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ABSTRACT: UroPathogenic Escherichia coli (UPEC) and Klebsiella pneumoniae are the two main causative agents of urinary 
tract infections. Furthermore, these uropathogens are rapidly developing multi-drug resistance. However, as type 1 pili (filament-
like proteins) are critical virulence factors within both species, antivirulence treatment targeting the pili-encoding fim operon is 
a potential alternative to antibiotics for treatment. We used MEGA XI Mass Alignment Sequencing and phylogenetic analysis 
to identify conserved nucleotide regions among strains within select clades of UPEC and K. pneumoniae. From a sample of fim 
operon regulators, we identified statistically significant protein-binding motifs among the conserved regions using the Multiple 
Em for Motif Elicitation (MEME) Tool. We found the binding domains for the following regulator proteins to be highly 
conserved in the fimS region of E. coli reference strains: CitT, CovR, GlnR, IHF, RofA, XylR, SigW, PucR, Fur, MetR, and OxyR. 
CTSR and Hpr were completely conserved in K. pneumoniae reference strains, and PhoP is highly conserved in both species. 
These proteins are potentially associated with the pathogenicity of UPEC and K. pneumoniae. Together, these results indicate 
that antivirulence treatment targeting these regulators can be advanced. Future studies could conduct an electrophoretic mobility 
shift assay for confirmation of regulators’ binding regions and genetic analysis through motif deletion/mutation to determine the 
regulators’ functions.

KEYWORDS: Computational Biology and Bioinformatics; Genomics; Escherichia coli; Klebsiella pneumoniae; Type 1 pili; fimS.

� Introduction
Urinary tract infections (UTIs) are common, recurrent 

infections primarily caused by UroPathogenic Escherichia coli 
(UPEC) and Klebsiella pneumoniae, which are Gram-negative, 
facultative anaerobic, rod-shaped bacteria.¹ UTIs remain the 
most common outpatient infections with a lifetime incidence 
of 50-60% in adult women. They are classified on the basis 
of infection site: infection of the bladder/lower urinary tract 
is termed cystitis, infection of the ureter is termed urethritis, 
and infection of the kidney is termed pyelonephritis. If left 
untreated, the spread of uropathogens from the kidney into the 
bloodstream may lead to septicaemia.²

K. pneumoniae and UPEC strains are distinct from other
pathotypes of E. coli due to their production of several virulence 
factors that enable pathogenesis specifically in the urinary 
tract. To elaborate, both bacteria form biofilm-like masses 
called intracellular bacterial communities (IBC) and disperse 
into epithelial cells to initiate further rounds of UTIs.³ Other 
notable virulence factors are type 1 pili, whose structure and 
corresponding operon, termed “f im operon”, are highly similar 
to that of K. pneumoniae (Figure 1).⁴ Type 1 pili are filament-
like proteins that extend from the membranes of E. coli and 
K. pneumoniae and are vital for the invasion of the urinary
tract. The pili terminate in the adhesin protein FimH, which
adheres to O-mannosylated uroplakins (glycan-decorated
transmembrane proteins embedded in the urothelium) and
allows bacteria access to the urothelial niche, thus propagating
infection. FimH-mediated adhesion to uroplakins is critical to
UPEC and K. pneumoniae establishment and propagation of
a UTI.

In both UPEC and K. pneumoniae, the expression of the f im 
operon is phase variable, mediated by an invertible promoter 
region termed f imS. It is located upstream of the sequence 
of structural genes from fimA to f imH, encoding the main 
structural subunit (FimA) and adhesin terminator protein 
(FimH), respectively (Figure 1).⁴ Periodic inversion of fimS 
into the phase ON orientation occurs so that transcription 
may occur from 5’ to 3’, which is mediated by recombinases 
FimB and FimE. Specific to the K. pneumoniae fim operon, 
fimK is a regulator gene located downstream of fimH. It 
inhibits type 1 pili production by reducing the transcription 
of the operon, requisite during pathogenesis of pneumonia. 
Suppression of type 1 pili ensures that the bacteria are not 
detected by the immune system.⁵

