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Abstract

The complex reservoir of metabolite-producing bacteria in the gastrointestinal tract contributes 

tremendously to human health and disease. Bacterial composition, and by extension gut 

metabolomic composition, is undoubtably influenced by the use of modern antibiotics. Herein, 

we demonstrate that polymyxin B, a last resort antibiotic, influences the production of the 

genotoxic metabolite colibactin from adherent-invasive Escherichia coli NC101. Colibactin can 

promote colorectal cancer through DNA double stranded breaks and interstrand crosslinks. While 

the structure and biosynthesis of colibactin have been elucidated, chemical-induced regulation of 

its biosynthetic gene cluster and subsequent production of the genotoxin by E. coli are largely 

unexplored. Using a multi-omic approach, we identified that polymyxin B stress enhances the 

abundance of colibactin biosynthesis proteins (Clb’s) in multiple pks+ E. coli strains, including 

pro-carcinogenic AIEC: NC101, the probiotic strain: Nissle 1917, and the antibiotic testing 

strain: ATCC 25922. Expression analysis via qPCR revealed that increased transcription of 

clb genes likely contributes to elevated Clb protein levels in NC101. Enhanced production of 

Clb’s by NC101 under polymyxin stress matched an increased production of the colibactin 
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prodrug motif, a proxy for the mature genotoxic metabolite. Furthermore, E. coli with heightened 

tolerance for polymyxin induced greater mammalian DNA damage, assessed by quantification of 

γH2AX staining in cultured intestinal epithelial cells. This study establishes a key link between 

the polymyxin B stress response and colibactin production in pks+ E. coli. Ultimately, our 

findings will inform future studies investigating colibactin regulation and the ability of seemingly 

innocuous commensal microbes to induce host disease.

Graphical Abstract

INTRODUCTION

Microbiota community structure and repertoire of microbial-derived metabolites in the 

gastrointestinal (GI) tract carries tremendous implications in human health and disease.1–4 

Antibiotics can dramatically shift microbial community dynamics, killing susceptible 

bacteria and leaving resistant ones to flourish.5,6 Enterobacteriaceae, including Escherichia 
coli, are often overrepresented in the gut following antibiotic treatment.6,7 E. coli are key 

influencers of health and disease, with strains ranging from commensal to pathogenic 

depending on the presence of virulence genes encoded within each strain. The striking 

influence E. coli have on GI disease has led to a rapidly expanding field focused on 

characterizing the dynamic relationships between intestinal E. coli metabolites and their 

impact on host phenotype. Proteomic changes, including the production of virulence factors, 

can enhance the ability of E. coli to adapt to new niches in the gut, disrupt microbiota 

homeostasis, and trigger or exacerbate intestinal diseases.8

The bacterial microbiota and associated metabolites of patients with inflammatory bowel 

diseases (IBD), Crohn’s disease and ulcerative colitis, differ significantly compared to non­

IBD counterparts.9–13 Crohn’s disease patients in particular often harbor a high abundance 

of adherent-invasive E. coli (AIEC) in their microbiota and at the mucosally-adherent 

niche.14,15 AIEC strains lack typical virulence genes but are defined by their enhanced 

ability to adhere to and invade intestinal epithelial cells and survive and replicate in 

macrophages.16 Importantly, AIEC have been linked to the pathogenesis of IBD and 

inflammation-associated colorectal cancer (CRC).17 CRC patients harbor high levels of 

mucosally-adherent E. coli18 and a significantly high proportion of CRC patients harbor E. 
coli strains capable of producing the genotoxin colibactin.4,19
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Colibactin is one of the most intriguing microbial-produced metabolites stemming from 

resident intestinal E. coli strains harboring a 54-kb polyketide synthase gene cluster known 

as the pks island.20,21 Colibactin alkylates host DNA through two distinct cyclopropane 

warheads, causing double strand breaks and interstrand crosslinks.22–28 The pks cluster 

has been shown to induce cell cycle arrest and activate DNA repair machinery in 

mammalian cells.20,29 In epithelial cells in contact with pks+ E. coli, DNA damage is 

commonly characterized by γH2AX foci, megalocytosis, and activation of DNA damage 

signaling cascades.30 pks+ E. coli promote CRC in multiple models,4,31–33 accelerate cancer 

progression,19 and are enriched in human CRC tissues.4,31 In addition, colibactin-producing 

E. coli imprint a unique carcinogenic mutational signature in primary tumors and metastases 

of many human CRC patients.34–36 Taken together, these data provide a direct link between 

the presence of pks+ E. coli and DNA damage patterns that drive CRC development.

The pks island is a hybrid nonribosomal peptide synthetase – polyketide synthase (NRPS­

PKS) gene cluster consisting of nineteen genes (clbA – clbS), eighteen of which are required 

to elicit genotoxicity.20 Direct measurement of the mature metabolite is extremely difficult 

due to its instability, however, the expression and abundance of colibactin’s biosynthetic 

machinery likely contribute greatly to the cellular levels of colibactin and extent of DNA 

damage in the host. For example, in vivo upregulation of clb genes has been found in 

urinary tract infections37 and in states of intestinal inflammation and developing cancer.31 

Therefore, understanding the regulation of the pks island is key to understanding propensity 

for genotoxicity.

Recent studies suggest growth conditions are vital to the expression of clb genes. 

Concentration of iron,38 aeration,21 and media composition39,40 have been shown to 

impact clb gene regulation in vitro. Microbial factors that mediate these changes in 

expression include the ferric uptake regulator (Fur) and the small regulatory non-coding 

RNA RyhB,38,41 polyphosphate kinase (PPK),42 stress-response protein Hsp90,43 and the 

spermidine biosynthetic cluster.40 Additionally, ClbR was identified as a key transcriptional 

regulator of the pks island.39 Although several conditions influencing clb gene transcription 

and colibactin production have been identified, chemical-induced regulation of the 

biosynthetic machinery is poorly characterized.

