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Abstract 8 

Colibactin produced primarily by Escherichia coli strains of the B2 phylogroup crosslinks DNA 9 

and can promote colon cancer in human hosts. We investigated the toxin’s impact on colibactin 10 

producers and on bacteria co-cultured with producing cells. Using genome-wide genetic screens 11 

and mutation accumulation experiments we uncovered the cellular pathways that mitigate 12 

colibactin damage and revealed the specific mutations it induces. We discovered that while 13 

colibactin targets A/T rich motifs, as observed in human colon cells, it induces a bacteria-unique 14 

mutation pattern. Based on this pattern, we predicted that long-term colibactin exposure will 15 

culminate in a genomic bias in trinucleotide composition. We tested this prediction by analyzing 16 

thousands of E. coli genomes and found that colibactin-producing strains indeed show the 17 

predicted skewness in trinucleotide composition. Our work revealed a bacteria-specific 18 

mutation pattern and suggests that the resistance protein encoded on the colibactin 19 

pathogenicity island is insufficient in preventing self-inflicted DNA damage. 20 

  21 

Introduction 22 

Competitive interactions are common in microbial communities, including the human gut 23 

microbiome (Kern et al. 2021). Secreted toxins that target neighboring microbes are a common 24 

mechanism underlying such competitive interactions. Colibactin is a bacteria-secreted 25 

genotoxin that can bind DNA in neighboring cells (Vizcaino and Crawford 2015; Pleguezuelos-26 

Manzano et al. 2020; Nougayrède et al. 2006). Colibactin damage is toxic for some bacteria 27 

species (Silpe et al. 2022; Wong et al. 2022; Chen et al. 2022) and can also harm the host 28 

intestinal cells (Pleguezuelos-Manzano et al. 2020; Dziubańska-Kusibab et al. 2020). Colibactin-29 

producing bacteria have been associated with multiple human diseases ranging from 30 

inflammatory bowel disease to colorectal cancers (Buc et al. 2013; Dejea et al. 2018; Iyadorai et 31 

al. 2020; Eklöf et al. 2017). While colibactin-induced damage in host cells is extensively 32 

investigated due to its clinical relevance, its toxicity to bacteria remains underexplored. 33 

Addressing this knowledge gap could elucidate how colibactin impacts the host microbiome and 34 

whether colibactin expression is associated with any burden on cells producing the toxin. We 35 

examined multiple aspects of colibactin toxicity in Escherichia coli. We discovered that while 36 

colibactin acts as a mutagen and thus depends on a similar mechanism of action in both 37 

bacterial and mammalian systems, fundamental differences in bacteria exist. 38 

 39 

Colibactin is encoded by a 54 kb genomic region known as the pks island. This region comprises 40 

19 genes needed to synthesize and export the toxin, including non-ribosomal peptide 41 

synthetases and polyketide synthases (Nougayrède et al. 2006). The island also encodes a 42 

cyclopropane hydrolase (clbS) that protects colibactin-producing cells from the toxin 43 

(Nougayrède et al. 2006; Bossuet-Greif et al. 2016; Tripathi et al. 2017). The toxin itself contains 44 

two cyclopropane rings that alkylate DNA and cause interstrand crosslinks (Xue et al. 2019; 45 

Tripathi et al. 2017; Xue et al. 2018; Vizcaino and Crawford 2015; Bossuet-Greif et al. 2018; 46 

Wilson et al. 2019). Colibactin is most commonly found in E. coli strains of the B2 phylogroup 47 

and is expressed by both pathogenic and commensal strains (Nougayrède et al. 2006; Wami et 48 

al. 2021). Bacteria harboring the pks island are estimated to exist in the gut microbiome of 20-49 

30% of healthy individuals (Nougayrède et al. 2006; Dubois et al. 2010; Watanabe et al. 2020; 50 

Dejea et al. 2018; Eklöf et al. 2017; Dubinsky et al. 2020). The prevalence of pks positive 51 
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bacteria increases to approximately 60% in patients with colorectal cancer and inflammatory 52 

bowel disease (Buc et al. 2013; Dejea et al. 2018; Eklöf et al. 2017; Dubinsky et al. 2020).  53 

 54 

The clinical relevance of colibactin in various human diseases underlies the widespread efforts 55 

to study its toxicity in mammalian models. In vitro experiments showed that colibactin causes 56 

DNA damage and leads to cell-cycle arrest in various mammalian cells. This damage requires 57 

contact between bacteria and the targeted host cells (Bossuet-Greif et al. 2018; Nougayrède et 58 

al. 2006; Reuter et al. 2018; Silpe et al. 2022; Wong et al. 2022). Colibactin interstrand crosslinks 59 

are resolved through the activation of multiple DNA repair pathways, including the non-60 

homologous end-joining (Cuevas-Ramos et al. 2010), homologous recombination (Dougherty et 61 

al. 2023), and the Fanconi anemia repair pathways (Bossuet-Greif et al. 2018; Dougherty et al. 62 

2023). Since repair of DNA crosslinks introduces double-stranded breaks, they are potentially 63 

mutagenic, leading to the hypothesis that colibactin may predispose individuals to colon cancer 64 

(Cuevas-Ramos et al. 2010). In human cells, colibactin-induced mutations are commonly found 65 

in hexameric A/T-rich DNA motifs (Pleguezuelos-Manzano et al. 2020; Dziubańska-Kusibab et al. 66 

2020). This enrichment is attributed to the particularly narrow minor groove of these sequences 67 

which promotes colibactin binding (Dziubańska-Kusibab et al. 2020). Recent work has found 68 

that a colibactin-associated mutational signature is detected in 5-10% of colorectal cancers
 

69 

(Pleguezuelos-Manzano et al. 2020), supporting its involvement in cancer. 70 

 71 

Colibactin toxicity has also been observed in bacteria. Auto-toxicity was observed in colibactin-72 

producing bacteria genetically engineered to knockout clbS (the protective cyclopropane 73 

hydrolase) and became more pronounced upon inactivation of the nucleotide excision repair 74 

pathway (Tripathi et al. 2017; Bossuet-Greif et al. 2016). Studies also showed colibactin can 75 

target other bacterial species, including several Staphylococcus species (Wong et al. 2022; Chen 76 

et al. 2022), several Vibrio species, Clostridium difficile, and Enterobacter aerogenes (Chen et al. 77 

2022). A recent study suggested that colibactin damage arises from prophage induction (Silpe et 78 

al. 2022). However, prophage-cured S. aureus remain susceptible to colibactin, indicating that 79 

toxicity mechanisms beyond prophage-induction exist (Wong et al. 2022). Despite the multiple 80 

reports of colibactin damage in bacteria, key gaps in knowledge persist. A key open question in 81 

bacteria includes which specific DNA repair pathways mitigate colibactin damage. Given that 82 

