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ABSTRACT Yolk Peritonitis can lead to a rapid
decline in egg production, which seriously affects the
health of laying hens and the profitability of chicken
farms. FEscherichia coli (E. coli) is the most common
cause of yolk peritonitis in laying hens. In this study,
bacterial samples were collected from the ovaries and fal-
lopian tubes of laying hens with suspected yolk peritoni-
tis from a laying farm in Jiangsu Province, and their
pathogenicity and drug resistance were investigated. Ini-
tially, morphological and biochemical detection methods
were employed to isolate and identify the pathogenic
bacteria. The results showed that a total of 16 strains of
E. coli were isolated from laying hens with yolk peritoni-
tis. Subsequently, the drug resistance and pathogenicity
of a randomly selected E. coli strain were analyzed and
predicted by genome sequencing technology, and the
drug resistance of E. coli was verified by drug sensitivity
test and PCR. Finally, the virulence was verified by
infection experiment in mice. The study revealed that

the egg-yolk peritonitis in laying hens was caused by
E. coli infection, and the genome sequencing analysis
revealed that the bacteria had multidrug resistance and
high virulence. The drug susceptibility testing indicates
that FE. coli exhibited resistance to aminoglycosides,
B-lactam, macrolides, fluoroquinolones, and sulfona-
mides. In this study, resistance genes including KdpE,
aadA5, APH(3 ")-ID, APH(6)-ID, and TEM-1 were
identified, and their expression levels varied across dif-
ferent stages of bacterial growth. The results of virulence
analysis indicated a mortality rate of 50% in mice
infected with E. coli at a concentration of 2.985 x 10°
CFU/mL. E. coliinfection resulted in damage to various
tissues and organs in mice, with the intestinal tissue
structure being the most severely affected. This study
provides a reference for the study of drug resistance
mechanisms in E. coli and provides valuable insights
into the selection of drugs for the treatment of vitelline
peritonitis.
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INTRODUCTION

Yolk peritonitis is a systemic disease with a high inci-
dence in egg farming. The main symptoms of the
affected chickens are a cheese-like yellowish-white exu-
date in the abdominal cavity and varying degrees of
inflammatory reaction in the peritoneum (Pors et al.,
2014; Olsen et al., 2016). In the laying hen industry of
China, small-scale breeding still constitutes a significant
proportion. These farmers encounter various challenges
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related to diseases, among which yolk peritonitis stands
out as one of the most prevalent and impactful ailments.
Yolk peritonitis directly impacts the economic value of
laying hens by reducing their egg-laying rate and signifi-
cantly increasing the occurrence of egg deformities and
soft shells (Srinivasan et al., 2013; Landman and Van
Eck, 2015). Clinical causes of yolk peritonitis in chickens
are complex and are usually due to improper feeding
management and infestation by wvarious pathogenic
microorganisms in the environment, such as Escherichia
coli (E. coli) (Landman et al., 2021). Previous studies
have shown that 15.39% of reproductive tract abnormal-
ities in commercial laying hens from 21 to 80 wk of age
were associated with E. coli yolk peritonitis. Yolk perito-
nitis caused by avian pathogenic E. coli can lead to a
3 t0 4% mortality and a 2 to 3% reduction in egg produc-
tion in hens (Malik et al., 2022; Joseph et al., 2023). In
fact, the effective prevention, control, and treatment of
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yolk peritonitis caused by avian pathogenic E. coli has
been a long-standing problem in egg farming
(Telli, 2022).

E. coli is widely distributed in the environment and
is an important =zoonotic conditional pathogen
(Zhu et al., 2021). Antibiotics are the main method of
treating the FE. coli disease, but with the continuous
development of intensive and large-scale farming
mode, antibiotic abuse is widespread worldwide, lead-
ing to the enhancement of bacterial resistance and the
increasing number of superbugs (Afridi et al., 2020).
Back in 2014, economist Jim O’Neill already predicted
that 10 million people worldwide will die each year
from superbug infections by 2050, costing the world
up to $100 trillion (O’Neill, 2014). The report of the
United Nations Environment Programme also points
out that the abuse of antibiotics has become a serious
problem, especially in animal husbandry, where antibi-
otics are widely used as growth promoters, resulting in
serious environmental pollution (Murray et al., 2022).
At the same time, people and livestock are infected
by exposure to more drug-resistant bacteria and
drug-resistant genes through air, food and water,
increasing the risk of health and medical failure of
antibiotic treatment (O’Flaherty et al., 2018, 2019;
Schmiege et al., 2021). More seriously, these drug-
resistant genes may be transferred horizontally from
the environmental host bacteria to the pathogens, or
from the pathogens to the primary host bacteria in
the environment, making the spread more rapid and
widespread (Wang et al., 2019). E. coli is a typical
multi-drug-resistant bacteria, and in the course of
broiler farming, studies have found that E. coli with
broad spectrum cephalosporinase from imported
broiler parent flocks can be clonally and horizontally
transmitted to the meat of broilers even in countries
where cephalosporins are not used (Agersg et al., 2014;
Apostolakos et al., 2021). Some studies have even
claimed that pathogenic E. coli strains with virulence
genes may act as zoonotic pathogens and virulence reser-
voirs and may jump to other species and cause human
infections (Poulsen et al., 2017; Arimizu et al., 2019;
Brisola et al., 2019; Kim et al., 2020).