The effects of antibiotics on microbial communities undisputedly have significant 

consequences on the metabolic activity of its inhabitants.44,45 Polymyxin antibiotics are 

non-ribosomally synthesized cyclic peptides containing a fatty acid tail that facilitates 

interaction with the outer membrane of Gram-negative pathogens, resulting in increased 

membrane permeabilization and cell death.46 Polymyxin B (PmB) is one of two polymyxins 

used clinically, both which are classified as “reserve” antibiotics by the World Health 

Organization.47 According to the 2017 Medicare Part D Prescriber data, polymyxins are 

still prescribed for many bacterial infections, notably in internal medicine and patients with 

chronic lung infections.48

Herein, E. coli strains evolved in the presence of sustained sub-inhibitory pressure with 

PmB demonstrate increased antibiotic resistance and elevated genotoxicity attributed to 

colibactin production. Label-free quantitative proteomics was used to characterize the 
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altered proteomic landscape in the evolved E. coli strains and shows increased abundances 

of colibactin biosynthetic machinery in three separate evolutions of E. coli NC101, a 

pro-carcinogenic AIEC strain.4,49 Further, increased transcription of the pks island and 

production of a colibactin prodrug motif are captured in the evolved strains even after 

antibiotic pressure is released, culminating in heightened genotoxicity confirmed through in 
vitro γH2AX assays quantifying DNA damage response. Two additional strains of pks+ E. 
coli were evolved in PmB, and also displayed increased levels of colibactin’s biosynthetic 

machinery. These findings demonstrate the indirect biomolecular consequences of antibiotic 

exposure in the GI tract and subsequent deleterious effects on the host.

RESULTS AND DISCUSSION

In vitro evolution of E. coli NC101 with polymyxin B leads to increased resistance

Adherent-invasive Escherichia coli (AIEC) are gut-resident pathobionts that lack traditional 

virulence factors and are linked to IBD and CRC. E. coli NC101 (NC101) is a pro­

carcinogenic AIEC strain harboring the pks island and has become a model organism for 

studying intestinal inflammation and colibactin-induced genotoxicity.4,31,50 Three separate 

lineages of NC101 were passaged into sub-inhibitory concentrations of PmB (0.5 μg 

mL−1). Once significant growth was observed, lineages were inoculated into fresh media 

containing a 100% increase in PmB concentration. This was performed iteratively until all 

three lineages grew in 8 μg mL−1 PmB (Figure 1A). Minimum inhibitory concentrations 

were assessed by broth microdilution assays, and strains exhibited roughly a 4x increase 

in PmB resistance when compared to the PmB sensitive parent strain (Figure 1B). These 

evolved lineages are denoted as NC101 PmB008R-[1–3] (Table 1). Growth curves revealed 

somewhat different growth rates between the evolved strains and WT NC101 (Figure S1).

To assess dependence of the pks island on the ability of NC101 to evolve to PmB, five 

independent lineages of NC101 and NC101 Δpks, an isogenic strain lacking the pks island, 

were evolved in parallel. Each lineage was passaged into a 100% increased concentration of 

PmB every 24 hours until they could no longer survive. After 12 days of passaging, two of 

the five NC101 strains were able to grow in 16 μg mL−1 PmB, and three of the five NC101 

Δpks strains were able to grow in 16 μg mL−1 PmB (Figure S2). These results suggest that 

increased PmB resistance is independent of pks expression.

Genomic and proteomic characterization of polymyxin resistant pks+ E. coli

Because lineages evolved and grew at different rates (Figure S1), it was postulated that 

different mechanisms for resistance were employed and/or genetic variation emerged 

across strains during serial passaging. Whole genome sequencing revealed distinct genetic 

mutations in each of the strains (Table 2), suggesting that the strains took separate 

evolutionary paths when evolving PmB resistance. As such, subsequent analysis of each 

lineage was treated separately.

Label-free quantitative (LFQ) proteomics51–57 revealed protein abundance changes in 

NC101 PmB008R-[1–3] resistant strains compared to the NC101 WT control. Overall, 

2,003 proteins were quantified, representing ~41% of the total E. coli proteome (Table S1). 

Sadecki et al. Page 4

ACS Chem Biol. Author manuscript; available in PMC 2022 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



When compared to WT, 384, 199, and 281 proteins had significantly higher abundances 

in NC101 PmB008R-[1–3], while 205, 116, and 193 proteins were at significantly lower 

abundance in the evolved strains, respectively (Figure 1C). While the differently evolved 

strains share many common proteomic shifts when compared to NC101 WT, reduction to 

principle components further emphasizes that distinct differences in protein expression and 

resistance mechanisms are employed due to genetic variation and/or divergent evolutionary 

paths in NC101 PmB008R-[1–3] (Figure 1D). Proteins were sorted by function and many 

known polymyxin resistance mechanisms employed by E. coli were revealed in the data 

(Figure 2, Table S2).

Concurrent with commonly identified PmB response mechanisms, proteins involved in 

Lipid A modification, chemotaxis/flagellar synthesis, cellular adhesion, membrane proteins/

lipoproteins, and general stress response proteins were also found significantly changed 

in this study (Figure 2). Modification of Lipid A, a major component of the bacterial 

lipopolysaccharide (LPS), is one of the best studied resistance mechanisms of E. coli 
against PmB. To support previous findings, proteins involved in the attachment of 

phosphoethanolamine (PEtN) and/or 4-amino-4-deoxy-beta-L-arabinose (L-Ara4N) moieties 

to the 1’ and 4’ headgroups on lipid A were found in higher abundance for PmB 

resistant strains in this study (Figure S3). Cellular motility is also commonly affected by 

antimicrobial resistance. As such, we found a significant decrease in flagellar/chemotaxis­

related proteins and decreased motility in the PmB evolved strains. These data link the 

proteomics results to known physiological effects induced by PmB (Figure S4).

