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Abstract

E. coli H7:0157, the causative pathogen of many disease outbreaks and cases of food poisoning, has
been the subject of many studies. The bacterium's pathogenicity is highly associated with cell wall
modifications and changes. A total of 20 fecal samples from patients who showed the typical
symptoms of the infection tested positive for E. coli H7:0157 and another 20 samples from animals
were also collected. The bacterium was isolated and identified using cultural and molecular methods.
The waa K, waa L, and waa Y sites were subjected to site-directed mutagenesis, and the effect of these
mutations were studied and analyzed through its influence on the pathogenicity compared to the
wild type. We found that the invasiveness and morbidity of mutant E. coli H7:0157 increased
significantly when ingested by laboratory animals. This may be attributed to waa K and waa L, since
they led to a significant change in the transmembrane helix ratio compared to the wild type, enabling
the uncontrolled release of the Shiga toxin into the infected animals, causing their death in 6 hours.
Specific sites in the waa operon, namely waa K and waa L, play the leading role in controlling the
progress of pathogenicity. Mutations in these sites may increase the virulence of this bacterium.

Keywords: E. coli H7:0157; microbial pathogenesis; bacterial cell wall modification; site-directed
mutagenesis

1. Introduction

The Shiga toxin-producing E. coli O157:H7 (STEC) was identified in 1982 as a human pathogen
[1]. E. coli O157:H7 was thus named due to its ability to express the somatic (O) antigen with flagellar
antigen (H) [7]. MacConkey agar supplemented with MUG and sorbitol was used to identify and
select the original isolate of E. coli O157:H7 [15]. STEC is a zoonotic pathogen causing worldwide
outbreaks [2] with the virulence factors Shiga toxins 1 and 2 [3]. Additional virulence factors have
been identified represented by plasmid-encoded enterohemolysin (EhxaA), autoagglutination
adhesion (Saa), a catalase-peroxidase (KatP), and others [4]. This strain is also known as
enterohemorrhagic E. coli (EHEC) and can cause hemorrhagic colitis (HC), which can be life-
threatening, with sequelae including hemolytic uremic syndrome (HUS) [5]. The bacterium has also
been isolated from animals (farm livestock). The spread of such an infection may lead to a decline in
animal production, especially in the case of poultry and large animals, due to abdominal sepsis,
urinary tract infections, blood poisoning, and diarrhea [6].

E. coli O157:H7 is transmitted through food, such as dairy products and vegetables that are
contaminated with the feces of infected animals [7,8]. Large animals like sheep and cattle are the
fundamental reservoirs of E. coli O157:H7 [9,10]. Pets like birds and dogs can be considered a
secondary route of infection [11].

Intestinal colonization by E. coli O157:H7 is accompanied by damage to the lining cells due to
the production of Shiga toxin [12]. The bacterium can resist the host’s defense mechanism and mimics
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part of the normal intestinal flora [13]. Adhesion to intestinal epithelial cells is considered the first
step in STEC interactions, and the binding patterns of STEC and epithelial cells are unique to eae-
negative STEC strains. Many EHEC are eae-positive, and the eae gene is considered a risk factor for
HUS [14].

The genome size of E. coli O157:H7 is 5.5 Mb with a 4.1 Mb backbone sequence conserved in E.
coli strains [16]. When the genome size of E. coli O157:H7 was compared with that of non-pathogenic
E. coli, there was about 0.53 Mb missing in the former, suggesting that an evolutionary mechanism
played a role in the development of this strain [17,18].

Antibiotic resistance is one of the characteristics of E. coli O157:H7 that increases its
pathogenicity. It has been found to be highly resistant to quinolones, aminoglycosides, macrolides,
and others [19]. In addition to the occurrence of E. coli O157:H7, the spread of other antimicrobial-
resistant bacteria and multidrug-resistant zoonotic foodborne pathogens has become a worldwide
problem [20]. Resistance genes are the main factor behind antibiotic resistance, but the cell wall and
the shape transition of the cell may also play critical roles in this mechanism [21,22]. Some studies
[23,24] have dealt with chemical modifications, the destruction of antibiotics, or changes in cell wall
structure that inhibit antibiotic action, but the molecular underpinnings of such changes need to be
addressed and clarified, which is what led to this study. This study aimed to determine the tendency
of the bacterium cell mutation, consequence of this mutation on the bacterium, and its effect on the
pathogenecity and ability to infect the target host.