In conformity with fimbriae-dependent uropathogenesis, 
extensive study regarding the regulation of the f im operon has 
been conducted. Previous research concerning the inhibitory 
properties of urine on the function of the f im operon in E. coli 
shows that the growth of E. coli in urine blocks FimH function 
and induces the f imS phase OFF orientation. However, 
once FimH has adhered to human bladder cells, it reverses 
the inhibitory properties of urine on production type 1 pili 
so that fim expression turns and/or remains ON, regardless 
of its growth in urine. This reversal highlights antivirulence 
treatment targeting pili specifically as particularly effective 
against UTIs because it is more effective than the temporarily 
inhibitory properties of urine. Thus, the present study aims 
to find putative regulator proteins of the f imS region in order 
to provide a basis for future research concerning the proteins’ 
relation to the pathogenicity of E. coli and K. pneumoniae, as 
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well as treatment that targets protein regulation of the region 
itself.  

With a pangenome of approximately 15,000 genes, 
UPEC are genetically heterogeneous; K. pneumoniae are 
also differentiated, but to a smaller extent. Given the genetic 
diversity across UPEC and K. pneumoniae strains, the presence 
of motifs (conserved regulator protein-binding sequences) in 
the f imS region, unique to different clades of UPEC and K. 
pneumoniae, can provide insight into the genetic regulation of 
the fim operon. In the present study, we aim to characterize the 
two f imS regions using various reference strains of published 
E. coli and K. pneumoniae genomes. Specifically, we aim to
utilize phylogenetic and motif analysis to determine how the
f imS region of all E. coli compares to that of K. pneumoniae
and how it compares between clades of UPEC and within
each species itself.

� Methods
Nucleotide BLAST of E. coli UTI89 fimS region:
The Nucleotide Basic Local Alignment Search Tool, 

or Nucleotide BLAST, is a bioinformatics algorithm that 
compares and finds statistically significant similarities 
between a query DNA sequence and a database of genomic 
sequences.⁷ We sourced reference strains of UPEC from 
each of the following five clades of E. coli: B2, D, E A, and 
B1 (Table S1).⁸,⁹ Given the relatively lower genetic diversity 
of uropathogenic K. pneumoniae strains, the analyzed K. 
pneumoniae strains were all classified as the members of the 
same clade; thus, we did not conduct phylogenetic analysis of 
the K. pneumoniae strains in this study. For both pathogens, we 
defined the f imS sequence as the intergenic region between 
f imE and f imA.

To conduct a phylogenetic analysis of f imS regions 
among each UPEC clade and strains of K. pneumoniae, we 
first used the Nucleotide Database in the National Center 
for Biotechnology Information (NCBI) Search Tool to 
determine the accession number for each reference strain.¹⁰ 
Into the Nucleotide BLAST algorithm, we then entered the 
known FASTA sequence of the f imS region in E. coli UTI89 
as the query sequence and the accession number for each 
reference strain as the subject sequence for comparison. The 
same was done with the K. pneumoniae strain C3091. For each 
blast, the fimS sequences were entered as either the ON or 
OFF orientation, dependent on the orientation of the subject 
sequence. We recorded the resulting FASTA sequences of the 
entire intergenic region from the end of f imE to the start of 
f imA, containing the f imS region, for each reference UPEC 
and K. pneumoniae strain.

Alignment of fimS Sequences Per Clade and Phylogenetic 
Analysis:

Upon recording the f imS FASTA sequences for all pathogen 
variants, we used Multiple Sequence Alignment (MSA) tool 
ClustalW, embedded in the Molecular Evolutionary Genetics 
Analysis 10 algorithm (MEGA 11), to automatically align 
the f imS sequences for each clade of E. coli and all K. 
pneumoniae strains under default parameters. We then used 
MEGA 11 to construct a phylogenetic tree inferred by the 
Maximum Likelihood method and the Tamura-Nei model. 
The phylogenetic trees with the highest log likelihoods were 
constructed, indicating the highest level of fit of the tree to 
the sample of alignment sequence data. Initial trees for the 
search were obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances 
estimated using the Tamura-Nei model, and then selecting 
the topology with superior log likelihood value.¹¹,¹²

On the basis of evolutionary distance, we formed 
phylogenetic cluster groupings within each clade’s tree 
and the K. pneumoniae tree (Figure 2). We then selected a 
randomized representative consensus sequence from each 
grouping, which we used to identify the recurring regulator-
protein binding sequences (motifs) found in the sequence. 
Cluster analysis of pairwise evolutionary distances between 
all UPEC and K. pneumoniae isolates revealed two to four 
clusters within each phylogenetic tree. Outgroups in clades 
A, B1, and B2 were each assigned to their own cluster (Figure 
2B, C, D). We then identified one reference strain from each 
cluster as its evolutionary representation (for use in motif 
identification). 

