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Abstract

Background: The fliC locus in Escherichia coli primarily encodes flagellar (H) antigens.
Exploring fliC sequence diversity will shed light on the mechanisms of bacterial pathogenicity. This
study examined the presence of fliC mutant strains of E. coli in infected patients from different age
groups, sexes and sample types in eastern Algerian provinces over a span of 2 years.

Methods: This retrospective, cross-sectional study involved three provinces in
eastern Algeria: i) Bordj Bou Arreridj, ii) Setif and iii) Batna. A total of 75 E. coli isolates were
obtained from the University State Hospital Centre. Two types of analyses were conducted: i) a
bioinformatics analysis of the protein sequences translated from the fliC genes, specifically the fliC
flagellar sequences and ii) a multifactorial statistical analysis (multiple correspondence analysis
[MCA] of the population of infected patients, considering various parameters. The fliC protein
sequences were aligned using the Multiple Alignment using Fast Fourier Transform (MAFFT)
programme. The alignment results were then visualised using the MView programme. Finally, a
phylogenetic tree was constructed using the maximum likelihood algorithm in MEGA 11 software.

Results: Bioinformatics analysis highlighted the strong conservation of the structures of
the fliC protein sequences, especially at the two N- and C-terminal ends, and strong variability in
the central zone. This remarkable fliC intersequence similarity is corroborated by the presence of
protein motifs identified in the PROSITE protein motif database.

Conclusion: fliC mutations in E. coli were not detected in the clinical samples of patients
from hospitals in the three Algerian Provinces. Our analysis revealed that all the samples exhibited
characteristics of wild-type virulent bacteria without mutations. A multicentre study is warranted
for epidemiological surveillance of fliC mutant strains for future preventive measures.
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Introduction

The flagellum is an organelle that plays a
crucial role in facilitating movement in a wide
range of bacterial species. The fliC gene encodes
a protein known as flagellin, which is the primary
structural element of the filament. According to
genetic studies, the N- and C-terminal domains
of flagellin play crucial roles in the process of
filament production. The filament core exhibits
a consistent structure among bacterial species,
while the outside domains display significant
variation and may be entirely absent in certain
instances. The observed variations can be
attributed to functional adaptation, evolutionary
divergence, gene regulation and gene acquisition
or loss (1). Indeed, several bacterial species
have demonstrated that the N-terminal and
C-terminal regions do not participate in protein
activity, namely, motility. Additionally, different
alignment analyses have identified numerous
amino acid variations within these two regions.
Nevertheless, the core region of the bacteria
exhibits a relatively high degree of conservation
and plays a prominent role in the pathogenicity
of the microorganism (2). Bacterial flagellin
genes and proteins have substantial intraspecies
variability, rendering them suitable for species
or strain identification purposes. Nevertheless,
the examination of phylogenetic data pertaining
to housekeeping genes associated with virulence
indicated that ancestral lineages of Escherichia
coli acquired virulence factors throughout
their molecular evolutionary process. This
finding lends support to the hypothesis that the
manifestation of heightened clonal virulence is
a recent and derived state that emerged because
of the acquisition of virulence genes, specifically
the fliC gene, rather than being an inherent
characteristic of primitive E. coli.

The occurrence of parallel evolution
suggests that natural selection has facilitated
the systematic acquisition of genes and the
gradual advancement of molecular processes that
enhance virulence (3). Therefore, the objective
of this work was to investigate the occurrence
of mutations in the amino acid residues of
flagellin protein sequences from E. coli strains
obtained from three distinct provinces in Eastern
Algeria (geophylogeny) over a period of three
consecutive years using bioinformatics analysis.
Furthermore, an investigation was conducted
to create a database for epidemiological
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monitoring purposes by examining the
spatiotemporal distribution of this pathogen.
The flagellin sequence of E. coli was analysed
as a fundamental component for diagnostic
identification.

Methods

Sampling Sites and Biomolecular
Analyses

The pathogenic E. coli isolates were
collected from three separate locations in
Eastern Algeria: i) the Centre Hospitalo-
Universitaire Saadna Mohamed Abdenour in
Setif Province, which has a total of 502 beds
and is located at coordinates 36°11'28”N and
5°24’11”E; ii) the University Hospital: Benflis Al-
Tohamy in Batna Province, which has 540 beds
and is situated at coordinates 35°31'54”N and
6°11”E and iii) the Bouzidi Lakhdar Hospital
in Bordj Bou Arreridj Province, which has 240
beds and is located at coordinates 36°3’44”N
and 4°46”E. Non-repetitive E. coli isolates
were randomly collected over a period of 24
months, specifically from October 2014 to
August 2016. The biomolecular analysis, which
included polymerase chain reaction (PCR) and
sequencing, was conducted in collaboration
with the Laboratory of Medical Microbiology
at the Faculty of Medical and Health Sciences,
Universiti Putra Malaysia.

Description of the Clinical Samples

A total of 75 isolates were obtained from
three collection sites: i) Setif, ii) Batna and
iii) Bordj Bou Arreridj Provinces. These three
collection sites were selected in a non-systematic
manner, without any specific statistical or
spatiotemporal criteria. Samples were randomly
collected from all patients who presented with
E. coli infections during the study period. The
microbiology laboratories received clinical
samples from different departments within the
hospital, as well as samples from outpatients.
The data for this study were collected during
multiple sampling periods, chosen based on
our observation of a significant volume of
clinical samples: October 2014-December
2014 (3 months), January 2015-February 2015
(2 months) and March 2016-August 2016 (6
months).



Original Article | Bioinformatics and spatiotemporal distribution of the fliC gene

Phenotypic Identification of Isolates

The isolates were identified according to
basic biochemical tests using API 20E systems
(Biomerieux, France). The data were interpreted
according to the manufacturer’s instructions.

Molecular Identification

Extraction of Bacterial DNA

For each isolate, DNA extraction was
performed from one colony in a final volume of
200 uL of distilled water by incubation at 95 "C
for 10 min (boiling method). Bacterial DNA was
recovered after removal of cell debris (pellet) by
centrifugation at 12,298 x g for 10 min. The DNA
was then stored at —20 “C until further use (4, 5).
DNA purity and quantity were determined prior
to PCR to verify the proper concentration using a
NanoDrop spectrophotometer (NanoDrop® ND-
1000 UV-Vis Spectrophotometer, Thermo Fisher
Scientific, USA) based on absorbance readings
at 260 nm and 280 nm. The DNA concentration
was determined by measuring the absorbance
of 1 uL at 260 nm (A260), which is equivalent
to 50 ng of DNA. DNA purity was estimated by
calculating the ratio of the optical density at 260
nm divided by that at 280 nm (A260/A280). An
A260/A280 ratio greater than or equal to 1.7 ng/

Table 1. Primers used for PCR-STD reactions

Target gene Type of PCR  Primer
16S 16S rDNA-F
PCR-STD
rDNA 16S rDNA-R
fliC-F
flic PCR-STD ,
fiC-R

uL is expected for pure double-stranded DNA
(6).

PCR and Gel Electrophoresis

PCR was performed using a Bio-Rad
MyCycler Thermal Cycler (USA) to amplify
the 16S rRNA and fliC genes following the
protocol established by Yang et al. (7). The PCR
mixture contained 12.5 pL of 2x PCR Master
Mix (FastStart Tag DNA Polymerase), 1 uL of
each primer, 5.5 uL of nuclease-free H,O and
5 uL of target DNA. The PCR steps included
initial denaturation at 96 ‘C for 4 min, followed
by denaturation at 94 ‘C for 1 min, primer
hybridisation at 65 'C for 1 min and initial
elongation at 72 ‘C for 1 min. A final elongation
step was performed at 72 °C for 1 min.