DNA is fundamentally differently packaged in eukaryotes and bacteria, it remains unknown 83 

whether colibactin favors A/T rich regions in bacteria and if it culminates in similar mutations as 84 

those reported for colon cells.   85 

 86 

Here, we aimed to identify the environmental conditions that maximize colibactin toxicity and 87 

uncover genes that modulate its toxicity using a genome-wide loss-of-function genetic screen. 88 

We then investigated if colibactin induces genetic mutations in E. coli cells that are co-cultured 89 

with colibactin producing cells and whether a colibactin-specific mutational signature can be 90 

detected. Finally, we evaluated colibactin production induces self-inflicted damage both in vitro 91 

and in silico.  92 

 93 

Results 94 

Colibactin reduces viability of co-cultured E. coli 95 
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We first determined if colibactin reduces viability in neighboring bacteria. We co-cultured the 96 

reporter strain (ampicillin-resistant lab strain) with colibactin-producers, E. coli cells from the 97 

same genetic background that harbor the pathogenicity island (pks
+
) on a bacterial artificial 98 

chromosome (BAC) (Silpe et al. 2022). We grew cells as a pellet to maximize cell-cell contact for 99 

the duration of the co-culture experiment. Bacteria transformed with an empty BAC were used 100 

as a negative control (pks
-
). Following co-culture, we calculated the colony forming units (CFUs) 101 

of the reporter strain by plating on selective agar. Figure 1A shows the experimental setup and 102 

representative plate images showing reduced viability. We measured viability over 48-hours and 103 

observed that colibactin reduces viability within 12 hours of co-culture and continues to 104 

decrease viability of co-cultured cells over time (Figure 1B). Since growth of the wild-type strain 105 

in the pellet is arrested after the 12-hour time point in the control experiment, reduced viability 106 

in the pks
+
 condition is likely attributed to cell death and not just growth arrest.  107 

 108 

We then wanted to quantify colibactin toxicity under different environmental conditions since 109 

previous work showed that colibactin expression is influenced by environmental conditions 110 

(Tronnet et al. 2016, 2017; Oliero et al. 2021; Chagneau et al. 2019; Bossuet et al. 2023). We 111 

compared co-cultures in different media, in pellet or suspension, and at different strain ratios. 112 

Figure 1C shows the results of these experiments. We observed that colibactin toxicity was 113 

higher in nutrient-poor media compared to nutrient-rich media and was also higher when the 114 

co-culture grew in a pellet compared to growth in suspension. Lastly, toxicity was increased 115 

when the co-culture ratio was skewed towards colibactin producers. Taken together, these 116 

experiments allowed us to uncover the experimental settings that maximize colibactin toxicity.  117 

 118 

Genetic screen uncovers genes mitigating colibactin toxicity 119 

In order to identify genes and pathways involved in mitigating colibactin-induced damage, we 120 

used a loss-of-function genetic screen that was based on results from our reduced viability 121 

assay (Figure 1C). We used a pooled genetic screening approach that we recently used for 122 

studying drug sensitivity (Noto Guillen et al. 2024). Briefly, a collection of 7,259 E. coli knockout 123 

strains targeting 3,680 non-essential genes were co-cultured with the colibactin-producing 124 

strain. Changes in strain frequency were deduced by sequencing unique DNA barcodes that 125 

identify each knockout strain. We conducted the screen with different levels of selective 126 

pressure (co-culture ratios and incubation durations). Co-cultures with a pks
-
 strain were used 127 

as controls. Overall, we conducted six screens with five biological replicates each (see Methods). 128 

At the end of each screen, cells were collected for DNA extraction, barcode amplification, and 129 

DNA sequencing (Figure 1D). In these screens, barcode depletion in the pks
+
 condition relative 130 

to the pks
-
 condition is indicative of a gene that mitigates colibactin-induced damage (Figure 131 

1D). 132 
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 133 
Figure 1. Genetic screen reveals key role of homologous recombination in colibactin response. (A) 134 
Overview of the reduced viability assay in response to colibactin. Reporter cells were co-cultured with 135 
pks

+ 

cells in a pellet and plated on selective agar to determine the number of viable reporter cells. The 136 
colony images on the right show representative results of a spotting assay with reduced viability after 137 
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pks
+

 co-cultures. (B) Colibactin toxicity correlates with co-culture period. A reporter strain was co-138 
cultured in pellets with pks

+

 (light gray) or pks
-

 (dark gray) strains at a 10:1 ratio in M9. The bar graphs 139 
show the mean CFUs back calculated from the spotting assay. Error bars show standard deviation of 140 
triplicates (**p<0.01, ***p<0.001, two sample t-test). (C) Colibactin toxicity is influenced by co-culture 141 
conditions. All conditions were evaluated at 24 hours. Toxicity is impacted by growth media (left panel): 142 
Co-cultures were conducted in either nutrient poor (M9) or rich media (LB) at a 10:1 ratio and pelleted. 143 
Toxicity is impacted by growth conditions (middle panel): Co-cultures were in nutrient poor media at a 144 
10:1 ratio either pelleted or in suspension. Toxicity is impacted by incubation ratio (right panel): Co-145 
cultures were in nutrient poor media at either a 10:1 or 1:1 ratio of pks

+

 to reporter strain and pelleted. 146 
Error bars show standard deviation of triplicates (*p<0.05, **p<0.01, two sample t-test). (D) Overview of 147 
barcoded genetic screen approach. (E) Volcano plots of screen results. Resistant hits are colored in green 148 
and sensitive hits are colored in blue. The number of hits for each direction are reported in colored 149 
circles on each volcano plot. Vertical gray lines represent the fold-change cutoff. (F) Venn diagram of 150 
shared sensitive hits between 24-hour 10:1, 48-hour 1:1, and 48-hour 10:1 screens. 151 

 152 

Analysis of the DNA sequencing results identified at least 2.6×10
6
 barcode sequences in each 153 

experiment. 95% of individual barcodes were sequenced more than 10 times and the median 154 

depth per barcode was 1,161. Figure 1E shows volcano plots for each of the screening 155 

conditions. As expected, we detected more hits when the target bacteria had longer exposure 156 

to and were in the presence of more colibactin producers (Figure 1E). We identified a total of 157 

110 knockout strains that conferred colibactin-sensitivity and 42 knockout strains that conferred 158 

resistance in at least one condition (Supplementary Table S1). When analyzing the overlap in the 159 

110 sensitive hits found across the three most toxic condition (marked in bold in Figure 1E), we 160 

observed that 67 of them were shared in at least two conditions (Figure 1F). We noted that 161 

contrary to screens we previously performed with this strain collection (Sayin et al. 2023; 162 

Rosener et al. 2020), we observed a high degree of variability between biological replicates, 163 

manifesting in a marginal p-value for some of the top hits (Figure 1E). We expect that this 164 

variability arises from cells randomly detaching from the pellet and growing without consistent 165 

colibactin exposure. As detached cells are also collected and used for DNA extraction, they are 166 

included in the analysis and can potentially give rise to false positive hits.  167 

 168 

We next conducted a functional enrichment analysis of the genome-wide screen using KEGG 169 

