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Abstract 23 

Aims: Understanding bacterial phage resistance mechanisms has implications for developing phage-24 

based therapies. This study aimed to explore the development of phage resistance in Escherichia coli 25 

K1 isolates’ to K1-ULINTec4, a K1-dependent bacteriophage.  26 

Methods and results: Resistant colonies were isolated from two different strains (APEC 45 and C5), 27 

both previously exposed to K1-ULINTec4. Genome analysis and several parameters were assessed, 28 

including growth capacity, phage adsorption, phenotypic impact at capsular level, biofilm production 29 

and virulence in the in-vivo Galleria mellonella larvae model. One out of the 6 resistant isolates 30 

exhibited a significantly slower growth rate suggesting the presence of a resistance mechanism altering 31 

its fitness. Comparative genomic analysis revealed insertion sequences in the region 2 of the kps gene 32 

cluster involved in the capsule biosynthesis. In addition, an immunoassay targeting the K1 capsule 33 

showed a very low positive reaction compared to the control. Nevertheless, microscopic images of 34 

resistant strains revealed the presence of capsules with a clustered organization of bacterial cells and 35 

biofilm assessment showed an increased biofilm production compared to the sensitive strains.  In the 36 

G. mellonella model, larvae infected with phage-resistant isolates showed better survival rates than 37 

larvae infected with phage-sensitive strains.  38 

Conclusions: A phage resistance mechanism was identified at the genomic level and had a negative 39 

impact on the K1 capsule production. The resistant isolates showed an increased biofilm production, 40 

and a decreased virulence in vivo. 41 

Impact statement: This study describes the implications of E. coli K1 resistance development against 42 

phage K1-ULINTec4. The in-vivo virulence decrease was nevertheless accompanied by an increase in 43 

biofilm formation observed among resistant isolates. This raises concerns for K1-dependent phages 44 

use in some pathologies. 45 

 46 

Keywords: phage resistance; Escherichia coli K1, capsule-dependent phage, Galleria mellonella, 47 

genome analysis, biofilm 48 
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1. Introduction 49 

Escherichia coli K1 belongs to the pathotype of extraintestinal E. coli as it displays specific features 50 

and virulence factors that allows it to develop and survive outside the gastrointestinal tract (Dale and 51 

Woodford 2015). Among these factors, the K1 capsule plays an essential role in evading the host 52 

immune system by providing protection against phagocytosis and complement-mediated killing, thus 53 

promoting bacterial survival (Sarowska et al. 2019). E. coli K1 is associated with urinary tract 54 

infections, sepsis and with neonatal meningitis, a potentially fatal infection that mainly affects 55 

premature newborns that can be transmitted horizontally from mother to child (Kim 2017, King et al. 56 

2015, McCarthy et al. 2016). The commensal presence of these bacteria in the adult gut microbiota 57 

allows for their transmission during childbirth, leading to colonization of the newborn's 58 

gastrointestinal tract and subsequent translocation into the circulatory system (McCarthy, Birchenough 59 

and Taylor 2019). They are also responsible for pathologies in animals, particularly colibacillosis in 60 

poultry, with the predominant serotypes O1, O2, O18 and O45. These serotypes are also common in E. 61 

coli K1 involved in neonatal meningitis, sepsis and urinary tract infections in humans (Kim 2017, 62 

King et al. 2015, Dziva and Stevens 2008, Mora et al. 2013, Moulin-Schouleur et al. 2006). E. coli 63 