The PCR products were subjected to
electrophoresis on a 1% agarose gel at 70 V, 400
mA for 40 min. The gel was prepared with 1 g
of agarose in 100 mL of 1x Tris-borate-EDTA
(TBE) buffer supplemented with 0.5 uL of health
view nucleic acid stain. The gel was polymerised
and then immersed in a migration vessel with
1x TBE buffer. PCR products, along with a 1 kb
DNA Ladder marker, were loaded with Blue
Juice Loading Buffer. Gel reading was performed
under a UV transilluminator and PCR-positive
products were subsequently sequenced (8). Table
1 shows the primers used for PCR in the study.

5’-3’ sequence Size (bp)
AGAGTTTGATCCTGGCTCAG

1,000—1,500
GGCTACCTTGTTACGACT

ATGGCACAAGTCATTAATACCAACA
TTAACCCTGCAGCAGAGACAGA

1,000—2,000

Sequencing of the fliC Gene

PCR products were sequenced at MyTACG
Bioscience Enterprise, Kuala Lumpur, Malaysia.
The resulting nucleotide subsequences were
assembled (forward and reverse) using
CodonCode Aligner software and analysed using
the BLAST programme to verify their identity
against the NCBI portal GenBank sequences
available at the following URL: https://www.
ncbi.nlm.nih.gov/. The 75 sequences of the fliC
genes were submitted to the GenBank database.

Bioinformatics Analysis

Multiple alignment

The f1iC nucleic acid sequences were pre-
processed before multiple sequence alignment
to homogenise our data. Thus, sequences
with high identity (or low dissimilarity) were
removed to avoid sequence redundancy and to
reduce computational time during phylogenetic
construction. The pairs of sequences with low
distances found on the distance matrix were
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constructed via the Emboss site (https://www.
bioinformatics.nl/cgi-bin/emboss/distmat);
therefore, those with very high identity were
deleted (Supplementary Table 1). The distance
scores are expressed in terms of the number of
substitutions per 100 bp, which are also called
dissimilarity coefficients.

Multiple sequence alignment of the fliC
gene was performed with the Multiple Alignment
using Fast Fourier Transform (MAFFT)
programme (EMBL-EBI) and the results
were visualised with the MView programme
(EMBL, EBI). Multiple alignment of fliC protein
sequences was performed using the ClustalW2
computer programme (EMBL 2022 | EMBL-
EBI) and sequences larger than 400 amino
acid residues were used to derive the maximum
amount of information from the readout of
this alignment. The similarity of the protein
sequences of the fliC gene was assessed by a
motif search using the PROSITE database. To
do this, only sequences with sizes greater than or
equal to 300 residues were retained.

Phylogeny of the fliC gene

Our sequences were compared to GenBank
sequences using the BlastN programme (specific
for noncoding nucleic sequences) for the 16S
rDNA gene and the BlastX programme for
the fliC gene. The phylogenetic analysis was
performed using MEGA 11 software. The analysis
was performed using multiple alignments with
the MUSCLE algorithm. Subsequently, manual
correction was performed to remove regions
with a high frequency of gaps, specifically
the 5-phosphate and 3-OH regions of this
alignment. These regions are not favourable
for phylogenetic construction because they
are less informative sites and are considered
divergent regions. This multiple alignment will

make it possible to highlight areas in the 75
sequences whether these sequences are highly
similar and/or have low similarity. The latter
can be explained by very high mutation rates
(substitutions or insertions/deletions) between
the aligned sequences. In contrast, the areas of
high similarity found in the multiple alignment
indicate a high conservation of nucleotides
within these sequences.

The multiple alignment results were
subsequently used to construct a phylogenetic
tree. Phylograms were inferred using the
maximum likelihood (ML) method, with
Salmonella enterica Typhimurium serving as
the outgroup. The distance matrix was adjusted
using the k2P evolutionary model. The bootstrap
values were obtained from 1,000 replications
(11-13).

Statistical Analysis

Multiple correspondence analyses (MCAs)
were used to analyse the spatiotemporal
distribution of the pathogens and their
relationships with the analysed parameters. This
study also helped to elucidate the epidemiological
and pathological interrelationships within the
population. The analyses were conducted using
IBM SPSS version 26.0 software on Windows
(IBM Corp., 2019) (14).

Results

General Characteristics

Information on patients with E. coli
infections and their geographical locations were
retrieved from the medical records, as shown in
Table 2.

Table 2. Distribution of bacterial numbers by age group, sex, sample type,
year of isolation, season of isolation and geographic regions

Parameters
Age group (years old)
<14
15—29
30-59
= 60

n %

17 22.67
16 21.33
25 33.33
17 22.67

www.mjms.usm.my
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Table 2. (continued)

Parameters
Sex
Male

Female

Type of samples
Blood
Urine
Plural fluid
Vaginal fluid

Sputum

Year of isolation
2014
2015
2016
Geographical region
Sétif
Batna

Bordj Bouarreridj

Type of seasons
Winter
Autumn
Spring

Summer

n %
23 30.67
52 69.33
2 2.67
69 92.00
2 2.67
1 1.33
1 1.33
26 34.67
9 12.00
40 53.33
54 72.00
13 17.33
8 10.67
23 30.67
12 16.00
19 25.33
21 28.00

Clinical samples were obtained from 75
patients aged 1 year old—88 years old (median:
38 + 23.21 years old). The patients infected with
E. coli were categorised according to age group
as follows: < 14 years old (17 patients), 15 years
old—29 years old (16 patients), 30 years old—59
years old (25 patients) and > 60 years old (17
patients). Fifty-two and 23 of the patients were
females and males, respectively. The -clinical
samples were collected from patients living in
different provinces: Setif (54 patients), Batna (13
patients) and Bordj Bou Arreridj (8 patients).
The data can be found in the Clinical Information
Sheet (Supplementary Table 2).

JliC Gene Sequencing

In the present study, the sequences
varied in size, ranging from 924 bp to 1,864
bp, with a difference of 940 bp. On average,
the size was 1,477 bp, with a standard deviation
of 266 bp. The sequences were submitted to
the GenBank database and their accession

numbers are listed in Supplementary Table 3.
The BLAST programme was used to determine
functional and evolutionary relationships
between sequences. BLAST results provide
information on the percentage coverage, which
indicates the size ratio between our sample
sequences and GenBank. They also include the
percentage identity, which measures the number
of identical amino acid residues between two
sequences. Additionally, the E-value expresses
the probability of finding a similar sequence
by chance in the database. As the E-value
approaches zero, the error of having a sequence
that is significantly different from our sample
sequences becomes minimal or even zero.