2. Materials and Methods
2.1. Ethics and Participation in This Study

2.1.1. Animal Welfare and IRB Approval

The Biotechnology Research Center's IRB at Al-Nahrain University issued ethical approval for
experiments potentially impacting animal welfare with reference no. PG/244, following EU Directive
2010/63/EU.

2.1.2. Human Sample Collection Approval

The Biotechnology Research Center at Al-Nahrain University approved human sample
collection after patients gave written consent—an ethical approval document with the reference no.
C.B 242 was issued for this purpose.

2.1.3. Sample Collection

A total of 40 fecal samples and watery intestinal exudates released by human patients admitted
to Al-Yarmouk Teaching Hospital or Al-Kindy Teaching Hospital were collected. The samples were
immediately processed at the clinical laboratories of the hospitals by cultivation in nutrient broth and
then they were transferred after 24 hours to the university’s laboratories for further processing.

Furthermore, 40 animal feces samples were collected from large animals such as cows and sheep
showing symptoms of diarrhea, cold extremities, unsteadiness, and difficulty standing. The samples
were preserved in a transport medium and transferred to the university’s laboratories using a cool
box. Upon arrival, these samples were diluted with sterile normal saline and cultured in nutrient
broth for 24 hours to enable bacterial growth.

2.1.4. Isolation of E. coli O157:H7

Samples enriched in nutrient broth were diluted to 10¢ and cultivated on MacConkey agar
(Oxoid, U.K.) for 24 hours at 37° C. Colorless colonies were transferred and spread on Eosin
Methylene Blue agar (EMB) (Hi Media, India) and allowed to grow for 24 hours at 37° °C. E. coli
colonies that showed a metallic sheen were selected and cultivated on Hi Chrome medium with
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supplements (Hi Media, India) for 24 hours at 37°C. Colonies of E. coli O157:H7 exhibited a dark
purple to magenta color.

2.2. Molecular Identification of E. coli O157:H7

2.2.1. Extraction of DNA from Bacterial Cells

DNA was extracted from the cultivated colonies obtained from samples culturing using the
GenX total DNA extraction kit (UK) according to the manufacturer’s instructions. About 105 pg of
DNA was obtained on average from each bacterial sample, with a purity of 1.8, as measured by the
NanoDrop system (Techne, UK). DNA samples were preserved at -20° °C until processing.

2.2.2. PCR Amplification of Specific E. coli O157:H7 Genes

E. coli O157:H7 possesses a unique set of genes by which it can be easily identified. Genes that
were detected in the isolate under study were as follows:

2.2.3. The rpoB gene

The rpoB gene was amplified using specific primers designed for this purpose using the gene
sequence deposited within the NCBI database under accession no. JX471606. The sequences of the
primers are rpF 5 CAGCCAGCTGTCTCAGTTTAT 3 and rpR 5 GGCAAGTTACCAGGTCTTCTAC
3’. The Thermocycler (LabNet, USA) program was one cycle of denaturation at 95° °C for 2 min,
followed by 35 cycles of denaturation at 94° °C for 30 sec, annealing at 49° °C for 30 sec, and extension
at 720 °C for 30 sec. After the 35 cycles, the samples were subjected to a final extension at 72°C for 10
min, and held at 4° °C until they were removed from the thermocycler. The amplicons obtained were
preserved at -20° °C.

