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Colibactin leads to a bacteria-specific mutation pattern
and self-inflicted DNA damage

Emily Lowry,1 Yiqing Wang,2 Tal Dagan,2 and Amir Mitchell1
1Department of Systems Biology, University of Massachusetts Chan Medical School, Worcester, Massachusetts 01605, USA;
2Institute of General Microbiology, Kiel University, 24118 Kiel, Germany

Colibactin produced primarily by Escherichia coli strains of the B2 phylogroup cross-links DNA and can promote colon cancer

in human hosts. Here, we investigate the toxin’s impact on colibactin producers and on bacteria cocultured with producing

cells. Using genome-wide genetic screens and mutation accumulation experiments, we uncover the cellular pathways that

mitigate colibactin damage and reveal the specific mutations it induces. We discover that although colibactin targets

A/T-rich motifs, as observed in human colon cells, it induces a bacteria-unique mutation pattern. Based on this pattern,

we predict that long-term colibactin exposure will culminate in a genomic bias in trinucleotide composition. We test this

prediction by analyzing thousands of E. coli genomes and find that colibactin-producing strains indeed show the predicted

skewness in trinucleotide composition. Our work reveals a bacteria-specific mutation pattern and suggests that the resistance

protein encoded on the colibactin pathogenicity island is insufficient in preventing self-inflicted DNA damage.

[Supplemental material is available for this article.]

Competitive interactions are common in microbial communities,
including the human gut microbiome (Kern et al. 2021). Secreted
toxins that target neighboring microbes are a common mecha-
nism underlying such competitive interactions. Colibactin is a
bacteria-secreted genotoxin that can bind DNA in neighboring
cells (Nougayrède et al. 2006; Vizcaino andCrawford 2015; Plegue-
zuelos-Manzano et al. 2020). Colibactin damage is toxic for some
bacteria species (Chen et al. 2022; Silpe et al. 2022; Wong et al.
2022) and can also harm the host intestinal cells (Dziubańska-
Kusibab et al. 2020; Pleguezuelos-Manzano et al. 2020). Colibac-
tin-producing bacteria have been associated with multiple human
diseases ranging from inflammatory bowel disease to colorectal
cancers (Buc et al. 2013; Eklöf et al. 2017;Dejea et al. 2018; Iyadorai
et al. 2020). Although colibactin-induced damage in host cells is
extensively investigated owing to its clinical relevance, its toxicity
to bacteria remains underexplored. Addressing this knowledge gap
could elucidate how colibactin impacts the host microbiome and
whether colibactin expression is associated with any burden on
cells producing the toxin. We examined multiple aspects of coli-
bactin toxicity in Escherichia coli. We discovered that although
colibactin acts as a mutagen and thus depends on a similar mech-
anism of action in both bacterial and mammalian systems, funda-
mental differences in bacteria exist.

Colibactin is encoded by a 54 kb genomic region known as
the pks island. This region comprises 19 genes needed to synthe-
size and export the toxin, including nonribosomal peptide synthe-
tases and polyketide synthases (Nougayrède et al. 2006). The
island also encodes a cyclopropane hydrolase (clbS) that protects
colibactin-producing cells from the toxin (Nougayrède et al.
2006; Bossuet-Greif et al. 2016; Tripathi et al. 2017). The toxin it-
self contains two cyclopropane rings that alkylate DNA and cause
interstrand cross-links (Vizcaino andCrawford 2015; Tripathi et al.
2017; Bossuet-Greif et al. 2018; Xue et al. 2018, 2019;Wilson et al.

2019). Colibactin is most commonly found in E. coli strains of the
B2 phylogroup and is expressed by both pathogenic and commen-
sal strains (Nougayrède et al. 2006;Wami et al. 2021). Bacteria har-
boring the pks island are estimated to exist in the gut microbiome
of 20%–30% of healthy individuals (Nougayrède et al. 2006; Du-
bois et al. 2010; Eklöf et al. 2017; Dejea et al. 2018; Dubinsky
et al. 2020; Watanabe et al. 2020). The prevalence of pks-positive
bacteria increases to ∼60% in patients with colorectal cancer and
inflammatory bowel disease (Buc et al. 2013; Eklöf et al. 2017;
Dejea et al. 2018; Dubinsky et al. 2020).

The clinical relevance of colibactin in various human diseases
underlies thewidespread efforts to study its toxicity inmammalian
models. In vitro experiments showed that colibactin causes DNA
damage and leads to cell-cycle arrest in various mammalian cells.
This damage requires contact between bacteria and the targeted
host cells (Nougayrède et al. 2006; Bossuet-Greif et al. 2018; Reuter
et al. 2018; Silpe et al. 2022; Wong et al. 2022). Colibactin inter-
strand cross-links are resolved through the activation of multiple
DNA repair pathways, including the nonhomologous end-joining
(Cuevas-Ramos et al. 2010), homologous recombination (Dough-
erty et al. 2023), and the Fanconi anemia repair pathways (Bos-
suet-Greif et al. 2018; Dougherty et al. 2023). Because repair of
DNA cross-links introduces double-stranded breaks, they are po-
tentially mutagenic, leading to the hypothesis that colibactin
may predispose individuals to colon cancer (Cuevas-Ramos et al.
2010). In human cells, colibactin-inducedmutations are common-
ly found in hexameric A/T-rich DNA motifs (Dziubańska-Kusibab
et al. 2020; Pleguezuelos-Manzano et al. 2020). This enrichment is
attributed to the particularly narrow minor groove of these se-
quences,which promotes colibactin binding (Dziubańska-Kusibab
et al. 2020). Recent work has found that a colibactin-associated
mutational signature is detected in 5%–10% of colorectal cancers
(Pleguezuelos-Manzano et al. 2020), supporting its involvement
in cancer.
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Colibactin toxicity has also been observed in bacteria. Auto-
toxicity was observed in colibactin-producing bacteria genetically
engineered to knockout clbS (the protective cyclopropane hydro-
lase) and became more pronounced upon inactivation of the
nucleotide excision repair pathway (Bossuet-Greif et al. 2016;
Tripathi et al. 2017). Studies also showed colibactin can target oth-
er bacterial species, including several Staphylococcus species (Chen
et al. 2022;Wong et al. 2022), severalVibrio species,Clostridiumdif-
ficile, and Enterobacter aerogenes (Chen et al. 2022). A recent study
suggested that colibactin damage arises from prophage induction
(Silpe et al. 2022). However, prophage-cured S. aureus remain sus-
ceptible to colibactin, indicating that toxicitymechanisms beyond
prophage-induction exist (Wong et al. 2022). Despite the multiple
reports of colibactin damage in bacteria, key gaps in knowledge
persist. A key open question in bacteria includes which specific
DNA repair pathways mitigate colibactin damage. Given that
DNA is fundamentally differently packaged in eukaryotes and bac-
teria, it remains unknown if colibactin favors A/T-rich regions in
bacteria and if it culminates in similar mutations as those reported
for colon cells.