Currently, the homeostasis of biological populations
changes with environmental changes, especially the
study of strain mutation and drug resistance genera-
tion in the environment has become a current hot-
spot, while the discovery of E. coli mutation and
novel drug-resistance genes in the farming industry is
still lacking. Therefore, the aim of this study was to
sequence and analyze the whole genome sequencing of
E. coli causing yolk peritonitis in laying hens, and to
screen the key virulence factors and drug-resistance
genes of this strain in combination with drug sensitiv-
ity tests, so as to provide a strong basis for the pre-
vention and treatment of yolk peritonitis in laying
hens, and also to provide a reference for drug screen-
ing of novel drug-resistance genes for yolk peritonitis
in laying hens infected with E. coli.

MATERIALS AND METHODS
Sample Source and Ethics Statement

The experimental samples were obtained from ovaries
and fallopian tubes of laying hens with suspected yolk
peritonitis in a chicken farm in Changzhou, Jiangsu
Province. There are a total of 12,000 grass hens in this
laying farm. Every 3 chickens are kept in a cage measur-
ing 40 cm in long, 40 cm in wide and 38 cm in high. For
this study, we collected 96 affected chickens and ran-
domly selected 10 individuals for bacterial isolation from
their ovaries and oviducts. The isolated bacterial cul-
tures were sent to Jiangxi Provincial Key Laboratory for
Animal Health at Jiangxi Agricultural University in
Nanchang, Jiangxi, China for pathogenicity and drug
resistance testing.

The mice were purchased from the animal experimen-
tal base of Nanchang University (China). All the ani-
mals were acclimated under standard laboratory
conditions (ventilated room, 25 + 1°C, 60 + 5% humid-
ity, 12 h light / dark cycle) and had free access to stan-
dard water and food. All procedures were conducted
following the “Guiding Principles in the Care and Use of
Animals” (China) and were approved by the Laboratory
Animal Ethics Committee of Jiangxi Agriculture
University.

Isolation and Identification of Pathogenic
Bacteria

Ten diseased laying hens were randomly selected for
anatomical observation, and fresh diseased materials
were smeared with sterile cotton swabs in a 37°C incuba-
tor on a common nutritional agar medium for 16 h and
suspected F. coli was observed by Gram staining. After
3 generations of purification and culture, a single colony
was selected and inoculated on an eosin methylene blue
(EMB) culture medium and cultured in an incubator at
37°C for 16 h.

From the isolated bacteria, a random strain was
selected for PCR identification. The genomic DNA
was extracted in accordance with the instructions
provided by the bacterial genomic DNA extraction
kit (TIANGEN Biotech, Beijing, China). Subse-
quently, PCR amplification was conducted using 16s
rRNA universal primers(27F: 5-CTACTTCTTTTG-
CAACCCACTCCCA-3', 1492R: 5-CATGCAGTC-
GAACGGTAACAGGAA-3') and the extracted
genomic DNA as a template. The PCR products were
recovered by a DNA gel extraction kit (Beyotime
Biotech, Shanghai, China) and sent to Sangon Bio-
tech (Shanghai, China) for sequencing, and sequence
homology was analyzed using GenBank BLAST tools
(BLAST: Basic Local Alignment Search Tool (nih.
gov)). This Whole Genome Shotgun project has been
deposited at GenBank under the accession
JAXCVA000000000.
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The Strain Genome Sequencing and
Analysis

Genomic DNA of the strain was extracted with the
SDS method. The harvested DNA was detected by the
agarose gel electrophoresis and quantified by Qubit.
Whole-genome sequencing was performed on the Illu-
mina HiSeq PE150 platform with a target sequencing
depth of 100x. A-tailed, ligated to paired-end adaptors
and PCR amplified with a 350 bp insert was used for the
library construction at the Beijing Novogene Bioinfor-
matics Technology Co., Lt. (Beijing, China) The origi-
nal data obtained from sequencing were filtered to
obtain valid data, and the analysis method based on
K-mer statistics was used to estimate the genome size.
SOAPdenovo (http://soap.genomics.org.cn/soapde
novo.html), SPAdes, and ABySS assembly software
were used to recombine the data and integrate them
through CISA to obtain the final sequence. The GC con-
tent and reads coverage depth of the assembled sequence
were calculated to summarize the GC bias of the
genome. We used 5 databases to predict gene functions.
They were respective the Non-Redundant Protein Data-
base (NR), Cluster of Orthologous Groups of proteins
(COG), Kyoto Encyclopedia of Genes and Genomes
(KEGG), Gene Ontology (GO), Pathogen Host Inter-
actions Database (PHI). For pathogenic bacteria, we
added the drug resistance and pathogenicity analyses.
We used the Comprehensive Antibiotic Research Data-
base (CARD), Antibiotic Resistance Genes Database
(ARDB), and Virulence Factors of Pathogenic Bacteria
(VFDB) to perform the above analyses. The sequences
of the 7 housekeeping genes (adk, fumC, gyrB, icd, mdh,
purA, and recA) of E. coli were extracted from the geno-
mic sequencing results and uploaded to the Enterobase
database  (https://enterobase.warwick.ac.uk/species
ecoli/allele st search) to determine the corresponding
sequence numbers for multilocus sequence typing
(MLST) analysis.

Analysis of Drug Resistance of the E. coli
Strain: Drug Sensitivity Test and Detection of
Drug Resistance Gene

The strain, identified as E. coli, was subjected to a
drug sensitivity test using the paper disc method
(Kirby-Bauer method) to determine the susceptibility of
17 antimicrobial drugs in 6 classes: aminoglycosides
(amikacin, gentamicin, kanamycin, streptomycin), beta-
lactams (cefoperazone, ceftazidime, cefazolin, penicillin);
macrolides (erythromycin, azithromycin), sulfonamides
(cotrimoxazole); fluoroquinolones (ciprofloxacin, ofloxa-
cin, norfloxacin), tetracyclines (doxycycline, tetracy-
cline, minocycline). The results were interpreted as
sensitive, intermediate, or resistant, according to the
standards of the National Committee for Clinical Labo-
ratory Standards.

