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ABSTRACT Avian pathogenic Escherichia coli
(APEC) cause avian colibacillosis and accurately dis-
tinguishing infectious isolates is critical for controlling
its transmission. Multilocus sequence typing (MLST) is
an accurate and efficient strain identification method for
epidemiological surveillance. This research aimed to
develop a fast and high-throughput workflow that simul-
taneously sequences the Achtman typing scheme’s 7
housekeeping genes of multiple E. coli isolates using the
Oxford Nanopore Technologies (ONT) platform for
large-scale APEC study. E. coli strains were isolated
from poultry farms, the housekeeping genes were ampli-
fied, and amplicons were sequenced on an R9.4 MinION
flow cell using the Nanopore GridION sequencer (ONT,
Oxford, UK) following the initial workflow (ONT-
MLST). Moreover, the workflow was revised by intro-
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ducing large-scale DNA extraction and multiplex PCR
into the ONT-MLST workflow and applied to 242 new
isolates, 18 isolates from the previous workflow, and 5
ATCC reference strains using Flongle flow cell on the
Nanopore MinION Mk1C sequencer (ONT, Oxford,
UK). Finally, the sequence type (ST) results of the 308
isolates collected from infected chickens and poultry
farm environments were reported and analyzed. Data
indicated that E. coli belonging to ST159, ST8578, and
ST355 have the potential to infect multiple organs in
broiler. In addition, zoonotic STs, ST69, ST10, ST38,
and ST131, were detected from poultry farms. With the
advantages of the high throughput of ONT, this study
provides a rapid workflow for large-scale E. coli typing
and identified frequently isolated sequence types related
to APEC infection in poultry.
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INTRODUCTION

Avian pathogenic Escherichia coli (APEC) is an
extra-intestinal pathogenic E. coli that causes avian coli-
bacillosis, which is one of the leading causes of mortality
and morbidity in poultry (Fancher et al., 2020; Alber et
al., 2021; Kathayat et al., 2021). Additionally, some sub-
sets of APEC, O18:K1:H7 for example, has been
detected in human samples, and constitutes a potential
zoonotic risk (Moulin-Schouleur et al., 2006; Zhuge et
al., 2021). Identifying and accurately distinguishing the
strains of infectious pathogens is key to monitoring and
controlling APEC transmission (Kobayashi et al.,
2021).
Over the previous decades, numerous molecular

approaches including PCR, Sanger sequencing, and Illu-
mina sequencing have been actively utilized to identify
isolates and localize disease outbreaks (Iguchi et al.,
2015; Cole et al., 2019; Moore et al., 2021). Still, the lack
of portability along with high labor and sequencing costs
limited their usage in pathogen epidemiology. Multilo-
cus sequence typing (MLST) is a nucleotide sequence-
based approach utilized broadly for characterizing and
subtyping E. coli strains (Adiri et al., 2003; Peng et al.,
2019). The MLST based on Achtman typing scheme
(Wirth et al., 2006) uses primer sets designed for PCR
amplification of 7 conserved housekeeping genes using
high-fidelity DNA polymerase, followed by sequencing
of the PCR amplicons. Sequence information is then
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compared to the MLST database to obtain an allele
number. Combining the 7 allele numbers determine the
isolated sample’s sequence type (ST). ST information
can be used to trace the spread of infections caused by
E. coli, monitor the emergence of new virulent strains,
and identify outbreaks caused by a common source. In
addition, E. coli ST can also support rapid genomic
analysis of antibiotic resistance patterns, enabling the
tracking of antibiotic-resistant strains and the develop-
ment of more effective treatments (Brehony et al.,
2019). Overall, E. coli MLST is an important tool for
the study, control, and public health management of E.
coli infections. Controlling the transmission of APEC
demands comprehensive and timely genetic analyses to
accurately map and predict its spread. A high-through-
put MLST workflow is essential to promptly process a
multitude of samples, allowing for rapid interventions in
poultry populations and mitigating potential threats to
the poultry industry.