Here, we aimed to identify the environmental conditions that
maximize colibactin toxicity, and uncover genes that modulate its
toxicity using a genome-wide loss-of-function genetic screen. We
then investigated if colibactin induces genetic mutations in
E. coli cells that are cocultured with colibactin-producing cells
and if a colibactin-specific mutational signature can be detected.
Finally, we evaluated if colibactin production induces self-inflicted
damage both in vitro and in silico.

Results

Colibactin reduces viability of cocultured E. coli

We first determined if colibactin reduces viability in neighboring
bacteria. We cocultured the reporter strain (ampicillin-resistant
laboratory strain) with colibactin producers, E. coli cells from the
same genetic background that harbor the pathogenicity island
(pks+) on a bacterial artificial chromosome (BAC) (Silpe et al.
2022). We grew cells as a pellet to maximize cell–cell contact for
the duration of the coculture experiment. Bacteria transformed
with an empty BACwere used as a negative control (pks−). Follow-
ing coculture, we calculated the colony forming units (CFUs) of
the reporter strain by plating on selective agar. Figure 1A shows
the experimental setup and representative plate images showing
reduced viability. We measured viability over 48 h and observed
that colibactin reduces viability within 12 h of coculture and con-
tinues to decrease viability of cocultured cells over time (Fig. 1B).
Because growth of the wild-type strain in the pellet is arrested after
the 12 h time point in the control experiment, reduced viability in
the pks+ condition is likely attributed to cell death and not just
growth arrest.

We then wanted to quantify colibactin toxicity under differ-
ent environmental conditions because previous work showed that
colibactin expression is influenced by environmental conditions
(Tronnet et al. 2016, 2017; Chagneau et al. 2019; Oliero et al.
2021; Bossuet et al. 2023). We compared cocultures in different
media, in pellet or suspension, and at different strain ratios.
Figure 1C shows the results of these experiments. We observed
that colibactin toxicity was higher in nutrient-poor media com-
pared with nutrient-rich media and was also higher when the co-
culture grew in a pellet compared with growth in suspension.
Lastly, toxicity was increased when the coculture ratio was skewed

toward colibactin producers. Taken together, these experiments al-
lowed us to uncover the experimental settings that maximize col-
ibactin toxicity.

Genetic screen uncovers genes mitigating colibactin toxicity

To identify genes and pathways involved in mitigating colibactin-
induced damage, we used a loss-of-function genetic screen that
was based on results from our reduced viability assay (Fig. 1C).
We used a pooled genetic screening approach that we recently
used for studying drug sensitivity (Noto Guillen et al. 2024).
Briefly, a collection of 7259 E. coli knockout strains targeting
3680 nonessential genes were cocultured with the colibactin-pro-
ducing strain. Changes in strain frequency were deduced by se-
quencing unique DNA barcodes that identify each knockout
strain. We conducted the screen with different levels of selective
pressure (coculture ratios and incubation durations). Cocultures
with a pks− strain were used as controls. Overall, we conducted
six screens with five biological replicates each (see Methods). At
the end of each screen, cells were collected forDNA extraction, bar-
code amplification, and DNA sequencing (Fig. 1D). In these
screens, barcode depletion in the pks+ condition relative to the
pks− condition is indicative of a gene that mitigates colibactin-in-
duced damage (Fig. 1D).

Analysis of the DNA sequencing results identified at least
2.6 × 106 barcode sequences in each experiment; 95%of individual
barcodes were sequenced more than 10 times, and the median
depth per barcode was 1161. Figure 1E shows volcano plots for
each of the screening conditions. As expected, we detected more
hits when the target bacteria had longer exposure to and were in
the presence of more colibactin producers (Fig. 1E). We identified
a total of 110 knockout strains that conferred colibactin sensitivity
and 42 knockout strains that conferred resistance in at least one
condition (Supplemental Table S1). When analyzing the overlap
in the 110 sensitive hits found across the three most toxic condi-
tions (marked in bold in Fig. 1E), we observed that 67 of them
were shared in at least two conditions (Fig. 1F).We noted that con-
trary to screens we previously performedwith this strain collection
(Rosener et al. 2020; Sayin et al. 2023), we observed a high degree
of variability between biological replicates, manifesting in a mar-
ginal P-value for some of the top hits (Fig. 1E). We expect that
this variability arises from cells randomly detaching from the pel-
let and growing without consistent colibactin exposure. As de-
tached cells are also collected and used for DNA extraction, they
are included in the analysis and can potentially give rise to false-
positive hits.

We next conducted a functional enrichment analysis of the
genome-wide screen using Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) (Kanehisa and Goto 2000) and Gene Ontology
(GO) terms (The Gene Ontology Consortium et al. 2000) to evalu-
ate pathways involved in colibactin-induced toxicity (Supple-
mental Table S2). This analysis identified pathways directly or
indirectly connected to DNA synthesis and repair as conferring
sensitivity (Fig. 2A). These pathways include homologous recom-
bination, purine metabolism, and the master pathway for amino
sugar and nucleotide sugar metabolism, which is connected to
the stringent response. Knockout of the flagellar assembly path-
way also increased sensitivity, which may potentially be owing
to the inability of these strains to escape the coculture pellet.

