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Abstract
The E. coli strains harboring the polyketide synthase (pks) island encode the genotoxin colibactin, a secondary 
metabolite reported to have severe implications for human health and for the progression of colorectal cancer. The 
present study involves whole-genome-wide comparison and phylogenetic analysis of pks harboring E. coli isolates 
to gain insight into the distribution and evolution of these organisms. Fifteen E. coli strains isolated from patients 
with ulcerative colitis (UC) were sequenced, 13 of which harbored pks islands. In addition, 2,654 genomes from 
the public database were also screened for pks harboring E. coli genomes, 158 of which were pks-positive (pks+) 
isolates. Whole-genome-wide comparison and phylogenetic analysis revealed that 171 (158 + 13) pks+ isolates 
belonged to phylogroup B2, and most of the isolates belong to sequence types ST73 and ST95. One isolate from 
a UC patient was of the sequence type ST8303. The maximum likelihood tree based on the core genome of pks+ 
isolates revealed horizontal gene transfer across sequence types and serotypes. Virulome and resistome analyses 
revealed the0020preponderance of virulence genes and a reduced number of antimicrobial genes in pks+ isolates. 
This study significantly contributes to understanding the evolution of pks islands in E. coli.
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Introduction
Specific Escherichia coli (E. coli) strains are pathogenic 
microbes that inhabit the gut of animals and humans and 
are associated with intestinal and extraintestinal infec-
tions [1, 2]. The diverse population of E. coli is widely 
distributed into eight major phylogenetic groups (A, B1, 
B2, C, D, E, F, and G) [3]. A major population of E. coli 
belongs to phylogroup B2, which causes severe infections 
such as urinary tract infections (UTI), sepsis, pneumonia, 
and neonatal meningitis [4]. There are multiple reasons 
for the evolution of virulence in E. coli, but a major role 
is played by horizontal gene transfer, point mutation, and 
inactivation of antivirulence genes [5, 6]. Virulence fac-
tors such as toxins, adhesins, capsules, and iron acqui-
sition systems are often encoded by genes that can be 
mobilized through various methods, including mobile 
genetic elements, genomic islands, phages, and plasmids. 
Horizontal gene transfer allows the widespread distribu-
tion of these genes in extraintestinal pathogenic E. coli 
(ExPEC) strains [7, 8]. Genomic islands, large regions of 
more than 10 kb often bounded by repetitive structures 
and carry mobility factors such as integrases and trans-
poses, exhibit associations with tRNA genes and have 
diverse G + C contents [9]. Pathogenicity islands (PAIs), 
a small subgroup of genomic islands, play pivotal roles 
in the evolution of bacterial virulence by incorporating 
virulence-associated factors and adaptive horizontal gene 
transfer [10, 11]. Colibactin, encoded by a PAI named 
pks, is recognized as a nonribosomal peptide-polyketide 
secondary metabolite and is observed in commensal 
strains of E. coli and strains associated with urinary tract 
infections and neonatal meningitis [12]. Colibactin can 
induce double-stranded DNA breaks in eukaryotic cells, 
leading to cell cycle arrest at the G2-M phase and chro-
mosomal aberrations [13, 14]. It significantly contributes 
to severe clinical manifestations such as meningitis [15] 
and sepsis [12].

Colibactin, known for inhibiting extraintestinal patho-
gen E. coli (ExPEC), is also suspected of being a pro-
carcinogen factor [14, 16, 17]. Compared to healthy 
individuals, elevated colibactin-producing E. coli strains 
are found in colorectal cancer (CRC) patients [18]. Sev-
eral recent studies suggest that certain strains of E. coli 
that possess the pks island may play a causal role in the 
development of human CRC [17, 19, 20]. The genes of the 
pks+ island are significantly enriched in CRC patients, in 
familial adenomatous polyposis (FAP), and in DNA mis-
match repair-deficient CRC patients [21, 22]. According 
to preclinical studies, pks + E. coli drives tumorigenesis 
and increases tumor burden in several CRC and FAP 
mouse models [21, 23, 24]. Notably, colibactin-induced 
DNA damage creates a specific mutational signature in 
CRC tumors that can be computationally monitored and 

used to measure the contribution of pks+E. coli to tumor 
burden [25, 26].