Bioinformatics Analysis

Multiple Alignment

Treatment of sequences to eliminate
redundancy of the fliC gene resulted in the
removal of 19 out of 75 sequences, representing
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25% redundancy. The distance scores for analysed (Supplementary Table 4). Multiple

these sequences ranged from 0.00 to 6.22. sequence alignment revealed similarity in the 5°
The remaining sequences (56 sequences) with region of the sequences, indicating conservation
dissimilarity coefficients greater than 80% were of the fliC gene (Figure 1).

cov  pid 161
1 (1)_Setif Blood 108.8% 180.0%
2 (7)_Setif_Sputu 99.2% 53.4%
3 (16)_Setif Urin 91.1% 50.7%
4 (51)_Setif Urin 95.3% 50.2%
5 (56)_Setif Urin 91.1% 50.7%
( 2)_Batna_Vagi 75.7% 58.4%
69)_Setif_Urin 72.1% 54.5%
_Setif Pleur 98.4% 54.9%
)_Setif _Urin 98.9% 52.5%
)_Setif Urin 98.1% 52.2%
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Figure 1. A portion of the multiple alignment of the 5’ region of the fliC gene sequence
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A strong dissimilarity was observed in alignment (Figure 2), indicating that the fliC
the middle region of the multiple sequence gene is not conserved.
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Figure 2. A portion of the multiple alignment of the core area of the fliC gene sequences

The 3’ region of the multiple alignment, displayed a significant amount of positional
as shown in Figure 3, exhibited greater identity among sequence residues.
conservation than did the central region. It also
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Figure 3. A portion of the multiple alignment of the 3’ region of the fliC gene sequence

Multiple sequence alignment revealed that
the N-terminal and C-terminal regions were
highly conserved, while the core regions were
highly variable (Supplementary Figures 1a, b and

c).

Search for Motifs

The presence of motifs within the sequences
of fliC supports the high similarity of its protein
sequences. Table 3 below displays the types of

motifs found in our sequences.

Table 3. Types and characteristics of fliC gene protein motifs within our sequences from PROSITE database

Code

Position Sequence

Score

Sample source Geographic
location

Big-1 (bacterial PS51127
Ig-like domain
1) domain

profile

CW Cell wall-
binding repeat
profile

PS51170 292311

GAE Gamma-
adaptin ear
(GAE) domain
profile

PS50180 462—554

PUM Pumilio
RNA-binding
repeat profile

PS50302 418—437

MAQVINTNSLSLI 5.099

ANGKITIGGQEAY
LTSDGNL

5-955

ATTNPLAALDDAIASID
KFRSSlgaigNRLDSAVT
NLNTTTNLSEAQsrIQD
ADYATEVSNMSKAQII
QQAGNSVLAKANQVPQ
QVLSLQG

EVSNMSKAQIIQQAGN
SVLQ

6.561

4.744

Setif
Batna

Blood, urine,
sputum, pleural
fluid, genital

Urine, sputum Setif, Batna,

Bordj Bou
Arreridj
Setif
Urine, Pleural Setif
fluid
Urine Bordj Bou
Arreridj

The fliC protein has highly conserved
regions.
N-terminal region contains two motifs called Big-

N-terminal and C-terminal

The

1 and CW, while the C-terminal region contains
the motifs PUM and GAE. No motifs are found in
the core region (Figure 4).
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Figure 4. Schematic representation of the distribution of the main motifs found on the fIiC protein using the

PROSITE database

Phylogeny of the fliC Gene

The nucleotide sequence of the phase 1
flagellin of S. enterica Typhimurium was used
to construct a phylogenetic tree. This tree shows
two main groups of E. coli fliC alleles: cluster A
and cluster B (Figure 5).

The phylogram topology revealed two
primary clades originating from the root.
Clade A had 41 OTUs (operational taxonomic
units), while clade B had 15 OTUs. Clade A was
homogeneous, except for one OTU (Setif, N
°32) that left the group. The remaining isolates
(n = 40) were divided into two groups with a
bootstrap value of 95%. The OTUs had a wider
distribution in the Province of Setif than in the
Provinces of Bordj Bou Arreridj and Batna.
The Setif Province had a greater number of
OTUs, while the Bordj Bou Arreridj and Batna
Provinces had a balanced distribution with 6
and 9 OTUs, respectively. The number of OTUs
in the 2014 and 2015 collections was relatively
balanced, with 13 and 8, respectively. However,
the 2016 collection had 20 OTUs. Notably,
urinary tract infections were the predominant
type in Clade A, accounting for 97.6% of the
samples (40 out of 41). There was only one blood
sample in Clade A. Based on the nature of the
aligned sequences (primary structure), there was
a significant similarity among those in Clade A as
opposed to sequences from Clade B. The latter
showed similarities with other E. coli strains
from samples other than urine.

Clade B was divided into two subclades with
a 30% bootstrap value. It is mainly composed
of OTUs from Setif Province, with only one
individual from Bordj Bou Arreridj Province
and two from Batna Province. Additionally,
this clade was distinguished by the complete
absence of OTUs collected in 2015, while there
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was a balanced presence of OTUs from 2014 and
2016. Urine samples clearly represented Clade
B compared to other samples, such as blood,
sputum and pleural fluid.

The gene phylogeny for E. coli fliC is rooted
in the fliC gene of S. enterica Typhimurium.
The maximum likelihood method and Kimura
2-parameter model were used to infer the
evolutionary history. The tree with the highest
log likelihood of -34242.14 was observed. The
percentage of trees with clustered associated
taxa is indicated next to the branches. The
initial tree(s) for the heuristic search were
automatically obtained by applying the
neighbour-joining and BioNJ algorithms to a
matrix of pairwise distances. These distances
were estimated using the maximum composite
likelihood (MCL) approach. The topology with
the highest log likelihood value was selected.
The tree is drawn to scale, with branch lengths
measured in substitutions per site. The analysis
included 57 nucleotide sequences. The final
dataset contained 2,824 positions. MEGA11 was
used for evolutionary analyses. The analysis of
the parameters and E. coli distribution in this
investigation, using multiple correspondence
analysis (Supplementary Figure 2 and Table 5),
revealed correlations between certain parameters
and no correlations in other cases. Therefore,
when examining the correlation between the
parameters Year and Season, a strong positive
correlation of 0.948 was observed. This suggests
a significant relationship between these two
parameters and the distribution of E. coli.
Interestingly, there was a weak correlation
between season and sex (r = 0.011). Based on
these findings, it appears that the distribution
of E. coli is not influenced by the season or sex
parameters.
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74 47) Setif Urine 1194bp 2016
75) Setff Urine 1212bp 2016
26) Batna Urine 1214bp 2014
4) Setif Urine 1201bp 2014

& 33) BBA Urine 1180bp 2015
34) Setif Urine 95Tbp 2015

® 15) Batma Urine 963bp 2014
64) Setif Urine 956bp 2016
73) Setif Urine 958bp 2016

l 20) Batna Urlne 1161bp 2014
100" 61} Setif Urine 1152bp 2016

29) Setif Urine 1660bp 2016

100" 65) Setif Urine 1656bp 2016

3) Sefif Urine 1685bp 2014

{43) Setif Urine 1689bp 2016

45) Setif Urine 1691bp 2016

10) Batna Urine 1679bp 2014

57|| 35) Setif Urine 1690bp 20156

41) Setif Urine 1680bp 2016

1| 31) Setif Urine 1682bp 2015

28) Setif Urine 1684bp 2015 A

63) Setif Urine 1681bp 2016

64 30) Setif Urine 1684bp 2015

60) BBA Urine 1693bp 2016

100 55) BBA Urine 1561bp 2016
“ 4"”[4 57) Satif Urine 1561bp 2016

48) Setif Urine 1670bp 2016

25) Batna Urine 1000bp 2014

37) BBA Urine 1634bp 2016

w 18) Batna Urlme 1614bp 2014
£ 46) Setif Urine 1733bp 2016

59) Satif Urine 1553bp 2016

14) Batna Urine 1571bp 2014

44) Setif Urine 1654bp 2016

100{| 19) BBA Urine 1655bp 2014

12) Batna Urine 1560bp 2014

91| 23) BBA Urine 1561bp 2014

40) Setif Urine 1657bp 2016

54) Setif Urine 1661bp 2016

24) Batna Blood 1242bp 2014

32) Setif Urine 1004bp 2015

6) Setif Ploural fluld 1667bp 2014
4}:‘1) Sefif Urine 1565bp 2016
ki 17) Sttt Urine 1654bp 2014
_|:n Setif Blood 1334bp 2014
™ 52) Seif Urine 1215bp 2016
42) Settf Urine 1660bp 2016
22) Batna Vaginal fluld 1052bp 2014
§9) Setff Urine 1003bp 2016 B
9 38) BBA Urine 924bp 2016
_“E 68) Setff Urine 1031bp 2016
13) Batna Urine 1563bp 2014
n 56) Setif Urine 1680bp 2016
51) Setif Urine 1738bp 2016
° 1) Satif Sputum 1790bp 2014
5 16) Setif Urine 1650bp 2014