Traditional MLST studies relied on Sanger sequenc-
ing to obtain the sequences of housekeeping genes.
Although reliable, Sanger sequencing involves laborious
bench work and is limited to sequencing a single mole-
cule at a time. These limitations have led researchers to
explore other sequencing alternatives. As the era moves
to third-generation sequencing, the Oxford Nanopore
Technologies (ONT) system emerges as a promising
alternative to both Sanger and second-generation
sequencing approaches, especially for high-throughput,
long-read sequencing studies (Liao et al., 2022). The
ONT system is capable of producing sequence reads up
to 4 Mb in length and comes with the advantage of
reduced costs (Enright and Spratt, 1999; Doumith et al.,
2015); however, the primary concern with this method is
its relatively high sequencing error rates. This poses a
challenge for MLST analysis, as even a single nucleotide
variation in the 7 housekeeping genes can lead to a dis-
tinct sequencing type.

To investigate the practical application of the ONT
system in APEC research settings, we have refined and
optimized a method for large-scale E. coli MLST
sequencing (ONT-MLST). We evaluated the method for
its accuracy in ST identification by comparison with the
results obtained from Sanger MLST sequencing and Illu-
mina whole genome sequencing. We then applied the
ONT-MLST method to a large number of E. coli isolates
to survey several broiler farms in Mississippi. The pres-
ent study encompasses 2 primary objectives: firstly, to
thoroughly investigate the accuracy and feasibility of
employing the ONT for extensive MLST analysis; and
secondly, to facilitate large-scale MLST study of APEC
distribution and transmission in poultry.
MATERIALS AND METHODS

Bacterial Strains and DNA Extraction

The E. coli strains were isolated during 2018-2021
from broiler farms in north-central Mississippi. A total
of 308 E. coli isolates were collected, including 263
disease-related strains collected from typical lesions of
broilers showing colibacillosis, and 45 asymptomatic
strains collected from litter, feces, and cloacal swab sam-
ples from broiler farms. Samples were cultured on Mac-
Conkey agar overnight at 37°C and selected bacterial
colonies were further isolated on LB agar. For each iso-
late, 1.5 mL of LB broth cell culture from overnight
incubation at 37°C was pelleted in a microcentrifuge
tube and subjected to genomic DNA isolation.
The 308 isolates were split into 2 sets: the Beta set

contained 66 isolates, and the Pro set contained 242 iso-
lates. For the Pro set, an additional 18 isolates from the
Beta set and 5 ATCC reference strains were also
sequenced and served as sequencing references. The
genomic DNA (gDNA) for the Beta set was extracted
using the GeneJET Genomic DNA Purification Kit
(Thermo Fisher Scientific, Waltham, MA) following the
manufacturer’s instructions. The Zymo Research Quick-
DNA 96 Kit (Zymo Research, Irvine, CA) was used to
extract the gDNA for the Pro set following the manufac-
turer’s instructions. The quality of the extracted DNA
was examined using 0.8% w/v agarose gel electrophore-
sis, and the DNA purity and concentrations were deter-
mined using a NanoDrop 1 spectrophotometer (Thermo
Scientific, Wilmington, DE).
Primer Design and PCR Amplification

MLST was carried out using the Achtman typing
scheme with 7 housekeeping genes: adenosine kinase
(adk), fumarate hydratase (fumC), DNA gyrase sub-
unit B (gyrB), isocitrate dehydrogenase (icd), malate
dehydrogenase (mdh), purine-rich element binding
protein A (purA), DNA recombination/repair protein
(recA) (Wirth et al., 2006). We modified 3 primer sets
(fumC, purA, and recA) using degenerate oligonucleo-
tide primers to broaden the target specificity of amplifi-
cation based on E. coli genomic similarity of our former
whole-genome sequencing results (Jia et al., 2024). All
primers, including updated primers, are listed in
Table 1.
For the Beta set, 7 housekeeping genes were individu-