(Kyoto Encyclopedia of Genes and Genomes)
 
(Kanehisa and Goto 2000) and GO terms (The 170 

Gene Ontology Consortium et al. 2000) to evaluate pathways involved in colibactin-induced 171 

toxicity (Supplementary Table S2). This analysis identified pathways directly or indirectly 172 

connected to DNA synthesis and repair as conferring sensitivity (Figure 2A). These pathways 173 

include homologous recombination, purine metabolism, and the master pathway for amino 174 

sugar and nucleotide sugar metabolism, which is connected to the stringent response. Knockout 175 

of the flagellar assembly pathway also increased sensitivity, which may potentially be due to the 176 

inability of these strains to escape the co-culture pellet. 177 
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 178 
Figure 2. Pathway enrichment and targeted validation screen identify role of homologous 179 
recombination in colibactin response. (A) Pathway enrichment analysis using KEGG (Kanehisa and Goto 180 
2000) terms for each screen. Enriched terms are colored in green by q value and depleted terms are 181 
colored in blue by q value. Circle size represents the size of the gene set for the respective pathway. (B) 182 
Comparison of knockout fold-changes in the genome-wide screen and targeted validation screen. Points 183 
are colored by consensus enrichment change in the genome-wide screen and targeted screen (green for 184 
resistant, blue for sensitive, black for neutral, and empty for unvalidated). Gray lines mark the fold-185 
change cutoff (1.3). (C) Key pathways underlying colibactin sensitivity. Twenty-eight of the validated 186 
colibactin-sensitive knockouts are associated with three cellular pathways.  187 

 188 

Given the relatively high variability we observed between replicates in the genome-wide screen, 189 

we followed with a targeted validation screen. This screen included all 162 original hits and 38 190 

additional neutral knockout strains. We performed the screen with six replicates at the most 191 

extreme co-culture condition (colibactin:target bacteria at a 10:1 ratio for 48 hours). Figure 2B 192 

shows a comparison between the genome-wide and targeted screens (r
2
 = 0.49, p-value < 10

-10
 193 
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by Pearson’s correlation test). Results for all 200 strains in the validation screen appear in 194 

Supplementary Table S3. Inspection of the genes mitigating colibactin-induced damage revealed 195 

hits from three central pathways involved in DNA damage repair (Figure 2C). We found multiple 196 

genes associated with homologous recombination (ruvABC and recA) (Kowalczykowski et al. 197 

1994) but only one from the nucleotide excision repair pathway (uvrB), which was previously 198 

linked to self-inflicted colibactin toxicity (Bossuet-Greif et al. 2016). We noted that knockouts 199 

from other DNA repair pathways were also observed to increase colibactin sensitivity, yet were 200 

below our cutoff value we chose for fold-change. These knockouts included uvrA of the 201 

nucleotide excision repair pathway and umuCD that encode polymerase V involved in 202 

translesion synthesis (Supplementary Table S1). We also found twelve sensitive hits from the 203 

nucleotide synthesis gene network, likely increasing sensitivity to DNA damage by reducing 204 

nucleotide availability (Rosener et al. 2020). Lastly, eleven of the sensitive hits belong to the 205 

stringent response that works along with the SOS response to induce mutagenic DNA repair 206 

(Shee et al. 2011; Ponder et al. 2005; Zhai et al. 2023).   207 

 208 

Taken together, our screens revealed that inactivation of multiple pathways increases colibactin 209 

sensitivity, and that they all likely operate by modulating the DNA damage response. Moreover, 210 

within the DNA damage response we primarily detected genes involved in homologous 211 

recombination but only one gene linked to nucleotide excision repair. 212 

 213 

Colibactin induces a specific mutational signature 214 

Colibactin-induced damage leads to a specific mutational signature in colorectal cancers 215 

(Pleguezuelos-Manzano et al. 2020; Dziubańska-Kusibab et al. 2020; Chen et al. 2023) that is 216 

attributed to its favorable binding to the particularly narrow minor groove in A/T rich sequence 217 

motifs (Dziubańska-Kusibab et al. 2020). We sought to determine whether the mutational 218 

pattern is the same in bacteria using mutation accumulation experiments with repeated 219 

exposure to colibactin producers. Ampicillin-resistant DNA damage reporter cells were co-220 

cultured for 24 hours with genetically engineered colibactin producers and spotted on selective 221 

agar. A single reporter colony was then grown and used for a subsequent exposure cycle. We 222 

repeated the experiment with 48 independent replicates exposed to colibactin (pks
+
) and 48 223 

controls (pks
-
). After completing ten exposure cycles we sequenced the genome and annotated 224 

the mutations with the breseq tool (Deatherage and Barrick 2014) (Figure 3A). Since colonies 225 

were selected randomly in each cycle, observed mutations are not expected to be adaptive 226 

ones but should reflect the pattern of spontaneous mutation induced by colibactin exposure. 227 

 228 

Figure 3B shows a summary of the observed mutations by category, which are also reported in 229 

Supplementary Table S4. Overall, we observed considerably more mutations across all 230 

categories in the pks
+
 co-culture condition. We observed a ten-fold increase in single base 231 

substitutions (SBS) and only a two-fold increase in short indels from co-culture with pks
+
 cells 232 

(short indels are highly prevalent in colon cells (Pleguezuelos-Manzano et al. 2020; Chen et al. 233 

2023)). To account for transcription coupled repair we also tested for mutational strand bias. We 234 

did not detect a SBS bias when comparing the transcribed and untranscribed strands. Lastly, we 235 

also observed a very high frequency of a single large deletion that was almost identical across 236 

30 of the 48 pks
+
 co-culture replicates. The genome position of this deletion aligns with the 237 
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known location of the cryptic prophage e14 (Figure 3C) and agrees with the known role of 238 

colibactin in inducing prophage excision (Silpe et al. 2022). A high frequency of e14 excision 239 

relative to other cryptic prophages was also observed after exposure to the mitomycin-C 240 

alkylating agent which also causes DNA damage (Wang et al. 2010). 241 
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 242 
Figure 3. Colibactin induces a bacteria-specific mutational signature. (A) Overview of mutation 243 
accumulation experiment. Reporter cells were co-cultured with pks

+

 cells in a pellet for 24 hours before 244 
plating on selective agar. Single reporter colonies were selected and grown for subsequent exposure. 245 
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Reporter cells were exposed ten times before whole-genome sequencing. (B) Summary table of 246 
annotated mutations by mutation type. (C) Whole-genome sequencing coverage of colibactin/control 247 
conditions. The positions for all nine cryptic prophages are marked above. The gray-shaded region marks 248 
the e14 prophage region shown in more detail in the panel inset. (D) The A/T enriched motif found in 249 
the 13 bp region that surrounds positions of single base substitutions. The ring plots show positions of 250 
single base substitutions (outer ring in gray – SBS matching the motif, inner ring in black – all other SBS). 251 
The chromosome ring shows previously defined macrodomain regions. (E) SBS positions show genomic 252 
positional bias and are enriched near the terminus, increasingly so for mutations occurring in the 253 
identified motif. (F) Trinucleotide context of SBS mutations. The upper panel shows mutations identified 254 
after co-culturing with pks