The biosynthesis machinery of colibactin is located on 
the pks island, spanning a region of 54 kb and housing 19 
genes. These genes included nonribosomal peptide mega 
synthases (NRPSs; clbH, clbJ, and clbN), polyketide mega 
synthases (PKSs; clbC, clbI, and clbO), two hybrid NRPS-
PKSs (clbB and clbK), and nine accessory and tailoring 
enzymes [13]. The presence of the pks island is not con-
fined to pathogenic organisms; it has also been observed 
in commensal and probiotic bacterial strains [27]. Its 
presence extends beyond E. coli, encompassing mem-
bers of the Enterobacteriaceae family, such as Citrobacter 
koseri, Klebsiella pneumoniae, and K. aerogenes [28]. The 
association between pks-positive (pks+) E. coli and CRC 
is evident in biopsy samples, revealing an elevated preva-
lence of pks + island-harbouring E. coli [17, 29]. Notably, 
these isolates are found in more than half of patients 
with familial adenomatous polyps and contribute to car-
cinogenesis through mucus degradation, adherence, and 
enhanced colonization within colonic biofilms [30]. In 
addition to their speculated role in CRC progression, pks 
islands serve as virulence factors with clinical implica-
tions, contributing to systemic infection, neonatal men-
ingitis, and lymphopenia, according to various studies 
[31–33].

In this study, we performed whole-genome sequencing 
(WGS) of 15 E. coli isolates from patients with ulcerative 
colitis (UC) and performed genome-wide comparisons 
and phylogenetic analysis of pks islands harboring E. 
coli isolates from 15 UC strains and 2654 datasets from 
the NCBI database. The study describes the distribution 
of pks+E. coli among phylogroups, STs, and serogroups, 
followed by core and pangenome analysis. A phyloge-
nomic study was also performed on the core genome to 
understand island acquisition and evolution. The antibi-
otic resistance genes and virulence genes were mined to 
understand the drug resistance and virulence character-
istics of pks harboring E. coli isolates.

Materials and methods
The genomic DNA of the 15 strains
A total of 15 E. coli strains from UC patients were used 
in this study, and the strains were previously reported 
in 2004 [34]. The genomic DNA of the 15 strains was 
extracted using the TIANamp Bacteria D.N.A. Kit 
(TIANGEN, Beijing, China). Subsequently, the DNA 
libraries were prepared using the KAPA HyperPrep Kit 
(Roche, Basel, Switzerland) following the manufacturer’s 
instructions and sequenced on the Illumina NovaSeq 
platform with a 150 bp paired-end strategy. Furthermore, 
the strain HM229 was subjected to long-read sequencing 
using an Oxford Nanopore Technology (ONT.) MinION 
device.
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The draft genomes were assembled using the PGCGAP 
pipeline with the SPAdes v3.13.1 algorithm, and the long-
read genome sequences were assembled using the Uni-
cycler v0.5.0 algorithm  (   h t  t p s  : / / g  i t  e e . c o m / l i a o c h e n l a n r 
u o / p g c g a p     ) [35]. To explore the genomic characteristics 
of E. coli isolates harboring the pks island, an additional 
dataset of 2654 complete genomes of E. coli was down-
loaded from the NCBI (deadline 2022.12.31, Table S1). 
Moreover, the strains in the downloaded dataset included 
information on the host, disease, geographic location, 
and collection date.

Identification of the pks island in E. Coli strains
The reference sequence of the pks+ island (GenBank 
accession number: AM229678.1) was downloaded from 
NCBI and used as a query file to perform BLASTn 
searches against the genomes of E. coli strains from UC 
patients and genome sequences downloaded from NCBI. 
The identity and query coverage thresholds of BLASTn 
searches were 85%.

Phylogenetic analysis of pks+E. coli strains
The phylogroups of the E. coli genomes (2654 down-
loaded strains and 15 strains from UC patients from this 
study) were determined using ClermonTyping  (   h t  t p s  : / / g  
i t  h u b . c o m / A - B N / C l e r m o n T y p i n g     ) [36]. Sequence typing 
(ST) was performed using MLST  (   h t  t p s  : / / g  i t  h u b . c o m / t s 
e e m a n n / m l s t     ) [37]. ECTyper  (   h t  t p s  : / / g  i t  h u b . c o m / p h a c 
- n m l / e c o l i _     ) was used to perform in silico serotyping of 
the genomes [38]. Subsequently, the pks+ strains were fil-
tered, and a minimum spanning tree was generated based 
on the STs in PHYLOViZ 2.0  (   h t t p s : / / w w w . p h y l o v i z . n e t 
/     ) using the goeBURST algorithm [39]. After annotation 
by Prokka (http://vicbioinformatics.com/) [40], the soft-
ware Roary 3.11.2  (   h t  t p :  / / s a  n g  e r - p a t h o g e n s . g i t h u b . i o / R 
o a r y /     ) [41] was used to determine the core genes of the 
pks+ strains. The core genome-based phylogenetic tree 
was subsequently constructed using FastTree 2.1 (http:// 
meta.mi crobeso nlin e.org/fasttree/) [42], which infers an 
approximately maximum likelihood algorithm with gen-
eralized time-reversible (GTR) models. The core-gene-
based phylogenetic tree was visualized using Interactive 
Tree Of Life (iTOL,  h t t p s : / / i t o l . e m b l . d e /     ) .  