Given the relatively high variabilityweobserved between rep-
licates in the genome-wide screen, we followedwith a targeted val-
idation screen. This screen included all 162 original hits and
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38 additional neutral knockout strains. We performed the screen
with six replicates at the most extreme coculture condition
(colibactin:target bacteria at a 10:1 ratio for 48 h). Figure 2B
shows a comparison between the genome-wide and targeted
screens (r2 = 0.49, P-value<10−10 by Pearson’s correlation test).
Results for all 200 strains in the validation screen appear in

Supplemental Table S3. Inspection of
the genes mitigating colibactin-induced
damage revealed hits from three central
pathways involved in DNA damage re-
pair (Fig. 2C). We found multiple genes
associated with homologous recombina-
tion (ruvABC and recA) (Kowalczykowski
et al. 1994) but only one from the nucle-
otide excision repair pathway (uvrB),
which was previously linked to self-in-
flicted colibactin toxicity (Bossuet-Greif
et al. 2016). We noted that knockouts
from other DNA repair pathways were
also observed to increase colibactin
sensitivity, yet they were below our cut-
off value that we chose for fold-change.
These knockouts included uvrA of the
nucleotide excision repair pathway
and umuCD that encodes polymerase V
involved in translesion synthesis
(Supplemental Table S1). We also found
12 sensitive hits from the nucleotide syn-
thesis gene network, likely increasing
sensitivity to DNA damage by reducing
nucleotide availability (Rosener et al.
2020). Lastly, 11 of the sensitive hits
belong to the stringent response that
works along with the SOS response to in-
ducemutagenicDNA repair (Ponder et al.
2005; Shee et al. 2011; Zhai et al. 2023).

Taken together, our screens revealed
that inactivation of multiple pathways
increases colibactin sensitivity and that
they all likely operate by modulating
the DNA damage response. Moreover,
within the DNA damage response, we
primarily detected genes involved in ho-
mologous recombination but only one
gene linked to nucleotide excision repair.

Colibactin induces a specific

mutational signature

Colibactin-induced damage leads to a
specific mutational signature in colo-
rectal cancers (Dziubańska-Kusibab et
al. 2020; Pleguezuelos-Manzano et al.
2020; Chen et al. 2023) that is attributed
to its favorable binding to the particular-
ly narrow minor groove in A/T-rich
sequence motifs (Dziubańska-Kusibab
et al. 2020). We sought to determine
whether the mutational pattern is the
same in bacteria usingmutation accumu-
lation experiments with repeated expo-
sure to colibactin producers. Ampicillin-

resistant DNA damage reporter cells were cocultured for 24 h
with genetically engineered colibactin producers and spotted on
selective agar. A single reporter colony was then grown and used
for a subsequent exposure cycle. We repeated the experiment
with 48 independent replicates exposed to colibactin (pks+) and
48 controls (pks−). After completing 10 exposure cycles, we

A

B

D

E F

C

Figure 1. Genetic screen reveals key role of homologous recombination in colibactin response. (A)
Overview of the reduced viability assay in response to colibactin. Reporter cells were cocultured with
pks+ cells in a pellet and plated on selective agar to determine the number of viable reporter cells. The
colony images on the right show representative results of a spotting assay with reduced viability after
pks+ cocultures. (B) Colibactin toxicity correlates with coculture period. A reporter strain was cocultured
in pellets with pks+ (light gray) or pks− (dark gray) strains at a 10:1 ratio in M9. The bar graphs show the
mean CFUs back-calculated from the spotting assay. Error bars show standard deviation of triplicates. (∗∗)
P<0.01, (∗∗∗) P<0.001, (n.s.) not significant, two-sample t-test. (C) Colibactin toxicity is influenced by
coculture conditions. All conditions were evaluated at 24 h. (Left) Toxicity is impacted by growth media:
Cocultures were conducted in either nutrient-poor (M9) or -rich media (LB) at a 10:1 ratio and pelleted.
(Middle) Toxicity is impacted by growth conditions: Cocultures were in nutrient-poor media at a 10:1 ra-
tio either pelleted or in suspension. (Right) Toxicity is impacted by incubation ratio: Cocultures were in
nutrient-poor media at either a 10:1 or 1:1 ratio of pks+ to reporter strain and pelleted. Error bars
show standard deviation of triplicates. (∗) P<0.05, (∗∗) P<0.01, (n.s.) not significant, two-sample
t-test. (D) Overview of barcoded genetic screen approach. (E) Volcano plots of screen results. Resistant
hits are colored in green, and sensitive hits are colored in blue. The number of hits for each direction
are reported in colored circles on each volcano plot. Vertical gray lines represent the fold-change cutoff.
(F ) Venn diagram of shared sensitive hits between 24 h 10:1, 48 h 1:1, and 48 h 10:1 screens.
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sequenced the genome and annotated themutations with the bre-
seq tool (Fig. 3A; Deatherage and Barrick 2014). Because colonies
were selected randomly in each cycle, observed mutations are
not expected to be adaptive ones but should reflect the pattern
of spontaneous mutation induced by colibactin exposure.

Figure 3B shows a summary of the observedmutations by cat-
egory, which are also reported in Supplemental Table S4. Overall,
we observed considerably more mutations across all categories in
the pks+ coculture condition. We observed a 10-fold increase in
single-base substitutions (SBSs) and only a twofold increase in
short indels from coculture with pks+ cells (short indels are highly
prevalent in colon cells) (Pleguezuelos-Manzano et al. 2020; Chen
et al. 2023). To account for transcription coupled repair, we also
tested for mutational strand bias. We did not detect a SBS bias
when comparing the transcribed and untranscribed strands.
Lastly,we also observed a veryhigh frequencyof a single large dele-
tion that was almost identical across 30 of the 48 pks+ coculture
replicates. The genome position of this deletion aligns with the
known location of the cryptic prophage e14 (Fig. 3C) and agrees
with the known role of colibactin in inducing prophage excision
(Silpe et al. 2022). A high frequency of e14 excision relative to oth-
er cryptic prophages was also observed after exposure to the mito-

mycin-C alkylating agent, which also
causes DNA damage (Wang et al. 2010).

We analyzed the genomic context
surrounding SBSs to check whether spe-
cific motifs are enriched for colibactin-
induced mutations using the STREME
(Bailey 2021) tool. Figure 3D shows the
statistically significant motif (P-value =
0.003) that was found in 67 of 160
unique SBS. The A/T-richmotif we found
was similar to the motif identified in
colorectal cancers (Dziubańska-Kusibab
et al. 2020; Pleguezuelos-Manzano et al.
2020). Within this motif, the mutated
base was either the A in position 4 or
the T in position 7. We next tested if
enriched SBS positions show a spatial
preference using previously annotated
chromosome macrodomains (Lioy et al.
2018), as shown in Figure 3D. We ob-
served that all SBS sites, those matching
the motif and those not matching it,
were commonly closer to the terminus
region (Fig. 3D,E, ter). Finally, we directly
compared the mutation patterns we
found with those reported for colon or-
ganoids (Pleguezuelos-Manzano et al.
2020) by looking at the trinucleotide
context of the mutated base (Fig. 3F).
This comparison showed that despite
similarity in the genomic context, a strik-
ing difference exists in the mutation out-
come. As Figure 3F shows, mutations in
A/T-rich trinucleotides in E. coliwere pre-
dominantly T >A, whereas in colon cells
they were predominantly T >C.