Validation analysis of E. coli drug-resistance genes by
PCR based on the predicted results of the whole gene

Table 1. PCR amplification primers.

Gene name Primer sequences(5’ - 3') Product length
aadA5-F CTCCGCCACGACATCCTTT 206bp
aadA5-R CCCTTCCAATCCGACTCTGC

kdpE-F CCAGATTTGATTATTCTCGAT 510bp
kdpE-R AGTAATGAAATGGCGTGGG

APH(3")-Ib-F  GCAGGAGGAACAGGAGGGT 464bp
APH(3”)-Ib-R  CTTCGGCGTTAGCAATCA

APH(6)-1d-F GGGACTCCTGCAATCGTC 498bp
APH(6)-Id-R GCCAAAGCCCACTTCACC

TEM-1-F GCGGTATTATCCCGTGTTG 295bp
TEM-1-R CGTCGTTTGGTATGGCTTC

mphA-F TGCTGGCAATGCTCAAGAATC 555bp
mphA-R CCGCTTCATACGTGAGGAGGA

Mrx-F AGGACAGTGAGCTGCCCAAAC 447bp
Mrx-R CAATGCCAAGGAGACCACCAG

leuO-F GGTTCAGTTCGTCAGGCAT 439bp
leuO-R GCTTGCTTATCTACCGTGTC

sull-F TATTGCGCCGCTCTTAGACG 496bp
sull-R CGCTGGACCCAGATCCTTTA

sul2-F CGGTCCGGCATCCAGCAAT 426bp
sul2-R AGCGAGGTTTCGGGAGCAG

parC-F GAATCTGACCACGAGAACCC 424bp
parC-R CCAGTTTGGCAAGATGACG

gyrA-F TGCGGTCGGTGAAGTTGT 433bp
gyrA-R TTGCTGTTCGGTCAGGTAG

mfd-F TGCCAACGACGCCAAACTGTA 503bp
mfd-R CGATACGTACCGGCCAGTTGG

sequencing and drug sensitivity test results. The PCR
amplification primers were designed according to the
gene sequences published in GenBank (Table 1) and syn-
thesized by Sangon Biotech (Shanghai, China). The
PCR reaction conditions were as follows: 35 cycles of 95°
C for 5.5 min, 54°C for 60 s, and 72°C for 60 s. The PCR
products were analyzed by electrophoresis on 1% aga-
rose gel containing ethidium bromide and visualized
under UV illumination.

Growth Curve Determination of the E. coli
Strain

Draw the bacterial growth curve to determine the
time point of gene expression. In short, the known con-
centration of bacterial liquid was inoculated into a Muel-
ler-hinton broth medium so that the final concentration
was 5 x 10° CFU/mL and cultured in a 37°C constant
temperature oscillating incubator. A tube of bacterial
liquid was taken out every 2 h and its absorbance was
detected. Finally, the growth curve was drawn by the
Graphpad software. The measuring points are when the
logarithm of bacteria increases, when the number of
bacteria reaches the maximum and when the number of
bacteria is stable.

Test for Antibiotic Susceptibility

One antibiotic from each of the 5 drug classes was
selected as a representative and its minimum inhibitory
concentration was measured to determine the drug con-
centration required for the experiment. The antibiotics
selected for this study were: aminoglycosides (strepto-
mycin), B-lactams (penicillin), macrolides (erythromy-
cin), sulfonamides (cotrimoxazole), fluoroquinolones
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(norfloxacin), and tetracyclines, all of which were pur-
chased from G-CLONE Biotech (Beijing, China). The
drug powder was dissolved in accordance with the
requirements of the Clinical and Laboratory Standards
Institute and then diluted in a multiplicative gradient so
that the final concentrations were 1024, 512, 256, 128,
64, 32, 16, 8, 4, and 2 pug/mL when mixed with known
concentrations of bacterial broth. The mixture of the
drug and the bacterial solution was incubated in a con-
stant temperature shaker at 37°C for 12 h, and then the
turbidity of the bacterial solution was observed.

Detection of the Expression of Drug-
Resistant Genes in Different Growth Stages
of the E. coli Strain

The highest antibiotic concentration that cannot
affect bacterial growth was determined as the drug con-
centration for the experiment based on the results of the
drug sensitivity test and growth curve measurement.
The sampling time of the experiment was when the num-
ber of bacteria was logarithmically increasing, when the
number of bacteria reached the maximum and when the
number of bacteria was stable, and the mixture of differ-
ent concentrations of different drugs and bacteria was
incubated in a biochemical incubator at 37°C.

DNA samples of the bacterial broth were extracted
using ONE-4-ALL Genomic DNA Mini-Preps Kit (San-
gon Biotech, Shanghai, China) and then detected by RT-
QPCR using a StepOnePlu real-time fluorescence quanti-
tative PCR, (Thermo Fisher Scientific Inc, Grand Island,
NY, U.S.A) instrument, the data were analyzed with one-
way ANOVA (Tukey’s test, p < 0.05) by using SPSS.
RT-QPCR data were log-transformed before analysis.