Virulome and resistome profiling of pks+ strains from UC 
patients
To explore the characteristics of the virulome and 
resistome of the pks+ strains from UC patients, a total 
of 102 isolates (including pks+ and pks−; Table S2) were 
selected from among the 2669 strains following the 
established standards: (1) Based on the STs of UC patient 
strains, 10 pks− and pks+ strains were selected randomly 
if the STs had more than 10 pks− and pks+ strains, such 
as ST95; (2) Ten pks− and pks+ strains were selected if 

the STs only had more than 10 pks+ or pks− strains, such 
as ST127, ST73, ST453, and ST131; (3) The strains were 
all selected if the STs had fewer than 10 strains, such as 
ST141.

Then, 102 genomic core gene-based phylogenetic trees 
were constructed as above to display the phylogeny of the 
pks− and pks+ strains. All the assemblies were screened 
for antimicrobial resistance genes (ARGs) and virulence 
genes (VGs) using Resfinder 4.0 [43] and the Virulence 
Factor Database (VFDB) [44] using Abricate  (   h t t p s : / / g i t 
h u b . c o m / t s e e m a n n /     abricate). The numbers of ARGs and 
VGs in various comparison groups (pks+ strains from UC 
patients versus (VS) pks+ strains from others and pks− 
strains Table S1) were visualized using boxplots and dot 
plots generated with ggplot2 v3.3.2 in R 4.3.3.

Whole-genome alignment of eight pks+ strains
A multiple genome alignment tool called Mauve  (   h t  t p s  : / 
/ d  a r  l i n g l a b . o r g / m a u v e / u s e r - g u i d e / s c r e e n s h o t s . h t m l     ) was 
used to construct and visualize the whole chromosomal 
alignment of the selected eight UCs strains belonging to 
different phylogroups. Mauve compares multiple genome 
sequences and finds regions of homology called locally 
collinear blocks (LCBs). The progressive Mauve algo-
rithm was used with the default parameters.

Analysis of the pks island structure
The HM229 strain was compared to seven other 
selected strains (Table S3), which belonged to distinct 
phylogroups, based on pks island structure analysis, 
with the IHE3034 strain serving as the reference. First, 
the sequence of the pks island, along with 10k bp of its 
upstream and downstream regions, was extracted from 
the whole genome and then annotated by Prokka  (   h t t p : / 
/ v i c b i o i n f o r m a t i c s . c o m /     ) to accrue the GBK format. The 
GBK files of the 8 strains were subsequently submitted to 
the software Easyfig2.2.5  (   h t  t p s  : / / m  j s  u l l . g i t h u b . i o / E a s y fi  g 
/     ) to create linear comparison figures of multiple genomic 
loci with an easy-to-use graphical user interface [45].

SNP analysis of whole genomes and pks genes
For SNP analysis, the 7 selected strains were mapped to 
the genome of HM229 by the snippy program  (   h t  t p s  : / / g  
i t  h u b . c o m / t s e e m a n n / s n i p p y     ) . The recombinant region 
was removed from the resulting alignment by the Gub-
bins program, and then core SNPs were extracted by the 
SNP-sites program. In addition to the SNP analysis of the 
whole genome of the 8 strains, the sequence of the pks 
island was also extracted after BLASTn searches to con-
duct SNP analysis of the other UC strains.

Statistical analysis
Categorical data were analyzed via the chi-square test. 
Continuous data with normal or nonnormal distributions 
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were analyzed using a t-test or Mann‒Whitney U test. 
For comparisons of multiple groups, an analysis of vari-
ance (ANOVA) or Kruskal‒Wallis H test was used. All 
the statistical analyses were performed in IBM SPSS Sta-
tistics 25 (IBM, Armonk, USA).