2.2.4. The waa Gene

This site was amplified with the specific primers designed for this purpose based on the gene
sequence with the accession no. M95398 in the NCBI database. The primer sequences were as follows:
waa F 5" CACTAATTTTACGTGGCAGAC 3" and waa R 5 CCCATATGATCACATCAACTGA 3'.
The thermocycler program was one cycle of denaturation at 95° °C for 2 min, followed by 35 cycles
of denaturation at 94° °C for 30 sec, annealing at 59° °C for 30 sec, and extension at 72° °C for 30 sec.
When the samples were completely amplified, they were subjected to final extension at 72°C for 10
min, and held at 4° °C.

2.2.5. The Shiga Toxin Stx Gene

The following primers were designed to amplify the stx 1 gene based on the accession number
OM304351 in the NCBI database. The primer sequences were stxF 5
CAGTTAATGTCGTGGCGAAGG 3’ and stxR 5" CACCAGACAATGTAACCGCTG 3. The gene was
amplified using the following program: 95°C (1 cycle), denaturation at 94°C for 30 sec, annealing at
55°C, and extension at 72°C (35 cycles). Final extension was conducted at 72°C for 10 min, and the
samples were held at 4°C.

2.2.6. The rfbO Gene

The rfbO was targeted for amplification by PCR using specific primers designed for this purpose
based on the accession no. X59852 from the NCBI. The primers’ sequences were rfoF 5
"CGTGATGATGTTGAGTTG 3’ and rfoR 5 AGATTGGTTGGCATTACTG 3'. PCR amplification of
the target gene was performed under the following conditions: one cycle of initial denaturation at 95
°C for 2 min, followed by 35 cycles of denaturation at 94 °C for 30 sec, annealing at 59 °C for 30 sec,
and extension at 72 °C for 30 sec. The final extension followed at 72°C for 10 min, and the samples
were held at 4°C until they were removed from the thermocycler.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0833.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2025 d0i:10.20944/preprints202510.0833.v1

4 of 18

Primer used for site-directed mutagenesis and cloning experiment.

The cell wall-controlling operon waa was targeted for mutagenesis. A primer was designed for
these purposes using the software available at https://nebasechanger.neb.com. The primer used for
site-directed mutagenesis, after adding the sticky ends complementary to the cloning vector, is
highlighted in gray. The primer sequence was mutCF 5 T CAG CAA GGG CTG
AGGcgcacatcctttaaacttcattcattg 3’ and mutCR 5’ catttaattaattgtattgttacgattattaatgG GGA GTC GAA
GGC GACT 3'. The PCR program was initial denaturation at 95° °C for 2 min (1 cycle), followed by
30 cycles of denaturation at 94° °C, annealing at 63 °C for 1 min, and extension at 72 °C for 1 min. The
final extension was performed at 72 °C for 10 min, and the samples were held at 4° C after the reaction
was completed.

2.2.7. Site-Directed Mutagenesis

The PCR product of the waa gene was used as a template for the mutagenesis experiment. An
amount of 2 ul of PCR waa amplicon was mixed with 1 pl of mutCF and 1 pl of mutCR (the final
concentration was 0.5 pmol of each primer) in a master mix tube (Bioneer, Korea) and subjected to
PCR amplification according to the following program: initial denaturation at 95°C for 2 min (1 cycle),
followed by 30 cycles of denaturation at 94°C, annealing at 62°C for 1 min, and extension at 72°C for
1 min. The final extension was performed at 72 °C for 10 min, and the samples were held at 4 °C after
the reaction was completed.

2.2.8. Cloning of the Mutated waa Gene

Cloning of the mutated waa gene was performed using the MB324 NZYEasy Cloning &
Expression kit (NZYTech, Portugal).

2.2.9. Transformation Procedure

The transformation procedure was performed for both competent cells (NZYTech DL3 star E.
coli) and the wild type. The transformation protocol was achieved with the following steps: A volume
of 10 pl of ligation product obtained from the cloning experiment was mixed directly with 100 pl of
recipient cells and placed on ice for 30 min. The mixture was removed and subjected to heat shock at
42 °C for 40 seconds and placed on ice again for 2 minutes. A pre-warmed SOC medium was added
to the cells and incubated at 200 rpm at 37° C for 1 hour. The cells were then precipitated by
centrifugation at 5000 rpm for 1 min, and the remaining medium was removed. After the
precipitation step, the cells were gently re-suspended by pipetting, and 100 ul of the cells was spread
on LB agar plates with 50 ug/ml kanamycin. The plates were incubated at 37 °C overnight to allow
only the transformant to grow.