ally amplified using 30 ng gDNA template, Phusion
High-Fidelity PCR Master Mix (Thermo Fisher Scien-
tific, Waltham, MA), and forward and reverse primers
(Table 1) in a total volume of 15 mL with an annealing
temperature set at 65℃. The yield and quality of each
PCR amplicon were then assessed using agarose gel elec-
trophoresis.
To decrease the number of PCR reactions needed, 2

multiplexed PCR assays were created and used with the
Pro set: genes adk, fumC, and gyrB were multiplex
amplified in a 25-mL reaction; genes purA, icd, mdh, and
recA were multiplex amplified in a 35-mL reaction. In
each reaction, 1 or 2 mL of gDNA without concentration
normalization was used. Each reaction was run with an
annealing temperature of 60℃. The detailed reaction
components for each multiplex PCR amplification are
shown in Table 2. Again, the yield and quality of the



Table 1. The information on primers used for 7 MLST housekeeping genes.

Housekeeping gene Primer

Target1 Abbreviation Orientation Sequence (50−30) Length (nt) Amplicon size (bp)

adenylate kinase adk Forward ATTCTGCTTGGCGCTCCGGG 20 584
Reverse CCGTCAACTTTCGCGTATTT 20

fumarate hydratase fumC Forward ACAGGTCGCMAGCGCTTCAA 20 737
Reverse CTCARCGCTCGCTGGAGCATT 21

DNA gyrase subunit B gyrB Forward TCGGCGACACGGATGACGGC 20 880
Reverse ATCAGGCCTTCACGCGCATC 20

isocitrate dehydrogenase icd Forward ATGGAAAGTAAAGTTGTTCCGGCACA 26 878
Reverse GGACGCAGCAGGATCTGTT 19

malate dehydrogenase mdh Forward ATGAAAGTCGCAGGCGCTGCTGGCGG 26 932
Reverse TTAACGAACTCCTCGATATCTTTCTT 26

adenylosuccinate dehydrogenase purA Forward GCCGCGCTGATGAAAGAGATG 21 820
Reverse GCATACGGTAAGCCACRCAGA 21

DNA recombination/repair protein recA Forward CGCATTCGCTTTACCYTGACC 21 734
Reverse TCGTCGAAATCTACGGACCRGA 22

1The reference sequence was based on Escherichia coli str. K-12 substr. MG1655, complete genome (Accession No.: NC_000913.3) and avian pathoge-
netic E. coli whole-genome sequencing results conducted for this study.
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amplicons were assessed using agarose gel electrophore-
sis.
Library Preparation and Sequencing

For both sets of isolates, the amplicons from the same
isolate were pooled together and purified with AMPure
XP beads (Beckman Coulter, Brea, CA). Nanopore bar-
coded amplicon libraries were prepared using the pooled
and cleaned amplicons with the Ligation Sequencing Kit
(SQK-LSK109; Oxford Nanopore Technologies, Oxford,
UK) and Native Barcoding Expansion Kit (EXP-
NBD196; Oxford Nanopore Technologies, Oxford, UK)
according to the manufacturer’s instructions. All 66 iso-
lates of the Beta set were pooled and run on a single Min-
ION R9.4 flow cell using the Nanopore GridION
sequencer (Oxford Nanopore Technologies, Oxford,
UK). The Pro isolate set was split into 4 pools and
sequenced on 4 Flongle flow cells using the portable
Nanopore MinION Mk1C sequencer (Oxfornd Nanopore
Technologies, Oxford, UK). The generated reads were
basecalled using Guppy (v4.3.4, ONT) with the high-
accuracy base-calling model, and then the Medaka Con-
sensus pipeline (v.1.3.2, ONT) was used with the first 4
thousand reads to determine the consensus sequences of
each allele using the sequences of 7 housekeeping genes
Table 2. Optimized multiplex PCR reactions targeting for 7 housekee

mpxPCR1 (3 genes)

Component Volume (mL)