In summary, we found similarities,
but also clear differences, between coli-
bactin-induced mutations in bacteria
and colon cells. In both cases, increased

mutation rates are clearly detected and show a bias toward A/T-
rich sequence motifs. However, differences exist in the nucleotide
that results from the mutation event and far-reduced frequency of
indels in E. coli relative to colon cells. Lastly, we detected that col-
ibactin-induced mutations were biased in some genomemacrodo-
mains in E. coli.

Self-inflicted damage in colibactin-producing E. coli

Colibactin self-protection is attributed to two mechanisms: coli-
bactin activation by the ClbP peptidase after it is exported to the
periplasm (Dubois et al. 2011; Brotherton and Balskus 2013;
Velilla et al. 2023) and inactivation of intracellular colibactin by
the ClbS cyclopropane hydrolase (Bossuet-Greif et al. 2016;
Tripathi et al. 2017). Given thatwe did not identify genes involved
in colibactin import in our genetic screen, we hypothesized that
mature colibactin may permeate back into producing cells. We
therefore further hypothesized that producer cells might experi-
ence weak, yet elevated levels, of DNA damage despite self-protec-
tion mechanisms. We first tested this hypothesis by introducing a
fluorescent DNA damage reporter into the pks+ and pks− strains
(Supplemental Methods). We constructed the fluorescent DNA

A

B C

Figure 2. Pathway enrichment and targeted validation screen identify roles of homologous recombi-
nation in colibactin response. (A) Pathway enrichment analysis using KEGG (Kanehisa and Goto 2000)
terms for each screen. Enriched terms are colored in green by Q-value, and depleted terms are colored
in blue by Q-value. Circle size represents the size of the gene set for the respective pathway. (B)
Comparison of knockout fold-changes in the genome-wide screen and targeted validation screen.
Points are colored by consensus enrichment change in the genome-wide screen and targeted screen:
green for resistant, blue for sensitive, black for neutral, and empty for unvalidated. Gray lines mark the
fold-change cutoff (1.3). (C ) Key pathways underlying colibactin sensitivity. Twenty-eight of the validat-
ed colibactin-sensitive knockouts are associated with three cellular pathways.
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damage reporter by cloning a YFP fused to the recA gene promoter,
known to respond to DNAdamage (Vollmer et al. 1997), and a CFP
under control of a constitutive promoter into a low-copy plasmid

(Fig. 4A). The CFP tag allowed us to identify reporter cell colonies
and normalize DNA damage–induced fluorescence (YFP) to cell
numbers in reporter colonies.

These strains were then grown on
agar to quantify the intensity of the
fluorescent reporter. Figure 4B shows rep-
resentative microscopy images of coli-
bactin producers and nonproducers. In
agreement with our hypothesis, we in-
deed observed increased DNA damage re-
porter activity in cloned cells harboring
the pks pathogenicity island relative to
control nonproducers. Quantification of
the median reporter level across dozens
of colonies revealed this increase is statis-
tically significant (Fig. 4B, right). Because
the colibactin expression level in geneti-
cally engineered clones may be higher
than expression levels of strains naturally
harboring the pks pathogenicity island,
we repeated this experiment with the
Nissle 1917 strain that naturally express-
es colibactin (Fig. 4C).We again observed
elevated reporter activity in colibactin
producers relative to nonproducing clbN
knockouts (Fig. 4C, right). As expected,
this increase was relatively weak com-
pared with the engineered pks+ strain in
Figure 4A as well as a clbS knockout that
is unable to inactivate colibactin to pro-
tect the producing cells (Supplemental
Fig. S1).

Motivated by the observation that
colibactin producers show increased
DNA damage reporter activity, we hy-
pothesized that self-inflicted damage
may also be evident in the genome of
strains harboring the pks pathogenicity
island. We reasoned that this prediction
can be evaluated by examining whether
there is a bias in trinucleotide sequences
in genomic DNA. Specifically, we pre-
dicted colibactin-induced DNA damage
will be associated with a bias toward
ATA and TAT trinucleotides at the ex-
pense of AAA and TTT trinucleotides
(Fig. 3F). In a random genome, we would
expect equal proportions of these trinu-
cleotides; thus, shifts in these propor-
tions can be measured as an indicator of
colibactin-induced DNA damage. We
validated this expectation in a mock ran-
dom genome using a sliding window of 3
nucleotides to calculate the proportion
of trinucleotides matching ATA/TAT or
AAA/TTT. This simulation yielded equal
proportions of each complementary tri-
nucleotide sequence, suggesting that us-
ing a sliding window does not bias our
results.

We tested our hypothesis in 9089
annotated genomes spanning all E. coli

A
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Figure 3. Colibactin induces a bacteria-specific mutational signature. (A) Overview of mutation accu-
mulation experiment. Reporter cells were cocultured with pks+ cells in a pellet for 24 h before plating on
selective agar. Single reporter colonies were selected and grown for subsequent exposure. Reporter cells
were exposed 10 times beforewhole-genome sequencing. (B) Summary table of annotatedmutations by
mutation type. Boldmutationsmark key differences between the pks+ and pks− exposed populations. (C)
Whole-genome sequencing coverage of colibactin/control conditions. The positions for all nine cryptic
prophages are marked above. The gray-shaded region marks the e14 prophage region shown in more
detail in the panel inset. (D) The A/T enriched motif found in the 13 bp region that surrounds positions
of single-base substitutions (SBSs). The ring plots show positions of SBSs: outer ring in gray indicates SBSs
matching the motif; inner ring in black, all other SBSs. The chromosome ring shows previously defined
macrodomain regions. (E) SBS positions show genomic positional bias and are enriched near the termi-
nus, increasingly so for mutations occurring in the identified motif. (F) Trinucleotide context of SBS mu-
tations. The upper panel showsmutations identified after coculturing with pks+ bacteria. Themiddle panel
shows mutations identified after coculturing with pks− bacteria (control). The bottom panel shows mu-
tations annotated in colon cells exposed to pks+ bacteria by Pleguezuelos-Manzano et al. (2020).
Differential mutation signatures between our work and work in colon cells are highlighted in red.
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phylogroups (Fig. 4D) and calculated a trinucleotide skewnessmet-
ric (NATA+NTAT)/(NAAA +NTTT) to detect any bias toward colibac-
tin-associated trinucleotide sequences. This metric is not strand-
specific as we pooled together complementary trinucleotides in
this calculation (e.g., NATA +NTAT). The strains included in this
analysis and their calculated trinucleotide skew are reported in
Supplemental Table S5. Of the 9089 genomes analyzed, 794 were
annotated as containing the pks island, with themajority (777) be-