The same protocol was used to transform wild-type E. coli with one modification. This
modification was treating the cells with lysozyme (10 pg/ml) for 1 hour at 4°C before proceeding to
the transformation protocol.

2.2.10. Confirmation of Cloning and Transformation

Electrophoresis confirmed cloning of the mutated gene. An amount of 2 ul of standard mixture
(pHTPY) only and the cloned product (pHTP9 with mutated gene) were subjected to PCR
amplification ~ using the mutCF, and mutCR primers, and the pHF 5
GAATGAAAAACGCGACCACATGGTG 3 and pHR 5 GGTTATGCTAGTTATTGCTCAGCG 3’
primers were designed by the NZYTech Company to specifically detect the pHTP9 vector. The
difference in DNA bands resolved by electrophoresis differentiates between the standard cloning
product and the one with a mutated gene. Colony PCR was performed to confirm successful cloning
and transformation.

2.2.11. Sequencing of PCR Products
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PCR products were sent to Macrogen Corp. (Korea) for sequencing by the Sanger method.

2.2.12. Animal Experiment

The experiment was performed with 180 BALB/c mice, which were divided into 3 groups. Each
group contained 60 mice that were further subdivided into groups of 30 mice, except for the third
group which contained the control mice, resulting in a total of five groups named and treated as
follows: group 1-1 was infected with wild-type E. coli O157:H7 without treatment; group 1-2 was
infected with wild-type E. coli O157:H7 and treated with cefotaxime; group 2-1 was infected with
mutated E. coli O157:H7 and left without treatment; and finally group 2-2 was infected with mutated
E. coli O157:H7 and also treated with cefotaxime. The third group, which was composed of the control
mice, was kept away from the other groups to prevent the infection with the pathogen. Blood was
drawn from groups 1 and 2 when they showed symptoms of infection as identified by a professional
veterinarian, and both the liver and kidney function were measured in order to be compared with
mice in the same group and with other groups.

2.2.13. Data Analysis and Bioinformatics

Sequences obtained by PCR amplification were analyzed using available tools on the NCBI website
(https://www.ncbinlm.nih.gov), including Banklt (https://submit.ncbi.nlm.nih.gov/about/bankit/),

BLASTN
(https://blast.ncbinlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=bla
sthome), BLASTX

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_TYPE=BlastSearch&LINK_LOC=bla
sthome), and Phyre2, which is available at http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index.

2.2.14. Statistical Analysis

The Statistical Packages of Social Sciences (SPSS 2018) was used for statistical analysis. The
parameters measured during the study were input to calculate the least significant difference (LSD)
in order to evaluate the statistical significance of the differences among the tested groups.

3. Results

3.1. Isolation of E. coli O157:H7 and Morphological Characteristics

Among all of the samples from humans and animals, only 20 from each were positive for E. coli.
The isolation and identification of the bacterium was performed by culture media before using
molecular methods. Colonies with a mauve color, which is a characteristic of E. coli O157:H7, were
selected to continue this study. Figure 1 in the Supplementary Materials shows the growth of E. coli
0157:H7 on different media.

3.2. Molecular Identification and Classification of E. coli O157:H7

During this study, we used the rpoB gene to identify and classify the bacterium under study. The
gene was amplified, sequenced, and the BLAST tool was used for its identification. The results of
PCR amplicons sequencing showed that it belongs to the E. coli O157:H7 strain Sakai, and our
sequence was deposited in the NCBI database under accession no. PP059841. Figure 2 shows the
electrophoresis results of the rpoB gene amplified from isolates from humans and animals
(Supplementary Materials).
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3.3. The waa Gene

The waa gene was specifically amplified by PCR using specific primers designed for this
purpose. The amplicons that resulted were sequenced and analyzed. The results obtained showed
that it belongs to the E. coli O157:H7 strain Sakai, and it was deposited in the NCBI database under
accession no. PP059843. Figure 3 (Supplementary Materials) shows the electrophoresis of the waa
gene obtained by PCR amplification.