Figure 1: f im operons of E. coli and K. pneumoniae. The f im operon diagrams 
for E. coli and K. pneumoniae are shown. Recombinase genes are colored light 
blue, structural proteins in dark blue, and the regulator protein unique to the 
K. pneumoniae operon in yellow. The promoter region is colored pink.
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We identified the following putative f imS regulator target se-
quences to be highly conserved among the E. coli reference 
strains: CitT, CovR, GlnR, IHF, RofA, XylR, SigW, PucR, 
Fur, MetR, OxyR. Furthermore, only IHF, SigW, PucR, and 
PhoP binding motifs were present among all UPEC repre-
sentative strains. In the K. pneumoniae representative strains, 
CTSR and Hpr motifs were present in all strains.

Among both species, PhoP binding motif was present in all 
strains, with the exception of K. pneumoniae strain INF291-
sc-2280225 (Figure 3). Approximately 56% of motifs were 
identified in three or fewer E. coli and/or K. pneumoniae strains, 
exhibiting no significant levels of conservation among the spe-
cies. 

Concurrent presence/absence of regulator pairs:
In UPEC strains 11128, 95-3322, and Sakai, binding motifs 

for regulators XylR and OxyR are concurrently absent but are 
present in all other strains (with the exception of only XylR 
being present in UPEC strain 317, an outgroup of clade B2). 
Similarly, the Fur and MetR motifs are concurrently absent 
among strains, also with the exception of strain 317, in which 
only the MetR target sequence is present (Figure 3). The con-
current presence and absence of the two pairs of motifs may 
suggest a mechanism that involves both motifs.
�   Discussion 
Type 1 pili (filament-like proteins) are critical virulence fac-

tors within both E. coli and K. pneumoniae. Thus, antivirulence 
treatment targeting the pili-encoding fim operon is critical. In 
order to develop a putative association between pathogenicity 
and regulatory proteins of the f imS region, we characterized 
the f imS regions in E. coli and K. pneumoniae and identified 
regulator motifs within each species. Upon the assumption 
that certain regulatory proteins are conserved among K. pneu-
moniae,  E. coli, or both, we conducted a phylogenetic analysis 
of sample strains and used the motif elicitation algorithm 
MAST, paired with the PRODORIC motif database, to iden-
tify putative protein binding motifs in the f imS region. 

Upon phylogenetic cluster analysis, strains of every cluster, 
with the exception of K. pneumoniae strain 4928STDY7071137 

Motif Comparison and Genotype-virulence Association:
We used the Motif Alignment and Search Tool (MAST) 

embedded in the Motif Elicitation (MEME) version 5.1.1 
suite to identify motifs within the consensus f imS sequences 
of each representative UPEC and K. pneumoniae strain.¹³ We 
ran the MAST algorithm for each representative strain against 
the PRODORIC database, constructed from a set of aligned 
transcription factor DNA-binding sites.¹⁴,¹⁵ We set the 
E-value sequence display threshold at less than or equal to 20. 
Upon completion, we analyzed results in the HTML format; 
the resulting block diagram shows the best non-overlapping 
tiling of motif matches on the sequence. We paired the motif 
matches with their associated regulator proteins and recorded 
the proteins/corresponding representative strains in a chart 
for further analysis. The position p-value of each motif was 
below the 0.0001 significance threshold, set by default.
�   Results and Discussion 
Phylogenetic relatedness and cluster analysis of UPEC and K. 