longing to the B2 phylogroup. The al-
most exclusive occurrence of pks+

strains in the B2 phylogroup agrees
with previous findings (Nougayrède
et al. 2006; Wami et al. 2021). Figure 4E
shows the skewness levels calculated for
all genomes classified by phylogroup.
Calculating the skewness for each phy-
logroup allowed for setting an expecta-
tion on the amount of skew in a
phylogroup without the pks island. In
agreementwith our prediction, we found
that the B2 phylogroup, as themost prev-
alent phylogroup containing the pks is-
land (Nougayrède et al. 2006; Wami
et al. 2021), had one of the largest ranges
of skew with the trinucleotide skew met-
ric. Moreover, separating the strains of
this phylogroup to pks+ and pks− sub-
groups (Fig. 4D, right panel) revealed
that the skewness is significantly in-
creased specifically in pks+ strains (P-val-
ue < 10−10). The range of the skewness in
the separated pks+ strains and pks−

strains in the B2 phylogroup is similar
to the other E. coli phylogroups. Taken
together, our microscopy and genomic
analysis results indicate that colibactin-
producing strains likely experience ele-
vated levels of basal DNA damage culmi-
nating in noticeable bias in trinucleotide
genomic composition that is compatible
with colibactin self-inflicted damage.

Discussion

Colibactin-producing bacteria are not
uncommon in the gut microbiome of
healthy humans, yet their increased
prevalence is evident in multiple human
diseases ranging from inflammatory
bowel disease to colon cancers (Buc
et al. 2013; Eklöf et al. 2017; Dejea et al.
2018; Iyadorai et al. 2020). Compelling
evidence from colorectal tumors in hu-
mans strongly supports the premise
that colibactin acts as a tumorigenic mu-
tagen (Dziubańska-Kusibab et al. 2020;
Pleguezuelos-Manzano et al. 2020). The
clinical relevance of colibactin-induced
damage has motivated intense research
into the mechanisms underlying its tox-
icity in eukaryotes, but left fundamental
questions underexplored in bacteria.

Our study addressed some of these gaps in knowledge and revealed
differences between the bacterial and mammalian cellular re-
sponse to colibactin.

Our study of the cellular mechanisms underlying colibactin
damage relied on a loss-of-function genetic screen. This genome-
wide approach, applied for the first time to study colibactin toxic-
ity, was unbiased by current understandings of colibactin mode of
action. We identified various DNA damage response pathways

A

D

E

B

C

Figure 4. Colibactin inflicts self-damage. (A) Schematic of the fluorescent DNA damage reporter plas-
mid used to quantify self-damage. CFP is expressed under a constitutive promoter, and YFP is expressed
under a DNA damage–inducible promoter. Representative microscopy images of the engineered (BAC)
pks+ and pks− colonies (B) or Nissle 1917 pks+ (EcN) and pks− (EcN ΔclbN) expressing our recA reporter
plasmid (C). Images show YFP expression, which represents recA activation in the colonies owing to col-
ibactin-induced self-damage. The fluorescence intensity range was set according to the intensity ob-
served in the colibactin-producer field of view per strains. Violin plots display the median YFP signal
intensity per colony for each strain. Background YFP and CFP autofluorescence of the colonies was sub-
tracted from each channel before YFP was normalized to CFP per colony (∗∗∗) P<0.001, two-sample t-
test. (D) Schematic of our analysis of 9089 genomes to calculate the trinucleotide skew toward ATA/
TAT over AAA/TTT sequences. Genomes are broken down by phylogroup, and the total number of ge-
nomes per phylogroup, as well as the number of pks+ genomes, included in our analysis is reported.
The pie chart shows the total percentage of genomes each phylogroup represented. (E, left) Violin plots
of trinucleotide skewness by E. coli phylogroup.Median skew is marked by the dashed line. (Right) The B2
phylogroup skewness is further divided into genomes with colibactin and genomes without colibactin.
The number of genomes in each condition is labeled in this panel.
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whose inactivation increased colibactin sensitivity, uncovering a
crucial role for homologous recombination (Fig. 2A,C). We only
detected a single hit from the nucleotide excision repair pathway,
despite its known role in removing interstrand cross-links (Cole
1973; Bossuet-Greif et al. 2016). The findings from our genome-
wide genetic screen strongly agree with the current understanding
that colibactin-induced toxicity is owing to its role as a DNA-dam-
aging agent. This DNA damage likely underlies the frequent exci-
sion of prophages that we (Fig. 3C) and others observed (Silpe
et al. 2022).

A novel finding of our work emerged frommutation accumu-
lation experiments. We found that in bacteria, similar to eukary-
otes (Dziubańska-Kusibab et al. 2020; Pleguezuelos-Manzano
et al. 2020), SBS mutations were primarily located in A/T-rich
DNA sequences (Fig. 3D,F). This similarity can be rationalized by
the structural model suggesting that colibactin targets these A/T-
rich sequences owing to their particularly narrow minor groove
(Dziubańska-Kusibab et al. 2020). Despite a similar binding prefer-
ence, colibactin-induced mutations were markedly different: In
colon cells, T >C was the predominant change, whereas T>A
was most prevalent in bacteria (Fig. 3F). The difference in DNA re-
pair mechanisms between bacteria and mammalian cells is one
plausiblemechanism that may underly this mutational dissimilar-
ity. Additionally, indel mutations are abundant in colon cells
(Pleguezuelos-Manzano et al. 2020) but uncommon in bacteria.
We also detected a positional bias in colibactin-inducedmutations
in bacteria (near the terminus).