+

 bacteria. The middle panel shows mutations identified after co-culturing with 255 
pks

-

 bacteria (control). The bottom panel shows mutations annotated in colon cells exposed to pks
+

 256 
bacteria by Pleguezuelos-Marzano et al. (2020). Differential mutation signatures between our work and 257 
work in colon cells are highlighted in red. 258 

 259 

We analyzed the genomic context surrounding single base substitutions to check whether 260 

specific motifs are enriched for colibactin-induced mutations using the STREME (Bailey 2021) 261 

tool. Figure 3D shows the statistically significant motif (p-value = 0.003) that was found in 67 of 262 

160 unique SBS. The A/T rich motif we found was similar to the motif identified in colorectal 263 

cancers (Pleguezuelos-Manzano et al. 2020; Dziubańska-Kusibab et al. 2020). Within this motif, 264 

the mutated base was either the A in position 4 or the T in position 7. We next tested if 265 

enriched SBS positions show a spatial preference using previously annotated chromosome 266 

macrodomains (Lioy et al. 2018) shown in Figure 3D. We observed that all SBS sites, those 267 

matching the motif and those not matching it, were commonly closer to the terminus region 268 

(ter; Figure 3D,E). Finally, we directly compared the mutation patterns we found with those 269 

reported for colon organoids (Pleguezuelos-Manzano et al. 2020) by looking at the trinucleotide 270 

context of the mutated base (Figure 3F). This comparison showed that despite similarity in the 271 

genomic context, a striking difference exists in the mutation outcome. As Figure 3F shows, 272 

mutations in A/T rich trinucleotides in E. coli were predominantly T>A while in colon cells they 273 

were predominantly T>C.   274 

 275 

In summary, we found similarities, but also clear differences, between colibactin-induced 276 

mutations in bacteria and colon cells. In both cases, increased mutation rates are clearly 277 

detected and show a bias towards A/T rich sequence motifs. However, differences exist in the 278 

nucleotide that results from the mutation event and far reduced frequency of indels in E. coli 279 

relative to colon cells. Lastly, we detected that colibactin-induced mutations were biased in 280 

some genome macrodomains in E. coli.  281 

 282 

Self-inflicted damage in colibactin-producing E. coli 283 

Colibactin self-protection is attributed to two mechanisms: colibactin activation by the ClbP 284 

peptidase after it is exported to the periplasm (Velilla et al. 2023; Dubois et al. 2011; Brotherton 285 

and Balskus 2013) and inactivation of intracellular colibactin by the ClbS cyclopropane hydrolase 286 

(Bossuet-Greif et al. 2016; Tripathi et al. 2017). Given that we did not identify genes involved in 287 

colibactin import in our genetic screen, we hypothesized that mature colibactin may permeate 288 

back into producing cells. We therefore further hypothesized that producer cells might 289 

experience weak, yet elevated levels, of DNA damage despite self-protection mechanisms. We 290 
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first tested this hypothesis by introducing a fluorescent DNA damage reporter into pks
+
 and pks

-
 291 

strains. We constructed the fluorescent DNA damage reporter by cloning a YFP fused to the 292 

recA gene promoter, known to respond to DNA damage (Vollmer et al. 1997), and a CFP under 293 

control of a constitutive promoter into a low-copy plasmid (Figure 4A). The CFP tag allowed us 294 

to identify reporter cell colonies and normalize DNA damage-induced fluorescence (YFP) to cell 295 

numbers in reporter colonies. 296 
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 297 
Figure 4. Colibactin inflicts self-damage. (A) Schematic of the fluorescent DNA damage reporter plasmid 298 
used to quantify self-damage. CFP is expressed under a constitutive promoter while YFP is expressed 299 
under a DNA damage-inducible promoter. (B) Representative microscopy images of engineered (BAC) 300 
pks

+

 and pks
-

 colonies or (C) Nissle 1917 pks
+

 (EcN) and pks
-

 (EcN ∆clbN) expressing our recA reporter 301 
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plasmid. Images show YFP expression, which represents recA activation in the colonies due to colibactin-302 
induced self-damage. Fluorescence intensity range was set according to the intensity observed in the 303 
colibactin-producer field of view per strains. Violin plots display the median YFP signal intensity per 304 
colony for each strain. Background YFP and CFP autofluorescence of the colonies was subtracted from 305 
each channel before YFP was normalized to CFP per colony (***p<0.001, two sample t-test). (D) 306 
Schematic of our analysis of 9,089 genomes to calculate the trinucleotide skew towards ATA/TAT over 307 
AAA/TTT sequences. Genomes are broken down by phylogroup and the total number of genomes per 308 
phylogroup, as well as the number of pks

+

 genomes, included in our analysis are reported. The pie chart 309 
shows the total percentage of genomes each phylogroup represented. (E) (left) Violin plots of 310 
trinucleotide skewness by E. coli phylogroup. Median skew is marked by the dashed line. (right) The B2 311 
phylogroup skewness is further divided into genomes with colibactin and genomes without colibactin. 312 
The number of genomes in each condition is labeled in this panel. 313 

 314 

These strains were then grown on agar to quantify the intensity of the fluorescent reporter. 315 

Figure 4B shows representative microscopy images of colibactin-producers and non-producers. 316 

In agreement with our hypothesis, we indeed observed increased DNA damage reporter activity 317 

in cloned cells harboring the pks pathogenicity island relative to control non-producers. 318 

Quantification of the median reporter level across dozens of colonies revealed this increase is 319 

statistically significant (Figure 4B, right panel). Since colibactin expression level in genetically 320 

engineered clones may be higher than expression levels of strains naturally harboring the pks 321 

pathogenicity island, we repeated this experiment with the Nissle 1917 strain that naturally 322 

expresses colibactin (Figure 4C). We again observed elevated reporter activity in colibactin-323 

producers relative to non-producing clbN knockouts (Figure 4C, right panel). As expected, this 324 

increase was relatively weak when compared to the engineered pks
+
 strain in Figure 4A as well 325 

as a clbS knockout that is unable to inactivate colibactin to protect the producing cells 326 

(Supplementary Figure S1).  327 

 328 

Motivated by the observation that colibactin-producers show increased DNA damage reporter 329 

activity, we hypothesized that self-inflicted damage may also be evident in the genome of 330 

strains harboring the pks pathogenicity island. We reasoned that this prediction can be 331 

evaluated by examining whether there is a bias in trinucleotide sequences in genomic DNA. 332 

Specifically, we predicted colibactin-induced DNA damage will be associated with a bias toward 333 