O18:K1:H7 isolated from human and chicken extra-intestinal infections share many similarities and 64 

are able to induce colibacillosis in chicks (Moulin-Schouleur et al. 2006). In addition, one study 65 

revealed the prevalence of O45:K1:H7-B2-ST95 strains sharing genetic and virulence characteristics 66 

between poultry and humans (Mora et al. 2013). 67 

Neonatal meningitis represents a critical threat to newborns, with potentially fatal consequences. In 68 

addition, shared features between human infections and poultry colibacillosis highlight the potential 69 

for zoonotic transmission (Kim 2017, Mora et al. 2013). Therefore, the development of new treatment 70 

strategies is necessary. With renewed interest in the global threat of bacterial resistance to antibiotics, 71 

phage therapy is one of the most promising approaches. Lytic bacteriophages play an essential role in 72 

the complex interaction between E. coli K1 and its environment. They can be classified into two main 73 

categories: capsule-dependent and capsule-independent K1 phages (Bull, Vimr and Molineux 2008). 74 

Capsule-independent K1 phages are not influenced by the presence of the capsule and can infect E. 75 
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coli K1 independently of this feature. Conversely, capsule-dependent K1 phages have an affinity for 76 

the polysaccharidic capsule and are able to degrade polysialic acid using specific enzymes called 77 

endosialidases (Bull, Vimr and Molineux 2008, Leiman et al. 2007, Scholl et al. 2001). Several studies 78 

have evaluated the therapeutic potential of these phages in the treatment of various infections, with 79 

encouraging results (Antoine et al. 2021, Møller-Olsen et al. 2018, Schneider et al. 2018, Smith and 80 

Huggins 1982). 81 

The understanding of the bacterial phage resistance mechanisms has implications for the development 82 

of molecular models of cell surface moieties, tools for bacterial engineering, and phage-based 83 

therapeutic strategies. The arms race between bacteria and phages has led to the development of 84 

diverse and complex resistance mechanisms within bacterial populations (Azam and Tanji 2019). 85 

These mechanisms can be divided into three groups: receptor adaptations, host defense systems and 86 

phage-derived phage defense systems (Egido et al. 2022). In the first case, bacteria use strategies to 87 

suppress phage adsorption. A common mechanism involve point mutations, which can lead to 88 

modification of receptor structure or a suppression of receptor expression (Burmeister et al. 2020, 89 

Chapman-McQuiston and Wu 2008, Kim et al. 2015). In response to phage infection, some bacteria 90 

can also produce proteins that block or mask the receptor or can employ phase variation (Seed et al. 91 

2012, Gencay et al. 2018). If these changes occur in receptors involved in bacterial survival or 92 

virulence, the host's bacterial fitness may be compromised (Mangalea and Duerkop 2020). The second 93 

group covers several phage defense mechanisms targeting viral nucleic acids or leading to abortive 94 

infection. It includes the classical (type I-IV) and related (DISARM, BREX, Ago) restriction-95 

modification systems (Egido et al. 2022, Oliveira, Touchon and Rocha 2014, Ofir et al. 2018, Goldfarb 96 

et al. 2015, Wu et al. 2020). Another well-known bacterial defense system against mobile genetic 97 

elements is the CRISPR-Cas system  (Azam and Tanji 2019, Millen et al. 2012). In addition, other 98 

systems involved, for example, in abortive infection processes that rely on a variety of genetic 99 

functions, such as the toxin-antitoxin mechanism, impose a cost on the infected cell by sacrificing its 100 

survival for the collective benefit of the bacterial population (Dy et al. 2014). Several studies have 101 

highlighted a wide range of other bacterial defense mechanisms against phages. However, many of 102 
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these complex mechanisms are still not fully understood, underscoring the complexity of the field of 103 

phage resistance. 104 

Bacterial resistance to phages has already been demonstrated in experiments carried out on E. coli K1, 105 

with a compensatory reduction in virulence (Antoine et al. 2021, Smith and Huggins 1982). A 106 

mechanism of resistance to phage K1F was identified in one E. coli K1 laboratory strain with genomic 107 

mutations generating phenotypic changes at the capsular level, as well as a fitness cost (Styles et al. 108 