Colibactin regulation in PmB resistant pks+ E. coli

The colibactin pks island consists of 19 genes (Figure 3A), 18 of which are critical for 

genotoxicity.20 Across the three evolved strains, 10 of the 19 Clb enzymes were quantified 

via LFQ-proteomics, 9 of which were significantly increased in at least one of the evolved 

strains (Figure 3B). Significant proteomic upregulation of Clb proteins indicates that PmB 

resistance activates the pks island. Additionally, we released antibiotic pressure by culturing 

one evolved strain, PmB008R–2, for three days in media without PmB and observed a 

persistent increase in Clb enzyme abundance compared to similarly-treated WT NC101 

controls (Table S3).

Consistent with upregulation of Clb proteins, a plethora of proteins from cellular pathways 

previously implicated in colibactin biosynthesis were found differentially regulated in this 

study, such as iron response proteins,38,41 polyphosphate kinase (PPK),42 and spermidine 

synthesis/export40 (Figure 2, Table S2). Intriguingly, the Ser/Thr degradation pathway (tdc 
pathway) was markedly decreased across all conditions. Serine is a substrate incorporated 

into colibactin and precolibactins.27 Thus, the downregulation of the tdc operon could 

facilitate an increase in available Ser for ClbDEFGH.

We next determined if differences in Clb protein expression were linked to transcriptional 

changes and downstream metabolite production. Transcription of the Clb cluster was 

assessed using qPCR to measure clb gene expression affected by known transcription start 

sites.58 Primers used in this study are listed in Table S4 and include clbA, clbB, clbC, 
clbJ, clbP, and clbR. Each strain was removed from PmB pressure, preserved as a glycerol 
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stock, passaged onto agar plates, expanded in liquid culture overnight, and then grown for 

4 h in LB before extracting RNA and evaluating gene expression. Evolved strains showed 

significant increases in clbR, clbB, clbC, and clbP expression versus WT (Figure 3C). 

NC101 Δpks served as a control for primer specificity. As iron availability has previously 

been shown to contribute to pks island production38, we wanted to examine the expression 

levels of iron response genes in evolved strains compared to WT NC101. In WT NC101, 

iron chelation increases expression of irp1 and decreases expression of bcsA.59,60 Therefore, 

monitoring of irp1 and bcsA transcript levels served as a readout for iron responsive genes 

(Figure S5). As expected, iron depletion of WT NC101 induced clear upregulation of irp1 
and downregulation of bcsA. However, this expression pattern was not observed in the 

evolved strains, suggesting that evolved strains were not regulating clb gene expression 

simply through decreased iron availability. In summary, these data show that transcriptional 

control of Clb enzyme abundance is involved in the upregulation of Clb proteins upon 

polymyxin-resistance.

Elevated production of the colibactin pro-drug motif and genotoxicity

Direct detection of mature colibactin is elusive. Hence, the colibactin prodrug motif, cleaved 

by the ClbP peptidase in the periplasm during the last step in colibactin maturation has 

served as an indirect measurement of colibactin production.38,41,61 Bacterial supernatants 

from NC101 WT, NC101 PmB008R-[1–3], and NC101 Δpks were analyzed for the 

production of this prodrug motif. Concurrent with proteomic and transcriptomic findings, 

an increase in the relative abundance of the metabolite was present in PmB-evolved strains 

(Figure 3D).

Increased transcripts, protein, and metabolite levels related to the pks island provide strong 

evidence for enhanced functional effects of the colibactin biosynthetic gene cluster in the 

PmB-resistant bacterial strains. Assessment of DNA damage is crucial to determine if these 

increases could result in increased DNA damage and eukaryotic host phenotype. To confirm 

increased production and delivery of the genotoxic metabolite, we measured the levels of 

phosphorylated histone H2AX (γH2AX) as a proxy for colibactin-mediated DNA damage 

in the host. The γH2AX assay is commonly used to characterize colibactin-associated 

DNA damage.20,29 As we have previously described4, cells of the intestinal epithelial 

cell line IEC-6 were exposed to the parental and evolved NC101 strains. Staurosporine 

exposure served as a control for apoptosis, which induces pan-nuclear staining that is 

distinguished from the punctate staining of DNA damage-induced γH2AX foci Although 

γH2AX quantitation is traditionally based on counting γH2AX+ cells (> 3 foci), this 

experiment showed little quantitative difference when applying this method (Figure S6), 

despite a discernible qualitative difference in γH2AX signal intensity (Figure 4A). The 

intensity of γH2AX staining is linked to the extent of DNA damage.62 As such, the extent of 

DNA damage in each nucleus was quantified from the total fluorescence of γH2AX proteins 

(Figure 4B). A significant increase in intensity of γH2AX staining in IEC-6 cells treated 

with evolved E. coli strains was seen when compared to the NC101 WT strain. This result 

demonstrates the ability of PmB-resistant E. coli strains to elicit an increased genotoxic 

effect in eukaryotic cells that underlies colibactin’s pro-carcinogenic activity.
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Upregulation of Clb enzymes in multiple pks+ E. coli strains

Various pks+ strains have been used to study the effects and regulation of colibactin. Other 

than NC101, E. coli Nissle 1917 has been of great interest due to its common use as a 

probiotic.63–65 E. coli ATCC 25922 (ATCC 25922) is another pks+ strain most notably 

used for antibiotic susceptibility testing in labs, but has also recently been associated with 

pks genotoxicity.66 Each of these strains were passaged into 4 μg mL−1 PmB, and their 

proteomes were analyzed for changes in Clb abundance relative to untreated controls of 

each respective parent culture (Figure 5). Intriguingly, increased Clb enzyme abundance was 

observed in all strains, suggesting a conserved mechanism for pks regulation under PmB 

stress and resistance.

