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Abstract: 12 

Introduction: Shiga toxin-producing Escherichia coli (STEC) pose a serious health risk, 13 

particularly in hemolytic uremic syndrome (HUS) cases, where antibiotic administration may 14 

exacerbate the condition by triggering toxin release. This study aimed to investigate the ability of 15 

the antibiotic enrofloxacin to induce Shiga toxin production in STEC, and the ability of 16 

bacteriophage to eliminate them without inducing toxin secretion. 17 

Material and Methods: This study was conducted using bacteriophage isolated from the 18 

environment on enterohemorrhagic Escherichia coli (EHEC) isolated from calves. The synergy 19 

between enrofloxacin and bacteriophage was studied using the chessboard strip method, and the 20 

level of Shiga toxin secretion was measured using ELISA. 21 

Results: The results showed a synergistic efficacy between the antibiotic enrofloxacin and 22 

bacteriophages, and a strong ability of enrofloxacin to induce toxin production. The results also 23 

showed that bacteriophage alone or in synergy with enrofloxacin were able to eliminate bacteria 24 

without inducing toxin secretion. 25 
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 Conclusion:We conclude from this the possibility of using bacteriophage as a potential safe 26 

alternative in eliminating STEC infection. 27 

Key words: Bacteriophage, Diarrhea, Enrofloxacin, HUS, Shiga toxin, STEC.  28 

1. Introduction 29 

Diarrhea is a common clinical condition with multiple causes, and based on its duration it is 30 

classified into acute and chronic. where acute diarrhea lasts up to two weeks, while chronic diarrhea 31 

lasts for more than four weeks. it has many infectious and non-infectious causes, and one of the 32 

most important infectious causes of diarrhea is EHEC [1]. 33 

Ruminants are considered the main reservoir of enterohemorrhagic E. coli of serotype O157:H7 and 34 

often show no clinical signs of infection, yet they cause life-threatening infection in humans, 35 

especially children [2]. 36 

The pathogenicity of STEC serotypes is primarily attributed to Shiga toxin (also known as Shiga-37 

like toxin or verotoxin), which is encoded by stx genes. This toxin serves as the key virulence 38 

determinant responsible for the clinical manifestations observed in STEC infections, Stx is produced 39 

by STEC in the intestinal tract and subsequently enters the bloodstream, as it can cause systemic 40 

damage, and The kidneys exhibit particular sensitivity to Stx toxicity, attributed to the high 41 

concentration of its specific receptors in renal tissues[3]. 42 

Shiga toxins bind to intestinal cells, cross the brush border, and damage the vascular network of the 43 

intestinal mucosa, causing hemorrhagic colitis. Once the toxin reaches the bloodstream, its 44 

pentameric B subunit binds to globotriaosylceramide (Gb3Cer), which is well expressed on the 45 

microvascular endothelium. Upon binding to Gb3Cer, Shiga toxins are internalized via endocytosis 46 

and transported via the retrograde pathway to the Golgi apparatus, thus reaching the endoplasmic 47 

reticulum (ER). At this stage, the enzymatic A subunit is released into the cytoplasm, interfering 48 
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with protein synthesis and leading to apoptosis, endoplasmic reticulum stress, inflammation, and 49 

further cellular damage [4]. 50 

The development of hemolytic uremic syndrome in children occurs as a result of intestinal infection 51 

with Shiga toxin-producing bacteria, in addition to host susceptibility and other clinical factors. It is 52 

also likely that virulence factors that enhance intestinal colonization and attaching/effacing lesions 53 

increase mucosal damage and systemic toxin exposure. HUS risk is higher in younger children, 54 

likely due to increased Gb3 expression and immature inflammatory/complement regulation [5]. 55 

STEC infection is considered the most common cause of hemolytic uremic syndrome in children, 56 

which is a form of thrombotic microangiopathy (TMA) characterized by hemolysis, 57 

thrombocytopenia, and acute kidney injury [6]. 58 

Despite significant advances in scientific knowledge and medical technology in recent decades, 59 

hemolytic uremic syndrome (HUS) associated with Shiga toxin-producing E. coli (STEC) infection 60 

remains a major public health and individual challenge worldwide [4]. While antimicrobial 61 

chemotherapy is a common and often effective approach for many bacterial infections, its use is 62 

generally avoided in STEC infection [6]. The basis for this approach lies in the complex link 63 

between antimicrobial therapy and stx production. Notably, the stx genes are not genomic 64 

constituents but are delivered by lambdoid prophages that have integrated into the bacterial genome 65 