2022). The aim of this study was to investigate the resistance of two clinical E. coli K1 strains 109 

involved respectively in neonatal meningitis and colibacillosis to the phage K1-ULINTec4. Genomic 110 

and phenotypic techniques were used to assess the consequences of this resistance on the bacterial 111 

virulence and biofilm production. 112 

2. Materials and Methods 113 

2.1 Bacteriophage and Bacterial Strains 114 

The O18:K1 avian pathogenic strain APEC45 strain was isolated from a turkey in 1995 in France. This 115 

isolate was responsible for clinical signs of colibacillosis (Moulin-Schouleur et al. 2006). Strain 116 

APEC45 is the isolation and propagation strain of phage K1-ULINTec4 (Antoine et al. 2021). The 117 

neonatal meningitis E. coli (NMEC) strain C5 "Bort" (O18ac:K1:H7) was isolated in 1975 from 118 

cerebrospinal fluid of a newborn. This strain was obtained from the American Type Culture Collection 119 

(ATCC) (LGC Standards, Molsheim, France) and is designated as Escherichia coli (Migula) Castellani 120 

and Chalmers ATCC 700973. C5 was selected because of its human origin and its serotype similar to 121 

APEC45. Bacterial cultures were grown in LB Lennox broth at 37 °C. The phage vB_EcoP_K1-122 

ULINTec4 was isolated in 2020 in Liège from wastewater, using the strain APEC45. This K1-123 

dependent phage, classified under the Vectrevirus genus, was previously assessed in-vitro and in-vivo 124 

(Antoine et al. 2021). This phage produces lysis plaques with a peripheral halo in contact with E. coli 125 

K1 suggesting the presence of a depolymerase, and its genome encodes an endosialidase. 126 

  127 
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 128 

2.2 Isolation of Bacteriophage Resistant Mutants 129 

Phage-resistant mutants were generated by exposing APEC45 and C5 to the phage K1-ULINTec4. 130 

Briefly, 100 µL of phage (log 9 PFU ml-1) as well as 200 µL of bacterial culture (OD600nm: 0.2-0.3) 131 

were added to 4 mL of molten LB agar (1mM CaCl2, 1mM MgSO4), poured onto LB Lennox agar 132 

plate (1mM CaCl2, 1mM MgSO4) and incubated at 37°C for 24h. Three colonies per strain were 133 

harvested and grown in 5 mL of LB broth at 37°C overnight. Half of each culture was stored at -20°C 134 

and -80°C with addition of an equivalent volume of glycerol 80%. Phage resistance was confirmed 135 

using 10µL phage spot tests on LB Lennox agar (1mM CaCl2, 1mM MgSO4) covered with a bacterial 136 

overlay (OD: 0.2-0.3). The plates were incubated overnight at 37°C before lysis visualization. 137 

2.3 Stability of phage resistance 138 

The stability of resistance in phage resistant isolates was assessed as follows. Each resistant isolate 139 

was cultivated from a single colony in 5 mL of LB Lennox, incubated overnight at 37°C.  140 

Subsequently, ten consecutive passages were conducted, wherein 5 µL of culture was transferred to 5 141 

mL of LB Lennox, and cultured for 24 hours at 37°C. After each passage, phage spot tests involving 142 

10-fold serial dilutions (ranging from 103 to 109 PFU ml-1) were performed on LB Lennox agar plates 143 

(1mM CaCl2, 1mM MgSO4). These plates were preloaded with 200 µL of the culture of the resistant 144 

isolate and 4 mL of molten LB agar (1mM CaCl2, 1mM MgSO4). The visual assessment of phage 145 

lysis was conducted after a 24-hour incubation at 37°C. 146 

2.4 Bacterial Growth Curves 147 

Growth curves were generated in a 96-well microplate in triplicate. Sensitive and resistant strains were 148 

tested in triplicate without and with the presence of phage K1-ULINTec4. Each well was filled with 149 

180µL of LB Lennox, 10 µL of bacterial culture (LB Lennox, OD: 0.2-0.3) of each of the eight tested 150 