CONCLUSIONS

A number of resistance mechanisms in response to polymyxins have been observed in 

Gram-negative bacteria despite their efficacy as bactericidal agents.67 In addition to known 

PmB resistance mechanisms (lipid A modification, chemotaxis/flagellar synthesis, cellular 

adhesion, membrane proteins/lipoproteins, etc.), we observed an increased abundance of the 

enzymes responsible for producing colibactin in E. coli evolved to resist PmB. Transcript, 

metabolite, and phenotypic assessments confirm production and colibactin-induced DNA 

damage in three evolved lineages of E. coli NC101. Whole genome sequencing revealed 

multiple mutations in each of the three lineages. While this study doesn’t directly assess 

the influence of each mutation on the regulation of the gene cluster, it is possible that 

the functionality of the mutated proteins, and the pathways they participate in, impact the 

regulation of the pks island. Overall, the proteomics data represent a rich and complex list 

of proteins differentially regulated in this state of antibiotic stress. Colibactin regulation 

is likely influenced by a multitude of the proteins detected in this study. Importantly, our 

lab and others can leverage this novel dataset to inform future studies that mechanistically 

dissect the regulation of colibactin production.

Antibiotic regulation of clb genes in this study provide an orthogonal view to the current 

field, as most studies probing pks regulation have assessed iron availability and media 

composition. Instead, we approached the question of colibactin regulation by asking what 

is the microbiological reason by which E. coli would harbor such an energy intensive 

biosynthetic gene cluster? Surely the pks+ island and colibactin production is not maintained 

in E. coli as a beneficial effort to induce cancer in their host fifty+ years after colonization. 

We hypothesized that colibactin serves as a response mechanism against environmental 

stressors. Antibiotics are not only a common stressor of intestinal-resident bacteria, but are 

often naturally produced by neighboring bacteria of a particular shared niche. Our work 

suggests that colibactin is induced by PmB in pro-carcinogenic intestinal E. coli to 1) defend 

against the antibiotic or 2) colibactin itself serves an antibiotic function against neighboring 

bacteria in a shared niche. The potential antibiotic activity of colibactin is supported in a 

recent paper where pks+ E. coli show antibiotic activity against strains of Staphylococcus.68 

Further, increased levels of Clb enzymes were found in two other pks+ E. coli strains under 

polymyxin stress; Nissle 1917 and ATCC 25922. This provides strong evidence that Clb 
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expression under PmB stress is not limited to AIEC or intestinal-resident strains, but is 

applicable to other B2 group E. coli harboring the pks island.

Previous studies have characterized shifts in the microbiota composition following antibiotic 

treatment,5,6 however this study highlights that altered behavior of individual strains can 

cause detrimental side effects to the host. These findings may be especially relevant for 

patients exposed to antibiotics for chronic conditions (e.g., intestinal diseases and chronic 

lung infection9,10,48,69,70). Polymyxin antibiotics are commonly used for lung infections 

(Table S5) and intravenous delivery of the antibiotic can traverse a number of areas in the 

body, including the GI-tract.70 Repeated and/or continuous exposure to polymyxins in this 

context could alter the functional capabilities of the gut microbiota. Cystic fibrosis (CF) 

patients are commonly prescribed PmB antibiotics for treatment of lung infections, and it is 

well documented that the overall risk for CF patients to develop CRC is 5–10x higher.71, 72 

Consistent exposure to polymyxins could provoke pks+ E. coli production of colibactin, 

inducing colibactin signature mutagenesis, and later enhance CRC development, even after 

antibiotic treatment is finished.

In the last 15 years, colibactin has been at the forefront of microbial metabolite studies, and 

much is still left to uncover about this molecule and its regulation. While measurement of 

the colibactin prodrug motif cleavage by ClbP serves as a sufficient proxy for colibactin, 

direct quantitation of the mature metabolite may be important in determining the precise 

delivery mechanism in host epithelial cells. Another major challenge is determining precise 

regulatory mechanisms of the colibactin pks island. This study contributes to the rapidly 

expanding knowledge of colibactin regulation and may be used to inform future studies 

probing these central questions.

METHODS

Bacterial strains:

All bacterial strains used in this study are listed in Table (1).

In vitro evolution of pks+ E. coli NC101 with polymyxin B

E. coli was streaked onto Mueller-Hinton agar plates and incubated for 16 h at 37°C. Isolates 

were inoculated into 5 mL of Mueller-Hinton broth and incubated for 16 h at 37°C, 250 rpm. 

A single parent culture was back-diluted into three different culture tubes containing bacteria 

to create three lineages. Resistant E. coli lineages were generated by serial passaging with 

increasing concentrations of (PmB) beginning with 0.5 μg mL−1 PmB grown in 7 mL MHB. 

Cultures were grown at 37°C, 250 rpm, to an OD600 ~ 1.0 (log-phase) and inoculated into 

cultures containing a 100% increased concentration of PmB and a final OD600 = 0.01. For 

the PmB008R-[1–3] strains, this was repeated until all cultures reached PmB concentrations 

of 8 μg mL−1. Aliquots of log-phase cells were harvested at each antibiotic increment before 

transferring to the next generation, pelleted by centrifugation, flash frozen and stored at 

−80°C for future proteomic experiments. For the cultures used in the comparison across 

strains (NC101, Nissle 1917, and ATCC 25922), analysis stopped at 4 μg mL−1 PmB and 

bacterial aliquots were prepped the same as described above.
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Long-term evolution of NC101 and NC101 Δpks against polymyxin B

E. coli NC101 and NC101 Δpks were streaked onto Mueller-Hinton agar plates and 

incubated for 16 h at 37°C. Isolates were inoculated into 5 mL of Mueller-Hinton broth 

and incubated for 16 h at 37°C, 250 rpm. Overnight cultures were back-diluted to an OD600 

= 0.02 and 200 μL of culture was added into two different wells of a 96-well plate. To 

one of the wells, 0.5 μg mL−1 PmB was added, and the other was left untreated. Plates 

were incubated at 37°C for 24 h. Following incubation, OD600 measurements were taken 

for each culture. If the culture of the treated well was OD600 > 0.4, then 4 μL of culture 

was transferred into two new wells, one containing the same concentration of antibiotic and 

one containing a 100% increase in antibiotic. If the culture of the treated well was OD600 

< 0.4, then 4 μL of non-treated culture was transferred into two wells containing the same 

treatments. This process was repeated for 12 days with increasing concentrations of PmB as 

needed.