Salmonella enterica 1500bp

-

Figure 5. Phylogenetic tree of the fliC gene from the pathogen E. coli rooted by the fIiC gene of S. enterica
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Table 4. Summary table of the spatial and temporal distribution of the E. coli pathogen

Province Year of Season Type of sample Gender Age group
collection (years old)
Setif 2016 Spring + Summer  Urine M+F All age groups
Bordj Bou Arreridj 2016 Spring + Summer  Urine F All age groups
Batna 2014 Winter Blood F All age groups
Notes: M= male, F = female
Table 5. Values of the correlation coefficients
Variables Age Gender Collection Season Region Year
Age 1.000
Gender 0.066 1.000
Sample Type 0.191 0.022 1.000
Season 0.226 0.011 0.344 1.000
Region 0.045 0.077 0.163
Year 0.289 —-0.013 0.380 1.000

Very high correlation Moderate correlation

Discussion

In this study, the fliC genes of E. coli
strains collected from various sample types
and provinces exhibited a remarkable level of
similarity in their N-terminal and C-terminal
regions. Undoubtedly, the remarkable structural
uniformity observed at both the N-terminal and
C-terminal ends provides valuable insights into
the wide range of structural variations exhibited
by flagellin. Nevertheless, the protein’s central
region has revealed significant differences that
serve as molecular indicators of the varying
structural characteristics found in different E.
coli strains. However, there is notable diversity
observed in the central region of these genes.
The presence of diverse flagellin gene variations
within the core region has been detected in
various bacterial species. The flagellin gene
has been found to exhibit diversity in several
bacterial species. These include Campylobacter
jejuni (15-17), Pseudomonas aeruginosa (18,
19), S. enterica (20), Vibrio parahaemolyticus
(21), Helicobacter pylori (22) and Burkholderia
cepacia (23, 24). These studies have successfully
highlighted the notable genetic diversity of the
flagellar gene among various bacterial species.

www.mjms.usm.my

Low correlation Negligible correlation

The utilisation of flagellin genes as biomarkers
can aid in the recognition and understanding
of different strains present in a population.
In a study conducted by Tasteyre et al. (25),
the DNA sequence of fliC was analysed in 47
isolates of Clostridium difficile belonging to
12 distinct serogroups (C, D and X). The study
revealed a notable range of differences in the
central domain of the fliC gene, but the N-
and C-terminal domains were consistent and
unchanged.

Multiple sequence alignment analysis
revealed significant similarities in both the
N- and C-terminal regions, suggesting strong
sequence conservation. The conserved regions
are likely functional domains within the
gene. Several researchers have previously
demonstrated the conservation of the two
regions in question. Similar findings have
been reported by Winstanley and Morgan,
Reid et al., Tasteyre et al. and Fereshteh and
Badmasti (25-28). These studies suggest that
the two conserved regions are highly conserved,
while the central region shows variability. The
identification of motifs documented in the
PROSITE database supports conservation. In
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this study, we identified two distinct motifs,
Big-1 and CW, located at the beginning of the
sequences in the N-terminal region. The Big-
1 motif is found from residues 1 to 11, and the
CW motif is found from residues 292 to 311.
Furthermore, we observed two residues, PUM
and GAE, in the C-terminal region. The PUM
residues are located from residues 418 to 437
and the GAE residues are found from residues
462 to 554. These findings offer valuable insights
into the structural characteristics of proteins.
Beutin et al. (29) analysed the fliC gene sequence
of the P12b strain and compared it to the fliC
sequences of five other E. coli H4 or H17 strains.
The analysis showed that the sequences at both
the DNA and amino acid levels were significantly
similar, indicating strong conservation of this
gene. Amhaz et al. (30) conducted a study using
RFLP-PCR fliC to examine the genetic diversity
of major enteroinvasive E. coli serotypes. The
research findings showed that the serotypes had
limited diversity in the fliC gene, especially in its
central region.

Fereshteh and Badmasti (28) recently
conducted a study on the multiple alignment
of 392 non-redundant whole fliC protein
sequences from Enterobacteriaceae. Through
analysis, two conserved sections were identified,
the Do and D1 domains, along with one
hypervariable region called the fliC protein core
region. These findings provide insights into the
structural characteristics of fliC proteins in the
Enterobacteriaceae family. This study examined
the sequence heterogeneity and diversity of
S. enterica subsp. enterica fliC serovars. The
results revealed significant variation among the
serovars, suggesting a diverse genetic landscape.
Distance matrix analysis revealed similarities
between E. coli fliC proteins and S. enterica
fliC proteins. This study revealed that fliC is
a reliable marker for distinguishing between
different members of the Enterobacteriaceae
family. Reid et al. (27) investigated the genetic
characteristics of pathogenic E. coli strains by
directly sequencing the fliC gene. The fliC gene
encodes the H antigen, which is important for
the pathogenicity of E. coli. Reid et al. (27)
reported that the N- and C-terminal regions of
fliC gene alleles are highly conserved among
different pathogenic E. coli serotypes. These
regions are functionally important and likely
contribute to the overall structure and function
of the H antigen. The central part of the fliC gene
varies significantly among different pathogenic E.
coli serotypes, exhibiting numerous variations.

This suggests that the central region experiences
selective pressures that lead to genetic variation
and adaptation in these strains. The study by
Reid et al. (27) offers valuable insights into the
genetic diversity of pathogenic E. coli strains,
specifically regarding the fliC gene. Additional
research in this field could provide insights into
the specific mechanisms that contribute to the
polymorphism and diversity observed in the
central region of the fliC gene. Understanding
these mechanisms could help us better
understand the pathogenicity of different E. coli
serotypes.

Polysaccharides O and flagellin are the
main antigens of Gram-negative bacteria and are
also referred to as the O and H antigens. Both
antigens are highly polymorphic (31). There are
53 types of E. coli flagellar H-types (H1-H56)
composed of polymerised flagellin subunits.
However, H13, H22 and Hs50 are no longer
present. Previous research has shown that genes
in the fliC locus and other loci encode 43 out of
the 53 H-antigen types in E. coli (31-34). The
fliC sequences of 43 H-types were compared,
revealing distinct sequence features. The core
region showed high variability, while the 5’
and 3’ regions were conserved (> 90%). The
core sections had less than 90% similarity (31).
The diversity and conservation of sequences
in the fliC and nonfliC genes enable the
molecular identification of E. coli H-types (35).
The E. coli isolates from the Setif Province in
2016 were found in urine samples collected
during the spring and summer seasons. They
were detected in individuals of all age groups
and both sexes. Therefore, we can conclude that
certain relationships, such as the correlation
between spring and urine samples, impact
the dispersion of E. coli. Bacteria were more
common in the urine of patients during the
spring and summer. Pathogens in the Bordj Bou
Arreridj Province were linked to the year 2016,
urine samples, the spring and summer seasons,
the two age groups (1 year old—19 years old and
19 years old—37 years old) and the female sex.
Batna Province was associated with the 2014
collection, blood samples, the winter season
and the age group (55 years old—73 years old).
Female gender was more closely associated with
this province than male gender.