Virulence Testing and Measure of LD50
Values

The 50% lethal dose (LD50) values of mice were esti-
mated according to improved Spearman-Kéarber method
(Spearman, 1908; Karber, 1931). Kunming mice weigh-
ing 18 to 22 g were used in this study. Forty mice were
randomly divided into 4 groups (A, B, C, and D) of 10
mice. The mice in groups A, B, and C were intraperito-
neally injected with 2 mL of the diluted solution of
E. coli with concentrations 107, 10%, and 10° CFU/mL,
respectively. In the control group, mice in group D were
injected with 2 mL of normal saline. The mice were
observed continuously and after 24 h, the number of
dead mice was counted in each group. The percentage of
mice that had died in each group was transformed to
LD50 values determined by the improved Kérber for-

mula: LD50 = Ig~! [Xn = 1<2227j”h = 0.75)} . The dead

mice were autopsied, various organs and intestines of
the mice were preserved with paraformaldehyde, and
then the pathological sections were made. Sections were
counterstained with thionin solution (Nissl stain) and

hematoxylin and eosin (HE stain), and histopathological
changes were observed under an optical microscope.

RESULTS

The Bacteria Were Isolated and Identified as
E. coli Strain

The selected 10 sick chickens were all diagnosed with
yolk peritonitis by anatomy. In the autopsy of the sick
and dead chickens, it was found that there were adhe-
sion of the peritoneum, necrosis, and degeneration of fol-
licles in the abdominal cavity, hyperemia of the theca,
obvious dilatation of the fallopian tube and thinning of
the tube wall (Figure 1-A2). There were turbid yellow-
ish-brown liquid and ruptured yolk in the abdominal
cavity, and give off a foul smell, with yellow cheese-like
substances attached to the surface of the abdominal
organs (Figure 1-A3). After the diseased materials were
cultured in the ordinary medium for 16 h, round,
smooth, moist, and translucent grey-white colonies
could be seen (Figure 1-A4). Cultured in EMB selective
medium, there is round colonies with dark purple-black,
smooth, moist, and metallic lustre (Figure 11-A5).
Gram staining showed pink rod-shaped bacteria, and it
was preliminarily determined that the disease was
caused by E. coliinfection (Figure 1-A6).

The results of biochemical identification of the strain
showed that the amino acids in the control tube did not
change, indicating that the experimental process was
not contaminated. Hydrogen sulfide, peptone, phenylal-
anine, urea, and citric acid were negative. Lysine and
ornithine changed from brown to purple, glucose, lactose
and dulcitol all changed from purple to yellow, showing
positive, in which glucose fermentation tube produced
acid and gas. These are in line with the characteristics of
E. coli (Figure 1B). Sixteen strains exhibiting these
characteristics were isolated from 10 diseased chickens,
and the positive rate of infection was 100%.

From the isolated bacteria, a random strain was
selected for PCR identification to further confirm that
the isolated bacteria was E. coli. The target band of the
PCR product was detected by polyacrylamide gel elec-
trophoresis at the expected position of about 1400bp,
which was consistent with the size of the target band
(Figure 2A). The 16S rRNA PCR products of the iso-
lated strains were sequenced and compared with the
gene sequences of the reference strain E. coli in the Gen-
Bank database (Figure 2B). The results showed that the
homology of the 16S rRNA gene sequence between the
isolated strain and the F. coli strain was as high as
99.79% (Figure 2C). The strain was named FE. coli.
L350 DMS27638.

Functional Annotation and Classification of
the E. coli Genomic

The sequencing data were filtered to remove the
sequence containing Adapter and low-quality data, and
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Figure 1. The autopsy of diseased chickens and preliminary identification of pathogens. (A) The autopsy and bacterial culture identification of
diseased hens. 1: Normal chicken; 2-3: Severe yolk peritonitis in diseased hens; 4: Colony morphology on ordinary Agar medium; 5: Colony morphol-
ogy on EMB medium; 6: Gram staining of bacterial fluid. (B) Biochemical identification of bacteria. Row 1: Name of the biochemical experiments;
Row 2: Control group; Row 3: Test group; Row 4: Results of biochemical experiments.

the obtained Clean Data was used for follow-up analysis.
The result of this experiment was that Q20(Percentage
of Phred quality score > 20) was 97.95% and Q30(Per-
centage of Phred quality score > 30) is 94.09%.
The detection of GC content distribution was 50.85%.
The sequencing results showed that the genome length
of the FE. coli was 4,977,738 bp and the number of genes
was 4,754, of which the coding gene was 4,350,870 bp,
accounting for 87.41% (Figure 3). The E. coli genome
contig N50/N90 and scaffold N50/N90  were
193,452 bp /50,282 bp and 193,452 bp /52,460 bp, respec-
tively.

Using Diamond software, the amino acid sequences of
the target species were compared with the NR database,
and the genes of the target species were combined with
their corresponding functional annotation information.
the results showed that the number of genes annotated
with E. coli was 4734 (Figure 4A). All the annotated
genes in the strain were compared with the COG data-
base, and a total of 3,793 sequences were assigned to
COG classification. Among the 24 COG categories, car-
bohydrate transport and metabolism (421, 11.1%) is the
largest group, followed by amino acid transport and
metabolism (371, 9.8%), transcription (336, 8.9%) and
general function prediction (304, 8.0%) (Figure 4B). By
comparing the amino acid sequence of the E. coli strain
with the KEGG database, it was found that a total of
4,651 genes were annotated in 207 pathways of KEGG.
Among them, 335 genes are related to the carbohydrate
metabolic pathway. Secondly, 272 genes were annotated
in the membrane transport pathway (Figure 4C). The
genes of the F. coli strains were analyzed by GO using

IPRscan software to classify their biological functions. A
total of 3,198 genes have been successfully assigned to
the GO vocabulary with 7,540 functional terms. Among
them, genes 3,443 (45.67%), 2,940 (39.0%) and 1,157
(15.3%) are assigned to the following categories: biologi-
cal processes, cellular components, and molecular func-
tions (Figure 4D).