Our genetic screen uncovered that homologous recombina-
tion, an error-free repair pathway, plays a major role in mitigating
colibactin-induced DNA damage. However, results from our mu-
tation accumulation experiments revealed that colibactin is muta-
genic in E. coli. This seeming inconsistency may be explained
by the complexity of the DNA damage response colibactin induc-
es in E. coli, which combines both error-prone and error-free re-
pair mechanisms. Following activation of the SOS response,
nucleotide excision repair, an error-free mechanism, repairs dam-
age, but extensive damage can activate polymerase V involved in
translesion synthesis, which is error-prone (Maslowska et al.
2019). Our screen results suggested that all these pathways (ho-
mologous recombination, nucleotide excision repair, and transle-
sion synthesis) indeed participate in mitigating colibactin-
induced damage. It is also intriguing to note that colibactin in-
duces a specific SBS profile. Different SBS patterns were previously
reported for other DNA-damaging agents such as UV andmitomy-
cin-C (Kowalczykowski et al. 1994; Maslowska et al. 2019). The
divergent mutation patterns reported for these different agents
likely arise from a combination of diverse responses to the types
of damage and the different DNA sequences being impacted by
each of the agents.

Finally, we leveraged the bacteria-specific mutational bias we
discovered to investigate if colibactin inflicts self-damage in pro-
ducers.We found that in both engineered and naturally producing
cells, colibactin inflicts self-toxicity that was visualized and quan-
tified with a fluorescent DNA damage reporter (Fig. 4B,C). This is
likely because of small quantities of the toxin re-entering the pro-
ducing cells and binding DNA before it is inactivated by the ClbS
cyclopropane hydrolase. A comparative analysis of almost 2000
E. coli genomes from the B2 phylogroup provides supporting evi-
dence of colibactin-linked skewness in trinucleotide composition
in strains harboring the pks pathogenicity island. The skewness
in pks+ strains of the B2 phylogroup was highest among all phy-
logroups of the E. coli species. Hence, it seems that colibactin en-

tails a cost on producing cells and leaves an evolutionary
footprint in their genomes.

Taken together, our systematic work reveals unique features
of colibactin toxicity in bacteria. The focus of this study on the ef-
fects of colibactin in bacteria is important given that this toxin is
commonly found in nonpathogenic strains and therefore likely
emerged, likemanyother bacterial toxins, to facilitate competition
within microbial communities (Kern et al. 2021). Our study out-
lines an important direction for future investigation. This key
direction builds on the newly identified bacteria-specific muta-
tional signature. Specifically, it will be interesting to explore if
evidence of colibactin-specific signatures can be found in longitu-
dinalmicrobiome samples from individuals that harbor colibactin-
producing bacteria in their gut. Quantifying the strength and rate
of a colibactin-linked mutational bias may provide a noninvasive
method to estimate the intensity of colibactin exposure in a specif-
ic individual. Given that 30% of healthy individuals harbor pks+

strains in their gut microbiome, additional information about
the rate of colibactin damage accumulation in the individual’s
microbiome may help to gauge their risk for developing colibac-
tin-linked colon cancer.

Methods

Media and growth conditions

All strains used in this study are reported in Table 1. All experi-
ments were performed in either luria broth (LB) or minimal syn-
thetic media (M9 salts supplemented with 0.4% glucose, 2 mM
MgSO4, 0.1 mM CaCl2, 0.2% Amicase). Overnight cultures for all
experiments were grown at 37°C with 200 rpm orbital shaking.
During the overnight growth of antibiotic-resistant strains, we
added antibiotics at the following concentrations: 50 μg/mL spec-
tinomycin, 50 μg/mL kanamycin, 25 μg/mL chloramphenicol, and
50 μg/mL carbenicillin.

Cloning deletion strains

gspI was deleted from BW25113 using lambda red recombination
with an insert containing 60 bp homology arms to the upstream
and downstream genomic regions and a carbenicillin-resistance
cassette. clbN and clbSwere deleted fromNissle 1917 using lambda
red recombination with an insert containing 40 or 60 bp homolo-
gy arms to the upstream and downstream genomic regions, respec-
tively, and a chloramphenicol-resistance cassette (Supplemental
Methods).

Monitoring colibactin impact on viability of cocultured cells

Cultures of the viability reporter strain and the engineered pks+

and pks− strainswere grownovernight in LB.Onemilliliter of over-
night culture was washed three times with PBS. Cultures were then
diluted 1:50 into either LB or M9 and grown for 2 h. Following
growth, OD600 was measured, and cultures were diluted to OD600

= 0.1. Reporters and engineered pks+ and pks− strains were mixed
in 96-deep-well plates (Eppendorf 2231000920) to a final volume
of 500 μL at a 10:1 or 1:1 ratio (producers to reporters). For the pel-
leted coculture conditions, plates were centrifuged at 4000g for
6 min and incubated at 37°C with no shaking. For suspension co-
culture conditions, plates were incubated at 37°Cwith 200 rpmor-
bital shaking.

At each time point, cocultures were thoroughly mixed by pi-
petting them, and 5 μL aliquots were transferred to the top row of a
96-well microplate (FisherBrand FB012932) containing 95 μL PBS.
Samples were serially diluted 1:5 over the seven remaining rows in
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the microplate. From each dilution well, 4 μL was spotted on LB
agar plates supplemented with spectinomycin to select for the re-
porter strain. We then back-calculated CFUs in each sample based
on the dilution factor of the least dilute spot for each sample that
contained three to 25 colonies.

Genome-wide loss-of-function genetic screen

We used a pooled genetic screening approach that we previously
developed (Rosener et al. 2020; Noto Guillen et al. 2021, 2024;
Sayin et al. 2023) to identify genes and pathways impacting coli-
bactin sensitivity. The method relies on a collection of 7259
knockout strains that span 3680 nonessential genes in E. coli.
Each knockout strain harbors a 20 bp nucleotide barcode that is in-
tegrated into its chromosome. This collection allows for perform-
ing pooled genetic screens and identifying the frequency of each
knockout strain by targeted deep sequencing of the barcode locus.

A 200 μL aliquot of frozen glycerol stocks of the pooled E. coli
library was grown overnight in LB supplemented with chloram-
phenicol. The engineered pks+ and pks− strains were also grown
overnight in LB supplemented with chloramphenicol. Cultures
were washed twice in PBS and resuspended in M9. The knockout
collection was diluted 1:50 in 40 mL M9. The engineered pks+

and pks− strains were diluted 1:50 in 100 mL M9. Cultures were
grown for two additional hours at 37°C and 200 rpm to allow for
adjustment to media and exit from stationary phase before adjust-
ing their density to OD600 = 0.1 in 60 mL for the knockout collec-
tion and 140 mL for the engineered strains. The cultures were
mixed at a 1:1 and 10:1 ratio and then divided into 8mL replicates
spread across 16 wells in a 96-deep-well plate (Eppendorf
2231000920). Cocultures were pelleted at 4000g for 6 min before
being incubated for 8, 24, and 48 h at 37°C . Cultures were then re-
suspended, and all wells per replicate were merged into a conical
50mL tube. The cultures were pelleted at 4000g for 6min, andme-
dia were aspirated. Pellets were flash-frozen and stored at −80°C
until DNA was extracted using a Zymo Quick-DNA midiprep plus
kit (D4075).