Results
Genomic analysis of pks islands in E. Coli strains
Blastn revealed that 13 of the 15 (86.67%) E. coli strains 
from UC patients harbored the pks island, and 158 
pks+ strains (158/2654, 5.95%) were in the genomic 
dataset downloaded from the NCBI (Table S1); these 
strains included strains collected from humans (8.98%, 
103/1147), food animals (2.07%, 9/435), wildlife (3.85%, 
7/182), environmental samples (2.37%, 5/211), compan-
ion animals (6.67%, 4/60), food samples (0.82%, 1/122), 
marine organisms (14.29%, 1/7) and undefined sources 
(4.99%, 20/401). Moreover, the pks+ percentage of strains 
from patients with urinary tract infections (12/83, 
14.46%), bacteremia (5/68, 7.35%), diarrhea (1/63, 1.59%), 
sepsis (2/26, 7.69%), cystitis (2/14, 14.29%), gastroen-
teritis (0/14, 0.00%), hemolytic uremic syndrome (0/10, 
0.00%), and healthy status (11/69, 15.94%) were signifi-
cantly lower than that of UC patients (Table 1).

Distribution of pks+E. coli
The phylogroup analysis showed that all 13 pks+ strains 
from UC patients belonged to phylogroup B2 (100%). 
Additionally, the predominant occurrence of the pks 
island in phylogroup B2 was observed in 158 genomes 
downloaded (95.57%, 151/158; Table  2). The 13 pks+ 
strains from UC. patients belonged to 6 different STs, 
namely ST12, ST73, ST95, ST127, ST141, and ST8303 
(Table 2). Notably, the strains attributed to ST12 (30.77%, 
4/13) exhibited the highest quantity. Among the 158 
downloaded pks+ strains, ST73 (29.75%, 47/158), ST95 
(22.78%, 36/158) and ST127 (15.19%, 24/158) were the 
dominant STs. Notably, ST8303 represented a novel ST 
type among all 171 pks+ strains. Interestingly, the strains 

belonging to ST73, ST127, and ST998 all harbored pks 
islands (Table  2). The minimum spanning tree showed 
that the 13 pks+ strains from UC patients were mainly 
assigned to three clonal complexes (CC): CC12, CC95, 
and CC73, similar to that of the 158 pks+ genomes down-
loaded (Fig. 1).

The strains from the UC patients belonged to 10 dif-
ferent serotypes, with no predominant serotypes identi-
fied. Among the 158 downloaded strains, O6:H1 (25.95%, 
41/158), O6:H31 (13.92%, 22/158), and O18:H7 (13.92%, 
22/158) were the three predominant serotypes (Table S1, 
Fig. 2). Additionally, from the phylogenetic tree, the pre-
dominant serotype in CC73 was O6:H1 (74.55%, 41/55), 

Table 1 The occurrence of the pks island in E. Coli strains from 
humans with different diseases**
Human diseases No. pks− No. pks+ Positive 

rate (%)
P value

Ulcerative colitis 2 13 86.67
Urinary tract infection 71 12 14.46 < 0.001*

Bacteremia 63 5 7.35 < 0.001*

Diarrhea 62 1 1.59 < 0.001*

Sepsis 24 2 7.69 < 0.001*

Gastroenteritis 14 0 0.00 -
Hemolytic uremic syndrome 10 0 0.00 -
Hemorrhagic colitis 2 0 0.00 -
Healthy status 58 11 15.94 < 0.001*

*The positive rate was compared with that of ulcerative colitis

** The data came from the 546 strains with host disease information

Table 2 Distribution of the pks+ strains according to sequence 
type (ST.)
ST Phylogroup Total

A B1 B2 D F
UC patients (n = 13)
12 4 4
73 3 3
95 2 2
127 2 2
141 1 1
8303 1 1
Downloaded genomes (n = 158)
12 8 8
14 2 2
38 1 1
73 47 47
80 1 1
95 36 36
104 1 1
109 1 1
127 24 24
141 6 6
278 1 1
392 2 2
416 1 1
537 1 1
550 1 1
643 1 1
969 1 1
998 11 11
1193 1 1
1231 1 1
1262 2 2
1278 1 1
2604 1 1
6134 1 1
7010 1 1
10,522 1 1
Unknown 2 1 3
Total 1 4 164 1 1 171
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the predominant serotype in CC95 was O18:H7 (51.22%, 
21/41), and that in CC12 was O4:H5 (76.92%, 10/13).