[7]. 66 

The life cycle of these integrated bacteriophages is closely linked to the bacterial stress response, 67 

specifically the SOS response, which can be induced by various environmental stresses, including 68 

antibiotics [8]. Therefore, it is recommended not to administer antibiotics in cases of HUS. 69 

The dilemma of withholding antibiotics in STEC infections presents a significant challenge for 70 

clinicians. Despite the need for effective means of direct STEC control, current management of 71 

STEC infection is largely supportive, focusing on maintaining fluid and electrolyte balance and 72 

monitoring complications [9]. 73 
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Therefore, the need has emerged to search for an alternative to antibiotic use, and the idea of using 74 

bacteriophage therapy has emerged as a potential alternative, especially in cases of STEC infection. 75 

Bacteriophages are viruses that have the ability to infect and kill bacteria without causing any 76 

negative effects on human or animal cells [10]. Bacteriophages have high specificity in eliminating 77 

bacteria and can be used to eliminate STEC without inducing the bacterial SOS stress response, 78 

which is the primary cause of replication of temperate bacteriophages carrying the stx gene within 79 

bacteria [11]. Given the importance of the topic and the urgent need to find an alternative to 80 

antibiotics, especially in cases of HUS, this study came as a contribution to the search for a 81 

potential alternative to antibiotics. 82 

1.1.Study objectives: 83 

This study aims to:  84 

1) quantify the extent of Shiga toxin induction in EHEC upon enrofloxacin treatment 85 

2) determine whether bacteriophage application can eliminate EHEC without triggering 86 

toxin release.  87 

3) evaluate the synergistic potential of a combined enrofloxacin-phage strategy for 88 

enhanced bacterial killing 89 

2. Materials and methods 90 

This study was conducted in the microbiology laboratories of the Faculty of Veterinary Medicine, 91 

Hama University, in the period between 15/12/2025 and 4/1/2026. 92 

2.1.Enterohemorrhagic E. coli isolates: 93 

Enterohemorrhagic E. coli (EHEC) isolates obtained from calves with diarrhea and preserved in the 94 

bacterial bank of the Faculty of Veterinary Medicine were used in this study. The isolates were 95 

identified using selective and differential culture media, in addition to biochemical tests. The 96 

identity of the isolates and the presence of stx1 and eae genes were further confirmed using 97 



 

5 

 

polymerase chain reaction (PCR), as previously described [12]. The isolates were then activated 98 

using nutrient broth. 99 

2.2.Bacteriophage isolates: 100 

Virulent E. coli bacteriophage were obtained from the Department of Microbiology, Faculty of 101 

Veterinary Medicine. Bacteriophage propagation was carried out by preparing 250 ml glass bottles 102 

containing 100 ml of nutrient broth supplemented with 0.05% calcium nitrate sterilized by 103 

autoclaving. An aliquot of 1 mL of the E. coli bacterial suspension, adjusted to the logarithmic 104 

growth phase (18 hours), was mixed with 25 mL of the bacteriophage suspension. The resulting 105 

mixture was then incubated at 37°C for 48 hours under continuous agitation. After incubation, they 106 

were centrifuged at 10,000 rpm for 10 minutes, and the supernatant was filtered using membrane 107 

filters with pore sizes of 0.45 µm and 0.22 µm, respectively [13]. 108 

Bacteriophage titration was performed using the double agar layer technique. A series of ten-fold 109 

dilutions was performed by transferring 100 µl of bacteriophage solution to 900 µl of nutrient broth, 110 

then 100 µl from the second tube was transferred to the third tube containing 900 µl of nutrient 111 

broth, and the process was repeated until several ten-fold dilutions were obtained. Then, 300 µl of 112 

each dilution solution was mixed with 300 µl of E. coli solution in the logarithmic phase (18 hours 113 

old) and shaken for 10 minutes, then added to 3 ml of nutrient agar which was poured over the first 114 

agar layer, and the plates were incubated at 37°C for 24 hours. Plates with plaque counts ranging 115 

between 100-200 plaques were selected, and the bacteriophage titer was calculated in plaque 116 

forming units (PFU) [14]. 117 

2.3.Determination of minimum inhibitory concentration (MIC) of enrofloxacin: 118 

The broth microdilution method was used to calculate the minimum inhibitory concentration. A 119 

series of dilutions of the antibiotic enrofloxacin was performed using nutrient broth at a 1:2 ratio 120 

across tubes (0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 µg/ml), then EHEC at a concentration of 0.5 McFarland 121 

were added at a 1:1 ratio to achieve final concentrations of (0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32 122 
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µg/ml). The tubes were incubated at 37°C for 18-24 hours, and the MIC was considered as the 123 

lowest concentration that completely prevents visible growth (absence of turbidity) [15]. 124 