Resistance Genes and Pathogenic Genes of
the E. coli Genomic

The resistance gene identifier software provided by
the CARD database was used to compare the amino
acid sequences of the target species with the CARD
database to annotate the resistance gene information in
the database. A total of 88 genes were annotated in the
result database, among which 4 genes were associated
with aminoglycoside resistance: KdpE, aadA5, APH
(3")-Ib, APH(6)-1d, 2 were associated with p-lactam
resistance: CYM-62, TEM-1, 2 genes were associated
with macrolide resistance: Mrx, mphA, 3 genes related
to quinolone resistance: MFD, ParC, gyrA, and 3 genes
related to sulfonamide resistance: LeuO, sull, sul2. In
addition, there were some factors related to other antibi-
otic resistance, such as polymyxin resistance, aminocou-
marin resistance, diaminopyrimidine resistance and so
on. It was worth noting that many genes related to anti-
biotic resistance exist in efflux pumps. The results
revealed that 33 resistance genes were obtained by
matching the annotated genes with the ARDB database,
and clustering of antibiotic resistance genes revealed
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Salmonella enterica subsp. arizonae strain ATCC 13314 (NR 041696.1)
Salmonella enterica subsp. indica strain DSM 14848 (NR 044370.1)
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Enterobacter hormaechei subsp. xiangfangensis strain 10-17 (NR 126208.1)
Salmonella bongori strain NCTC 12419 (NR 074888.1)

Citrobacter koseri strain CDC-8132-86 (NR 104890.1)

Citrobacter koseri strain LMG 5519 (NR 118105.1)

Escherichia marmotae strain HT073016 (NR 136472.1)

Escherichia coli strain NBRC 102203 (NR 114042.1)

Escherichia coli strain U5/41 (NR 024570.1)

Escherichia fergusonii ATCC 35469 (NR 074902.1)

Escherichia fergusonii ATCC 35469 (NR 027549.1)

Escherichia fergusonii strain NBRC 102419 (NR 114079.1)
Escherichia albertii strain Albert 19982 (NR 025569.1)

Figure 2. PCR identification and homologous evolutionary tree of the unknown strain.
(A) Identification of bacterial liquid by PCR. M: Mark; 1-3: Bacterial liquid amplification result is about 1400 bp. (B) The result of the
unknown strain sequencing. (C) The phylogenetic tree of the 16S rRNA gene sequence of the unknown strain. The numbers in parentheses represent
the accession numbers of each strain in GenBank; the numbers on each branch represent the bootstrap value analysis for 1000 replicates.

that these genes were mainly bacterial Multidrug resis-
tance efflux pump genes.

Regarding the analysis of bacterial virulence and
pathogenicity, 454 genes were annotated with the PHI
database, of which 273 genes were associated with
diminished bacterial virulence. A comparison with the
VFDB database, combining the genes of the target spe-
cies and their corresponding annotated information on
the function of virulence factors, yielded 485 virulence-
related genes. The MLST analysis revealed that the
E. coli strain used for genomic sequencing in this study
was classified as sequence type 155(ST155).

Drug Resistance of the E. coli Strain

As shown in Table 2, the F. coli strain was sensitive to
B-lactams (cefoperazone, ceftazidime, cefazolin), and
aminoglycosides (amikacin). It is intermediate to amino-
glycosides (gentamicin, kanamycin), tetracyclines (min-
ocycline), resisting to aminoglycosides (streptomycin),
B-lactams  (penicillin), macrolides (erythromycin,
azithromycin), sulfonamides (cotrimoxazole), fluoroqui-
nolones (ciprofloxacin, ofloxacin, norfloxacin), tetracy-
clines (doxycycline, tetracycline).

The resistance gene of the F. coli was amplified by
PCR, sulfonamide resistance genes leuO, sull, and sul2,
fluoroquinolone resistance genes parC, gyrA and mfd,
aminoglycoside resistance genes aadAb5, kdpE, APH
(3”)-Ib, and APH (6)-Id, B-lactam resistance genes
TEM, macrolide resistance genes mphA and Mrx were
detected. The size of each amplified gene was consistent
with the expected fragment size of the target gene
(Figure 5A).

The Expression of Drug-Resistance Genes in
Different Growth Periods of the E. coli Strain

By measuring the growth curve of F. coli, we found
that the bacteria were in the retarded phase from 0 to 2
h, in the logarithmic growth phase from 2 to 12 h, and in
the plateau phase after 12 h (Figures 5B). With this as a
reference, we selected the 6, 12, and 18th h of bacterial
growth as the measurement points of gene expression.

The minimum inhibitory concentrations of 5 classes of
drugs against E. coli were obtained by dilution method,
and the results were 1,024 pg/mL for penicillin and
streptomycin, 256 pg/mL for erythromycin, 16 wg/mL
for norfloxacin, and 512 ug/mL for cotrimoxazole. The
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maximum concentration of drugs that can make bacte-
ria grow was used as the experimental concentration,
that is, the experimental concentration of each drug was
determined as follows: penicillin and streptomycin were
512 pg/mL, erythromycin was 128 pg/mL, norfloxacin
was 8 ug/mL, and cotrimoxazole was 256 pg/mL.