Colibactin regulation in evolved cultures with released antibiotic pressure

From glycerol stocks of NC101 WT and NC101 PmB008R–2, cultures were streaked out 

onto Mueller-Hinton agar plates and incubated overnight at 37°C. Colonies from each plate 

were inoculated into 5 mL of MHB media and incubated overnight. Overnight cultures were 

back-diluted to an OD600 = 0.02 in MHB void of PmB. When cultures reached mid-log 

phase, aliquots were taken for proteomics, and bacteria were passaged to fresh media. This 

was continued for a total of three passages. Aliquots were flash frozen and stored at −80°C 

for proteomic analysis.

Whole genome sequencing of evolved strains

Glycerol stocks of evolved strains, NC101 PmB008R-[1–3], were streaked on Mueller­

Hinton agar plates and sent to the Microbial Genome Sequencing Center for genomic DNA 

extraction and Illumina 2×150 paired end whole genome sequencing on the NextSeq 550. 

Sequencing files were imported as paired reads into CLC Genomics Workbench and mapped 

to the reference E. coli NC101 genome (SAMN16810910). A consensus sequence was 

extracted and imported into Geneious Prime for alignment. Samples had average coverage 

of 78x for PmB00R–1, 80x for PmB00R–2, and 78x for PmB00R–3. Repository information 

for these assembled sequences can be found in Table S6.

Growth curve

E. coli strains were streaked onto LB agar plates and single colonies were inoculated 

into 5 mL of Mueller-Hinton broth. Cultures were grown at 37°C and 250 rpm for 18 h. 

The density of each strain was determined by OD600 measurement, and all strains were 

normalized to OD600 = 0.25 at t = 0. Four replicates of each strain were grown at 37°C and 

250 rpm for 9 h in a 24-well plate. OD600 measurements were taken throughout the 9 h.

Antibacterial assay

E. coli strains were streaked onto LB agar plates and single colonies were inoculated 

into 5 mL of Mueller-Hinton broth. Cultures were grown at 37°C and 250 rpm for 18 h 

and normalized to OD600 = 0.25 and grown for 1 h. Cultures were then back-diluted to 
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OD600 = 0.125, and plated in triplicate on a 96-well plate with increasing concentrations of 

polymyxin B. Water and ampicillin were used as negative and positive controls, respectively. 

Plates were incubated at 37°C and 250 rpm for 5 h and OD600 measurements were taken. 

Activity in each well was calculated relative to the positive and negative controls according 

to Equation 1.

% Activity = 100  ×   OD600 PmB sample − OD600 positive control
OD600 negative control − OD600 positive control (1)

Proteomics

Lysis and protein extraction: Cell pellets were resuspended in 2 mL of lysis buffer (100 

mM Tris-HCl, 0.1% (v/v) TritonX-100, pH 8.0). Cells were lysed via sonication using a 

E220 Focused-ultrasonicator (Covaris) for 2 m at 200 cycles/burst, 150 W power, and 13% 

duty cycle or by shaking in a thermocycler for 30 m at 25 °C (850 RPM). Following lysis, 

protein was precipitated in 5:1 cold 100 mM ammonium acetate in methanol:cell lysate. 

Samples were incubated at −20°C for 30 min and proteins were pelleted by centrifugation 

for 10 min at 3,220 RCF. Precipitated protein was resuspended in 4 M urea, 100 mM Tris­

HCl, pH 8 and quantified with a CB-X assay (Biosciences) against BSA standards. Proteins 

(50–100 μg) were reduced (10 mM dithiothreitol, 30 min, 25°C) and alkylated (30 mM 

iodoacetamide, 45 min, 25°C, dark). Reduced and alkylated proteins were precipitated with 

10:1 cold acetone:sample and collected via centrifugation (20,000 RPM, 10 m). Precipitated 

protein was resuspended in 2 M urea, 100 mM Tris-HCl, pH 8. Reduced and alkylated 

proteins were enzymatically digested with Trypsin gold (1:50 enzyme:protein) (Promega) 

for 16 h, shaking at 850 rpm at 25 °C. Samples were acidified using trifluoroacetic acid 

(TFA) to a pH < 3, desalted using 50 mg C18 Sep Paks (Waters), and dried in a CentriVap 

(Labconco).

LC-MS/MS analysis: Samples were resuspended to 200–250 ng/μL in 0.1% (v/v) TFA. 

Peptides were analyzed using nanoLC-ESI- MS/MS platform consisting of an Acquity 

M-class UPLC (Waters) coupled to a Q Exactive HF-X (Thermo-Fisher) mass spectrometer. 

Mobile phase A consisted of water with 0.1% (v/v) formic acid (FA) and mobile phase B 

consisted of acetonitrile with 0.1% (v/v) FA. Approximately 800 ng of sample was injected 

onto a C18 trap column (100 Å, 5 μm, 180 μm × 20 mm; Waters) with a flow rate of 5 

μL/min for 3 min using 99% (v/v) A and 1% (v/v) B. Peptides were separated on a HSS T3 

C18 column (100 Å, 1.8 μm, 75 μm × 250 mm; Waters) using an increasing linear gradient 

of 5–40% (v/v) B over 90 min, then 85% (v/v) B for 5 min before returning to 5% (v/v) B 

in 2 min and re-equilibrating for 13 min. The mass spectrometer was operated in positive 

polarity mode. MS survey scans were collected from 350–2000 m/z at 120,000 resolution. 

