMB91:frzR grown in human urine. The data 
represents the mean ± the standard error of the mean from three separate experiments.



   
 

60 
 

 

DISCUSSION 

Our hypothesis was that the yicJI operon would enhance the fitness of E. coli 

UTI89 when grown in human urine and that overexpressing frzR would enhance yicJI 

transcript abundance. To address our hypothesis, this study had two main objectives. 

First, would overexpression of yicJ, yicI, yicJI, or frzR, or knocking down frzR 

transcription impact the fitness of E. coli UTI89 grown in human urine. Second, does 

frzR expression impact the transcript abundance of the yicJI operon. The results of our 

study demonstrate that overexpressing or knocking down those genes impacts the growth 

of E. coli UTI89 in human urine as well as LB broth at pHs you might find in human 

urine.  

UPEC is able to grow better than non-UPEC strains in human urine because of the 

plethora of virulence factors that it possesses compared to the non-UPEC strains, 

including those tied to adherence, protection from the host immune system, and nutrient 

scavenging (57). Even though the aforementioned virulence factors allow for 

colonization of the host urinary tract, they do not allow UPEC to overcome two of the 

most significant challenges of surviving in the human urinary tract, osmolarity and pH. 

Osmolarity and pH are overcome by what are known as osmoprotectants that are 

imported inside the cell to counter the external osmotic pressure (13).  

In the inhospitable human urinary tract, UPEC utilizes sRNAs to regulate genes 

needed to survive in this environment. Two of the sRNAs that have a global regulatory 

impact on gene expression in E. coli UTI89 are OmrA and OmrB (33). In a previous 

study, an RNAseq analysis of a E. coli UTI89 ΔomrAB strain compared to wild-type 
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UPEC UTI89 grown in human urine determined that a number of genes were 

dysregulated that could affect UPEC fitness in both murine and human urinary tracts 

(50). Some of the most dysregulated genes were implicated in metabolism. The genes 

comprising the two xyl operons were the most significantly upregulated, suggesting that 

pentose sugars, such as xylose, may be important for the metabolism of UPEC when 

grown in human urine. The second set of genes that was the most significantly 

upregulated was yicJ and yicI. The proteins encoded by the yicJI operon, YicJ and YicI, 

are implicated in the metabolism of xylooligosaccharide and the xylose residues cleaved 

from them.  

Metabolic Impact of YicJI Overexpression in Human Urine 
 

Our results demonstrate that the yicJI operon may have a significant impact on 

UPEC fitness in human urine. In shaken pooled human urine, the overexpression of the 

yicJI operon significantly enhanced the fitness of E. coli UTI89/pMMB91:yicJI during 

log phase compared to the parent strain. The potential substrate of YicI is likely an 

unknown xylooligosaccharide that is secreted into human urine (FIG. 15). The potential 

substrate of YicJ is likely xylose and is present at 200 µM in human urine (58). YicI 

would cleave xylose from the unknown xylooligosaccharide. This xylose would then be 

imported into the periplasm via an outer membrane porin. Once in the periplasm, the 

xylose would then be imported into the cytoplasm via the YicJ symporter. The xylose 

could then be converted into xylulose via xylose isomerase encoded by xylA. Xylulose 

could then be converted into xylulose-5P (Xu-5-P) by xylulokinase encoded by xylB. The 

Xu-5-P could then be fed into the pentose phosphate pathway by being converted into 

ribulose-5-P (Ru-5-P) via ribulose-5P via ribulose-5-phosphate-3-epimerase. Ru-5-P 
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could then be isomerized into ribose-5P (Rib-5-P) via ribose-5-phosphate isomerase. 

From this point the Rib-5-P could be used for nucleotide biosynthesis. Additionally, a 

transketolase could take Xu-5-P and Rib-5-P and convert them into glyceraldehyde-3-P 

(GAP) and sedoheptulose-7P. A transaldolase could then convert (GAP) and 

sedoheptulose-7P into fructose-6P and erythrose-4P. Erythrose-4P could then be utilized 

for aromatic amino acid biosynthesis.  

 

 
Figure 15. Predicted functional role of YicJI in human urine. Xylooligosaccharide being 
hydrolyzed by the α-xylosidase YicI (green), imported into the periplasm via an outer 
membrane porin (purple), and imported into the cytoplasm via the YicJ permease (red). 
Once the D-xylose has been imported into the cytoplasm from the periplasm by YicJ, it is 
isomerized into xylulose via xylose isomerase (1). The xylulose is then phosphorylated 
by xylulokinase into xylulose-5P (2). The xylulose-5P is then converted into ribulose-5P 
via ribulose-5-phosphate-3-epimerase (3). Ribulose-5P is converted into ribose-5P via 
ribose-5-phosphate isomerase. Ribose-5P is either utilized for nucleotide biosynthesis, or 
used with xylulose-5P to produce GAP and sedoheptulose-7P via a transketolase. GAP 
and sedoheptulose-7P are converted into erythrose-4P and fructose-6P by a transaldolase. 
Erythrose-4P is then utilized for aromatic amino acid synthesis. 
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A previous study demonstrated the importance of the pentose phosphate pathway 

in a UPEC strain (59). When the talA and talB genes were knocked out in unison, the 

UPEC strain had attenuated fitness. Both transaldolases, TalA and TalB, are responsible 

for reversibly converting sedoheptulose-7P and GAP to erythrose-4P and fructose-6P 

(58-60). These transaldolases provide a mechanism to convert GAP into fructose-6-

phosphate that can be used for gluconeogenesis, a pathway that is also critical for UPEC 

fitness. A previous study highlighted the importance of gluconeogenesis in UPEC fitness. 