ATA and TAT trinucleotides at the expense of AAA and TTT trinucleotides (Figure 3F). In a 334 

random genome, we would expect equal proportions of these trinucleotides, thus shifts in 335 

these proportions can be measured as an indicator of colibactin induced DNA damage. We 336 

validated this expectation in a mock random genome using a sliding window of three 337 

nucleotides to calculate the proportion of trinucleotides matching ATA/TAT or AAA/TTT. This 338 

simulation yielded equal proportions of each complementary trinucleotide sequence, 339 

suggesting that using a sliding window does not bias our results. 340 

 341 

We tested our hypothesis in 9,089 annotated genomes spanning all E. coli phylogroups (Figure 342 

4D) and calculated a trinucleotide skewness metric (NATA+NTAT)/(NAAA+NTTT) to detect any bias 343 

towards colibactin-associated trinucleotide sequences. This metric is not strand-specific as we 344 

pooled together complementary trinucleotides in this calculation (e.g., NATA+NTAT). The strains 345 

included in this analysis and their calculated trinucleotide skew are reported in Supplementary 346 
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Table S5. Of the 9,089 genomes analyzed, 794 were annotated as containing the pks island, with 347 

the majority (777) belonging to the B2 phylogroup. The almost exclusive occurrence of pks
+
 348 

strains in the B2 phylogroup agrees with previous findings (Nougayrède et al. 2006; Wami et al. 349 

2021). Figure 4E shows the skewness levels calculated for all genomes classified by phylogroup. 350 

Calculating the skewness for each phylogroup allowed for setting an expectation on the amount 351 

of skew in a phylogroup without the pks island. In agreement with our prediction, we found that 352 

the B2 phylogroup, as the most prevalent phylogroup containing the pks island (Nougayrède et 353 

al. 2006; Wami et al. 2021), had one of the largest ranges of skew with the trinucleotide skew 354 

metric. Moreover, separating the strains of this phylogroup to pks
+
 and pks

-
 subgroups (Figure 355 

4D, right panel) revealed that the skewness is significantly increased specifically in pks
+
 strains 356 

(p-value < 10
-10

). The range of the skewness in the separated pks
+
 strains and pks

-
 strains in the 357 

B2 phylogroup is similar to the other E. coli phylogroups. Taken together, our microscopy and 358 

genomic analysis results indicate that colibactin-producing strains likely experience elevated 359 

levels of basal DNA damage culminating in noticeable bias in trinucleotide genomic composition 360 

that is compatible with colibactin self-inflicted damage.    361 

 362 

Discussion 363 

Colibactin-producing bacteria are not uncommon in the gut microbiome of healthy humans, yet 364 

their increased prevalence is evident in multiple human diseases ranging from Inflammatory 365 

bowel disease to colon cancers (Buc et al. 2013; Dejea et al. 2018; Iyadorai et al. 2020; Eklöf et 366 

al. 2017). Compelling evidence from colorectal tumors in humans strongly supports the premise 367 

that colibactin acts as a tumorigenic mutagen (Dziubańska-Kusibab et al. 2020; Pleguezuelos-368 

Manzano et al. 2020). The clinical relevance of colibactin-induced damage has motivated 369 

intense research into the mechanisms underlying its toxicity in eukaryotes, but left fundamental 370 

questions underexplored in bacteria. Our study addressed some of these gaps in knowledge and 371 

revealed differences between the bacterial and mammalian cellular response to colibactin. 372 

 373 

Our study of the cellular mechanisms underlying colibactin damage relied on a loss-of-function 374 

genetic screen. This genome-wide approach, applied for the first time to study colibactin 375 

toxicity, was unbiased by current understandings of colibactin mode of action. We identified 376 

various DNA damage response pathways whose inactivation increased colibactin sensitivity, 377 

uncovering a crucial role for homologous recombination (Figure 2A, 2C). We only detected a 378 

single hit from the nucleotide excision repair pathway, despite its known role in removing 379 

interstrand crosslinks (Cole 1973; Bossuet-Greif et al. 2016). The findings from our genome-wide 380 

genetic screen strongly agree with the current understanding that colibactin-induced toxicity is 381 

due to its role as a DNA-damaging agent. This DNA damage likely underlies the frequent 382 

excision of prophages that we (Figure 3C) and others observed (Silpe et al. 2022).  383 

 384 

A novel finding of our work emerged from mutation accumulation experiments. We found that 385 

in bacteria, similar to eukaryotes (Pleguezuelos-Manzano et al. 2020; Dziubańska-Kusibab et al. 386 

2020), single base substitution mutations were primarily located in A/T rich DNA sequences 387 

(Figures 4D and 4F). This similarity can be rationalized by the structural model suggesting that 388 

colibactin targets these A/T rich sequences due to their particularly narrow minor groove 389 

(Dziubańska-Kusibab et al. 2020). Despite a similar binding preference, colibactin-induced 390 
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mutations were markedly different: in colon cells T>C was the predominant change, while T>A 391 

was most prevalent in bacteria (Figure 4F). The difference in DNA repair mechanisms between 392 

bacteria and mammalian cells is one plausible mechanism that may underly this mutational 393 

dissimilarity. Additionally, indel mutations are abundant in colon cells (Pleguezuelos-Manzano et 394 

al. 2020) but uncommon in bacteria. We also detected a positional bias in colibactin-induced 395 

mutations in bacteria (near the terminus). 396 

 397 

Our genetic screen uncovered that homologous recombination, an error-free repair pathway, 398 

plays a major role in mitigating colibactin-induced DNA damage. However, results from our 399 

mutation accumulation experiments revealed that colibactin is mutagenic in E. coli. This 400 

seeming inconsistency may be explained by the complexity of the DNA damage response 401 

colibactin induces in E. coli that combines both error-prone and error-free repair mechanisms. 402 

Following activation of the SOS response, nucleotide excision repair, an error-free mechanism, 403 

repairs damage, but extensive damage can activate polymerase V involved in translesion 404 

synthesis, which is error-prone (Maslowska et al. 2019). Our screen results suggested that all 405 

these pathways (homologous recombination, nucleotide excision repair, and translesion 406 

synthesis) indeed participate in mitigating colibactin induced damage. It is also intriguing to 407 

note that colibactin induces a specific SBS profile. Different SBS patterns were previously 408 

reported for other DNA damaging agents such as UV and mitomycin-C (Maslowska et al. 2019; 409 

Kowalczykowski et al. 1994). The divergent mutation patterns reported for these different 410 

agents likely arises from a combination of diverse responses to the types of damage and the 411 

different DNA sequences being impacted by each of the agents. 412 

 413 

Finally, we leveraged the bacteria-specific mutational bias we discovered to investigate if 414 

colibactin inflicts self-damage in producers. We found that in both engineered and naturally 415 

producing cells, colibactin inflicts self-toxicity that was visualized and quantified with a 416 

fluorescent DNA damage reporter (Figure 4B, 4C). This is likely due to small quantities of the 417 

toxin re-entering the producing cells and binding DNA before it is inactivated by the ClbS 418 

cyclopropane hydrolase. Comparative analysis of almost 2,000 E. coli genomes from the B2 419 

phylogroup provides supporting evidence of colibactin-linked skewness in trinucleotide 420 

composition in strains harboring the pks pathogenicity island. The skewness in pks
+
 strains of 421 

the B2 phylogroup was highest among all phylogroups of the E. coli species. Hence it seems that 422 

colibactin entails a cost on producing cells and leaves an evolutionary footprint in their 423 

genomes. 424 

 425 

Taken together, our systematic work reveals unique features of colibactin toxicity in bacteria. 426 