3.4. The Shiga Toxin Gene stx

Production of Shiga toxin is one of the main characteristics of E. coli O157:H7. Our initial survey
to identify the type of Shiga toxin showed that it is type 1, which was amplified by PCR and subjected
to analysis. The sequence obtained was deposited in NCBI under accession no. OR939814. Figure 4
shows the electrophoresis of the amplified stx1 gene (Supplementary Materials).

3.5. The rfbO Gene

The rfbO gene is characteristic for E. coli O157:H7. It encodes the O antigen, which is a major
component of the bacterium’s cell wall. During this study, this gene was targeted for amplification
and sequencing, and was found to be similar to that of the E. coli O157:H7 strain Sakai. The results of
the sequencing were deposited in the NCBI database under accession no. PP059842. Electrophoresis
of the amplified rfbO gene is shown in Figure 5 (Supplementary Materials).

3.6. Site-Directed Mutagenesis of the waa Gene

The waa gene was obtained by PCR amplification and was subjected to mutagenesis using a
primer specifically designed for this purpose. This primer targeted the sequences on the gene
responsible for protein coding, resulting in mutated gene products that encode mutated proteins
predicted to be incorporated into the cell wall. The verification of the site-directed mutagenesis of the
waa gene is shown in Figure 1.‘

Figure 1. Electrophoresis of the mutated waa gene amplified from E. coli O157:H7. M is a 100 bp marker DNA.
Lanes 1, 2, and 3 represent the mutated waa gene from the animal isolate, whereas. Lanes 4, 5, and 6 are the

mutated waa gene from the human isolate.

3.7. Cloning and Transformation of the Mutated waa Gene

The mutated waa gene was cloned into the pHTP9 cloning vector. The product of the cloning
experiment was used to transform the competent cells and wild-type strains. Positive selection was
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the basis on which the transformants were selected since they can resist kanamycin due to the
resistant gene harbored by pHTP9. When transformants were able to grow on LB agar supplemented
with kanamycin, we performed colony PCR using primers (mutC) and (pH) to target the mutated
gene and a specific sequence on pHTP9, respectively. This confirmed the successful transformation
procedures. Figure 6 (Supplementary Materials) shows the growth of transformants on kanamycin-
supplemented LB medium compared to normal cells, whereas Figure 2 shows the result of the colony
PCR.

Figure 2. PCR amplification of the mutated gene and pHTP9. M1 is a 500 bp DNA marker, and M2 is a 100 bp
DNA marker. Lanes 1 and 2 are the amplification result of the mutated gene and the pHTP9-specific sequence

after the cloning experiment and colony PCR, respectively.
3.8. Interpretation of Site-Directed Mutagenesis of the waa Gene

3.8.1. Mutated waa K

The waa K is responsible for n-acylglucoseamine transferase synthesis, and its product is
involved in the modification of the LPS core before attachment to the O antigen. This site was targeted
for mutation to investigate the effect of the newly encoded protein on the bacterium. The results are
shown in Table 1 (Supplementary Materials).

3.8.2. The waa L Gene

The waa L gene product is involved in core modification and O antigen coding. A mutation in
this gene resulted in specific criteria given in Table 2 (Supplementary Materials).

3.8.3. The waa Y Gene

The waa Y gene's role is to modify the cell, which increases the size of LPS. Mutation of this gene
was performed to study specific characteristics that may be important to cell wall formation. Table 3
(Supplementary materials) gives the changes in this gene’s characteristics.