2.4.Calculation of synergy between E. coli bacteriophage and the antibiotic enrofloxacin: 125 

EHEC bacteriophage were tested using the chessboard strip method with three replicates to study 126 

synergy. E. coli bacteriophage were mixed with the antibiotic enrofloxacin at increasing 127 

concentrations of both bacteriophage and antibiotics and applied to E. coli at a count of 106 128 

CFU/mL using microtiter plates in nutrient broth medium. The synergistic effect was calculated by 129 

reading the plates by measuring optical density using an ELISA reader at a wavelength of 600 nm. 130 

E. coli bacteriophage were enumerated in the plate wells according to [14]. The fractional inhibitory 131 

concentration index (FICI) was calculated according to Alexyuk et al., [16] as follows: 132 

FICI = MICA+Ph / MICA + MICPh+A / MICPh 133 

Where: 134 

 MICA+Ph: Minimum inhibitory concentration (MIC) of the antibiotic when used with the 135 

bacteriophage. 136 

 MICA: Minimum inhibitory concentration (MIC) of the antibiotic when used alone. 137 

MICPh+A: Minimum inhibitory concentration (MIC) of the bacteriophage when used with the 138 

antibiotic. 139 

 MICPh: Minimum inhibitory concentration (MIC) of the bacteriophage when used alone. 140 

The result is interpreted as: 141 

 FICI ≤ 0.5: Synergy 142 

0.5 < FICI ≤ 1: Additive effect 143 

1 < FICI ≤ 2: No interaction 144 

FICI > 2: Antagonism 145 

2.5.Experimental design: 146 
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EHEC aged 10 hours at a count of 105 bacterial cells calibrated using a spectrophotometer at 147 

OD620 after washing were added to sterile 5 ml tubes containing nutrient broth with 6 replicates, 148 

divided as follows: 149 

 Group 1 (Control): Contained EHEC only 150 

 Group 2: Contained EHEC and enrofloxacin at a concentration of 4 µg/ml 151 

Group 3: Contained EHEC and bacteriophage at a count of 107 PFU/ml 152 

Group 4: Contained EHEC and enrofloxacin at a concentration of 2 µg/ml (1/2 MIC) and 153 

bacteriophage at a count of 107 PFU/ml 154 

The tubes were incubated at 37°C. 155 

2.6.Measurement of Shiga toxin concentration: 156 

Shiga toxin production was estimated after 2, 3, 5, and 8 hours. 1 ml was transferred to new tubes, 157 

then centrifuged at 10,000 rpm for 10 minutes, and the supernatant was filtered using membrane 158 

filters with pore sizes of 0.45 µm and 0.22 µm, respectively. The filtrate was diluted 1:10, and 159 

Shiga toxin was detected using the RIDASCREEN® Verotoxin ELISA kit (R-Biopharm AG, 160 

Germany). To determine the toxin concentration in the samples, Recombinant Stx1B protein (Yaxin 161 

Biotechnology, China) was used as a positive control and to draw a standard curve for determining 162 

unknown concentrations in the samples by performing a series of dilutions at different controlled 163 

concentrations. The measurement was performed at an absorbance of 450 nm. 164 

2.7.Statistical analysis: 165 

Microsoft Excel 2019 and GraphPad Prism (version 8.2.1) software were used for data processing, 166 

charting, and performing statistical comparison between groups. 167 

3. Results 168 

The results of this study, shown in Figure (1), showed a synergistic efficacy between the 169 

antibiotic enrofloxacin and E. coli bacteriophage, as the minimum inhibitory concentration of the 170 

combination was 0.5 µg/ml for enrofloxacin and 6 log10 PFU/ml for bacteriophage, while the 171 
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minimum inhibitory concentration of enrofloxacin alone was 4 µg/ml. By calculating the count 172 

of E. coli bacteriophage, we find that the bacteriophage titer takes a convex curve shape, peaking 173 

and then declining with increasing antibiotic concentration, except for the column containing the 174 

concentration of 7 log10 PFU/ml, where the decline continued with increasing antibiotic 175 

concentration, as shown in Figure (2). By calculating the fractional inhibitory concentration 176 

index (FICI), we find that there is a synergistic effect between the antibiotic enrofloxacin and 177 

bacteriophage, as the FICI was 0.225. 178 

 179 

 180 

Figure (1): Synergistic effect between the antibiotic enrofloxacin and bacteriophage 181 

 182 
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 183 

Figure (2): Bacteriophage count upon synergy with the antibiotic enrofloxacin 184 

 185 

 186 

The results of Shiga toxin concentration estimation in the medium also show significant differences 187 

at the level (p ≤ 0.05) between the different groups. The results of the study showed that exposing 188 