The focus of this study on the effects of colibactin in bacteria is important given that this toxin is 427 

commonly found in non-pathogenic strains and therefore likely emerged, like many other 428 

bacterial toxins, to facilitate competition within microbial communities (Kern et al. 2021). Our 429 

study outlines an important direction for future investigation. This key direction builds on the 430 

newly identified bacteria-specific mutational signature. Specifically, it will be interesting to 431 

explore if evidence of colibactin-specific signatures can be found in longitudinal microbiome 432 

samples from individuals that harbor colibactin-producing bacteria in their gut. Quantifying the 433 

strength and rate of a colibactin-linked mutational bias may provide a noninvasive method to 434 
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estimate the intensity of colibactin exposure in a specific individual. Given that 30% of healthy 435 

individuals harbor pks
+
 strains in their gut microbiome, additional information about the rate of 436 

colibactin damage accumulation in the individual’s microbiome may help to gauge their risk for 437 

developing colibactin-linked colon cancer.  438 

 439 

Methods 440 

Bacteria strains used: 441 

Strain Nickname Source Use 

BW25113 ΔgspI::carb 

 

Viability reporter 

strain; ampicillin-

resistant reporter 

strain 

This study Colibactin impact on 

cell viability, mutation 

accumulation 

BW25113 

pBeloBAC11+pks 

Engineered pks
+
 Silpe et al. 2022 

(Silpe et al. 

2022) 

Colibactin impact on 

cell viability, genetic 

screens 

BW25113 pBeloBAC11  Engineered pks
-
 Silpe et al. 2022 

(Silpe et al. 

2022) 

Colibactin impact on 

cell viability, genetic 

screens 

Pooled E. coli library Pooled E. coli library Hirotada Mori, 

Nara Institute 

of Science and 

Technology, 

Japan 

Genetic screens 

BW25113 

pBeloBAC11+pks pRecA 

Engineered pks
+
 with 

DNA damage reporter 

This study Self-inflicted damage 

BW25113 pBeloBAC11 

pRecA 

Engineered pks- with 

DNA damage reporter 

This study Self-inflicted damage 

Nissle 1917 pRecA Nissle 1917 pks
+
 DNA 

damage reporter 

This study Self-inflicted damage 

Nissle 1917 ΔclbN::chl 

pRecA 

Nissle 1917 pks- DNA 

damage reporter 

This study Self-inflicted damage 

Nissle 1917 ΔclbS::chl 

pRecA 

Nissle 1917 pks
+
 clbS 

knockout DNA damage 

reporter 

This study Self-inflicted damage 

 442 

Media and growth conditions 443 

All experiments were performed in either Luria Broth (LB) or minimal synthetic media (M9 salts 444 

supplemented with 0.4% glucose, 2 mM MgSO4, 0.1 mM CaCl2, 0.2% amicase). Overnight 445 

cultures for all experiments were grown at 37°C with 200 rpm orbital shaking. During the 446 

overnight growth of antibiotic-resistant strains, we added antibiotics at the following 447 

concentrations: 50 μg/mL spectinomycin, 50 μg/mL kanamycin, 25 μg/mL chloramphenicol, and 448 

50 μg/mL carbenicillin. 449 

 450 
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Cloning deletion strains 451 

gspI was deleted from BW25113 using lambda red recombination with an insert containing 60 452 

bp homology arms to the upstream and downstream genomic regions and a carbenicillin 453 

resistance cassette. clbN and clbS were deleted from Nissle 1917 using lambda red 454 

recombination with an insert containing 40 or 60 bp homology arms to the upstream and 455 

downstream genomic regions, respectively, and a chloramphenicol resistance cassette.  456 

 457 

Monitoring colibactin impact on viability of co-cultured cells 458 

Cultures of the viability reporter strain and the engineered pks
+
 and pks

-
 strains were grown 459 

overnight in LB. 1 mL of overnight culture was washed three times with PBS. Cultures were then 460 

diluted 1:50 into either LB or M9 and grown for two hours. Following growth, OD600 was 461 

measured, and cultures were diluted to OD600=0.1. Reporters and engineered pks
+
 and pks

-
 462 

strains were mixed in 96 deep-well plates (Eppendorf, cat# 2231000920) to a final volume of 463 

500 μL at a 10:1 or 1:1 ratio (producers to reporters). For the pelleted co-culture conditions, 464 

plates were centrifuged at 4000 g for 6 minutes and incubated at 37°C with no shaking. For 465 

suspension co-culture conditions, plates were incubated at 37°C with 200 rpm orbital shaking. 466 

 467 

At each time point, co-cultures were thoroughly mixed by pipetting them and 5 μL aliquots were 468 

transferred to the top row of a 96-well microplate (FisherBrand, cat# FB012932) containing 95 469 

μL PBS. Samples were serially diluted 1:5 over the seven remaining rows in the microplate. From 470 

each dilution well, 4 μL was spotted on LB agar plates supplemented with spectinomycin to 471 

select for the reporter strain. We then back-calculated CFUs in each sample based on the 472 

dilution factor of the least dilute spot for each sample that contained 3-25 colonies. 473 

 474 

Genome-wide loss-of-function genetic screen 475 

We used a pooled genetic screening approach that we previously developed (Rosener et al. 476 

2020; Sayin et al. 2023; Noto Guillen et al. 2021, 2024) to identify genes and pathways 477 

impacting colibactin sensitivity. The method relies on a collection of 7,259 knockout strains that 478 

span 3,680 non-essential genes in E. coli. Each knockout strain harbors a 20 bp nucleotide 479 

barcode that is integrated into its chromosome. This collection allows for performing pooled 480 

genetic screens and identifying the frequency of each knockout strain by targeted deep 481 

sequencing of the barcode locus.  482 

 483 

A 200 μL aliquot of frozen glycerol stocks of the pooled E. coli library was grown overnight in LB 484 

supplemented with chloramphenicol. The engineered pks
+
 and pks

-
 strains were also grown 485 

overnight in LB supplemented with chloramphenicol. Cultures were washed twice in PBS and 486 

resuspended in M9. The knockout collection was diluted 1:50 in 40 mL M9. The engineered pks
+
 487 

and pks
-
 strains were diluted 1:50 in 100 mL M9. Cultures were grown for two additional hours 488 

at 37°C and 200 rpm to allow for adjustment to media and exit from stationary phase before 489 

adjusting their density to OD600=0.1 in 60 mL for the knockout collection and 140 mL for the 490 

engineered strains. The cultures were mixed at a 1:1 and 10:1 ratio and then divided into 8 mL 491 

replicates spread across 16 wells in a 96 deep-well plate (Eppendorf, cat# 2231000920). Co-492 

cultures were pelleted at 4000 g for 6 minutes before being incubated at 37°C for 8, 24 and 48 493 
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hours. Cultures were then resuspended and all wells per replicate were merged into a conical 50 494 

mL tube. The cultures were pelleted at 4000 g for 6 minutes and media was aspirated. Pellets 495 

were flash frozen and stored at -80°C until DNA was extracted using Zymo Quick-DNA Midiprep 496 