The current investigation examined the
fliC gene to determine the results of phylogram
analysis. The analysis aimed to identify
patterns or preferences in the distribution of
E. coli isolates based on their spatiotemporal
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characteristics. The findings show that the clades
in the phylogram are diverse and do not have any
significant similarities in terms of time or space.
The observed outcome suggested that the fliC
gene sequences are very similar, indicating that
no mutations could affect the gene’s function.
The lack of mutations may be due to factors such
as environmental conditions, sample nature or
the short time between collection and analysis.
The high similarity in the fliC gene sequences
of all the E. coli strains in this study indicates
significant structural and functional similarities
among them. These findings indicate that the
fUiC gene is highly conserved among the isolated
strains.

This study revealed a very high positive
significant correlation (r = 0.948; critical r =
0.2830 at P = 0.01) between the variables of
season and year of sampling. The data analysis
showed a strong association between these two
factors. This finding suggests a strong correlation
between the season of sample collection and
the year of sample acquisition. The correlation
coefficient of 0.948 suggests a strong linear
relationship between the variables, providing
additional evidence for the observed connection.
These results enhance our understanding of how
seasonal variations and the year of sampling
interact, providing insight into how these factors
may influence the phenomenon being studied.
Our research revealed a correlation coefficient
of 0.595 between the sampling year and regional
factors. This finding suggests a relationship
between the two variables, indicating that
changes in the sampling year may be associated
with variations in the region. Additional
investigations are needed to comprehend
the underlying factors that contribute to this
correlation and its implications for our study.

Conclusion

We analysed fTiC protein sequences to study
fliC mutants in hospitals across three Algerian
Provinces. Our findings confirm the complete
absence of fliC mutants in these healthcare
facilities. The use of the fliC gene as a marker has
great potential for studying the genetic diversity
of E. coli isolates from clinical samples.

Limitations of the Study

While our study sheds light on the diversity
of the fliC gene in E. coli and the absence of
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mutant strains, the relatively small sample
size highlights the importance of cautious
interpretation. Future studies with larger and
more diverse sample sizes are required to
confirm and expand our findings. In addition,
due to the nature of the study design, we cannot
establish an infinite causality between exposures
and outcomes, nor can we control confounding
variables such as genetic predisposition to E. coli
infection.

Acknowledgments

The authors would like to express their
profound gratitude for the support and
contributions received during the course of this
study. We extend our special thanks to Professor
Laid Dehimat, the Dean of the Faculty of
Nature and Life Sciences, and the Laboratory of
Microbiology Engineering and Applications, for
their collaborative efforts within the University
of Constantine 1, Algeria. We also extend our
appreciation to the Dean of the Faculty of
Medicine and Health Sciences, Universiti Putra
Malaysia and the Ministry of Higher Education,
Malaysia. Furthermore, we acknowledge support
from the Centre Hospitalo-Universitaire Saadna
Mohamed Abdenour in Setif Province, the
University Hospital: Benflis Al-Tohamy in Batna
Province and the Bouzidi Lakhdar Hospital in
Bordj Bou Arreridj Province. Additionally, we are
grateful to Professor Hamdi Bendif, University
Mohamed Boudiaf - M’sila, Faculty of Science,
Department of Natural and Life Science, for
proofreading the English of our manuscript.

Ethics of Study

This study utilised secondary data and
involved subjecting the bacterial isolates
to routine laboratory identification and
bioinformatic analysis. The director of the faculty
approved the ethical waiver for this study.

Conflict of interest
None.
Funds

This project was partially funded by the
Universiti Putra Malaysia Research Grant (GP-
I1PS/2018/9656600).



Original Article | Bioinformatics and spatiotemporal distribution of the fliC gene

Authors’ Contributions 5.

Conception and design: AH, MAH, RAH
Analysis and interpretation of the data: AH,
MAH, RAH

Drafting of the article: AH, MAH

Critical revision of the article for important
intellectual content: AH, MAH, RAH

Final approval of the article: AH, MAH, RAH 6.

Provision of study materials or samples: MAH,

RAH

Statistical expertise: MAH

Obtaining of funding: RAH

Administrative, technical, or logistic support:

MAH, RAH

Collection and assembly of data: AH, MAH

Correspondence 7.

Professor Dr. Rukman Awang Hamat

MPath (UKM)

Department of Medical Microbiology,

Faculty of Medicine and Health Sciences,

Universiti Putra Malaysia, 8

43400 UPM Serdang, Selangor, Malaysia. )

Tel: +603 97692501

Fax: +603 97692366

E-mail: rukman@upm.edu.my

0.

References

1. Nedeljkovic M, Sastre DE, Sundberg EJ.
Bacterial flagellar filament: a supramolecular
multifunctional nanostructure. Int J Mol 10.
Sci.  2021;22(14).  https://doi.org/10.3390/
ijms22147521

2. Kreutzberger MAB, Sobe RC, Sauder AB,
Chatterjee S, Pena A, Wang F, et al. Flagellin
outer domain dimerization modulates motility
in pathogenic and soil bacteria from viscous 1L
environments. Nat Commun. 2022;13(1):1422.
https://doi.org/10.1038/s41467-022-29069-y

3. Reid SD, Herbelin CJ, Bumbaugh AC,
Selander RK, Whittam TS. Parallel evolution
of virulence in pathogenic Escherichia coli. 12
Nature. 2000;406(6791):64-67. https://doi.
org/10.1038/35017546

4. Dashti AA, Jadaon MM, Abdulsamad AM, Dashti
HM. Heat treatment of bacteria: a simple method
of DNA extraction for molecular techniques.
Kuwait Med J. 2009;41(2):117-122.

Nabti LZ, Sahli F, Radji N, Mezaghcha W,
Semara L, Aberkane S, et al. High prevalence
of multidrug-resistant Escherichia coli in urine
samples from inpatients and outpatients at a
tertiary care hospital in Setif, Algeria. Microb
Drug Resist. 2019;25(3):386—393. https://doi.
org/10.1089/mdr.2018.0314

Garcia-Alegria AM, Anduro-Corona I, Perez-
Martinez CJ, Guadalupe Corella-Madueno
MA, Rascon-Duran ML, Astiazaran-Garcia
H. Quantification of DNA through the
nanodrop spectrophotometer: methodological
validation using standard reference material
and Sprague Dawley rat and human DNA. Int
J Anal Chem. 2020;2020:8896738. https://doi.
org/10.1155/2020/8896738

Yang Y, Yang Y, Ou B, Xia P, Zhou M, Li L, et al.
The flagellin hypervariable region is a potential
flagella display domain in probiotic Escherichia
coli strain Nissle 1917. Arch Microbiol.
2016;198(7):603-610. https://doi.org/10.1007/
S00203-016-1219-3

Lee PY, Costumbrado J, Hsu CY, Kim YH.
Agarose gel electrophoresis for the separation
of DNA fragments. J Vis Exp. 2012(62):3923.

https://doi.org/10.3791/3923

Duan Q, Zhou M, Liang H, Zhu X, Guo Z, Li Y, et
al. Contribution of flagellin subunit FliC to piglet
epithelial cells invasion by Fi8ab E. coli. Vet
Microbiol. 2013;166(1—2):220—224. https://doi.
org/10.1016/j.vetmic.2013.04.030