MS/MS scans for the top 20 features were collected using NCE = 28 at 30,000 resolution. 

Dynamic exclusion for precursor m/z was set to a 10 s window.

Bioinformatics analysis: Raw files were automatically aligned in Progenesis QI for 

Proteomics (Nonlinear Dynamics, version 2.0) and peptides were identified in Mascot 

(Matrix Science, version 2.5.1). Strain specific databases were imported and used for 

identification of each strain, respectively. Sequences for common laboratory contaminants 
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(www.thegpm.org/cRAP; 116 entries) were appended to each of the databases prior to 

searching. MGF files were exported from Progenesis QI and searched using precursor/

fragment tolerance of 15 ppm/0.02 Da, trypsin specificity, two possible missed cleavages, 

fixed modification cysteine carbamidomethylation, and variable modifications of methionine 

oxidation and protein N-term acetylation. Significant peptide identifications above the 

homology threshold were adjusted using the embedded Mascot percolator algorithm and 

uploaded to Progenesis for peak matching before exporting protein measurements. Label­

free quantitative proteomic quantitation was used to compare normalized abundances of Clb 

enzymes in treated vs. non-treated conditions. A students t-test with a Benjamini-Hochberg 

FDR correction was used to determine proteins that were significantly changing between 

WT and evolved conditions (q-value < 0.05). A list of proteins involved in processes 

of interest and significantly changing in > 1 evolved strain were manually curated and 

compiled and shown in Figure 2.

Motility

Bacterial isolates, selected from Mueller-Hinton agar plates, were grown overnight in 

Mueller-Hinton broth (MHB) at 37°C with shaking at 220 rpm. Strains were diluted to 

OD600 = 0.5 in MHB and 1 μL was used to inoculate the center of Mueller-Hinton soft agar 

plates (0.25% (w/v) agar). Plates were incubated at 37° for 10 h. The diameters of motility 

swarm spots were measured and representative images recorded.

Quantitative real-time PCR (qPCR)

RNA extraction: Bacteria were sub-cultured for 4hr in LB broth. 1mL of culture was 

recovered, spun down, and resuspended in lysozyme stock. RNA was extracted using 

the Qiagen RNeasy Mini Kit (#74104). After eluting in 30 μL molecular water, RNA 

concentration was analyzed using a NanoDrop. Then, 30 μL RNA (below 100 ng μL−1) was 

transferred to a new tube and subject to a second DNase treatment with Ambion DNase mix 

(#1906) at 37°C for 25 m. DNase was inactivated using the kit-provided DNase inactivation 

reagent. 350 μL RLT+BME (from Qiagen RNeasy kit) was added to RNA solution, mixed 

with 250 μL 100% ethanol and loaded onto a RNeasy mini column. All remaining steps 

of the Qiagen extraction protocol were performed before eluting in 30 μL molecular water. 

RNA quality was assessed by gel electrophoresis and samples were stored at −80°C.

cDNA synthesis: cDNA was synthesized from 1 μg total RNA, using the SuperScript 

II RNase H-Reverse Transcriptase (Invitrogen, #18064-014) and manufacturer protocol. 

Samples were diluted 1:10 in molecular water. To confirm the absence of genomic DNA 

contamination, minus-reverse transcriptase control samples were generated in-tandem.

qPCR: Single reactions included: 6.5 SyGreen Blue Lo-ROX (Genesee Sci. #17-505B), 

0.375 μL each of 10 μM forward and reverse primers, 2.5 μL molecular water, and 3 μL 

diluted cDNA. Samples were run with the following conditions: 95°C for 10 m, followed 

by 40 cycles at 95°C for 15 s, 48°C for 15 s, and 72°C for 15 s. Data was collected 

using QuantStudio 6 Flex software. Fold change was calculated using the Delta-Delta Ct 

method. All data were normalized to housekeeping gene, 16S, and compared to WT NC101 
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in untreated media. Melting curves and gels of cDNA products were assessed to ensure 

specificity of the amplified products. Primers used in this study are listed in Table S4.

Metabolite detection

Bacterial growth and metabolite extraction: 1 mL replicate cultures (n = 3) from 

the table below were grown to OD600 = ~0.5–0.7 and harvested into microcentrifuge tubes. 

Bacterial supernatant was harvested following centrifugation, and 600 μL of supernatant was 

dried down via vacuum centrifugation.

LC-MS analysis and quantitation: Dried supernatants were resuspended in 50 μL of 

H2O + 0.1% (v/v) trifluoroacetic acid. 10 μL of resuspended samples were injected onto 

an H-class UPLC (Waters) coupled to a Q Exactive HF-X. Mobile phase A consisted of 

water with 0.1% (v/v) FA and mobile phase B consisted of acetonitrile with 0.1% (v/v) FA. 

Samples were analyzed on an C18 column (130 Å, 1.7 μm, 2.1 mm × 50 mm; Waters) over a 

9 m gradient from 0–100% (v/v) B with a flow rate of 0.5 mL min−1. The mass spectrometer 

was operating in positive mode, set to scan with a 2 m/z isolation window from 342.2597 

– 344.2597 at 60,000 resolution. Runs were processed in Quan browser and area under the 

curve was used to quantify relative abundances of the prodrug motif.

γH2AX immunofluorescence assay

Genotoxicity was evaluated using the established in vitro γH2AX assay.4

Media composition: IEC-6 media – DMEM high glucose (Gibco #11995–06) with 

5% (w/v) heat-inactivated FBS (Corning #35–015-CV), 1X L-glutamine (Life Tech. In. 