Plus Kit (cat# D4075). 497 

 498 

DNA concentrations were measured with Quant-iT dsDNA high sensitivity assay (Invitrogen, cat# 499 

Q33232) on a Tecan Spark plate reader and samples were normalized to 20 ng/μL. The barcode 500 

sequencing protocols we previously developed were modified to account for the low proportion 501 

of DNA in each sample that originated from the knockout library: DNA template for each PCR 502 

reaction was increased to 20 ng and 4 reactions were set up per sample to get sufficient 503 

coverage of the library (based on calculations of the final CFUs of reporter cells and pks
+
 cells in 504 

spotting co-cultures). The template DNA was amplified over 23 cycles with custom forward and 505 

reverse primers and 2× KAPA HiFi HotStart ReadyMix (Kapa Biosystems, cat# KK2602). Following 506 

barcode amplification, the 4 reactions were pooled, and 25 μL was purified for downstream use. 507 

The PCR product was purified with AMPure XP beads (Beckman Coulter, Cat#A63881) following 508 

the standard protocol of beads added at 0.9× sample volume. We modified the Nextera XT 509 

Index Kit (Illumina, cat# FC-131-1024) protocol to work with half volumes. These products were 510 

then run on a 2.5% agarose gel and extracted using ZR-96 ZymoClean Gel Recovery Kit (cat# 511 

D4021). The purified libraries were quantified with the Quant-iT dsDNA high sensitivity assay 512 

and normalized to 4 nM. Library quality was assessed on a Bioanalyzer with the Agilent High 513 

Sensitivity DNA Kit (Agilent Technologies, Cat# 5067-4626). Libraries were denatured and 514 

diluted according to the NextSeq 500/550 system protocol and sequenced with the NextSeq 515 

500/550 High Output kit v2.5, 75 cycles (Illumina, cat# 20024906) on a NextSeq 500/550 516 

machine. 517 

 518 

Analysis of genetic screen results 519 

We extracted barcode counts from FASTQ sequencing files using a custom MATLAB 520 

(MathWorks) script. Exact matches of barcodes (15-25 bp) were searched for in each read and a 521 

knockout strain was assigned if there was a matching barcode. Any nucleotide with a quality 522 

score below 10 was masked in the analysis. Counts of knockout strains targeting the same gene 523 

were summed together. Knockouts that impacted sensitivity to colibactin were identified by 524 

comparing the relative frequency of a knockout strain in the pks
+
 co-culture condition with the 525 

relative frequency in the pks
-
 co-culture condition. The statistical significance of the changes in 526 

relative frequency was determined with the DESeq2 tool (Love et al. 2014). We chose log2-fold-527 

change (>1.3) and adjusted p-value thresholds (<0.25) to classify resistant and sensitive 528 

knockouts. We used the gene set enrichment analysis tool GAGE (Luo et al. 2009) to test for 529 

functional enrichment. For this analysis we used the Kyoto Encyclopedia of Genes and Genomes 530 

(KEGG) (Kanehisa and Goto 2000) and Gene Ontology (GO) (The Gene Ontology Consortium et 531 

al. 2000) databases. 532 

 533 

Targeted validation genetic screen 534 

Knockout strains for all resistant and sensitive hits determined by the genome-wide genetic 535 

screen (including several marginally sensitive (4) or resistant (5) strains) along with 38 neutral 536 

strains were picked from glycerol stocks of single knockout strains composing the genome-wide 537 
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library. Strains were cultured in 1 mL LB supplemented with chloramphenicol overnight. The 538 

engineered pks
+
 and pks

-
 strains were also grown overnight in LB supplemented with 539 

chloramphenicol. The following day, 100 μL of each resistant or sensitive knockout strain culture 540 

was combined along with 400 μL of each neutral knockout strain to pool all strains together to a 541 

single culture. From the combined strains, 2 mL was taken to wash, along with 2 mL of each 542 

engineered overnight culture. Cultures were washed twice in PBS before resuspending in M9 543 

media. Both engineered strains were diluted 1:50 in 100 mL of M9. The pooled knockout strains 544 

were diluted 1:50 in 45 mL of M9. The diluted cultures were incubated and grown for three 545 

hours to adjust to the M9 media and exit stationary phase. Then the culture density was 546 

measured with OD600 and cultures were diluted to OD600=0.1.  The cultures were mixed in 10:1 547 

(produces to reporters) ratios and divided into 8 mL replicates spread across 16 wells in a 96 548 

deep-well plate (Eppendorf, cat# 2231000920). Co-cultures were pelleted at 4000 g for 6 549 

minutes before being incubating at 37°C for 48 hours (after 24 hours cultures were mixed and 550 

re-pelleted). Cultures were then resuspended and all wells per replicate were merged into a 551 

conical 50 mL tube. The cultures were pelleted at 4000 g for 6 minutes and media was 552 

aspirated. Pellets were flash frozen and stored at -80°C until DNA was extracted using Zymo 553 

Quick-DNA Midiprep Plus Kit (cat# D4075). DNA Library preparation and targeted sequencing 554 

was identical to the genome-wide screen. 555 

 556 

Mutation accumulation 557 

An ampicillin-resistant BW25113 strain and the engineered pks
+
 and pks

-
 strains were grown 558 

overnight on LB supplemented with antibiotics. 1 mL aliquots of each overnight culture were 559 

washed in PBS three times before 1:50 dilution in M9 followed by growth for two hours at 37°C. 560 

Cultures were then normalized to OD600=0.1. Reporters and engineered pks
+
 and pks

-
 strains 561 

were mixed in 96 deep-well plates (Eppendorf, cat# 2231000920) to a final volume of 500 μL at 562 

a 10:1 ratio (producers to reporters) and pelleted by centrifuge at 4000 g for 6 minutes. The 563 

cultures were incubated at 37°C without shaking for 24 hours. Wells were then mixed and 5 μL 564 

of each co-culture was transferred to a 96 well microplate (FisherBrand, cat# FB012932) and 565 

diluted by mixing with 95 μL of PBS. From there, each culture was serially diluted 1:5 for 7 566 

dilutions total. 4 μL from each dilution was spotted on LB agar plates supplemented with 567 

carbenicillin to select for the ampicillin-resistant BW25113 strain. The following day, a single 568 

colony was picked from each replicate from the spotting agar plate and inoculated into 500 μL 569 