Shiga toxin-secreting E. coli to the antibiotic enrofloxacin increases Shiga toxin secretion, whether 189 

alone as in group 2. The results also showed that bacteriophage treatment alone led to the 190 

elimination of E. coli without inducing toxin secretion, as low concentrations of Shiga toxin were 191 

observed in group 3 compared to groups 1 and 2. As for bacteriophage treatment in synergy with 192 

the antibiotic enrofloxacin, it was the lowest of all study groups after 4 hours of treatment, as a low 193 

level of Shiga toxin concentration was shown, as illustrated in Table (1). 194 

Table (1): Shiga toxin concentration in the different study treatments 195 

 Toxin concentration (ng/ml) 

Group 

8 hours 6 hours 4 hours 2 hours 

6.36a ± 1.9 4.8a ± 1.4 3.2a ± 1.3 0.5a ± 0.2 Group 1 

16.83b ± 3.7 10.74b ± 3.2 7.46b ± 2.3 3.72b ± 1.1 Group 2 
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2.86c ± 1.9 2.74c ± 1.1 2.12c ± 0.7 0.4a ± 0.2 Group 3 

2.04d ± 0.9 1.92d ± 0.6 1.68c ± 0.7 0.9a ± 0.8 Group 4 

Different letters a, b, c, d indicate significant differences at the level of p ≤ 0.05 196 

 197 

4. Discussion 198 

Infection with hemolytic uremic syndrome (HUS) resulting from infection with Shiga toxin-199 

producing E. coli represents one of the most serious complications of this bacterial infection. The 200 

therapeutic challenge lies in the mechanism of bacterial toxin secretion that causes this 201 

syndrome, as the use of chemicals or antibiotics is contraindicated in these cases, since the use of 202 

these substances may lead to exacerbation of the infection and deterioration of the patient's 203 

health condition [17]. 204 

Bacteriophage  therapy has emerged as a promising alternative to antibiotics, as its mechanism of 205 

bacterial killing occurs without stimulating the bacterial SOS response and thus without 206 

stimulating Shiga toxin production, which stops the infection cycle and breaks the toxin 207 

production cycle, The bacterial SOS response is a system for repairing partial damage to 208 

bacterial cell DNA. Antibiotics, especially agents that damage DNA such as fluoroquinolones, 209 

are strong inducers of the SOS response [18]. 210 

 Antibiotics inadvertently induce the SOS response, leading to several concerning outcomes. 211 

This system is activated by the RecA protein, which recognizes damage sites in DNA by 212 

exploring single-stranded regions, thus leading to self-cleavage of the LexA transcriptional 213 

repressor, resulting in activation of SOS response genes that ultimately lead to DNA repair and 214 

mutations. Additionally, activated RecA protein stimulates the self-cleavage of the repressor 215 

protein of the temperate bacteriophage encoding stx genes, thus removing repression from 216 

bacteriophage genes, leading to induction of the bacteriophage lytic cycle and excision of its 217 

genes from the genome, exiting into the cytoplasm to form circular DNA to begin expressing its 218 

genes to form bacteriophage proteins, including stx genes, resulting in increased transcription 219 

and expression of stx genes, thus increasing Shiga toxin production that accumulates in the 220 

periplasmic space [19]. At the end of the bacteriophage lytic cycle, it leads to expression of cell 221 

wall lytic genes, resulting in bacterial cell lysis and release of replicated bacteriophages, along 222 

with large amounts of Shiga toxin. 223 



 

11 

 

The danger of using antibiotics in HUS cases of STEC infection has been demonstrated in both 224 

laboratory studies and clinical observations [9]. 225 

The results of a study by Van Hoorde et al [20] showed that applying ciprofloxacin to STEC 226 

resulted in a significant increase in Shiga toxin stx2 secretion, reaching 41 times the toxin 227 

secretion without antibiotic treatment. A study by Matsushiro et al [21] also showed that 228 

subinhibitory concentrations of norfloxacin induce bacteriophages carrying Shiga toxin genes in 229 

E. coli O157:H7 to enter the lytic cycle, leading to a 100- to 1000-fold increase in toxin gene 230 

expression, duplication of stx gene copies, and production of large amounts of toxins (stx2 was 231 