E. coli K1 (2 sensitive strains and 6 resistant isolates) and 10 µL of either PBS or ULINTec4 phage 151 

solution (PBS, log 8 PFU ml-1) reaching an MOI of 1. Readings were performed using an Allsheng 152 

AMR-100T automatic 96-well plate reader (Hangzhou Allsheng Instruments Co., Ltd., Hangzhou, 153 
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China). The plate was placed at 37°C under constant shaking and readings (630nm) were taken every 154 

30 minutes for 12 hours.  155 

2.5 Bacteriophage Adsorption 156 

The six resistant isolates and the two sensitive strains were grown in 5 mL of LB Lennox broth at 157 

37°C until reaching an optical density of 0.25 (log 8 CFU ml-1) and 990 µL of culture were distributed 158 

in three centrifuge tubes per isolate. Then, 10 µL of phages (log 8 PFU ml-1) were added to each 159 

culture, reaching a MOI of 0.1, and incubated at 37°C. Samples (10 µL) were taken at 2, 3, 5, 8, 10, 15 160 

and 20 min and immediately diluted in 990 µL of PBS. All samples were then centrifugated (1 min, 161 

20000g) and subsequently titrated in triplicate using ten-fold serial dilutions and spotting of 2µL drops 162 

on APEC45 bacterial overlay (OD: 0.2-0.3). The adsorption time was determined as the time when the 163 

ratio of non-adsorbed phage (P) over the initial phage number (P0) was lower than 0.1 (Antoine et al. 164 

2021).  165 

2.6 Detection of K1 antigen 166 

The K1 antigen of E. coli was detected by latex agglutination using Wellcogen™ Neisseria 167 

meningitidis B/E. coli K1 Rapid Latex Agglutination Test following manufacturer’s instructions 168 

(Thermoscientific, Waltham, MA, USA). A negative control and a latex control were also performed. 169 

2.7 Capsule detection by optical microscopy 170 

The presence of bacterial capsules was assessed by optical microscopy using the Maneval negative 171 

staining technique (Maneval 2009). Bacterial cultures were incubated overnight at 37°C and 10 µL of 172 

each culture were mixed with 10 µL of a 1% Congo red solution (Sigma-aldrich, Saint-Louis, MO, 173 

USA), spread on a glass slide and air-dried. The slide was then recovered with a Maneval solution 174 

(0.05% Acid fuschin, 3.9% phenol, 2.8% FeCl3, 4.9% Acetic Acid) for 30 min and then gently washed 175 

with demineralized water. Bacteria were observed at 100x magnification using optical microscopy. As 176 

the K1 capsule is not expressed at low temperatures, cultures of strains APEC45 and C5 at 18°C were 177 

used as negative controls while the same strains cultivated at 37°C were used as positive controls. 178 
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2.8 Biofilm production 179 

The biofilm production was assessed based on microscopic observation of bacterial clusters and was 180 

performed as follows. A 100x dilution of an overnight culture (LB Lennox) was dispensed into a 96-181 

well plate in 10 x 100 µL replicates. After 24 h of incubation at 37°C without agitation, the supernatant 182 

was removed and 150 µL of crystal violet 0,1% (Acros Organics, Fair Lawn, NJ, USA) was added for 183 

10 min. The plate was then washed 3 times with PBS and air-dried. The crystal violet was dissolved 184 

with 200 µL of 30% acetic acid for 10 min. After resuspension, a volume of 100 µL of each well was 185 

transferred to a new plate and optical densities were measured at 570 nm using a Benchmark 186 

microplate reader (Biorad, Hercules, CA, USA). The OD570nm of a negative control composed of pure 187 

medium and undergoing the same conditions as the test samples was subtracted to all measurements. 188 

Statistical significance was assessed using one-way ANOVA with Dunnet’s multiple comparison test. 189 