pneumoniae strains:
The intergenic region between f imE and f imA of 55 E. coli 

and 45 K. pneumoniae reference strains (Table S1) were deter-
mined, aligned, and combined into phylogenetic trees inferred 
by the MEGA XI algorithm in order to evaluate aspects of the 
strains’ relatedness and genetic content (Figure 2B, C, D, E). 
To elaborate, four phylogenetic trees were constructed from 
samples of UPEC reference strains belonging to the following 
clades: A, B1, B2, and D. One phylogenetic tree was created for 
all K. pneumoniae reference strains studied due to the relatively 
high level of relatedness among these strains (Figure 2). Each 
tree was inferred by the Maximum Likelihood method in the 
MEGA XI algorithm; Neighbor-Join and BioNJ algorithms 
were applied to estimates created by the Tamura-Nei model, 
and the tree with the highest log likelihood was selected.¹¹,¹² 
The evolutionary distance scale is based on the number of nu-
cleotide substitutions per site, which varies among each tree.

Phylogenetic cluster analysis of pairwise evolutionary dis-
tances between all UPEC and K. pneumoniae strains revealed 
two to four clusters within each phylogenetic tree. Strains 
of every cluster, with the exception of K. pneumoniae strain 
4928STDY7071137 (in the fourth cluster, see Figure 2A), 
maintained an evolutionary distance below 0.10 nucleotide 
substitutions per site.

Putative fimS regulator motifs conserved among UPEC and/
or K. pneumoniae:

The MEME algorithm was paired with the PRODORIC 
algorithm in order to identify potential regulator binding mo-
tifs in the f imS sequences of the bacterial strains studied. 

Figure 2: Phylogeny Trees of Studied K. pneumoniae strains and UPEC 
Clades. Trees shown: K. pneumoniae strains (A), UPEC Clade A (B), UPEC 
Clade B1 (C), UPEC Clade B2 (D), UPEC Clade B2 (E). The trees were 
inferred by using the Maximum Likelihood method and Tamura-Nei model. 
The trees with the highest log likelihoods are shown. Initial trees for the 
search were obtained by applying Neighbor-Join and BioNJ algorithms to 
a matrix of pairwise distances estimated using the Tamura-Nei model, and 
then selecting the topology with superior log likelihood value. The trees are 
drawn to scale, with branch lengths measured in the number of substitutions 
per site.11,12 On the basis of evolutionary distance, phylogenetic groupings 
(clusters) were formed for each tree, boxed in green. Representative strains 
of the cluster genome, selected at random for motif identification, are 
highlighted in yellow.

Figure 3: Motif conservation among E. coli and K. pneumoniae 
representative strains. Regulators associated with motifs identified by the 
MAST tool are plotted against corresponding reference strains (which 
presented a match), highlighted in gray. The grid is organized by high 
conservation among UPEC strains, K. pneumoniae strains, and both species; 
these three regions are outlined in red. UPEC strains are color-coded by 
clade.
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4928STDY7071137 (Figure 2A), maintained an evolu-
tionary distance below 0.10 nucleotide substitutions per site. 
This indicates a similar evolutionary relationship among the 
strains within each cluster, suggesting the fimS region is highly 
conserved across different strains of E. coli and K. pneumoniae. 
Furthermore, the formation of phylogenetic clusters allows us 
to identify representative strains for which we can take repre-
sentative data and look at conservation of the proteins within 
clusters and/or highly related strains.

We were able to identify, based on Multiple Em for Motif 
Elicitation (MEME) results, the binding motifs for the fol-
lowing putative fimS regulators in the E. coli reference strains: 
CitT, CovR, GlnR, IHF, RofA, XylR, SigW, PucR, Fur, MetR, 
OxyR. In the K. pneumoniae representative strains, CTSR and 
Hpr motifs were present in all strains. Among both species, 
PhoP was present in all strains, with the exception of K. pneu-
moniae strain INF291-sc-2280225. Based on prior published 
works, groups have confirmed IHF (integration host factor) as 
a regulator of the fimS switch; specifically, binding of the IHF 
protein to a site immediately adjacent to fimS is required for 
phase-on orientational bias.⁴,¹⁶ We have similarly found IHF 
to be completely present among every E. coli reference strain, 
and it is absent among all K. pneumoniae strains. Based on pre-
vious studies, K. pneumoniae requires the inhibition of type 1 
pili production during pathogenesis of pneumonia to ensure 
that the bacteria are not detected by the immune system.⁵ As 
IHF is confirmed to be an activator of the fimS region, we 
hypothesize that our K. pneumoniae reference strains lack this 
protein due to its nature as a pneumonia-causing pathogen.