10 times higher than stx1). In a study by Bielaszewska et al [22], ciprofloxacin caused significant 232 

induction of bacteriophages carrying stx2 Shiga toxin genes, leading to increased toxin gene 233 

transcription in EHEC O104:H4 strain. These effects were observed at all tested subinhibitory 234 

concentrations (1/2 MIC to 1/16 MIC) and peaked at 1/2 MIC. Given these results, the 235 

researchers recommended avoiding the use of ciprofloxacin in patients with diarrhea suspected 236 

to be STEC infection because it increases the development of hemolytic uremic syndrome. In a 237 

study by Rehman et al [23] that examined the effect of antibiotics on inducing stx1 and stx2 Shiga 238 

toxin genes in 15 clinical isolates of STEC, variation in the intensity of the effect was observed 239 

according to the type of antibiotic. Tigecycline caused the highest increase in toxin gene 240 

expression, reaching an 8-fold increase compared to untreated isolates, while ciprofloxacin 241 

stimulated toxin production with an increase of up to 6.5-fold. In contrast, fosfomycin showed 242 

weak induction not exceeding two-fold, while meropenem had the least effect overall. The study 243 

results also indicated that antibiotic-resistant bacterial isolates were more prone to increased 244 

toxin production compared to sensitive isolates. In a study by Maurer et al [24], enrofloxacin was 245 

applied to E. coli O157:H7, and the results showed that antibiotic treatment led to a three-fold 246 

increase in toxin secretion in enrofloxacin-resistant bacteria compared to non-resistant strains 247 

after antibiotic induction. 248 

Based on the need to treat STEC infection without inducing toxin production, without inducing 249 

the SOS response, therapy with virulent bacteriophages (lytic cycle) has been proposed. The 250 

bacteriophage binds to a specific receptor on the bacterial surface and injects its own DNA, 251 

which carries genes encoding its proteins, to take over the bacterial cell and use it to synthesize 252 

its proteins. At the end of protein synthesis, maturation, and assembly, genes on the 253 

bacteriophage DNA are expressed to produce enzymes that lyse the bacterial cell wall and 254 

release nascent bacteriophages to infect other bacterial cells [22]. 255 
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Armstrong [7] reported that the use of virulent bacteriophages kills bacteria without inducing the 256 

SOS response, representing a safe alternative to antibiotics. In a study by Cho et al., [11], the 257 

ability of virulent bacteriophages to combat Shiga toxin-producing E. coli (STEC) infection 258 

without inducing toxin production was evaluated. The results showed that virulent 259 

bacteriophages reduced bacterial counts by 3 log10 within two hours, at a level similar to 260 

ciprofloxacin. While ciprofloxacin increased stx2 gene expression and induced the SOS response, 261 

virulent bacteriophages did not induce toxin gene expression or its production at the protein level 262 

as detected by Western blot. Vero cell toxicity tests also showed that toxin levels in the 263 

bacteriophage-treated group were 1.2-1.3 times lower compared to the ciprofloxacin-treated 264 

group. 265 

A study by Howard-Varona et al [25] addressed the possibility of using bacteriophage therapy to 266 

eliminate Shiga toxin-producing E. coli O157:H7 in vitro without causing the increase in toxin 267 

production typically associated with antibiotics. This was tested by adding two bacteriophages, 268 

p000v and p000y, to STEC cultures. The results showed a significant decrease in stx2a gene 269 

copy number after 7.5 hours of treatment. While copies increased 8-fold in untreated samples, 270 

they decreased to 0.3 and 0.4 of their initial values in samples treated with p000v and p000y 271 

bacteriophages, respectively. 272 

The ability of virulent bacteriophages to eliminate STEC without inducing toxin production is 273 

attributed to their rapid lytic cycle and cell lysis, which differs fundamentally from antibiotic-274 

mediated killing. Bacterial cells undergo rapid lysis mediated by bacteriophage-encoded 275 

endolysins, as the process of injecting bacteriophage genetic material into bacteria, taking over 276 

the cell, and beginning bacteriophage protein production is faster than activating the SOS 277 

response responsible for temperate bacteriophage entry into the lytic cycle, thus preventing 278 

activation of this cycle and eliminating bacteria with minimal amounts of bacteriophage-encoded 279 

toxin [18]. 280 

It is also believed that the synergy between bacteriophages and antibiotics is due to the inability 281 

of bacteria to develop resistance to both simultaneously. When bacteria are exposed to 282 

bacteriophages or antibiotics, they quickly begin to form resistance, primarily by hiding 283 

receptors on the bacterial cell wall. Therefore, the half-inhibitory concentration of the antibiotic 284 

induces bacteria to change their cell wall structure to develop resistance against it, which allows 285 

for further bacteriophage infection and bacterial elimination. 286 
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5. Conclusions:  287 

We conclude from this study that bacteriophage are a potentially safe alternative to antibiotics, 288 

partially or completely, especially in cases of infection with E. coli that cause HUS.  289 
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