Phylogenetic analysis of pks+E. coli
The core genome maximum-likelihood phylogeny was 
obtained from Fast-Tree. The 13 pks+ strains from UC 
patients were distributed into 5 different clades (we 
named clades 1–5). Five strains (5/13) were assigned 
to clade 3, which was the predominant branch of CC12 
(Fig. 2). Interestingly, the clades of the 13 strains identi-
fied by core-gene-based phylogeny were restricted to the 
clusters shown in the minimum spanning tree based on 
the STs. Among the five clades, the strains from humans 
constituted the largest proportion of the strains, the 
strains from wildlife were mainly attributed to clade 4, 
and the strains from companion animals were primar-
ily attributed to clade 3 (CC12). Among the serotypes, 
O6:H31, O18:H17, O4:H5, O2:H6, and O6:H1 were the 

predominant serotype from clade 1 to clade 5, respec-
tively (Fig. 2). Moreover, 2 of the 3 pks+ isolates from UC 
patients belonged to clade 5 (CC73), which contained 
another two serotypes (O25:H1, O2/O50:H1); the sero-
types of UC patient-derived pks+ strains were not the 
predominant serotype in clade 2 (CC12) or 3 (CC95) 
(Fig. 2).

Pangenome analysis of pks+E. coli strains
The median number of core genes associated with the 
pks+ strains from UC patients was 3470.00 (IQR: 3467.00-
3473.00), which was slightly lower than that associated 
with the pks+ strains downloaded from NCBI (3475.00, 
IQR: 3466.00-3479.00, P = 0.088; Mann–Whitney U test; 
Fig. S1A). However, the median number of accessory 
genes associated with the pks+ strains from UC patients 
(1333.00, IQR:1185.00-1395.00) was greater than that 
associated with the pks+ strains downloaded from NCBI 

Fig. 1 The minimum spanning tree based on the STs of all pks+ strains (n = 171). The end of the bars were the corresponding STs. The four colored shaded 
circles represent different clonal complexes (CCs): CC12 (green), CC14 (light green), CC73 (blue), and CC95 (red). The length of the bar represents the 
quantity of strains for STs. The red parts of the bars of ST12, ST141, ST73, ST95, ST12 (orange), ST8303 (orange) represent the strains isolates from ulcerative 
colitis (UC) patients
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(1316.00, IQR: 1191.00-1453.00), and the distribution 
was also not different (P = 0.877, Mann–Whitney U test; 
Fig. S1B).

The 54 kb pks island contains 19 genes (clbA to-S) 
encoding biosynthetic machinery. A heatmap of the 

pangenome analysis revealed four gene deletions, 
namely, clbJ, clbH, clbM and clbI, in the pks island region 
of strains from UC patients (except for the HM229 
strain) compared with most pks+ isolates and the ref-
erence isolate IHE3034 (Fig.  3). Additionally, the UC 

Fig. 2 Phylogenetic inference based on the analysis of core genes of 171 pks+ strains. The core gene-based ML tree was constructed based on 3482 core 
genes which obtained from Roary. The branch colors were different clone complexes (CCs): unclassified (blue), CC95 (orange), CC73(green), CC12 (red), 
and CC14 (purple). The clade 1–5 was artificially labeled by obvious branch clusters containing the strains from ulcerative colitis (UC) patients. Column 
1–7 were the strains’ name with different colors referring to different sources (Legend 1), the phylogroups (Legend 2), the STs (Legend 3), the serotypes 
(Legend 4), the classification of isolate source (Legend 5), the host disease of the 171 strains (Legend 6) and the geographic source (Legend 7) of the 171 
strains. NM (column 6): not mentioned; NA: not applicable
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patient-derived strain 532-9 had two additional deletions 
of clbB and the putative transposase gene. According to 
previous research, the pks island genes are involved in 
enzymatic interactions, and clbJ, clbH, clbI, and clbB are 
involved in the assembly of mega synthase nonribosomal 
peptide synthetase (NRPS) and polyketide synthase 
(PKS) genes, while the clbM gene effluxes precolibactin, 
which is unloaded from the aforementioned assembly 
line through the periplasm.