DNA concentrations were measured with Quant-iT dsDNA
high-sensitivity assay (Invitrogen Q33232) on a Tecan Spark plate
reader, and samples were normalized to 20 ng/μL. The barcode se-
quencing protocols we previously developed were modified to ac-

count for the low proportion of DNA in each sample that
originated from the knockout library: DNA template for each
PCR reaction was increased to 20 ng, and four reactions were set
up per sample to get sufficient coverage of the library (based on cal-
culations of the final CFUs of reporter cells and pks+ cells in spot-
ting cocultures). The template DNA was amplified over 23 cycles
with custom forward and reverse primers and 2× KAPA HiFi
HotStart ReadyMix (Kapa Biosystems KK2602). Following barcode
amplification, the four reactions were pooled, and 25 μL was puri-
fied for downstream use. The PCR product was purified with
AMPure XP beads (Beckman Coulter A63881) following the stan-
dard protocol of beads added at a 0.9 × sample volume. We modi-
fied the Nextera XT index kit (Illumina FC-131-1024) protocol to
work with half volumes. These products were then run on a
2.5% agarose gel and extracted using a ZR-96 Zymoclean gel recov-
ery kit (D4021). The purified libraries were quantified with the
Quant-iT dsDNA high-sensitivity assay and normalized to 4 nM.
Library quality was assessed on a Bioanalyzer with the Agilent
high-sensitivity DNA kit (Agilent Technologies 5067-4626).
Libraries were denatured and diluted according to the NextSeq
500/550 system protocol and sequenced with the NextSeq 500/
550 high-output kit v2.5, 75 cycles (Illumina 20024906) on a
NextSeq 500/550 machine.

Analysis of genetic screen results

We extracted barcode counts from FASTQ sequencing files using a
custom MATLAB (MathWorks) script. Exact matches of barcodes
(15–25 bp) were searched for in each read, and a knockout strain
was assigned if there was a matching barcode. Any nucleotide
with a quality score below 10 was masked in the analysis.
Counts of knockout strains targeting the same gene were summed
together. Knockouts that impacted sensitivity to colibactin were
identified by comparing the relative frequencyof a knockout strain
in the pks+ coculture condition with the relative frequency in the
pks− coculture condition. The statistical significance of the chang-
es in relative frequency was determined with the DESeq2 tool
(Love et al. 2014). We chose log2-fold-change (>1.3) and adjusted
P-value thresholds (<0.25) to classify resistant and sensitive knock-
outs. We used the gene set enrichment analysis tool GAGE (Luo
et al. 2009) to test for functional enrichment. For this analysis

Table 1. Bacteria strains used in this study

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) Colibactin impact on cell
viability, genetic screens

BW25113 pBeloBAC11 Engineered pks− (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
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we used the KEGG (Kanehisa and Goto 2000) and GO (The Gene
Ontology Consortium et al. 2000) databases.

Targeted validation genetic screen

Knockout strains for all resistant and sensitive hits determined by
the genome-wide genetic screen (including severalmarginally sen-
sitive [four] or resistant [five] strains) along with 38 neutral strains
were picked from glycerol stocks of single-knockout strains com-
posing the genome-wide library. Strains were cultured in 1 mL
LB supplemented with chloramphenicol overnight. The engi-
neered pks+ and pks− strains were also grown overnight in LB sup-
plemented with chloramphenicol. The following day, 100 μL of
each resistant or sensitive knockout strain culture was combined
along with 400 μL of each neutral knockout strain to pool all
strains together to a single culture. From the combined strains, 2
mL was taken to wash, along with 2 mL of each engineered over-
night culture. Cultureswerewashed twice in PBS before resuspend-
ing in M9media. Both engineered strains were diluted 1:50 in 100
mL ofM9. The pooled knockout strains were diluted 1:50 in 45mL
of M9. The diluted cultures were incubated and grown for 3 h to
adjust to theM9media and exit stationary phase. Then the culture
density was measured with OD600, and cultures were diluted to
OD600 = 0.1. The cultures were mixed in 10:1 (produces to report-
ers) ratios and divided into 8 mL replicates spread across 16 wells
in a 96-deep-well plate (Eppendorf 2231000920). Cocultures
were pelleted at 4000g for 6 min before being incubating for 48
h (after 24 h, cultures were mixed and repelleted) at 37°C.
Cultures were then resuspended, and all wells per replicate were
merged into a conical 50 mL tube. The cultures were pelleted at
4000g for 6 min, and media were aspirated. Pellets were flash-fro-
zen and stored at −80°C until DNA was extracted using Zymo
Quick-DNA midiprep plus kit (D4075). DNA Library preparation
and targeted sequencing were identical to the genome-wide
screen.

Mutation accumulation

An ampicillin-resistant BW25113 strain and the engineered pks+

and pks− strains were grown overnight on LB supplemented with
antibiotics. One milliliter aliquots of each overnight culture were
washed in PBS three times before 1:50 dilution in M9 followed
by growth for 2 h at 37°C. Cultures were then normalized to
OD600 = 0.1. Reporters and engineered pks+ and pks− strains were
mixed in 96-deep-well plates (Eppendorf 2231000920) to a final
volume of 500 μL at a 10:1 ratio (producers to reporters) and pellet-
ed by centrifuge at 4000g for 6 min. The cultures were incubated
without shaking for 24 h at 37°C . Wells were then mixed, and 5
μL of each coculture was transferred to a 96-well microplate
(FisherBrand FB012932) and diluted by mixing with 95 μL of
PBS. From there, each culture was serially diluted 1:5 for seven di-
lutions total. Fourmicroliters fromeach dilutionwas spotted on LB
agar plates supplemented with carbenicillin to select for the ampi-
cillin-resistant BW25113 strain. The following day, a single colony
was picked from each replicate from the spotting agar plate and in-
oculated into 500 μL M9 in a 96-deep-well plate. Fresh cultures of
the engineered pks+ and pks− strains were grown overnight, and
the coculture protocol was repeated. This process, from diluting
the 24 h cocultures, spotting, expanding single colonies, and set-
ting up new cocultures, was repeated for 10 cycles. After that, sin-
gle colonies were picked fromeach replicate, expanded, and frozen
as glycerol stocks.