The analysis of qPCR results showed that the genes
with increased expression at 12 h compared with 6 h
were TEM-1, sull, mfd, gyrA, aadA5, APH(6)-Id, and
decreased genes were kbpE and APH(3”)-Ib. The genes
with increased expression at 18 h compared with 12 h
were TEM-1, mphA, Mrx and leuO, decreasing genes
were sull, sul2, parC, mfd, APH(3"”)-Ib, and APH(6)-
Id. 18 h compared to 6 h, increasing genes were: TEM-1,
mphA, Mrx, leuO, aadA5, and the genes with decreased
expression were sul2 and APH(3")-Ib (Fig. 5-C).

Pathogenicity Analysis of the E. coli Strain

The half-lethal dose of the E. coli was calculated to be
2.985 x 10 CFU/mL by the Spearman-Kirber method.
The mice infected with the F. coli were dissected and their
organs were performed HE and Nissl staining to examine
their pathological changes. It was observed that compared
with the control group, the infected mice had swelling and
oozing blood in multiple organs, and the intestines were
severely damaged (Figure 6). With the help of the HE
staining technique, we observed that the intestinal tissue
structure of the infected group of mice was heavily abnor-
mal, with exposed lamina propria, extensive necrosis of
the mucosal layer (arrow 1), no normal villous crypt struc-
ture (arrow 2), and fragmented or absent nuclei (arrow 3).
Many mucosal epithelial cells in the cecum were eroded



B

NR Annotation

000

1: Escherichia coll (3737)
2: Achromobactor sp. (477)
3:Entorobactoriaceae (213)
4:pbd (52)

5:Shigola sonnel  (+7)

3000 |

: Eschorichia alborti (20)

gene

7:Shigola dysontoriao (18)
&:Shigola flexner (17)
9:Escherichia (16)

000 10: Salmonola onterica(16)
11: Kiobsiolla proumoniac (10)
12: Entorobactor asrogonss (9)
13: Shigola boydi (8)

14: Escherichia forgusonil (6)

Number of matched

18: unculurod bacterium (5)

Number of matched gene
8

16: Acinatobacter piti (5)

17: Acinatobacter baumanni (5)
18: Trichuris trichivra (4)

19: Entorobactor cloacae  (4)

20: Entorobactar] aerogenos. (4)

12 3 4567 8 9 101 121318151617 1819 2

Top20 species

C

KEGG pathway annotation

LIET AL.

COG function classification

A:RNA @

o~

A

B: Chromatin structure and dynamics (1)

J421

C: Enorgy production and comvarsion (294)

[ , calldivision,

ing  (47)

Ja71

E: Amino acid transport and mstabolism (371)
F: Nuclootido transport and matabolsm  (106)

J336

G: Carbohydrato transport and motabolism (421)

H: Coanzymo transport and motabolism (192)

294

1: Lipid transport and metabolism (124)

J: Translation, ribosomal structura and blogenssis (249)

]249

K: Transcripton (326)

L: Roplcation, recombination and ropair (166)

M: Coll wallmembrane/envelope biogonesis (288)

N: Coll motly (126)

0: Postiranslational modification, protein furmover, chaperones (171)

192

1166

P: Inorganic lon transport and metabolism  (254)

Q: Socondary motabolites biosynihesis, transport and catabolism (83)

R: General function prodiction only (304)

]106

S: Function unknown (219)
T: Signal ransduction mechanisms  (220)
U: Intracellular rafficking, secretion, and vesicular ransport (53)

V: Dolenso mochanisms (107)

124

W: Extracollular structuros. (44)

§06 606 6 B 4R L W 6UE G BT UV Wk X: Mobilome: prophages, ransposons  (100)

Function class

GO Standard

Cellular Processes

1743

Environmental Information Processing
a2

Genetic Information Processing

563

uman Diseases
Neurodegenerative diseases
nfectious
immune di
Endocrine and metabolic diseases
mg resistance
iovascular diseases

0

139

Met:
Xer

Percent of-genes (% )

Organismal Systems

Number of gene

678

1
es| .
~
.
T T T T T T T
0 50 100 150 200 250 300 o1l o o

8
[

molecular_function
ansnn |I n factor activit
ﬁunﬁelc ac:g él "ng@ tion (ﬂc?o’ Eg‘l\llly
mo ecular raP
lator aCUVI(;
?KF? a(ol’ activit)
gamhne et
ar“wx?dapt activity cellular_component

! or§ane |lg part
ran clossdl imen
deresmplex

lec
exlrac"erar re |on
ex'lrac clsr Fegion P

3199

2
g

i

Class of gene

Gt

69
3

169

biological_process

Riocess
| oglca process

?loluglcal process

Number of genes

3

‘——z—
0033

I
AYHEmId process
response RO Emulus
ucuve process
E al |on 31 bi olug
Rp ive reguiation oF
a lon of
uHCSI u[a?or anism
Stab0lc procass
locomotior
" local |zatlon
|mm ine system process
ﬁ et Fshme{ﬂ of localization
gv lopmental process
cefujar proc
ce| r" omponsn( organization or biogenesis

el :
EIOO |c% regulation
o10gical Sahesion

Figure 4. Function annotation of the E. coli strain genes. (A) Statistical Chart of species Annotation in NR Database. The abscissa represents
the species ID, and the ordinate indicates the number of genes on the annotation. (B) COG function classification. The abscissa represents the func-
tional type of COG, and the ordinate indicates the number of genes on the annotation. (C) KEGG metabolic pathway classification. The number on
the bar chart represents the number of genes on the annotation; the other axis is the code of each functional class of levell in the database, which is
explained in the corresponding legend. (D) GO function classification. The Abscissa represents the GO functional classification on the sample anno-
tation, the right ordinate indicates the number of genes on the annotation, and the left ordinate represents the percentage of the number of genes in

the annotation as a percentage of all encoded genes.

and detached, and inflammatory cell infiltration was seen
(arrow 4). The kidney tissue was structurally abnormal,
with massive hemorrhage and a small amount of neutro-
phil infiltration visible in the interstitium (arrow 5). The

Table 2. Analysis of drug sensitivity tests of the E. coli strain.