2.9 Genome sequencing 190 

The six resistant isolates and the two sensitive strains were genomically sequenced. Total genomic 191 

DNA was extracted from 1 ml of the samples using the DNeasy Blood & Tissue kit (Qiagen). DNA 192 

was eluted into DNase- and RNase-free water, and concentration and purity were determined using a 193 

Nanodrop ND-1000 spectrophotometer (Isogen, St-Pieters-Leeuw, Belgium). DNA QC was performed 194 

with a Fragment Analyzer (Agilent) using the High Sensitivity Genomic DNA kit. Libraries were 195 

prepared using the Ligation Sequencing gDNA - Native Barcoding Kit 24 V14 (SQK-NBD114.24) 196 

from Oxford Nanopore. Protocol was followed according to the manufacturer's guidelines with a 197 

starting material of 400 ng gDNA for each sample. The final pooled barcoded libraries were sequenced 198 

on GridION sequencer with a MinION flow cell (R10.4.1) for 24 hours continuously (GIGA 199 

Genomics Platform, Uliège). 200 

Assembly was performed using the BV-BRC platform with Canu 1.7.1 and error correction by Racon 201 

v1.4.13. Assembled genomes were then annotated with RASTtk and aligned with Mauve v2.4.0 to 202 

compare differences. EasyFig v2.2.5 was used to compare capsular genomic regions. CRISPR spacer 203 
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were aligned on the K1-ULINTec4 genome using ClustalW Multiple alignment on BioEdit Sequence 204 

Alignment Editor v7.2.5. 205 

2.10 Virulence assessment in Galleria mellonella larvae 206 

Virulence assessment was performed in Galleria mellonella larvae model for the six resistant isolates 207 

and the two sensitive strains. Nine groups of 30 larvae divided in 3 groups were inoculated using an 208 

automatic injector (Cole Parmer, Vernon Hills, IL, USA) with 10 µL of each strain (log 6 CFU/10µl) 209 

or PBS for the negative control. Each larva was inoculated in the last left proleg with a BD Plastipak™ 210 

1mL sterile syringe (Becton-Dickinson, Franklin Lakes, NJ, USA) and a sterile 30-gauge needle 211 

(Terumo corporation, Tokyo, Japan). Larvae were incubated at 37 ° C and the mortality was evaluated 212 

every 24 hours for 4 days. The lethal doses (log 6 CFU/10µl) of strains APEC45 and C5 were selected 213 

following previous results (Antoine et al. 2023, Antoine et al. 2021). Kaplan-Meier survival curves 214 

were generated using GraphPad Prism version 8.0.2 for Windows, GraphPad Software (San Diego, 215 

CA, USA) and Logrank tests were performed to highlight any significant difference in survival rates 216 

between the groups (p≤0.05). 217 

3. Results 218 

3.1. Isolation of phage resistant mutants 219 

Three colonies resistant to phage K1-ULINTec4 were harvested per strain: m45-1, m45_2, m45_3 and 220 

mC5_1, mC5_2, mC5_3. The colonies were selected as follows: one small-sized colony from the 221 

surface, one large-sized colony from the surface, and one from deep culture. All isolates were grown, 222 

and phage resistance was confirmed for each (Figure 1). The phage resistance of all isolates was 223 

stable after 10 passages. 224 

  225 
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 226 

 227 

Figure 1. Isolation and confirmation of phage resistant colonies from (up) APEC45 and (down) C5 228 