Virulome and resistome analysis of pks+E. coli strains
Based on the phylogenetic tree of the core genes of the 
102 selected E. coli strains, the pks+ or pks− strains dem-
onstrated a clear clustering pattern (Fig. 4A). The num-
ber of VGs in the pks+ strains, including strains from 
UC patients (median: 94, IQR:83.5-102.5) and other 
sources (median:99, IQR:95, IQR:87–108) were sig-
nificantly greater than those of pks− strains (median: 80, 
IQR:80-88.25, P = 0.001 and P < 0.001, Mann‒Whitney 
U test, Fig.  4B). The pks+ strains from UC patients had 
significantly greater percentages of VGs encoding adher-
ence factors (papC, papD, papF, papH, papJ, papK, sfaB, 
sfaC, sfaD, sfaE, sfaF, sfaG, sfaX, and sfaY); nutritional/
metabolic factors (ChuA, chuS, chuT, chuU, chuV, chuW, 
chuX, and chuY); the effector delivery system (vat); inva-
sion factor (aslA); exotoxin (hlyA, hlyB, hlyC, hlyD, and 
cnf1); and immune modulation factor (tcpC). Moreover, 
the percentages of effector delivery system genes espX4, 
espX5, and espL1 in the pks− strains were greater than 
those in the pks+ strains from the UC patients (27.78% vs. 
0.00%, P = 0.045; chi-square test; Fig. 4C; Table S4).

Among the 13 pks+ strains from UC patients, the maxi-
mum ARGs count was 7, with a median of 3 (IQR:1–4). 
In contrast, the pks− strains (n = 36)showed a maximum 
ARGs count of 29 and a median of 5 (IQR:1–9, P = 0.025, 
Mann‒Whitney U test, Fig S2). Detailed information 
regarding the quantity and types of ARGs in all strains 
can be found in Table S5.

Conserved genomic blocks in the chromosome of HM229
All of the eight pks+E. coli strains selected shared a com-
mon core genome of approximately 3.54  Mb organized 
into linear conserved blocks (LCBs). Except for strain 
RIVM_C018150, the results of this comparative align-
ment showed that the chromosomes of the compared 
strains were organized into 20 LCBs (Fig. 5). Overall, the 
LCB of HM229 was identical to that of 4 of the 7 selected 
strains, including the strain ECSC054 from phylogroup 
D, highlighting the conserved genomic skeleton of the 
pks+E. coli strains. The pks island was in LCB 6, although 
the location of LCB 6 in the genome underwent a trans-
location in certain strains, including NS_NP030, RIVM_
C018150, and SI-NP020. NS_NP030 and SI-NP020 were 
isolated from bovines and belonged to phylogroups B1 

Fig. 3 The heatmap of the presence or absence of the genes of the pks 
island filter from the 171 pks+E. coli isolates. The red color of the isolates 
name indicates the isolates from UC patients. The method of heatmap 
clustering is based on the complete Euclidean distance. The pks island 
genes of clbA, clbD, clbE, clbF, clbG, clbP, clbR, clbQ, two hypothetical pro-
tein genes, IS1400 and IS1351were presented in all 171 strains
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and A, respectively. RIVM_C018150 was from a clini-
cal sample and belonged to phylogroup F. The varying 
locations, which underwent significant rearrangements 
among LCBs (NS_NP030, RIVM_C018150), suggests 
that the introduction of pks island may have led to sub-
stantial recombination in the genomic skeleton of non-
phylogroup B2 strains.

Conserved pks islands in HM229
The fundamental structure of the pks island encompasses 
tRNA-Asn, intP4, clbA to -S, two IS (insertion sequence) 
of IS1400 and IS1351, and a hypothetical protein gene 
(Fig. 6A). The genetic backbone is highly conserved, with 
no differences observed in the 10 K bp regions upstream 
and downstream of certain strains. Importantly, these 
strains belong to distinct phylogenetic groups, includ-
ing phylogroup B2 (IHE3034, HM229, STIN_95), D 
(ECSC054) and F (RIVM_C018150). IS1300 and IS1351 
are members of the IS3 family transposase, indicating 
that this family likely plays a significant role in the trans-
fer of the pks island. The 10 K bp upstream region of the 

pks island in HM229 encompasses genes of fosfomy-
cin resistance protein (abaF), AMP nucleosidase (amn), 
transcriptional regulator (yeeN, gltC and cbl), multidrug 
efflux transporters (yeeO), and tRNA-Asn, while the 10 K 
bp downstream region encompasses genes of transpep-
tidase (erfK), ribazoletransferase (cobS), adenosylcobala-
min biosynthesis protein (cobU) and colicin I receptor 
(cirA).

The pks island of SI-NP020 (phylogroup A, ST7010), 
NS_NP030 (B1, ST392) and k56-43-un (B2, ST537) 
exhibited certain differences compared to that of HM229. 
Consequently, we conducted further exploration of the 
pks islands in these three strains (Fig.  6B). The strains 
SI-NP020 and NS_NP030 had deletions of tRNA-Asn, 
the integrase gene of intP4 and a putative transposase 
gene. Additionally, the strains of K56_43_un and NS_
NP030 were recognized as variants of the clbK-J fusion.