Phusion High-Fidelity PCRMaster Mix (2£) 12.5
adk Forward Primer (10 mM) 0.25
adk Reverse Primer (10 mM) 0.25
fumC Forward Primer (10 mM) 0.25
fumC Reverse Primer (10 mM) 0.25
gyrB Forward Primer (10 mM) 0.25
gyrB Reverse Primer (10 mM) 0.25
H2O 9.6
gDNA template 1
Total 25
from the E. coli representative NC_002695.2 in the
NCBI Ref-seq database. The allele profile numbers for
the consensus sequences, along with the strain ST
results, were identified using PubMLST (Jolley et al.,
2018). An illustration of variations between both isolate
sets is shown in Figure 1.
Validation

The Illumina whole genome sequencing for the 66 iso-
lates in the Beta set was previously conducted in our lab
(data not shown). SRST2 v0.2.0 (Inouye et al., 2014)
was run with the raw Illumina data for each isolate to
call the allele profile and ST number. The Illumina-
based allele profile and ST number served as the stan-
dard for verifying the accuracy of ONT-MLST.
To test the effect of read depth on the accuracy of the

allele and ST classification, the Nanopore reads from the
Beta set were randomly subsampled and reclassified. In
brief, seqtk (v1.4-r130-dirty) was used to subset each
sample at 8 read depths (4,000, 1,000, 800, 400, 100, 80,
40, and 10). Each subset was run through the medaka
consensus pipeline as previous description, the consensus
sequences were aligned using blastn (v2.14.0+) to all
known alleles in the Pub-MLST database to find the
most likely allele profile. The allele profiles were then
ping gene alleles used in E. coliMLST analysis.

mpxPCR1 (4 genes)

Component Volume (mL)

Phusion High-Fidelity PCRMaster Mix (2£) 17.5
icd Forward Primer (10 mM) 0.3
icd Reverse Primer (10 mM) 0.3
mdh Forward Primer (10 mM) 0.5
mdh Reverse Primer (10 mM) 0.5
purA Forward Primer (10 mM) 0.3
purA Reverse Primer (10 mM) 0.3
recA Forward Primer (10 mM) 0.5
recA Reverse Primer (10 mM) 0.5
H2O 12.3
gDNA template 2
Total 35



Figure 1. Workflow of multilocus sequence typing (MLST) using Oxford Nanopore Technologies (ONT). A general workflow for the DNA
extraction, amplicon generation, amplicon barcoding, ONT sequencing, and data analysis.

Table 3. Summary of the ONT sequencing results from ONT-
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compared to all profiles available at Pub-MLST for
exact ST matches. The subsets were compared with the
SRST2 classification and graphed with R v4.2.2 (R Core
Team, 2013) and the tidyverse package v2.0.0 (Wick-
ham et al., 2019).

Additionally, Sanger sequencing was performed to
validate the accuracy of both the Illumina and Nanopore
sequencing, as Sanger is the traditional sequencing
method for MLST studies. The PCR products of 5 iso-
lates among the 18 samples that are in both the
Beta and Pro sets were chosen for sequencing (Eurofins
Genomics; https://eurofinsgenomics.com/en/home/).
In brief, the PCR products of 7 housekeeping genes were
purified using the GeneJET PCR Purification Kit
(ThermoFisher Scientific, Waltham, MA, USA) and
subsequently cloned into the pGEM-T Easy vector
(Promega, Madison, WI, USA) according to manufac-
turers’ protocols. For each PCR product amplified from
a gene-specific primer pair, 3 independent recombinant
plasmid DNAs were sent to Eurofins Genomics (Louis-
ville, KY, USA) for Automatic Sanger Sequencing anal-
ysis. Again, PubMLST was used to identify the
allele profile and ST number of each strain from the
sequences.
MLST Beta workflow.