Glycerol stocks were inoculated into 1 mL LB and grown for
3–4 h before DNA was extracted with the Zymo Quick-DNA 96
kit (D3012) and quantified with a Quant-iT dsDNA high-sensitiv-

ity assay (Invitrogen Q33232). Samples were normalized to 12 ng/
μL. Prior to sequencing, four replicates from each coculture condi-
tion were pooled evenly by combining 10 μL of each 12 ng/μL
stock. The pooled samples (24 total) were sent for whole-genome
sequencing at SeqCenter (Illumina paired-end sequencing with 2
×151 bp). The average coverage per genome was 65. Reads were
aligned to the reference genome (obtained from the NCBI
GenBank database [https://www.ncbi.nlm.nih.gov/genbank/] un-
der accession number CP009273) with breseq (Deatherage and
Barrick 2014) to identify mutations. The tool was used in popula-
tion mode (we discarded mutations with a proportion below 0.1).
Mutations occurring in both the pks+ and pks− conditions were ex-
cluded as they likely existed in the ancestor. To annotate large de-
letions, we determined genome coverage of each sample with a
custom Python script using a sliding window of 10,000 bp.We ex-
amined the coverage by plotting it after further smoothing in
MATLAB (MathWorks). Sequence encompassing 6 bp upstream
of and downstream from single-base substitutions was analyzed
for enriched motifs using STREME (Bailey 2021). Because only a
few mutations were identified in the pks− condition, we selected
1000 random 13 bp sequences from the reference genome to use
as a control. Sequences containing the enrichedmotif were identi-
fied using FIMO (Grant et al. 2011) with the probability matrices
generated by STREME. The frequency of the enriched motif se-
quences was plotted across previously defined macrodomains in
the E. coli genome (Lioy et al. 2018).

DNA damage fluorescent reporter

We cloned the DNA damage reporter plasmid with the Gibson as-
sembly method (Gibson et al. 2009) using In-Fusion snap assem-
bly master mix (Takara 638947) (Supplemental Methods). In a
single assembly reaction, we integrated a YFP and the recA promot-
er into a plasmid backbone containing a spectinomycin-resistance
cassette andCFP.When amplifying the backbone,we also replaced
theCFP promoterwith a 48 bp EM7promoter thatwas encoded on
the amplification primer. The 81 bp recA promoter was amplified
from the BW25113 genome (the promoter region was defined ac-
cording to previous work) (Pagès et al. 2003; Stohl et al. 2003;
Salgado et al. 2024). The final plasmid was a low-copy plasmid
with the sc101 origin and spectinomycin resistance. The plasmid
assemblywas validatedwith Sanger sequencing spanning the inte-
gration sites.

Self-inflicted damage microscopy

The engineered pks+ and pks− strains and the Nissle strains (pks+,
pks−, and pks+ clbS knockout) harboring the DNA damage reporter
were grown overnight in LB supplemented with antibiotics. OD600

was measured, and each culture was subsequently diluted so that
plating on agar plates would yield about 200 colonies. The diluted
cultures were spread with glass beads on M9 agar plates and
were incubated at 37°C. We imaged 40–70 fields of view for each
plate with a Zeiss Axio Observer.Z1 epifluorescence microscope.
Colonies were imaged at 2.5 ×magnification using CFP (475
nm), YFP (524 nm), and brightfield channels. Analysis was per-
formed using custom MATLAB scripts (MathWorks). Briefly, colo-
nies were segmented using an automatically determined threshold
on theCFP channel image. To ensure thatwe only analyzedwhole,
single colonies, we excluded masked regions contacting the image
border and filtered masks by area and circularity. Within each
mask, the median YFP signal was measured. Background autofluo-
rescence of untagged colonies was subtracted from both YFP and
CFP before the YFP signal of each colony was normalized to its
CFP signal.
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Bioinformatics analysis of colibactin-linked trinucleotide skew

We tested the trinucleotide composition of 9089 E. coli genomes
downloaded from the NCBI genome database that were previously
assigned to a specific phylogroup (Abram et al. 2021). We discard-
ed genome assemblies that had genome lengths below 4 Mb and
those that were flagged as “status: suppressed” by RefSeq annota-
tion (this flag points to potential concerns with the genome as-
sembly). For each genome, we scanned the DNA sequences of all
contigs and calculated the frequencies of all 64 possible trinucleo-
tides. For each genome, we computed the colibactin-linked skew-
ness metric by calculating the ratio of sum frequencies of the
complementary trinucleotides ATA and TAT relative to the sum
frequencies of the complementary trinucleotides AAA and TTT
(Skew= (NATA+NTAT)/(NAAA +NTTT). It is important to note that
the nucleotide compositions on the trinucleotides in the numera-
tor and denominator are equal (three A’s and three T’s). Therefore,
our skewness measurement reflects bias in nucleotide order and is
indifferent to differences in nucleotide composition.We classified
strains as colibactin producers by the proteome annotation associ-
ated with each genome assembly. Strains harboring more than
nine proteins annotated with “colibactin” in their description
were classified as pks+ strains. Our choice of at least nine pks genes
(∼50% of the pks genes) was used to account for potential missing
coverage of the pks genes in the deposited genome sequences. Of
the 19 genes in the island, 17 are considered essential for colibactin
expression (Nougayrède et al. 2006). Out of the deposited genomes
we analyzed, 794 hadmore than nine pks genes, and 98% of these
(777) had 17 or more pks genes. Out of a total of 9089 E. coli ge-
nomes we analyzed, 794 strains were classified as pks+, with 98%
(n=777) of them belonging to the B2 phylogroup. The remaining
pks+ strains belonged to the E (n=2), A (n=9), and B1 (n=6) phy-
logroups. The B2 phylogroup is known to harbor the vast majority
of pks+ strains in E. coli (Nougayrède et al. 2006;Wami et al. 2021).

Data access

All raw sequencing data from the barcoded knockout library
screen and whole genomes from the mutation accumulation ex-
periment have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession
numbers PRJNA1061230, PRJNA1060772, and PRJNA1060778.
Code for all analyses can be found at GitHub (https://github
.com/Mitchell-SysBio/2023_colibactin), Zenodo (https://doi.org/
10.5281/zenodo.10419723), and as Supplemental Code.
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