Zhou M, Duan Q, Zhu X, Guo Z, Li Y, Hardwidge
PR, et al. Both flagella and F4 fimbriae
from Fgac+ enterotoxigenic Escherichia coli
contribute to attachment to IPEC-J2 cells
in vitro. Vet Res. 2013;44(1):30. https://doi.
org/10.1186/1297-9716-44-30

Kimura M. A simple method for estimating
evolutionary rates of base substitutions through
comparative studies of nucleotide sequences.
J Mol Evol. 1980;16(2):111-120. https://doi.
org/10.1007/BF01731581

. Kumar S, Stecher G, Li M, Knyaz C, Tamura

K. MEGA X: molecular evolutionary genetics
analysis across computing platforms. Mol
Biol Evol. 2018;35(6):1547-1549. https://doi.
org/10.1093/molbev/msy096

www.mjms.usm.my


https://doi.org/10.1089/mdr.2018.0314
https://doi.org/10.1089/mdr.2018.0314
https://doi.org/10.1155/2020/8896738
https://doi.org/10.1155/2020/8896738
https://doi.org/10.1007/s00203-016-1219-3
https://doi.org/10.1007/s00203-016-1219-3
https://doi.org/10.3791/3923
https://doi.org/10.1016/j.vetmic.2013.04.030
https://doi.org/10.1016/j.vetmic.2013.04.030
https://doi.org/10.1186/1297-9716-44-30
https://doi.org/10.1186/1297-9716-44-30
https://doi.org/10.1007/BF01731581
https://doi.org/10.1007/BF01731581
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.3390/ijms22147521
https://doi.org/10.3390/ijms22147521
https://doi.org/10.1038/s41467-022-29069-y
https://doi.org/10.1038/35017546
https://doi.org/10.1038/35017546

Malays J Med Sci. 2024;31(5):161-195

13.

14.

15.

16.

17.

18.

19.

20.

21.

Tamura K, Stecher G, Kumar S. MEGA11:
molecular evolutionary genetics analysis version
11. Mol Biol Evol. 2021;38(7):3022-3027.
https://doi.org/10.1093/molbev/msab120

George D, Mallery P. IBM SPSS statistics 26 step
by step : a simple guide and reference. 6th ed.
New York: Routledge; 2020. p. 402. https://doi.

0rg/10.4324/9780429056765

Nishimura M, Nukina M, Kuroki S, Obayashi
H, Ohta M, Ma JJ, et al. Characterization of
Campylobacter jejuni isolates from patients
with  Guillain-Barre syndrome. J Neurol
Sci. 1997;153(1):91-99. https://doi.org/10.1016/
$0022-510x(97)00170-6

Owen RJ, Leeton S. Restriction fragment
length polymorphism analysis of the flaA
gene of Campylobacter jejuni for subtyping
human, animal and poultry isolates. FEMS
Microbiol Lett. 1999;176(2):345-350. https://
doi.org/10.1111/j.1574-6968.1999.tb13682.x

Slater E, Owen RJ. Subtyping of Campylobacter
jejuni  Penner heat-stable (HS) serotype
11 isolates from human infections. J Med
Microbiol. 1998;47(4):353-357. https://doi.
0rg/10.1099/00222615-47-4-353

Morgan JA, Bellingham NF, Winstanley C,
Ousley MA, Hart CA, Saunders JR. Comparison
of flagellin genes from clinical and environmental
Pseudomonas aeruginosa isolates. Appl Environ
Microbiol. 1999;65(3):1175-1179. https://doi.
org/10.1128/AEM.65.3.1175-1179.1999

Winstanley C, Coulson MA, Wepner B, Morgan
JA, Hart CA. Flagellin gene and protein variation

among clinical isolates of Pseudomonas
aeruginosa. Microbiology (Reading).
1996;142 (Pt 8):2145-2151.  https://doi.

0rg/10.1099/13500872-142-8-2145

Dauga C, Zabrovskaia A, Grimont PA. Restriction
fragment length polymorphism analysis of some
flagellin genes of Salmonella enterica. J Clin
Microbiol. 1998;36(10):2835-2843. https://doi.
org/10.1128/JCM.36.10.2835-2843.1998

Marshall S, Clark CG, Wang G, Mulvey M, Kelly
MT, Johnson WM. Comparison of molecular
methods for typing Vibrio parahaemolyticus.
J Clin Microbiol. 1999;37(8):2473—2478. https://
doi.org/10.1128 /JCM.37.8.2473-2478.1999

www.mjms.usm.my

22,

23.

24.

25.

26.

27.

28.

29.

Ohta-Tada U, Takagi A, Koga Y, Kamiya S, Miwa
T. Flagellin gene diversity among Helicobacter
pylori strains and IL-8 secretion from gastric
epithelial cells. Scand J  Gastroenterol.

1997;32(5):455-459.

Tungpradabkul S,
Tunpiboonsak S, Panyim S. PCR-RFLP
analysis of the flagellin sequences for
identification of Burkholderia pseudomallei and
Burkholderia cepacia from clinical isolates. Mol
Cell Probes. 1999;13(2):99-105. https://doi.
0rg/10.1006/mcepr.1999.0221

Wajanarogana S,

Winstanley C, Hales BA, Morgan JAW, Gallagher
MJ, Puthucheary SD, MF CI, et al. Analysis of fliC
variation among clinical isolates of Burkholderia
cepacia. J Med Microbiol. 1999;48(7):657-662.
https://doi.org/10.1099/00222615-48-7-657

Tasteyre A, Karjalainen T, Avesani V, Delmee
M, Collignon A, Bourlioux P, et al. Phenotypic
and genotypic diversity of the flagellin gene
(fliC) among Clostridium difficile isolates
from different serogroups. J Clin Microbiol.
2000;38(9):3179-3186. https://doi.org/10.1128/
JCM.38.9.3179-3186.2000

Winstanley C, Morgan JAW. The bacterial
flagellin gene as a biomarker for detection,
population  genetics and  epidemiological
analysis. Microbiology (Reading).
1997;143 (Pt 10):3071-3084. https://doi.
0rg/10.1099/00221287-143-10-3071

Reid SD, Selander RK, Whittam TS.
Sequence  diversity of  flagellin  (fliC)
alleles in pathogenic Escherichia coli. J
Bacteriol. 1999;181(1):153-160.  https://doi.

org/10.1128/JB.181.1.153-160.1999

Fereshteh S, Badmasti F. Sequence diversity of
FliC protein from Enterobacteriaceae family
to introducing a promising epitope-delivery
platform. Vaccine Res. 2020;7(2):85-91. https://
doi.org/10.52547/vacres.7.2.85