Item Nanopore parameter

Run summary
Reads generated 11.91 M
Passed bases 11.41 Gb
Failed bases 1.08 Gb
Mean length (bp) 868.05

No. of reads per barcode
Minimum 87,292
Maximum 242,574
Mean 144,998.77
SD 30481.13

Reads quality per barcode (Q score)
Minimum 11.414
Maximum 11.952
Mean 11.797
SD 0.103
Allele Comparisons Among Called ST Types

For each unique ST found in the samples, a
concatenated sequence was created using the allele
sequences of the ST allele profile. These sequences were
aligned using MAFFT v7.522 (Katoh and Standley,
2013) and those alignments were used to create a neigh-
bor-joining tree with the R package ape v5.7-1 (Paradis
and Schliep, 2018). The tree, allele sequence plot, and
heatmap were visualized using R (v4.2.2) along with the
Biostrings (v2.66.0), tidyverse (v2.0.0), ape (v5.7-1),
tidytree (v0.4.5), ggtree (3.6.2), and aplot (0.2.1) pack-
ages (Yu, 2020; Yu, 2022; Yu et al., 2017).
RESULTS AND DISCUSSION

ONT is a Promising Strategy for MLST
Analysis

An illustration of the methods for ONT-MLST using
the Beta set is shown in Figure 1, upper part. Out of the
66 characterized isolates, 32 distinct sequence types
were identified. The sequencing results summary is
shown in Table 3. The allele assignments (Supplemen-
tary Table 1) for the Beta set were completely consistent
with the 5 isolates sequenced using the traditional
Sanger method and were largely consistent with those
obtained by Illumina sequencing (459 out of 462 alleles
matched; 99.35%). Discrepancies were observed for 3
alleles from 2 isolates, fumC and mdh in isolate 6897,
and recA in isolate MS1696.
To further investigate these inconsistencies, 10 inde-

pendent replicates for each of the 3 genes were Sanger
sequence using the method described above. The repli-
cates of the 3 genes sequenced aligned to multiple alleles
(3 in fumC, 2 inmdh and recA; Supplementary Figure 1)

https://eurofinsgenomics.com/en/home/
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indicating that the original isolates were not singular E.
coli strains. The findings underline the importance of
attaining pure E. coli cultures to ensure accurate
sequence typing.

The primary cause of these allele inconsistencies can
be traced back to the preculture phase, deeming it a sys-
tematic error. Such errors can be potentially mitigated
by employing rigorous culture processes and thorough
colony screening. Overall, our findings confirm the capa-
bility of the ONT-MLST workflow to produce reliable
sequencing data for E. coli sequence typing.

In traditional Sanger sequencing, each housekeeping
gene of every isolate requires individual PCR reaction
due to the necessity for pure sequencing material. This
implies distinct reactions, gel electrophoresis, clean-up
processes, and sequencing preparations for each gene.
Conversely, the ONT sequencing strategy is more
streamlined. During library preparation, the 7 amplicons
from an isolate are combined and tagged with a specific
barcode sequence (Liou et al., 2020). This system lever-
ages barcoding for each isolate, allowing for pooling mul-
tiple PCR products into a singular tube, followed by one
consolidated clean-up step. This not only enhances effi-
ciency but also considerably reduces the labor intensity
compared to Sanger sequencing.
A Large-Scale Workflow for MLST Study

To facilitate the large-scale MLST sequencing of the
265 isolates, we made modifications for Pro set to 3 piv-
otal steps: DNA extraction, PCR, and the usage of
Nanopore flow cell type. This modified MLST workflow
can be visualized in the lower section of Figure 1, labeled
as "ONT-MLST Pro."