Single nucleotide polymorphisms (SNPs) in pks island
The snippy program identified SNPs in the 8 selected 
strain genomes and pks island sequences. There were 

Fig. 4 Virulome profiling of UC patient pks + E. coli strains, the other pks + strains and pks- strains. The results were obtained from 102 selected E. coli 
strains. A: the core gene-based phylogenetic tree with the number of VGs. The tree branches with red color were pks + strains, the tree branches with blue 
color were pks- strains (Legend 1, 0: pks- strains, 1: pks + strains), Column 2 was ST, and Column 3 was phylogroup of those strains. The outer bar was the 
number of virulence genes (VGs); B: the box plot of the VGs, * P value < 0.05, ** P value < 0.001; C: the difference in VGs between the UC patient pks + E. 
coli strains (n = 13) and the pks- E. coli strains (n = 36), the dashed line indicates P value < 0.05 and the red plots was the gene with significant differences 
(P value < 0.05)
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2722 core SNPs among the 8 strains, and the number of 
core SNPs among the 8 pks island sequences was 0. When 
comparing HM229 and the reference isolate IHE3034, 
31,030 SNP sites were identified, and and only 8 SNP 
sites were found in the pks island sequence. The number 
of SNP sites in the pks islandof SI-NP020 (phylogroup A) 
and NS-NP030 (phylogroup B1) were 82 and 94, respec-
tively, which is significantly greater than those of the 
other strains. Interestingly, the two strains were isolated 
from bovines.

Discussion
Colibactin, which is produced by pks islands, and has 
been identified in specific Enterobacteriaceae members, 
has emerged as an essential virulence factor implicated 
in the progression of CRC, meningitis, and septicae-
mia [12]. Many past studies have reported colibactin’s 
involvement in CRC, as it plays an important role in the 
interaction between host cells and the microbiota during 
the progression of CRC, suggesting that colibactin is an 
important virulence factor with far-reaching implications 
[46].

In the present study, whole-genome-wide comparisons 
of E. coli isolates from an in-house culture collection and 
from a public database were performed to obtain insight 
into pks island acquisition and evolution. The in-house 
genome collection, derived from human UC patients 
(n = 15), revealed that 13 of these genomes harbour the 
pks island. The scale of the study was further broad-
ened by including 2654 E. coli genomes from the NCBI 

database, unveiling the presence of pks islands in 158 
isolates. The subsequent phylogenomic analysis revealed 
that 13 pks+ isolates from the in-house culture collec-
tion and 158 genomes from the public database belonged 
to phylogroup B2. This aligns seamlessly with earlier 
research findings [28, 47–49]. The 171 genomes exhib-
iting pks positivity were subjected to comprehensive in 
silico typing techniques to discern distribution patterns 
across diverse E. coli subtypes. Notably, the majority of 
the 13 pks+ isolates were identified as belonging to ST12 
(30.77%, 4/13) or ST73 (23.07%, 3/13). Conversely, the 
158 pks+ isolates sourced from NCBI showed domi-
nance in ST73 (29.75%, 47/158), ST95 (22.78%, 36/158), 
and ST127 (15.19%, 24/158). These findings align consis-
tently with outcomes reported in earlier investigations. 
We meticulously crafted a phylogenetic tree to deter-
mine the circumstances surrounding the acquisition of 
pks sequences by pks+E. coli. Our findings illuminated a 
clustering of the core genome primarily within lineages 
of the CC12, CC14, CC95, and CC73 clonal complexes. 
This finding supports the hypothesis that the introduc-
tion of the pks island into CC12, CC14, CC73, and CC95 
occurred through horizontal acquisition by their most 
recent common ancestor, subsequently followed by ver-
tical transmission with gradual pks divergence over time 
[50]. Furthermore, a pangenome analysis of pks+E. coli 
strains revealed that the core genome size was not sig-
nificantly different between UC patients and those in the 
downloaded NCBI dataset. The heatmap shows that the 
pks island genes clbJ, clbH, clbM, and clbI are missing 

Fig. 5 Whole-genome alignments of the species created by Mauve. The colored rectangles represent LCBs. The sizes of the rectangles are proportional 
to the genomic extensions of the LCBs. The isolate HM229 was used as a reference, and the LCBs were ordered according to the reference
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from pks+E. coli strains from UC patients, except for the 
HM229 strain. The absence of these genes may be due 
to genomic deletion or mutation. Random mutations or 
events such as recombination can lead to the loss of spe-
cific gene sequences. Further investigation is needed to 
determine the effect of these genes deletions within the 
pks island on colibactin production, E. coli toxicity, the 
presence of pks+ strains in the microbiota, and the patho-
logical processes of UC and CRC.