A ΔpckA strain of UPEC was shown to have significantly attenuated fitness compared to 

that of the wild-type strain (61). The pckA gene encodes phosphoenolpyruvate 

carboxykinase, which converts oxaloacetate into phosphoenolpyruvate during 

gluconeogenesis.  

The enhanced fitness in human urine seen in E. coli UTI89/pMMB91:yicJI was 

only seen under aerobic conditions. Under static growth conditions, an attenuated fitness 

was observed for the same strain. This is the opposite effect that was seen in a study 

using the E. coli BEN2908 ΔyicJI strain (41). The physiological mechanism responsible 

for the attenuated growth of E. coli UTI89/pMMB91:yicJI in LB could be massive net 

energy loss. Specifically, overexpression of yicJI requires putting more energy into 

protein synthesis to build more YicJ and YicI. However, because the preferred 

xylooligosaccharide substrate of the YicI is not present in LB, the UPEC cells are not 

able to regain the ATP invested into the production of more YicJ and YicI proteins. This 

results in a net energy loss, which could produce attenuated fitness. One reason why the 

E. coli BEN2908 strain ΔyicJI had attenuated fitness compared to the wild type during 

static growth conditions may be because knocking out the yicJI operon eliminated a 
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potential means of acquiring and importing xylose that was being fed into the pentose 

phosphate pathway. With less xylose being fed into the pentose phosphate pathway there 

would be less xylose to be converted into Xu-5-P. There would then be less Xu-5-P to be 

isomerized into Rib-5-P. Interfering with the production of Rib-5-P would negatively 

impact nucleotide biosynthesis, thus greatly attenuating fitness. In aerated human urine, 

overexpression of the yicJI operon enhanced UPEC fitness during late log phase. More 

YicI would be able to hydrolyze more xylose from its preferred xylooligosaccharide 

substrate. Consequently, there would be more xylose for YicJ to import into the 

cytoplasm and get fed into the pentose phosphate pathway (56, 58). The xylose imported 

by YicJ could also be used for the synthesis of shikimate and chorismite. Shikimate and 

chorismate are intermediates that are required for the synthesis of aromatic amino acids 

like phenylalanine, tyrosine, and tryptophan. 

The Impact of FrzR in UPEC Growing in Human Urine 
 

We demonstrated above that overexpression of the yicJI operon caused a UPEC 

strain to grow better in aerated human urine. Since FrzR potentially regulates 

transcription of the yicJI operon through binding to the SCM region upstream of the yicJI 

operon (41), we also tested how FrzR may affect UPEC fitness when growing in human 

urine by overexpressing the frzR gene and by knocking down frzR transcription using a 

CRISPRi system (52). Overexpression of frzR also enhanced UPEC fitness in aerated 

human urine, whereas the knockdown experiment using the pCRISPathBrick:frzRSRB 

plasmid also caused increased UPEC growth compared to the control strain with the 

pCRISPathBrick plasmid. One of the reasons that may have resulted in enhanced fitness 

while overexpressing frzR and knocking it down is that there is potentially an unknown 
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mechanism of regulation between the yicJI and frz operons. One of the potential ways the 

FrzR protein may enhance fitness is by activating transcription of the genes within the frz 

operon, which in turn would produce more of the PTS system proteins that they encode. 

These PTS system proteins could then import disaccharides such as maltose, lactose, or 

sucrose into UPEC cells. Since hexose sugars in the urine are not common, being able to 

import disaccharides like maltose, lactose, or sucrose and break them down into single 

hexose sugars would allow another potential pathway for the generation of hexose 

phosphates besides gluconeogenesis (58). Given that no direct measurements of protein 

or RNA were made during any of the growth curve experiments, this possible regulatory 

system, would not have been detected. 

Previous studies have highlighted the importance of PTS systems like the frz 

operon in the virulence of pathogenic E. coli strains (45, 47). PTS systems are pertinent 

because they are a means by which the cell can import specific sugars. PTS systems are 

made up of several proteins involved in importing a sugar, but begin with 

phosphoenolpyruvate phosphorylating the first PTS protein EI and ending with the sugar 

being phosphorylated by the final PTS protein EIIC. Moreover, overexpression of FrzR 

activates the yicJI operon. Because FrzR activates both the frz and the yicJI operons, 

UPEC would have additional ways in which to metabolize xylooligosaccharides and 

pentose sugars found in the human urine. Consequently, this would allow for additional 

ways to utilize pentose sugars and xylooligosaccharides found in human urine for 

nucleotide and aromatic amino acid biosynthesis.   
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