Antibiotics Antimicrobial zone diameter Results
Cefoperazone 26 S
Ceftazidime 27 S
Cefazolin 21 S
Amikacin 17 S
Gentamicin 17 M
Kanamycin 17 M
Minocycline 17 M
Ciprofloxacin 11 R
Ofloxacin 10 R
Doxycycline 10 R
Tetracycline 8 R
Penicillin 9 R
Norfloxacin 0 R
Streptomycin 0 R
Erythromycin 0 R
Azithromycin 0 R
Cotrimoxazole 0 R

The results were interpreted as sensitive (S), intermediate (M) or resis-
tant (R), according to the standards of the National Committee for Clini-
cal Laboratory Standards.

alveolar structure was not clear in some areas of the lungs,
and the alveolar epithelial cells were proliferating, result-
ing in the thickening of the alveolar wall (arrow 6). Nissl
staining showed degeneration of some neurons in parts of
the brain with concentrated deep staining of the cytosol
(arrow 7). Some areas of the heart had broken myocardial
fibers (arrow 8). The liver tissue structure was mildly
abnormal, and the hepatic sinusoids were not significantly
dilated, but a small amount of inflammatory cell infiltra-
tion was seen around them (arrow 9). In contrast to the
control group, the spleen, thymus, testes, and ovaries of
the infected mice showed lesions such as swelling and con-
gestion, but the lesions were not obvious when observed
after staining. These results showed that E. coli caused
pathological changes in several organs of the mice, espe-
cially their intestinal tissue was severely damaged.

DISCUSSION

E. coliis an important zoonotic pathogen. Pathogenic
E. coli causes most of the yolk peritonitis in the laying
hens, resulting in a rapid decline in egg production and
causing huge economic losses (Kim et al., 2020;
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Apostolakos et al., 2021). Avian pathogenic E. coli is
widely present in the breeding environment of laying
hens. With each egg laying, E. coli could infect the
reproductive system of laying hens from the cloaca
upstream and even infect the entire abdominal cavity of
laying hens (Poulsen et al., 2017). E. coli can attack the
reproductive system by releasing virulence factors, caus-
ing redness and congestion in the oviducts and uterus,
accompanied by a series of inflammatory diseases
(Olsen et al., 2016). In severe cases, the follicles may
become necrotic and rupture, contaminating the abdom-
inal cavity and causing serious abdominal infections sec-
ondary to multiple organ infections (Srinivasan et al.,
2013). The results of this experiment showed that a
severe case of yolk peritonitis occurred in a farm in
Jiangsu Province, China. In addition to the above typi-
cal symptoms, yellow cheese-like material left behind by
the absorption of the ruptured yolk was observed adher-
ing to the surface of the abdominal organs, so we sus-
pected that this was yolk peritonitis caused by F. coli.
To confirm this suspicion, this study combined the isola-
tion and multiple identification of strains from the
abdominal cavity of diseased chickens, and after whole
genome sequencing, the results showed that the strains
infecting these diseased chickens were 99.79% homolo-
gous to E. coli.

In this study, the whole genome of the isolated strain
was sequenced and analyzed, and from the results, the
genome length of the strain was 4,977,738 bp and the
number of genes was 4,754, of which 4,350,870 bp, or
87.41%, were coding genes. The annotation results of
the NR database, a non-redundant protein database cre-
ated and maintained by NCBI, showed that the number
of genes annotated to E. coli was 4,734. In other words,
this again proves that it was E. coli that infected the
laying hens in this study. The results showed that the

E. coli genome was annotated with the COG database
to obtain 3,793 genes, which are involved in biological
processes such as carbohydrate transport metabolism,
amino acid transport and metabolism and transcription,
respectively, to varying degrees, and maintain the basic
life activities of F. coli. For the prediction of biological
functions, besides COG databases, GO and KEGG data-
bases are widely used, which are databases of gene
related functions stored based on different classification
ideas (Kanchisa, 2006). In this study, the annotation
results of GO and KEGG databases showed that most of
the annotated genes in E. coli were related to catalytic
activity, linkage and transport activity, and many genes
were significantly enriched in membrane transport,
sugar metabolism amino acid metabolism and other
pathways. It has been shown that these important
enrichment functions or pathways are importantly
linked to intracellular transport in E. coli, regulation of
E. coli gene expression, establishment of a favorable
intracellular environment, and virulence of E. coli
(Afridi et al., 2020; Chen et al., 2021).