Whole-genome-based virulome and resistome analyses 
revealed that 102 E. coli strains contained 72 antibiotic 
resistance genes among the pks- strains and 130 virulence 

genes among the pks+ strains (Supplementary Table S4). 
On the basis of our study, it was found that, compared 
with pks-negative isolates, pks+ isolates contain fewer 
antibiotic resistance genes and a greater number of viru-
lence genes. Our results are in line with those of previous 
studies, which showed low levels of antibiotic resistance 
and high numbers of virulence factors in pks + isolates 
[51, 52]. Among the virulence genes identified in the pks+ 
isolates, a significantly higher number of genes were asso-
ciated with several adherence factors, an invasion factor, 
an exotoxin, and an immune modulation factor. However, 
the role of these VGs, if any in the pathogenesis of UC, 

Fig. 6 The pks island structure of strains belonging to different phylogroups. A the pks island and the 10 K bp regions upstream and downstream of pks 
island; B the comparioson between HM229 and the other 3 pks+ strains. IHE3034 was the reference isolate, HM229 was the isolate from UC patients, and 
ECSC054, C018150, SI-NP020, and NS_NP030 were the strains belonging to phylogroups D, F, A, and B1, respectively
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requires further research to elucidate. The large number 
of virulence genes identified in the pks+ isolates is con-
sistent with the findings of previous reports based on 
PCR-based observations of bacteremia isolates [48]. The 
comparative genomic alignment of 8 strains revealed 20 
linear conservative blocks (LCBs), with HM229 having an 
identical orientation to 4 of the other seven strains, high-
lighting the conserved genomic skeleton of the pks+ iso-
lates. The high conservation of the pks island suggested 
that colibactin is an important genotoxin that provides a 
selective advantage for these microorganisms.

UC is a chronic inflammatory bowel disease that pri-
marily affects the inner lining of the colon and rectum. 
Persistent chronic inflammation is a key risk factor for 
CRC development in patients with UC. Persistent inflam-
mation can lead to repeated injury and regeneration of 
epithelial cells in the colon, and this unstable cellular 
environment may lead to DNA damage, gene mutations, 
and abnormal cell proliferation, thereby increasing the 
risk of cancer [53]. Generally, the longer the duration 
of UC, the greater risk of developing CRC, and patients 
with a history of the condition exceeding 10 years face a 
significantly elevated risk [54]. Several studies have con-
firmed the association between UC and CRC. For exam-
ple, cohort studies and retrospective analyses have shown 
that the incidence rate of colon cancer in patients with 
UC is several times higher than that in the general popu-
lation [55–57]. The high population levels of pks+E. coli 
in UC patients may lead to greater levels of colibactin and 
progression from UC to CRC. Interestingly, research has 
shown that the sole presence of pks+E. coli in the intestine 
appears to be insufficient to induce CRC in mice mod-
els. This highlights the crucial function of both altered 
colonic microbiota [58] and intestinal inflammation [59] 
in the development of the disease. Intestinal inflamma-
tion may promote pks+E. coli proliferation, enhances pks 
genes transcription, increases attachment of bacteria 
to the mucosa, and enhances the formation of bacterial 
biofilms in contact with precancerous lesions [60]. The 
findings of this study serve as supportive evidence for the 
involvement of the pks island and pks + E. coli in the pro-
gression of UC.

This work has the following limitations: (1) more clini-
cal samples are required to validate our conclusions, 
though sample collection poses certain challenges; (2) 
Only one strain underwent long-read sequencing to 
obtain a complete genome, while the remaining strains 
were analyzed using contigs; and (3) Clinical and experi-
mental studies on the role of the pks islands in the patho-
genicity of UC, are urgently needed.

Conclusion
The prevalence of colibactin-producing E. coli isolates 
was found to be very high in UC patients, and most of the 
pks+ isolates belonged to Phylogroup B2. Identification of 
the presence of the pks island in specific E. coli strains 
may help in the diagnosis of UC and, at the same time, 
increase our understanding of the role of pks+ isolates 
in the pathogenesis of both UC and CRC. The pks island 
phylogeny indicates that the pks island spread through 
horizontal gene transfer. Finally, the pks + isolates dem-
onstrated high virulence gene content and low antibiotic 
resistance gene content.
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