The use of 96-well DNA extraction plate simplified the
process for large-scale E. coli research compared to indi-
vidual DNA extraction column method. However, while
this high-throughput method streamlines the DNA
extraction process, it tends to produce DNA with lower
yield and purity (Supplementary Table 2 and Supple-
mentary Figure 2). The DNA concentration from high-
Figure 2. Agarose gel image of the PCR products from single PCR (A)
adjusted based on efficiency. Ladder: VersaLadder (Gold Biotechnology, St.
throughput DNA extraction method ranged from 3.13
to 97.75 ng/mL, with the purity A260/A280 and A260/
A230 ranging from 1.34 to 2.08 and from 0.07 to 2.20,
respectively. Unlikely, spin-column method yield DNA
ranged from 32.30 to 138.50 ng/mL, with the purity
A260/A280 and A260/A230 ranging from 1.70 to 1.93
and from 1.59 to 2.62, respectively (data not shown).
Such compromises on DNA purity could potentially
impact the efficiency of subsequent PCR and sequencing
stages.
In the ONT-MLST Pro workflow, we finely optimized

the efficiency of multiplex PCR reactions by grouping 7
housekeeping genes into 2 multiplex PCR reactions and
adjusting the recipes of reagents in each multiplex PCR
reaction (Table 2). The combination of genes in each
multiplex PCR reaction was based on the amplicon size,
primer efficiency, and the competition relations of the
primers. The gel image of PCR products from both sin-
gle PCR and multiplex PCR is shown in Figure 2. Seven
housekeeping genes can be visualized on a 2% (w/v) aga-
rose gel, and every DNA sample extracted using the 96-
well extraction plate was successfully amplified (data
not shown). While transitioning from individual to mul-
tiplex PCR, there was a significant reduction in reagent
usage; specifically, 42% less Phusion High-Fidelity PCR
Master Mix was needed (52.5 mL for individual PCR vs.
30 mL for multiplex PCR).
Sequencing the 66 isolates of the Beta set on a Min-

ION flow cell produced approximately 145,000 reads per
sample, or 20,714 reads per allele (Table 3). The read
depth simulation results revealed that a total read depth
of 400 sequences was adequate to accurately classify
every allele in the ST identification for each isolate
(Figure 3), excluding the 2 isolates that are likely not
single strains. Due to the limited number of native barc-
odes available, the ONT-MLST protocol can process a
maximum of 96 samples, which require a total of 38,400
(96 samples £ 400 reads) reads for accurate classifica-
tion. Based on the estimation, we switched MinION flow
cell to Flongle flow cell. The actual sequencing results
also supported the simulation results. Given the porta-
ble feature of Flongle flow cell and MinION Mk1C
and multiplex PCR (B) of 1 E. coli isolate (MS1494). Primer ratio was
Louis, MO). Gel: 2 % (w/v) agarose gel.



Figure 3. Simulation of accuracy of the allele and ST calls for each subsample of the ONT compared to the SRST2 (Illumina) output. The
sequencing data of 66 E. coli isolates from ONT-MLST Beta workflow and Illumina platform was used in this in silico simulation analysis.
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sequencer, the ONT-MLST workflow has the potential
for evolution into an on-site sequencing protocol, which
could eliminate the need for sample preservation, ship-
ping procedures, and reduce associated time constraints
and potential risks.

In order to evaluate the performance of the updated
ONT-MLST workflow on the downstream MLST analy-
sis, we also included 16 randomly chosen isolates (Sup-
plementary Table 1) from the Beta set. The results
showed that these 16 isolates received the same ST
results in the updated protocol, which indicated that
downstream MLST results remained unaffected by the
low DNA yield, DNA impurities, uneven PCR product
distribution, and fewer sequence reads.
Field Application Reveals Disease-Related
Sequence Types in Poultry

To conduct an extensive application of MLST in prac-
tical research related to the distribution and transmis-
sion of APEC in Mississippi, a total of 308 E. coli
isolates collected from lesions of broilers showing the
symptoms of colibacillosis and tissues of asymptomatic
broilers and poultry environment were analyzed. A total
of 27 STs were detected more than once, comprising 255
disease-related isolates and 20 asymptomatic isolates,
accounting for 89.29% (275/308) of the total isolates.
Figure 4 shows the SNP-based phylogenetic analysis,
SNP variations among STs, and ST distribution of iso-
lates for those of STs have more than one isolate.