3.8.4. Cell Wall Topology of Mutated E. coli Compared to the Wild Type

In all kinds of bacteria, the cell wall is characterized by a specific topology that enables chemical
and biochemical compound exchange and allows for efficient interaction with the environment.
Changing the protein structure of the cell wall may result in a change in its topology. In our
experiment, the topologies of the cell walls of wild-type E. coli and of the mutated type were
determined and are summarized in Table 1.
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Table 1. Topology and characteristics of mutated E. coli compared to the wild type.
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Uncharacterized

The 3D structure of wild type cell wall Expected biological function
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mutated protein
HWYRQPRG, |0988 152 161,
Mutation
sens.ltwlty R, Y,P,H,H,N,G,G, | 115,118,165,
B High
K, D, P, 186, 288, 292,
|| 303, 336, 338,
B Low 339, 349, 352,
539, 634

Moreover, the transmembrane topologies in both types of bacteria were significantly changed.
This can be seen through the arrangement of the spanning proteins integrated in the cell wall and

illustrated in Figure 3.
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Figure 3. The arrangement of the transmembrane of mutant E. coli H7:0157 (A), and wild-type E. coli H7:0157
(B). The figure shows a significant change in the spanning proteins in the cell wall.

When applying the Hidden Markov Model (HMM) to both cell walls, significant changes were
also predicted and are listed in Table 6 (Supplementary Materials).

In types of cell walls studied and predicted, the distribution of both ot / 3 and TM helices was
significantly changed with regard to their location, as well as the A. A. residues involved in this
change. These changes are illustrated in Table 8.

Table 8. Changes in type and location of amino acid residues in the mutated and wild-type cell wall of E. coli

H7:0157.
Mutated cell wall (733 residues) Wild-type cell wall (1453 residues)
Location on the A.A.sequence Type of helix Location of A. AA. Type of helix
cell wall A. residue sequence
Outside 1-19 al/p Inside 1-19 alp
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20-42 TMhelix 20-37 TMhelix
Inside 43-144 al/p Outside 38-40 alp
145-162 TMhelix 41-60 TMhelix
Outside 163-166 a/p Inside 61-71 al/p
167-186 TMhelix 72-91 TMhelix
Inside 187-290 a/p Outside 92-105 olp
291-310 TMhelix 106-128 TMhelix
Outside 311-319 a/p Inside 129-134 a/p
Inside 320-436 a/p 135-157 TMhelix
437-459 TMhelix Outside 158-166 o/p
Outside 460-733 alp 167-189 TMhelix
Inside 190-195 alp
196-213 TMhelix
Outside 214-239 alp
240-259 TMhelix
Inside 260-345 a/p
346-368 TMhelix
Outside 369-371 ol
372-394 TMhelix
Inside 395-398 alp
399-418 TMhelix
Outside 419-1453 alp
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3.9. Laboratory Animal Experiment and Statistical Analysis

3.9.1. Measuring Liver Function in Infected Animals

The laboratory animal study was performed by administering wild- and mutated-type E. coli
0157:H7 orally to the experimental animals. The animals were observed for infection symptoms and
blood was drawn from all animals that showed signs of weakness, diarrhea, and disturbed or weak
motion. The liver function of the tested animals was measured and compared with each other, as
shown in Table 4 (Supplementary Materials).

3.9.2. Measuring Kidney Function

Infection with E. coli O157:H7 can disturb the physiological functioning of the animal. Among
the indicators of the infection is the disturbance of kidney function, represented by elevated blood
urea and serum creatinine. Measurements of these factors are given in Table 5 (Supplementary
Materials).

4. Discussion

Diseases causing diarrhea are considered to be a serious threat to health and well-being. Among
these diseases are those caused by E. coli [25,26]. E. coli O157:H7 can be identified using emerging
high-throughput methods such as isothermal DNA amplification, surface-enhanced spectroscopy,
biosensors, and rapid paper-based diagnostic methods [27,28].