Escherichia coli strains. Spot tests of phage K1-ULINTec4 (4µL, 109 PFU ml-1) were used for 229 

confirmation of resistance. 230 

3.2 Bacterial Growth Curves 231 

APEC 45 and C5 strains, sensitive to phage K1-ULINTec4, showed growth after 5 hours of 232 

incubation. For the APEC 45 resistant mutants, the results showed no difference between the growth 233 

rates of the resistant strains, with or without phage, compared with the sensitive strain. For C5, results 234 

were similar except for strain m700973_2, which showed an inhibited growth in the presence and 235 

absence of phage K1-ULINTec4 (Figure 2). 236 

  237 
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 238 

 239 

Figure 2. Growth curves of (a) APEC45, (b) C5 and phage resistant isolates with or without addition 240 

of phage K1-ULINTec4. OD: optical density (630nm) 241 

3.3 Bacteriophage Adsorption 242 

Adsorptions times were below 2 min for the sensitive strains (APEC45 and C5) and adsorption rates 243 

were < 5 x 10-7 mL-1·min-1. Phage resistant strains never reached the 0.1 threshold before the end of 244 

the experiment (Figure 3). 245 

 246 

Figure 3. Phage adsorption curves of (a) sensitive and phage resistant (APEC45, m45_1, m45_2, 247 

m45_3) and (b) (C5, mC5_1, mC5_2 and mC5_3) isolates. P: number of free phages, P0: initial phage 248 

concentration. The results represent the mean value of three titrations with standard deviation (SD). 249 
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 251 

3.4 Impact on Capsular production 252 

To analyze a possible effect on the capsule, phenotypic tests were carried out, including the rapid K1 253 

immunoassay and optical microscopy. The results for caspule K1 production were positive for both 254 

APEC 45 and C5. On the other hand, resistant isolates showed very weakly positive reaction (Figure 255 

4) 256 

 257 

 258 

Figure 4. Pictures of the latex agglutination immunoassay revealing the presence of K1 capsular 259 

antigens, (a) sensitive and phage resistant (APEC45, m45_1, m45_2, m45_3) and (b) (C5, mC5_1, 260 

mC5_2 and mC5_3) isolates. A positive result produces small white agglutinations as showed for 261 

APEC45 an C5. 262 

The negative staining shows the presence of capsules in both the sensitive (37°C) and resistant strains. 263 

However, the resistant strains are organized in small bacterial clusters, unlike the sensitive strains 264 

where the bacterial cells are isolated from each other (Figure 5). The presence of capsules contrast 265 

with the very low reaction to the K1 antigen observed in the immunoassay. 266 
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 267 

Figure 5. Microscopic images (x100) of (a) sensitive (APEC45 and C5) grown at 37°C and 18°C and 268 

(b) phage resistant (m45_1, m45_2, m45_3, mC5_1, mC5_2 and mC5_3) isolates grown at 37°C. 269 

Capsules are visible with negative Maneval staining (white halos around the bacteria). 270 

3.5 Biofilm Production 271 

Given the visualization of small bacterial clusters in microscopy, biofilm tests were carried out. The 272 

biofilms were all formed at the air-liquid interface of the wells. Biofilm production of phage-resistant 273 

isolates was significantly higher compared to the sensitive strains (p<0.0001) (Figure 6). 274 

  275 
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 277 

Figure 6. Quantification of the biofilm production (OD570nm) of (a) APEC45 and phage resistant 278 

m45_1, m45_2, m45_3 and (b) C5, mC5_1, mC5_2, mC5_3. Results are presented as the mean of 10 279 

replicates with SD. Statistical significance using one-way ANOVA with Dunnet’s multiple comparison 280 

test is indicated as p < 0.0001 (***). 281 

3.6 Genome analysis 282 

In order to investigate any genetic modifications that may have led to phage resistance, a comparative 283 

genomic analysis was conducted. It revealed insertion sequences encoding IS1 protein InsA and IS1 284 

protein InsB in the caspular region 2 of the kps cluster, involved in K1 capsule synthesis in all resistant 285 

isolates, except for mC5_3. These insertion sequences are located in different genes depending on the 286 

resistant isolates: neuC, neuB and neuD (Figure 7). The nucleotidic sequence of these insertions are 287 

similar between m45_1, m45_2 and m45_3 and between mC5_1 and mC5_2. These sequences differ 288 

depending on the origin (APEC45 or C5). Several disruptions in capsular genes are visible only in 289 

resistant strains. After alignment, these corresponded to mutations or indels. The existence of genes 290 

involved in the CRISPR-cas system has also been detected. The spacers were aligned with the genome 291 

of phage K1-ULINTec4 (accession number: MZ997839.1) but none matched the phage genome. 292 