Beutin L, Strauch E, Zimmermann S, Kaulfuss
S, Schaudinn C, Mannel A, et al. Genetical and
functional investigation of fliC genes encoding
flagellar serotype H4 in wildtype strains of
Escherichia coli and in a laboratory E. coli
K-12 strain expressing flagellar antigen type
H48. BMC Microbiol. 2005;5(1):4. https://doi.
org/10.1186/1471-2180-5-4


https://doi.org/10.1006/mcpr.1999.0221
https://doi.org/10.1006/mcpr.1999.0221
https://doi.org/10.1099/00222615-48-7-657
https://doi.org/10.1128/JCM.38.9.3179-3186.2000
https://doi.org/10.1128/JCM.38.9.3179-3186.2000
https://doi.org/10.1099/00221287-143-10-3071
https://doi.org/10.1099/00221287-143-10-3071
https://doi.org/10.1128/JB.181.1.153-160.1999
https://doi.org/10.1128/JB.181.1.153-160.1999
https://doi.org/10.52547/vacres.7.2.85
https://doi.org/10.52547/vacres.7.2.85
https://doi.org/10.1186/1471-2180-5-4
https://doi.org/10.1186/1471-2180-5-4
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.4324/9780429056765
https://doi.org/10.4324/9780429056765
https://doi.org/10.1016/s0022-510x(97)00170-6
https://doi.org/10.1016/s0022-510x(97)00170-6
https://doi.org/10.1111/j.1574-6968.1999.tb13682.x
https://doi.org/10.1111/j.1574-6968.1999.tb13682.x
https://doi.org/10.1099/00222615-47-4-353
https://doi.org/10.1099/00222615-47-4-353
https://doi.org/10.1128/AEM.65.3.1175-1179.1999
https://doi.org/10.1128/AEM.65.3.1175-1179.1999
https://doi.org/10.1099/13500872-142-8-2145
https://doi.org/10.1099/13500872-142-8-2145
https://doi.org/10.1128/JCM.36.10.2835-2843.1998
https://doi.org/10.1128/JCM.36.10.2835-2843.1998
https://doi.org/10.1128/JCM.37.8.2473-2478.1999
https://doi.org/10.1128/JCM.37.8.2473-2478.1999

Original Article | Bioinformatics and spatiotemporal distribution of the fliC gene

30. Amhaz JM, Andrade A, Bando SY, Tanaka TL,

31.

32.

Moreira-Filho CA, Martinez MB. Molecular
typing and phylogenetic analysis of enteroinvasive
Escherichia coli using the fliC gene sequence.
FEMS Microbiol Lett. 2004;235(2):259-264.
https://doi.org/10.1016/j.femsle.2004.04.044

Wang L, Rothemund D, Curd H, Reeves
PR. Species-wide variation in the
Escherichia coli flagellin (H-antigen) gene.
J Bacteriol. 2003;185(9):2936-2943. https://
doi.org/10.1128/jb.185.9.2936-2943.2003

Cheng K, She YM, Chui H, Domish L, Sloan A,
Hernandez D, et al. Mass spectrometry-based
Escherichia coli H antigen/flagella typing:
validation and comparison with traditional
serotyping. Clin Chem. 2016;62(6):839-847.
https://doi.org/10.1373/clinchem.2015.244236

33-

34.

35-

Feng L, Liu B, Liu Y, Ratiner YA, Hu B, Li
D, et al. A genomic islet mediates flagellar
phase variation in Escherichia coli strains
carrying the flagellin-specifying locus flk.
J Bacteriol. 2008;190(13):4470—4477. https://
doi.org/10.1128/jb.01937-07

Wang L, Rothemund D, Curd H, Reeves PR.
Sequence diversity of the Escherichia coli Hy
fliC genes: implication for a DNA-based typing
scheme for E. coli O157:H7. J Clin Microbiol.
2000;38(5):1786-1790. https://doi.org/10.1128/
JCM.38.5.1786-1790.2000

Banjo M, Iguchi A, Seto K, Kikuchi T,
Harada T, Scheutz F, et al. Escherichia coli
H-genotyping PCR: a complete and practical
platform for molecular H typing. J Clin
Microbiol. 2018;56(6). https://doi.org/10.1128/
JCM.00190-18

www.mjms.usm.my


https://doi.org/10.1128/jb.01937-07
https://doi.org/10.1128/jb.01937-07
https://doi.org/10.1128/JCM.38.5.1786-1790.2000
https://doi.org/10.1128/JCM.38.5.1786-1790.2000
https://doi.org/10.1128/JCM.00190-18
https://doi.org/10.1128/JCM.00190-18
https://doi.org/10.1016/j.femsle.2004.04.044
https://doi.org/10.1128/jb.185.9.2936-2943.2003
https://doi.org/10.1128/jb.185.9.2936-2943.2003
https://doi.org/10.1373/clinchem.2015.244236

Malays J Med Sci. 2024;31(5):161-195

www.mjms.usm.my



Original Article | Bioinformatics and spatiotemporal distribution of the fliC gene

www.mjms.usm.my



Malays J Med Sci. 2024;31(5):161-195

Appendix
Supplementary Table 1. Pairs of fliC sequences of very strong
identity with its distance score values
Number Pairs of sequences Distance score
1 5-6 0.30
2 2-7 2.68
3 8-10 0.24
4 7-11 2.80
5 2-11 0.11
6 20—21 0.69
7 9—22 0.29
8 12—27 0.06
9 19—36 0.00
10 35—39 0.06
11 40—-49 0.00
12 41-53 0.77
13 50-55 0.00
14 49-58 0.06
15 26—62 1.24
16 30—66 0.06
17 18-70 6.22
18 39-71 0.06
19 35-71 0.00
20 60-72 0.18
21 45-74 0.71
Supplementary Table 2.

Samples Sex Age Samplingtype Collection season Geographicregion fliC (bp)

1 F 65 Blood Automn Sétif 1334 2014
2 M 12 Urine Automn Sétif 1864 2014
3 F 38 Urine Automn Sétif 1685 2014
4 F 66 Urine Automn Sétif 1201 2014
5 M 71 Urine Automn Sétif 1667 2014
6 M 54 Pleural Fluid Automn Sétif 1667 2014
7 F 59 Sputum Automn Sétif 1790 2014
8 M 61 Urine Automn Sétif 1675 2014
9 M 45 Pleural Fluid Automn Sétif 1052 2014
10 F 16 Urine Automn Batna 1679 2014
11 F 50 Urine Automn Batna 1820 2014
12 M 59 Urine Winter Batna 1560 2014
13 M 73 Urine Automn Batna 1563 2014
14 F 13 Urine Winter Batna 1571 2014

(continued on next page)
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Supplementary Table 2. (continued)

Samples Sex Age Samplingtype Collectionseason Geographicregion fliC (bp)

15 F 19 Urine Winter Batna 963 2014
16 F 60 Urine Winter Sétif 1680 2014
17 F 71 Urine Winter Sétif 1554 2014
18 M 46 Urine Winter Batna 1614 2014
19 F 53 Urine Winter Bordj Bouarreridj 1555 2014
20 F 47 Urine Winter Batna 1161 2014
21 F 11 Urine Winter Batna 1154 2014
22 F 24 Vaginal Fluid Winter Batna 1052 2014
23 M 29 Urine Winter Bordj Bouarreridj 1561 2014
24 F 44 Blood Winter Batna 1242 2014
25 F 55 Urine Winter Batna 1000 2014
26 F 67 Urine Winter Batna 1214 2014
27 M 17 Urine Winter Sétif 1568 2015
28 F 45 Urine Winter Sétif 1684 2015
29 F 8 Urine Winter Sétif 1660 2015
30 F 26 Urine Winter Sétif 1684 2015
31 F 25 Urine Winter Sétif 1682 2015
32 F 17 Urine Winter Sétif 1004 2015
33 F 18 Urine Winter Bordj Bouarreridj 1180 2015
34 F 63 Urine Winter Sétif 957 2015
35 F 8 Urine Winter Sétif 1690 2015
36 F 29 Urine Spring Bordj Bouarreridj 1557 2016
37 M 5 Urine Spring Bordj Bouarreridj 1634 2016
38 M 37 Urine Spring Bordj Bouarreridj 924 2016
39 M 1 Urine Spring Sétif 1682 2016
40 F 38 Urine Spring Sétif 1557 2016
41 F 3 Urine Spring Sétif 1680 2016
42 M 75 Urine Spring Sétif 1660 2016
43 F 47 Urine Spring Sétif 1689 2016
44 F 26 Urine Spring Sétif 1554 2016
45 M 8 Urine Spring Sétif 1691 2016
46 F 88 Urine Spring Sétif 1733 2016
47 F 22 Urine Spring Sétif 1194 2016
48 F 44 Urine Spring Sétif 1570 2016
49 M 64 Urine Spring Sétif 1559 2016
50 M 4 Urine Spring Sétif 1561 2016
51 F 60 Urine Spring Sétif 1738 2016
52 F 29 Urine Spring Sétif 1215 2016
53 F 16 Urine Spring Sétif 1682 2016
54 F 4 Urine Spring Sétif 1561 2016
55 F 62 Urine Summer Bordj Bouarreridj 1561 2016