#25030081),1 U mL−1 insulin (Life Tech. In. #12595014), and 1X Penicillin-Streptomycin 

(Life Tech. In. #15140122). Infection media – DMEM with 25 mM Hepes and 5% (w/v) 

FBS.

Bacterial infection: IEC-6 rat epithelial cells were maintained according to ATCC 

standards in IEC-6 media. Cells were dissociated using trypsin/EDTA (0.25% (w/v), Life 

Tech. In. #25200056) at 37°C for 5 m. Cells were enumerated, plated on 8-well chamber 

slides (Lab-Tek #177445) at 1×105 cells per well in 400 μl total volume IEC-6 media, and 

allowed to adhere overnight.

The next day, select E. coli strains (WT NC101, NC101 Δpks, and NC101 PmB008R-[1–

3]) were diluted 1:10 in LB broth and sub-cultured for 2 h at 37°C with shaking at 200 

rpm to reach log phase. IEC-6 cells were washed twice with 1X phosphate buffered saline 

(PBS) and infected with log phase E. coli at a multiplicity of infection (MOI) = 100 in 

400 μL infection media. MOI was determined based on culture optical density at OD600. To 

validate infection dose, prepared bacterial infection media was serial diluted and plated on 

LB agar plates. Uninfected IEC-6 cells were used to evaluate baseline γH2AX production. 

Staurosporine treated (1 μM; Sigma, #56942) cells were used as a positive control for 

γH2AX production.4 All treated and untreated IEC-6 cells were maintained at 37°C and 5% 

CO2 for 4 h.
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Immunofluorescence staining: Cells were fixed immediately in 250 μL, 4% (v/v) 

methanol-free formaldehyde in PBS (Thermo, #28908) for 10 m at room temperature (RT). 

Fixed cells were rinsed with 1X PBS, then blocked with blocking buffer (2.5 mL 10X PBS 

and 2.5 mL Normal Goat Serum brought to 25 mL in ddiH2O) for 60 m at RT. Primary 

γH2AX rabbit polyclonal antibody (clone 20E3, Cell Signaling, #9718) was diluted 1:200 

in dilution buffer (0.4g Bovine Serum Albumin in 40mL 1X PBS + 120 μL Triton X-100) 

and added to cells at 4°C overnight. The next day, cells were washed with 1X PBS and 

secondary antibody (anti-Rabbit IgG (H+L) AlexaFluor 594; FisherSci, #A-11037) was 

added at 1:500 in dilution buffer for 1hr at RT. Cells were washed in 1X PBS, and Hoescht 

33342 staining dye (abcam #ab228551) was added at 1:10,000 in PBS for 8 m at RT. Cells 

were washed with 1XPBS, and slides were mounted in Fluoromount-G (Southern Biotech) 

with a #1.5 coverslip. Stained slides were set to dry for a minimum of 2 h in the dark.

Image acquisition and analysis: Fluorescence microscopy was performed using an 

Olympus BX61 upright wide field microscope with Hg lamp. Images were captured using 

a Hamamatsu ORCA-R2 (C10600–10B) camera and Improvision’s Volocity Software. 

Separate grayscale images were recorded for Hoescht (Nuclei, blue) and AlexaFluor 594 

(γH2AX, red) - excitation(ex) and emission(em) filters were as follows: 1) DAPI (blue) ex: 

377/50 em: 447/60 and 2)TxRed (red) ex: 562/40; em: 624/40. Images were acquired with 

20X/0.50 UPlanFLN and 60X/1.42 Oil PLanApo N objective lenses. Imaging parameters 

were set to avoid saturation of pixels and exposure was optimized to prevent photobleaching. 

All images in a single biological replicate, containing essential controls, were collected 

with the same acquisition settings. Six randomized images were taken per each technical 

replicate. In total, we collected images from 3–4 biological replicates with 1–2 technical 

replicates per sample group (n = 3–4). %γH2AX+ cells were quantified based on equation 

(2).

%γH2AX+ cells = number of cells witℎ > 3 γH2AX foci 
number of nuclei × 100 (2)

Quantification of γH2AX signal intensity: Nuclear regions were segmented based 

on DAPI staining using Cell Profiler73 image analysis software (v. 3.1.9). Briefly, images 

were smoothed using a Gaussian Filter, background corrected (Convex Hull background 

model), thresholded using adaptive Otsu algorithm and separated using an intensity–based 

algorithm (de–clumping). Intensity of fluorescence signal in γH2AX channel was measured 

within nuclear regions and rings surrounding nuclei. Median value of signal within rings was 

subtracted from the nuclear intensity for local background correction.

Statistical Analysis

All data in this study was performed in sufficient biological replicates (n = 3 – 4). Proteomic 

experiments leveraged a student’s t-test with a Benjamini-Hochberg FDR correction to 

determine proteins that were significantly changing between control and experimental 

conditions (|log2(fold-change)| > 1 and q-value < 0.05). Protein measurements for each 

of the samples were transformed for PCA analysis. qPCR analysis was analyzed for 

significance (p<0.05) using a one-way ANOVA; Δpks was excluded from statistical analysis 
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because it served primarily as a control for primer specificity. Metabolite quantitation 

was examined using a two-sided t-test (p<0.05). The γH2AX assays were performed in 

biological triplicate and technical duplicates. Significance (p<0.05) of %γH2AX+ cells was 

assessed by one-way ANOVA. Significance of γH2AX signal intensity was evaluated with a 

t-test with Bonferroni correction (p<0.05).