M9 in a 96 deep-well plate. Fresh cultures of the engineered pks
+
 and pks

-
 strains were grown 570 

overnight and the co-culture protocol was repeated. This process, from diluting the 24-hour co-571 

cultures, spotting, expanding single colonies, and setting up new co-cultures, was repeated for 572 

10 cycles. After that, single colonies were picked from each replicate, expanded, and frozen as 573 

glycerol stocks.  574 

 575 

Glycerol stocks were inoculated into 1 mL LB and grown for 3-4 hours before DNA was extracted 576 

with the Zymo Quick DNA 96 kit (cat# D3012) and quantified with Quant-iT dsDNA high 577 

sensitivity assay (Invitrogen, cat# Q33232). Samples were normalized to 12 ng/μL. Prior to 578 

sequencing, four replicates from each co-culture condition were pooled evenly by combining 10 579 

μL of each 12 ng/μL stock. The pooled samples (24 total) were sent for whole-genome 580 
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sequencing at SeqCenter (Illumina paired-end sequencing with 2×151bp). The average coverage 581 

per genome was 65. Reads were aligned to the reference genome (NCBI accession: CP009273) 582 

with breseq (Deatherage and Barrick 2014) to identify mutations. The tool was used in 583 

population mode (we discarded mutations with a proportion below 0.1). Mutations occurring in 584 

both the pks
+
 and pks

-
 conditions were excluded as they likely existed in the ancestor. To 585 

annotate large deletions, we determined genome coverage of each sample with a custom 586 

Python script using a sliding window of 10,000 bp. We examined the coverage by plotting it 587 

after further smoothing in MATLAB (MathWorks). Sequence encompassing 6 bp upstream and 588 

downstream of single-base substitutions was analyzed for enriched motifs using STREME(Bailey 589 

2021). Since only a few mutations were identified in the pks
-
 condition, we selected 1000 590 

random 13 bp sequences from the reference genome to use as a control. Sequences containing 591 

the enriched motif were identified using FIMO(Grant et al. 2011) with the probability matrices 592 

generated by STREME. The frequency of the enriched motif sequences was plotted across 593 

previously defined macrodomains in the E. coli genome (Lioy et al. 2018). 594 

 595 

DNA damage fluorescent reporter 596 

We cloned the DNA damage reporter plasmid with the Gibson assembly method (Gibson et al. 597 

2009) using In-Fusion Snap Assembly Master Mix (Takara, cat# 638947). In a single assembly 598 

reaction, we integrated a YFP and the recA promoter into a plasmid backbone containing a 599 

spectinomycin resistance cassette and CFP. When amplifying the backbone, we also replaced 600 

the CFP promoter with a 48 bp EM7 promoter that was encoded on the amplification primer. 601 

The 81 bp recA promoter was amplified from the BW25113 genome (the promoter region was 602 

defined according to previous work (Salgado et al. 2023; Pagès et al. 2003; Stohl et al. 2003)). 603 

The final plasmid was a low-copy plasmid with the sc101 origin and spectinomycin resistance. 604 

Plasmid assembly was validated with Sanger sequencing spanning the integration sites.  605 

 606 

Self-inflicted damage microscopy 607 

The engineered pks
+
 and pks

-
 strains and the Nissle strains (pks

+
, pks

-
, and pks

+
 clbS knockout) 608 

harboring the DNA damage reporter were grown overnight in LB supplemented with antibiotics. 609 

OD600 was measured and each culture was subsequently diluted so that plating on agar plates 610 

would yield ~200 colonies. The diluted cultures were spread with glass beads on M9 agar plates 611 

and were incubated at 37°C. We imaged 40-70 fields of view for each plate with a Zeiss Axio 612 

Observer.Z1 epifluorescence microscope. Colonies were imaged at 2.5× magnification using CFP 613 

(475nm), YFP (524nm), and brightfield channels. Analysis was performed using custom MATLAB 614 

scripts (MathWorks). Briefly, colonies were segmented using an automatically determined 615 

threshold on the CFP channel image. To ensure that we only analyzed whole, single colonies, we 616 

excluded masked regions contacting the image border and filtered masks by area and circularity. 617 

Within each mask, the median YFP signal was measured. Background autofluorescence of 618 

untagged colonies was subtracted from both YFP and CFP before the YFP signal of each colony 619 

was normalized to its CFP signal. 620 

 621 

Bioinformatics analysis of colibactin-linked trinucleotide skew 622 

We tested the trinucleotide composition of 9,089 E. coli genomes downloaded from the NCBI 623 

genome database that were previously assigned to a specific phylogroup (Abram et al. 2021). 624 
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We discarded genome assemblies that had genome lengths below 4 Mb and those that were 625 

flagged as “Status: suppressed” by RefSeq annotation (this flag points to potential concerns 626 

with the genome assembly). For each genome, we scanned the DNA sequences of all contigs 627 

and calculated the frequencies of all 64 possible trinucleotides. For each genome we computed 628 

the colibactin-linked skewness metric by calculating the ratio of sum frequencies of the 629 

complementary trinucleotides ATA and TAT relative to the sum frequencies of the 630 

complementary trinucleotides AAA and TTT (Skew=(NATA+NTAT)/(NAAA+NTTT). It is important to 631 

note that the nucleotide compositions on the trinucleotides in the numerator and denominator 632 

is equal (three A’s and three T’s). Therefore, our skewness measurement reflects bias in 633 

nucleotide order and is indifferent to differences in nucleotide composition. We classified 634 

strains as colibactin producers by the proteome annotation associated with each genome 635 

assembly. Strains harboring more than nine proteins annotated with “colibactin” in their 636 

description were classified as pks
+
 strains. Our choice of at least nine pks genes (~50% of the pks 637 

genes) was used to account for potential missing coverage of the pks genes in the deposited 638 

genome sequences. Of the 19 genes in the island, 17 are considered essential for colibactin 639 

expression (Nougayrède et al. 2006). Out of the deposited genomes we analyzed, 794 had more 640 

than nine pks genes and 98% of these (777) had 17 or more pks genes. Out of a total of 9,089 E. 641 

coli genomes we analyzed, 794 strains were classified as pks
+
 with 98% (n=777) of them 642 

belonging to the B2 phylogroup. The remaining pks
+
 strains belonged to the E (n=2), A (n=9), 643 

and B1 (n=6) phylogroups. The B2 phylogroup is known to harbor the vast majority of pks
+
 644 

strains in E. coli (Nougayrède et al. 2006; Wami et al. 2021). 645 

 646 

Data Access 647 

All raw sequencing data from the barcoded knockout library screen and whole genomes from 648 

the mutation accumulation experiment are available in the NCBI BioProject database 649 

(https://www.ncbi.nlm.nih.gov/bioproject/) under accession numbers PRJNA1061230, 650 

PRJNA1060772, and PRJNA1060778. Code for all analyses can be found at GitHub 651 

(https://github.com/Mitchell-SysBio/2023_colibactin) (DOI: 10.5281/zenodo.10419723) and in 652 

the Supplemental Materials. 653 
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