The lipopolysaccharide (LPS) is the main component of the outer membrane of Gram-negative
bacteria, including E. coli. It is composed of lipid A, an oligosaccharide core made of glucose, heptose,
galactose, 2-keto-3-deoxyoctonate (KDO), and a highly variable component of the O antigen. The
location on the chromosome responsible for LPS synthesis is called waa , and is composed of three
operons. Mutations in waa may lead to a truncated LPS with pleotropic effects for bacterial cells,
resembling sensitivity to antibiotics and susceptibility to bacteriophages [29].Therefore, studying
mutations of the E. coli O157:H7 cell wall may provide crucial information about the pathogenicity,
infectivity, and severity of the resultant symptoms. The Waa K product is responsible for encoding
N-acetylglucosamine transferase, and participates in the surface O antigen by facilitating the N-
acetylglucosamine matrix but it is not absolutely necessary for this purpose [30]. In our study, the
wild-type Waa K product was identified as UDP-glycosyltransferase/glycogen phosphorylase, which
is the normal function of this location in the waa cluster, while in the mutated type, it was identified
as a transcription factor, indicating the loss of its identity. Through analysis of this gene, the protein
showed an alpha helix from 36% in the wild type to 27% in the mutant, and from 13% to 22% in the
beta helix. The interesting finding is that the loss of the transmembrane helix in the mutated gene
was measured at 4% in the wild strain.

The function of the mutated gene was totally diminished compared with the wild type, which
showed a tendency to lose its function at residues distributed along the gene’s DNA sequence.
Moreover, the mutational potential in this site seems to be high when tested under the Markov model,
starting from amino acid residue 1 and ending with 120, with short intervals between them (Table 1).
In an earlier study [31], it seemed that the function of waa K is the addition of the a-1,2 terminal to N-
acetylglucosamine, which forms a branched residue in the outer membrane. Even with a mutated
waa K, the N-acetylglucosamine still has a-1, 2-linked Glc residue at the same position [32]. Thus, it
seems that a mutation in this waa location does not have high significance in terms of the cell
structure, or other biological function, but acts only as a complement to the waa L gene [33]. The waa
L is the only gene known to be required for O antigen ligation during bacterial cell formation [34].
Although considerable information regarding waa L has been garnered from in vivo studies,
researchers continue to try to understand the role of this gene through mutation studies [35].

In our study, the sequence was identified as a putative cell surface polysaccharide
polymerase/ligase of the waa L O antigen in the wild type. After mutating this site, the original
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function changed to that of a beta-galactosidase enzyme. The alpha helix changed from 72% in the
wild type to 23% in the mutant, and the beta helix changed from 0% in the wild type to 20% in the
mutant. The significance of this mutation is that the transmembrane helix was reduced from 52% in
the wild type to 12% in the mutant version of the bacterium. Consequently, such a change led to the
low function preservation represented by most amino acid residues along the encoded protein. The
mutational hot spots changed when the two types of bacteria were compared (Table 2).

The waa L mutant is unable to cap the lipid A-core with relaxed specificity for the polymer, to
which it attaches, and it is essential for O antigen transfer to the cell; it significantly contributes to cell
wall topology [36]. Previous reports showed that, if the waa L loses its function, it will result in a full-
length core OS that is not capped by O-PS [37]. The waa Y product is part of the waa P gene responsible
for the phosphorylation activity during cell wall formation. The waa Y product is located in the central
part of the waa operon and is involved in the assembly of the core region of the LPS molecule. The
loss of this gene activity resulted in the loss of phosphoryl substituents [38]. In this study, we
investigated the effect of mutation on the function of waaY. There was a significant shift in this gene
function. Instead of performing kinase activity on the heptose molecule, it shifts to transferase activity
(Table 3 supplementary materials). This can be explained by forming transmembrane helices in the
mutant type that was not detected in the wild type, which reached 14% of the secondary structure of
the protein. Furthermore, both the alpha and beta helices in the wild type changed from 36% and 25%
to 29% and 18%, respectively. The mutation susceptibility was found to be very low in the wild type
and limited to the G, F, and H residues located at 127, 178, and 198 of the protein. Instead, this
characteristic increased in the mutated protein. From our study, it seems that the waa Y gene is a
highly preserved location due to its low susceptibility to genetic change, with the essential function
of LPS phosphorylation as previously reported [39,40].