Furthermore, previous studies have observed increased ex-
pression levels of the phoP gene in colistin (antibiotic) resistant 
K. pneumoniae strains, thus identifying PhoP as responsible for 
cell membrane modifications related with colistin resistance.¹⁷ 
Among avian pathogenic E. coli (AVEC), the deletion of phoP 
in APEC has also been shown to reduce biofilm formation.¹⁸ 
Further a genetic study involving the deletion of associat-
ed motifs can confirm whether the role of PhoP in the fimS 
region of E. coli and K. pneumoniae, or the intergenic region 
between fimE and fimA, presents any relation to its roles as an 
activator of colistin resistance and biofilm formation. 

The presence of CSTR and Hpr in all K. pneumoniae refer-
ence strains and none of the UPEC strains, upon further study, 
suggests their functions as repressors of the fimS region, which 
is requisite for a pneumoniae-causing pathogen.⁵ Additionally, 
the concurrent presence/absence of certain proteins in UPEC 
suggest that these proteins may work together and constitute 
a single mechanism.

Despite the variety of diseases caused by each E. coli clade, 
the regulator motifs we identified are highly conserved among 
all clades (Figure 3). To elaborate, virulent extra-intestinal E. 
coli strains belong mainly to clades B2 and D, whereas the 
largely commensal strains belong to clade A.¹⁹ However, given 
that putative motifs are largely conserved among all the E. coli 
clades studied, differences in motifs present are more apparent 
among comparison between E. coli and K. pneumoniae. 

As not all the proteins found are confirmed to be regulators, 
we cannot definitively associate every protein with pathoge-

nicity. Other researchers could conduct an Electrophoretic 
Mobility Shift Assay with the potential binding proteins in 
K. pneumoniae and/or E. coli in order to confirm their binding 
to the intergenic region between fimE and fimA.²⁰ Further-
more, the deletion and/or mutation of potential binding sites 
iin uropathogenic strains can be analyzed on the basis of what 
functions they alter and how they affect type 1 pili production. 
The association of a given protein with pathogenicity can then 
be confirmed.

By investigating regulators of critical genes in the fim oper-
on that encode for the uropathogenic virulence factor type 1 
pili, we can better understand the functions of uropathogens 
and the pathogenesis of UTIs. This can advance antivirulence 
treatment versus broad-range antibiotics; in selectively target-
ing virulence factors, treatment becomes more effective. An 
in-depth understanding of UPEC virulence can aid in reduc-
ing UTI recurrence, antibiotic resistance, as well as associated 
healthcare costs.
�   Conclusion 
As shown in this study, we were able to identify 14 

statistically significant (p<0.0001) binding motifs for putative 
f imS regulators in E. coli and K. pneumoniae reference strains. 
Among both species, PhoP was present in all strains, with the 
exception of one K. pneumoniae strain. As previous studies 
have shown that the deletion of phoP in avian E. coli has been 
shown to reduce biofilm formation,18 further studies may 
include the deletion of PhoP-binding motifs in human E. coli 
and K. pneumoniae strains to confirm whether it functions as 
an activator of colistin resistance and biofilm formation. 

IHF (integration host factor) was also present among all 
E. coli reference strains and absent among all K. pneumoniae 
strains. In order to establish an association between K. 
pneumoniae as a pneumonia-causing pathogen and the 
absence of IHF as a f imS regulator, the deletion/mutation 
of IHF-binding motifs in K. pneumoniae sequences (clinical 
and reference) and any resulting effects on infection can be 
tested. Furthermore, CSTR and Hpr were present in all K. 
pneumoniae reference strains and none of the UPEC strains; 
their concurrent presence/absence could reveal the presence of 
a mechanism. 

In addition, to confirm that every identified protein is a 
regulator of the intergenic region between f imE and f imA, 
and to determine a function/association with pathogenicity, 
an Electrophoretic Mobility Shift Assay could be conducted 
on the potential binding proteins.²⁰ Furthermore, the deletion 
and/or mutation of potential binding sites in uropathogenic 
strains can be analyzed on the basis of what functions they 
alter and how they affect type 1 pili production.
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