In recent years, with the widespread use of antibiotics
and various chemically synthesized drugs in animal hus-
bandry, large amounts of antibiotics and disinfectants
have continued to contaminate soil and rivers, causing
a serious ecological burden (Alves et al, 2018;
Varga et al., 2018). This has also led to an expanding
resistance spectrum and increasing levels of drug resis-
tance in F. coli. The analysis revealed that the F. coli
strain in this study was classified ST155. The ST155
genotype is a prevalent strain of avian-derived FE. coli,
significantly impacting poultry production across vari-
ous nations (Maluta et al., 2014). Notably, many reports
point out that avian-origin E. coli of the ST155 type
demonstrates  pronounced  multidrug  resistance
(Kluytmans et al., 2013; Pires-Dos-Santos et al., 2013).
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In this study, a variety of resistance genes of E. coli were
further screened and validated by drug sensitivity tests
and PCR, which confirmed that E. coli isolated in this
study caused yolk peritonitis in laying hens showed resis-
tance to a variety of drugs such as aminoglycosides,
B-lactams, quinolones, and sulfonamides, which means
that the E. coli in this study showed multiple drug resis-
tance. In this experiment, 3 genes encoding aminoglyco-
side modifying enzyme, aadA5, aph (3 ")-ID and aph
(6)-1D, were detected and verified, which are all coding
genes of aminoglycoside phosphotransferase. Studies
have shown that these passivating enzymes can modify
the antibiotic active molecules that enter cells, rendering
them biologically inactive. In addition, KdpE was
detected in this study, which is a response regulator
combined with sensor kinase KdpD to form a KdpD/
KdpE 2-component system, which is one of the regula-
tors of high-affinity potassium ion pump and has been
widely studied in potassium transport (Freeman et al.,
2013). Potassium ion regulation is an important factor
in bacterial virulence and survival, suggesting that
KdpE also plays an important role in drug resistance of

E. coli. The TEM-1 detected in this study is a plasmid-
mediated B-lactamase. B-lactamases can catalyze the
hydrolysis of 6-aminopenicillanic acid and 7-aminoce-
phalosporanic acid and the inactivating enzymes of
B-lactam cyclic amide bonds in their N-acyl derivatives,
resulting in the inactivation of antibiotics (Drawz and
Bonomo, 2010; Schmiege et al., 2021). The main reason
for the resistance of E. coli to quinolones and sulfona-
mides is the mutation of the gene encoding the drug
action site (Silver, 2011). The mfd, parC and gyrA genes
detected in this study encode the helicase gene and topo-
isomerase, respectively. sull and sul2 are the mutated
genes of dihydropteroate synthase (Sun et al., 2019).
From the above analysis, the E. coli antagonizes antibi-
otics in different ways, and these mechanisms of drug resis-
tance depend on the expression and regulation of various
drug-resistance genes. In this study, there were significant
differences in the expression of different drug-resistance
genes in different growth stages of bacteria. Indeed, the
genetic background of bacteria and the external environ-
ment, such as genetic variation, transcriptional regula-
tion, and antibiotic induction, can change the expression
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level of drug resistance genes (Depardieu et al., 2007;
Loépez-Maury et al., 2008). The study on the expression
and regulatory mechanism of drug-resistance genes is of
great significance, which can predict the results of drug
sensitivity test and guide clinical drug use.

Regarding the pathogenicity analysis of E. coli, this
study was compared by the PHI database, E. coli in this
study was annotated with 127 genes related to host
action. Among these genes, 8 were found to enhance vir-
ulence, namely: hns, EF-P, PmrA, rcsC11, bcsA, rcsA,
and QseB. Notably, hns, rcsC11, besA, and rcsAl are
biofilm formation-related genes. Biofilm is a complex
microbial community formed in the environment and
during the infection process. The ability to form biofilm
allows FE. coli to evade the attack of antibacterial drugs
and the host immune system, resulting in high drug
resistance. Moreover, biofilm dissociation can lead to
new infections, making the infection chronic and difficult
to control (Varga et al., 2018; Chen et al., 2021).

Additionally, a comparison with the VFDB database
revealed 485 genes associated with virulence. This geno-
mic information indicates that this FE. coli strain is
highly virulent. Our experimental analysis further sup-
ports this, as the LD50 of E. coli was determined to be
2.985x10” CFU/mL. Furthermore, mice infected with
E. coli developed severe diarrhea, and the dissection
results and HE-stained histopathological pictures
showed the most severe intestinal damage, including
exposure of the lamina propria of the intestine and
breakage and loss of intestinal villi. E. coli is a well-
known intestinal pathogen that adheres to the intestinal
surface. After invading the intestine, the bacteria pri-
marily proliferate in the duodenum, jejunum, and upper
ileum, releasing virulence factors such as endotoxins,
pods, adhesins, and exotoxins. These factors cause intes-
tinal dysfunction and lead to diarrhea (Olsen et al.,
2016). In summary, mice infected with E. coli exhibited
pathological changes like those seen in laying hens with
vitelline peritonitis, further demonstrating the high viru-
lence of the E. colistrain isolated in this study.

CONCLUSIONS

In summary, this study provides compelling evidence
that E. coliis the etiological agent responsible for vitelline
peritonitis in laying hens. Additionally, our results demon-
strate the pronounced virulence of these FE. coli strains,
which induce severe intestinal damage in mice. Further-
more, the E. coli strains isolated in this study exhibited
resistance to aminoglycosides, beta-lactam, quinolones,
sulfonamides, and other antimicrobial drugs, indicating a
worrisome prevalence of multi-drug resistance. Finally,
we found that the expression of drug resistance genes in E.
coli at different growth stages was different under differ-
ent antibiotic environments. This study establishes a solid
theoretical foundation for the investigation of E. coli’s
multi-drug resistance mechanisms and offers valuable
insights for the prevention and treatment of vitelline peri-
tonitis caused by this pathogen.
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