Bacterial sequences were submitted as NCBI BioProject PRJNA1011853. Accession numbers are 293 
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JAWMTB000000000 (APEC45), JAWMSZ000000000 (m45_1), JAWMTA000000000 (m45_2), 294 

JAWMSU000000000 (m45_3), JAWMSY000000000 (C5), JAWMSV000000000 (mC5_1), 295 

JAWMSX000000000 (mC5_2), JAWMSW000000000 (mC5_3). Technical informations about 296 

sequences are available in supplementary file. 297 

 298 

 299 

Figure 7.  Capsular genes comparison of (a) APEC45 and phage resistant m45_1, m45_2, m45_3 and 300 

(b) C5, mC5_1, mC5_2, mC5_3. Coding sequence (CDS) involved in K1 capsule transport (green). 301 

CDS involved in K1 capsule synthesis (purple). Insertion sequence elements encoding IS1 protein 302 

InsA and IS1 protein InsB (orange).  303 

3.7 Galleria mellonella Virulence Assessment 304 

Galleria experiments were performed to assess the virulence of resistant isolates. Larvae injected with 305 

the APEC45 (log 6 CFU/10µL) strain showed 100% mortality after 96h, while for the C5 strain, the 306 

mortality reached 80% after the same time. Expected mortality was 100% and 90% respectively. In 307 
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comparison, the survival rates of larvae injected with phage-resistant isolates were all significantly 308 

better (p<0.0001). No significant difference was found between resistant isolates. However, the 309 

survival rates of larvae in the control group (PBS) showed better survival than the resistant isolates: 310 

m45_1 (p=0.0115), m45_2 (p=0.006), m45_3 (p=0.0059), mC5_1 (p=0.0124), mC5_2 (p=0.0442), 311 

mC5_3 (p=0.0116). Kaplan–Meier survival curves are shown in Figure 8. 312 

 313 

Figure 8. Kaplan–Meier survival curves of the experiments with Galleria mellonella larvae inoculated 314 

with (a) APEC45 and phage resistant m45_1, m45_2, m45_3 and (b) C5, mC5_1, mC5_2, mC5_3. 315 

Each group contained 30 larvae separated in 3 groups of 10 larvae. Log rank analysis showed 316 

significant increase in survival in all resistant isolates compared to the sensitive strain: m45_1 317 

(p=0.0115), m45_2 (p=0.006), m45_3 (p=0.0059), mC5_1 (p=0.0124), mC5_2 (p=0.0442), mC5_3 318 

(p=0.0116). 319 

4. Discussion 320 

Resistant colonies to phage K1-ULINTec4 were generated after the first contact with APEC45 and C5 321 

bacteria respectively. The speed with which these resistances emerge can also be observed in the 322 

growth curves in liquid medium, with regrowth occurring five hours after contact with the phage. 323 

Moreover, growth of most resistant isolates showed no difference from controls in the presence or 324 

absence of the phage in the medium. Only mC5_2 showed a fitness cost demonstrated by a temporary 325 

growth inhibition with or without phage exposure. This is consistent with the results of two mutants 326 

produced in another study which linked this decrease in bacterial growth to a genomic mutation 327 

consisting of insertion sequences in respectively neuC and kpsE (Styles et al. 2022). Our results 328 

showed that these insertion sequences are present in genes neuC, neuB and neuD of the kps cluster, 329 
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even in isolates with unchanged growth which contrast with the study of Styles et al. 2022. No other 330 

genomic mutation was found in their study. Here, disruptions in other capsular genes have been 331 

identified only resistant isolates, corresponding to mutations or indels at nucleotide level. However, 332 

these results should be treated with caution, given the poorer base calling of nanopore sequencing. 333 