(continued on next page)
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Supplementary Table 2. (continued)

Samples Sex Age Samplingtype Collectionseason Geographicregion fliC (bp) Year

56 F 74 Urine Summer Sétif 1680 2016
57 F 10 Urine Summer Sétif 1561 2016
58 F 42 Urine Summer Sétif 1558 2016
59 F 1 Urine Summer Sétif 1553 2016
60 F 8 Urine Summer Bordj Bouarreridj 1693 2016
61 F 5 Urine Summer Sétif 1152 2016
62 M 42 Urine Summer Sétif 1207 2016
63 M 30 Urine Summer Sétif 1681 2016
64 F 65 Urine Summer Sétif 956 2016
65 F 45 Urine Summer Sétif 1656 2016
66 M 60 Urine Summer Sétif 1675 2016
67 F 56 Urine Summer Sétif 1565 2016
68 F 33 Urine Summer Sétif 1031 2016
69 M 21 Urine Summer Sétif 1003 2016
70 F 45 Urine Summer Sétif 1609 2016
71 M 9 Urine Summer Sétif 1685 2016
72 F 43 Urine Summer Sétif 1685 2016
73 M 1 Urine Summer Sétif 958 2016
74 F 51 Urine Summer Sétif 1685 2016
75 F 18 Urine Summer Sétif 1212 2016

Supplementary Table 3. List of accession numbers of the DNA sequences of our fliC gene of interest, plus the
results of its analysis using the BLAST programme against the GenBank sequences

Samples Accession numbers % Cover e-Value % Id Blast results

1 OP600171 99 0.0 100 WP_000079774.1
2 OP600172 99 0.0 100 WP_000079699.1
3 OP600173 99 0.0 100 EFC4190305.1

4 OP600174 99 0.0 100 MBS8541439.1

5 OP600175 99 0.0 100 WP_000079726.1
6 OP600176 81 0.0 100 WP_235639195.1
7 OP600177 99 0.0 100 WP_001696043.1
8 0OP600178 97 0.0 99.63 WP_044074870.1
9 OP600179 100 0.0 99.71 HAM5355263.1
10 OP600180 99 0.0 99.28 EHS6069984.1

11 0OP600181 99 0.0 99.5 EGK3893988.1

12 OP600182 100 0.0 100 AAF85764.1

13 OP600183 96 0.0 100 WP_218792500.1
14 0OP600184 29 3e—93 96.18 UKMo08107.1

15 OP600185 99 1e—176 100 HAM5355263.1
16 OP600186 97 0.0 100 HBA1462600.1

17 OP600187 97 0.0 100 HAI5444722.1

(continued on next page)
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Supplementary Table 3. (continued)

Samples

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Original Article | Bioinformatics and spatiotemporal distribution of the fliC gene

Accession numbers

OP600188
OP600189
OP600190
OP600191
0OP600192
0OP600193
OP600194
OP600195
OP600196
OP600197
0OP600198
OP600199
OP600200
OP600201
OP600202
OP600203
OP600204
0OP600205
OP600206
OP600207
OP600208
OP600209
OP600210
OP600211
OP600212
0OP600213
OP600214
0OP600215
OP600216
OP600217
OP600218
OP600219
OP600220
OP600221
OP600222
0OP600223
OP600224
OP600225
OP600226
OP600227
OP600228

% Cover

99
96
98
94
99
96
85
98
99%
99%
99%
99%
99%
99%
92%
99%
98%
99%
96%
99%
66%
99%
96%
96%
99%
92%
96%
99%
99%
99%
99%
99%
96%
92%
100%
99%
99%
96%
97%
99%
96%

e-Value

0.0
0.0
0.0
0.0
0.0
0.0
0.0
1e—151
0.0
0.0
0.0
0.0
0.0
0.0
1e—171
0.0
3e-174
0.0
0.0
0.0
1e—113
0.0
0.0
0.0
0.0
2e—147
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

% Id
100

100

100

100
99.71
100

100
96.84
100.00%
99.81%
100.00%
100.00%
100.00%
100.00%
99.35%
100.00%
99.68%
100.00%
100.00%
100.00%
98.54%
100.00%
100.00%
100.00%
100.00%
99.64%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
99.75%
99.82%
100.00%
100.00%
97.13%
100.00%
100.00%

Blast results
WP_032083558.1
WP_149857796.1
EFA5241419.1
EFD7673086.1
WP_113248328.1
HAJ6334821.1
EFE8354926.1
EHS6082838.1
WP_113495836.1
AAF85764.1
WP_044074870.1
WP_000079688.1
OWF26411.1
HBA1462600.1
MBE0881690.1
WP_032342875.1
EFC9733409.1
EHS6069984.1
MBK1749717.1
WP_000079707.1
MBW2857713.1
EHS6069984.1
WP_149857796.1
WP_044074870.1
WP_000079688.1
WP_044074870.1
WP_149857796.1
WP_021580819.1
MBS9183088.1
WP_113495836.1
WP_000079703.1
HAJ6334821.1
WP_218792500.1
OWF26411.1
MBS8541439.1
WP_021580819.1
WP_149857796.1
WP_218792500.1
WP_044074870.1
WP_218792500.1
HAI5444722.1

(continued on next page)
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Supplementary Table 3. (continued)

Samples Accession numbers
59 OP600229
60 0OP600230
61 0OP600231
62 OP600232
63 OP600233
64 0OP600234
65 OP600235
66 OP600236
67 0OP600237
68 OP600238
69 OP600239
70 OP600240
71 0OP600241
72 OP600242
73 OP600243
74 0OP600244
75 OP600245

% Cover

99%
99%
100%
99%
99%
99%
99%
96%
99%
84%
98%
99%
99%
99%
99%
99%
99%

e-Value

0.0
0.0
0.0
0.0
0.0
3e—176
0.0
0.0
0.0
5e—108
ge—122
0.0
0.0
0.0
6e-177
0.0
0.0

% Id
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
92.090%
92.12%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%

Blast results
WP_000079693.1
WP_249577752.1
EFA5241419.1
MBS8541439.1
WP_044074870.1
WP_124809510.1
WP_113241545.1
WP_044074870.1
AAF85764.1
MCK3588766.1
HAJ2083076.1
WP_001759232.1
WP_249577752.1
WP_044074870.1
HAJ8822207.1
WP_044074870.1
HAN7351110.1
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Supplementary Figure 1. Multiple sequence alignment reveals a highly conserved N-terminal region (a) of the
fliC sequences, significant variability in the central region (b), and a highly conserved
C-terminal region (c). There are only five positions (*) that show strong identity
within the sequences
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Supplementary Figure 2. Multiple correspondence analysis for the pathogen E. coli from the three sampling
provinces of Setif, Batna and Bordj Bou Arreridj
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