The most frequent sequence types among disease-
related E. coli isolates were ST1594 (52 isolates),
ST8578 (37 isolates), and ST355 (34 isolates) (Figure 4),
accounting for 39.3% of all disease-related E. coli iso-
lates. Of note, isolates with ST8578 were identified from
7 different organs of infected birds, including spleen,
yolk sac, heart, liver, lung, air sac, and blood, highlight-
ing its widespread distribution in the infected birds.
Interestingly, despite the genetic similarities between
ST8578 and ST355 (Figure 4), ST355 was not isolated
from lung, air sac, or blood. Conversely, ST355 and
ST1594 are genetically distinct based on the SNP analy-
sis from the 7 housekeeping genes; however, these 2 STs
exhibit similar infectious characteristics. This phyloge-
netic incongruence is common in E. coli because its geno-
mic and phenotypic diversity (Leimbach et al., 2013),
thus an accurate classification system, such as MLST,
should be used to distinguish different sequence types.
All 3 of these STs were commonly seen in spleen, yolk
sac, heart, and liver of infected birds. Interestingly, these
3 STs were absent in asymptomatic isolates, possibly
indicating a potent infectious capability but potentially
limited spread inside poultry environments.
One of the objectives of this study was to investigate

the APEC distribution and transmission in poultry
farms of Mississippi. Among all disease-related isolates,
twelve STs (ST131, ST117, ST4993, ST349, ST351,
ST345, ST155, ST196, ST1844, ST212, ST57, and
ST10) were also identified in asymptomatic chicken tra-
chea, cloaca, feces, and litter, indicating a potential
transmission of these STs via environment. Environmen-
tal disinfection is suggested to control the transmission
of these twelve STs.
We found 3 specific STs (ST69, ST10, and ST38) that

have also been previously reported as isolates from urine
samples of patients diagnosed with urinary tract infec-
tion (Matsui et al., 2020), and ST131 has been reported
as major cause of antimicrobial-resistant E. coli infec-
tions in the United States (Johnson et al., 2010), raising
concerns about zoonotic transmission through poultry
consumption.



Figure 4. Phylogenetic analysis of 27 sequence types (ST) and the summary of source and count of isolates. Light wheat panel shows phyloge-
netic tree based on the concatenated sequences of the 7 housekeeping genes, the scale bar refers to a phylogenetic distance of 0.002; light yellow panel
shows the sequence alignment of the 7 housekeeping genes, highlighting bases that are not the most common base in that position with red dots rep-
resenting adenine (A), blue dots representing cytosine (C), green dots representing guanine (G), and purple dots representing thymine (T); and the
light gray panel shows the sample source and isolate counts for each ST, with red squares indicating disease-related isolates and green squares indi-
cating asymptomatic (ASX) isolates. The numbers in each square represent the isolate count for the corresponding category. The shade of each
square represents the proportion (or frequency) of the total isolate count (isolate count/total isolates) for each sequence type (ST).
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Limitations

The MLST methodology is not exclusive to E. coli, the
method can also be employed to identify other pathogens
related to animal health or food safety (Ahmed et al.,
2006; Salcedo et al., 2003) in the future. The high-
throughput ONT-MLST workflow offers a rapid and cost-
effective method for large-scale MLST studies. However,
for studies involving a small number of samples, the tradi-
tional MLSTmethod may still be the preferred choice.
CONCLUSION

In summary, this research has successfully established
a workflow using Oxford Nanopore Technology (ONT)
for identifying avian pathogenic Escherichia coli
(APEC) strains through multilocus sequence typing
(MLST). By simultaneously sequencing 7 housekeeping
genes from multiple E. coli isolates, this approach
proved invaluable for epidemiological surveillance and
controlling APEC transmission. Notably, strains like
ST1594, ST8578, and ST355 demonstrated the potential
to infect multiple chicken organs and considered pre-
dominant STs in APEC isolates. The ONT-MLST
workflow offers promise in revolutionizing large-scale
epidemiological surveillance, setting the stage for its
potential adoption as a standard lab protocol, thereby
providing farms with vital data to guide treatments,
vaccinations, and sanitation measures.
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