Safety statement

No unexpected or unusually high safety hazards were encountered in experiments described.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Differentiation of WT and polymyxin B evolved E. coli cultures. a) Schematic of in vitro E. 
coli evolution. From a parent culture, three lineages of E. coli were evolved with increasing 

pressure of polymyxin B (PmB). Lineages were first passaged into 0.5 μg mL−1 PmB, and 

once significant growth was observed, cultures were passaged into fresh media containing 

a 100% increase in PmB concentration. This was repeated until the three lineages were 

able to grow in 8 μg mL−1 PmB. These strains were denoted as NC101 PmB008R-[1–3] 

b) Antibiotic activity assays of NC101 WT and NC101 PmB008R-[1–3] cultures (n = 3) 

after growth in varying concentrations of PmB (in μg mL−1). % activity represents the 

efficacy of PmB in each concentration compared to ampicillin and water controls, and is 

calculated based on formula (1). Error bars represent +/− 1 standard deviation away from the 

mean value. ‡ represents activity of −66 ± 43%. Brackets represent estimated the expected 

range of the minimum inhibitory concentration for each of the isolates. c) Volcano plots of 

proteomic changes in NC101 PmB008R-[1–3] compared to NC101 WT (n = 4). Vertical 

lines represent the cutoff used to determine significant proteomic changes (|log2(FC)| > 

1). Horizontal lines represent the threshold used to determine significant false discovery 
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rates determined by an FDR-corrected two-sided t-test (−log10(q-value) > 1.3). d) Principal 

component analysis of proteomic replicates of each strain analyzed.
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Figure 2. 
Heatmap showing cellular pathways with significantly changing proteins across evolved 

strains. Colors depict log2(FC) relative to NC101 WT, as represented in the figure key. 

Bolded pathways depict proteins important protein FC values determined through manual 

annotation. A complete list of protein accessions in this table is supplied in Table S2.
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Figure 3. 
Regulation of the pks island in evolved E. coli lineages. a) Layout of the pks island in the 

E. coli NC101 genome. Transcription start sites for clbB and clbA are shown with arrows. 

The variable numbers of tandem repeats (VNTR) region is depicted in pink. b) Relative 

abundance of pks island gene products that were significantly changing in at least one 

evolved strain, each dot represents a single replicate (n = 4). Data points in red represent 

conditions with a significant difference compared to the WT condition (blue). Data points 

in gray represent conditions that were not significantly changing based on two criteria: 

log2(FC) > 1 and −log10(q-value) > 1.3 based on an FDR-corrected two-sided t-test. Center 

lines in the box plots represent mean values for the respective conditions, surrounded by the 

first and third quartiles. Whiskers extend from the hinge to the highest and lowers values that 

is within 1.5 * the inner quartiles. c) qPCR data representing transcriptional regulation of clb 
genes of the WT and evolved strains in the absence of polymyxin B. Each dot represents a 

single biological replicate (n = 3). Lines are at mean +/− SEM. Significance was noted at p 
< 0.05 by one-way ANOVA d) Changes in the colibactin prodrug cleavage motif (red) upon 

colibactin activation by ClbP in the WT and evolved strains in the absence of polymyxin B. 

Each dot represents a single biological replicate (n = 3). Significance was noted at p < 0.05 

by a two-sided t-test. Center lines in the box plots represent mean values for the respective 

conditions, surrounded by the first and third quartiles. Whiskers extend from the hinge to the 

highest and lowers values that is within 1.5 * the inner quartiles.
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Figure 4. 
Genotoxicity of E. coli NC101 and evolved lineages. a) Representative microscopy images 

from IEC-6 rat epithelial cells infected with the following strains of NC101 at a multiplicity 

of infection (MOI) = 100: NC101 WT, NC101 Δpks (colibactin-deficient), PmB evolved 

isolates PmB008R-[1–3]. Uninfected samples show baseline staining, while Staurosprine 

treated samples serve as a positive control for pan-nuclear γH2AX staining indicating 

apoptosis, rather than punctate staining from DNA damage. Nuclei (Blue, DAPI channel) 

and γH2AX (Red, TxRed channel) are shown for each group. Scale bars = 25 μM. b) 

Density plots of quantified γH2AX signal intensity. Significance (* p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001), denoted by lines to the right of density plots, was 

determined via t-test with Bonferonni correction. Center lines in the box plots represent 

mean values for the respective conditions, surrounded by the first and third quartiles. 

Whiskers extend from the hinge to the highest and lowers values that is within 1.5 * the 

inner quartiles. Outlier data beyond the end of the whiskers are plotted as points.
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Figure 5. 
Quantitative proteomics of Clb enzymes in PmB treated pks+ E. coli strains. Data depict 

log2(FC) of Clb enzymes from NC101 (n = 4), Nissle 1917 (n = 4), and ATCC 25922 (n = 

3) relative to untreated cultures of each strain, respectively. Proteins highlighted in red and 

labelled were in significantly higher abundance in PmB treated cultures compared to WT 

cultures meeting the significance criteria of log2(FC) > 1 and −log10(q-value) > 1.3 based on 

an FDR-corrected two-sided t-test.
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Table 1.

Escherichia coli strains used in this study.

Strain Description Reference

NC101 Wild-type (WT) Classical murine-derived model AIEC Kim, S.C. et al. 2005

NC101 PmB008R-1 First PmB evolved isolate of NC101 WT This study

NC101 PmB008R-2 Second PmB evolved isolate of NC101 WT This study

NC101 PmB008R-3 Third PmB evolved isolate of NC101 WT This study

NC101 Δpks NC101 strain lacking the entire pks island necessary for colibactin 
production

Arthur, J.C. et al. 2012

Nissle 1917 Commonly used probiotic strain -

ATCC 25922™ Commonly used antibiotic susceptibility testing strain https://www.atcc.org/products/all/
25922.aspx
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Table 2.

Mutations occurring in each of the evolved Escherichia coli lineages.

Lineage # mutation sites Locations

NC101 PmB008R-1 2

rpoC

pmrB

NC101 PmB008R-2 5

• wecA

• rpoC

• pmrB

• fim operon

• rafY

NC101 PmB008R-3 2

• basR

• PTS glucose transporter
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