4.1. Cell Wall Topology

In this study, the site-directed mutagenesis inflicted on multiple essential waa sites may facilitate
the prediction of a form of cell wall topology that E. coli H7:0157 can obtain. We found that, in spite
of multiple mutations in the waa operon, the bacterium still keeps the O antigen characteristic on its
surface, suggesting that even with the waa L mutation, the cell possesses an alternative mechanism
to include this protein. The interesting observation we found when the whole surface LPS of mutated-
type E. coli H7:0157 after reconstruction (Table 4 Supplementary Materials) showed that there was a
change in the secondary structure helices to form a transmembrane type, resulting in a decrease of
about 14% compared to the wild type. We were unable to determine the function preservation and
mutational hot spots in the mutated type, while in the wild type; function preservation was moderate
with a low tendency to mutation as given in figure 3.

4.2. Effect of Mutation on E. coli O157:H7 Infectivity and Pathogenicity

There are certain E. coli isolates associated with diseases in humans and animals worldwide [41]
with different virulence strategies [42,43]. Studies have shown that E. coli pathogenicity may be
attributed to the harboring of genes that resist antimicrobial agents, the formation of biofilm [44], or
the production of toxins such as a-hemolysin [45] and cytotoxic necrotizing factor 1 [46]. In our
experiment, laboratory animals were exposed to both wild-type and mutated E. coli H7:0157 to
determine the effect of cell wall mutation on this bacterium's pathogenicity and morbidity. We found
that the mice exposed to the mutant E. coli H7:0157 showed infection symptoms within about 24
hours, and half of them died within 6 hours of infection symptoms appearing. When compared to
the group infected with wild-type E. coli H7:0157, the time of morbidity and mortality doubled. This
can be explained by the significant release of Shiga toxin that destroyed the intestines of the mice and
spread through their blood, causing a significant elevation in liver and kidney enzymes, as illustrated
in Tables 7 and 8. Thus, infection with mutant E. coli H7:0157 caused direct hemolytic uremic
syndrome (HUS) [47,48]. In normal cases of infection with EHEC, the toxin is released as a free protein
liberated from the periplasmic space or enclosed in the outer membrane, ready to be released by
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Gram-negative bacteria [49]. In our case of the mutated bacterium, the cell wall structure is
significantly changed, which might eventually lead to the uncontrolled release of the Shiga toxin into
the lab animals' intestines or may be retained in the outer membrane ready to release on demand,
which is why we expected a lack of Shiga toxin cluster formation [50]. The limitation in this study is
that the waa operon contains other genes that it may inflect their effect on the pathology of the
bacterium that we couldn’t study here. We recommend that these genes effect to be studied in
antibiotic resistance and the ability of E. coli H7:0157 ability to infect their hosts.

5. Conclusions

E. coli H7:0157 is highly abundant in foods exposed to infected animal feces and foods derived
from animal products. It is the main cause of many outbreaks and severe infections that may be life-
threatening. It is characterized by the production of Shiga toxins, which inflict damage to the small
intestine, which the bacterium colonizes, and which is considered the main virulence factor. Another
virulence factor in this bacterium is its tendency to resist antibacterial agents, which is known to be a
progressive trait. The main control system in these cases is the cell wall through which material
exchange takes place. When the cell is subjected to change, the bacterium becomes more aggressive,
and the production of Shiga toxin increases dramatically. Our investigation showed the modification
of the cell wall topology, which happened on a molecular level when one or more genes comprising
the waa operon were changed. waa L and waa K were found to be the most effective sites that can play
this role. This may provide insight that would be useful in the design of new drugs to counter E. coli
H7:0157 infection in a way that does not invoke cell wall modification that may result in more
aggressive strains of the bacterium.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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