Short-read sequences could be used to confirm or refute this observation. 334 

To study these resistances at the phenotypic level, several experiments were carried out, including 335 

adsorption times, antigenic detection of the K1 capsule and microscopic images. The results converged 336 

to a phage resistance mechanism related to receptor adaptation. The characteristic feature of bacterial 337 

resistance mechanisms linked to this mechanism is the modification, deletion or reduction of the phage 338 

receptor. Phage adsorption on resistant isolates was therefore evaluated, and it was found that the 339 

adsorption of K1-ULINTec4 was defective compared to controls. These findings are in line with the 340 

rapid immunoassay targeting the K1 capsule, which showed very weakly positive reactions on 341 

resistant isolates, indicating a significant impact on the capsular production. These results are also 342 

consistent with confocal microscopy results showing either absence or spatial reorganization of the 343 

capsular polysialic acid (PSA) in K1F resistant mutants (Styles et al. 2022). In contrast, our 344 

microscopic images obtained by negative Maneval staining showed that white halos similar to 345 

bacterial capsules were present, suggesting the possibility of a capsular modification that could 346 

decrease adsorption. In addition, the spatial organization of the bacteria was modified, and these were 347 

grouped into small clusters. Therefore, biofilm experiments were carried out to identify any biofilm 348 

production by resistant isolates. It has been demonstrated in several publications that phage resistance 349 

could lead to an increased biofilm production (Fernández et al. 2021, Hosseinidoust, Tufenkji and van 350 

de Ven 2013, Lacqua et al. 2006). Moreover it was demonstrated that the diffusion of soluble capsular 351 

polysaccharide into the surrounding environment by E. coli expressing group 2 capsules prevents the 352 

development of other bacteria (Valle et al. 2006). The results of the biofilm production tests were 353 

consistent with the microscopic images showing isolated bacteria for the sensitive strains and small 354 

bacterial clusters for the resistant strains. Biofilm production was significantly higher in resistant 355 

isolates. This consequence of phage resistance could pose challenges, particularly in the treatment of 356 
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urinary tract infections in which bacterial biofilms play an important role in pathogenesis (Sharma et 357 

al. 2016). Additionally, these biofilms might enhance the persistence of E. coli K1 in hospital 358 

environments, which is a major route of contamination for newborns, notably through the colonization 359 

of these bacteria in the nasogastric tubes (Alkeskas et al. 2015). 360 

Experiments with APEC45 and C5 strains had already been carried out in the Galleria mellonella 361 

model to assess the safety and efficacy of phage K1-ULINTec4 (Antoine et al. 2021, Antoine et al. 362 

2023). Larval survival was significantly increased following phage treatment. In addition, 363 

measurement of phage and bacterial concentrations in the model over 3 days revealed a possible 364 

resistance phenomenon, although this did not adversely affect survival (Antoine et al. 2021). In the 365 

present study, the results of in-vivo virulence assessment in the G. mellonella model showed improved 366 

survival of larvae infected with the resistant isolates compared to the sensitive APEC45 and C5 strains. 367 

This observation is consistent with previous research, in which targeted degradation of the PSA 368 

capsule on E. coli K1 strains resulted in altered phenotypes and reduced mortality in rat models 369 

(Mushtaq et al. 2004). 370 

In conclusion, this study evaluated the development of resistance and the resulting phenotypic and 371 

virulence alterations in resistant isolates. As shown previously, even during rapid onset of resistance, 372 

elimination of the K1 capsule was able to decrease virulence in-vivo. However, the increase in biofilm 373 

production observed in phage resistant isolates could constitute an issue in the context of several 374 

infections including urinary tract infections and neonatal meningitis. This statement should be further 375 

evaluated specifically for each type of infection in order to assess its real impact. 376 

  377 
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