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strain causes hemorrhagic pneumonia in mink:
evidence from pathogenicity and animal
challenge experiments
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Abstract

In recent years, rapid fatal hemorrhagic pneumonia (HP) has been increasingly reported in mink. In several stud-

ies, the virulence factors of strains isolated from diseased tissues have been identified as extraintestinal pathogenic
Escherichia coli (ExPEC). The molecular characteristics of the strains were also analyzed, but whether ExPEC is the etio-
logical agent of HP has not been confirmed in an animal challenge model. In this study, we characterized the antibi-
otic resistance, virulence characteristics, and pathogenicity of a bacterial strain isolated from a typical case of mink HP,
and designated it L1. Our study revealed that isolate L1 has high levels of antibiotic resistance, to multiple antibiotics,
including ampicillin, tylosin, kanamycin, and so on. Numerous virulence genes were detected in isolate L1, includ-
ing those encoding adhesins (focG, afa/draB, mat, crl), invasins (ibeA, einv), and toxin (cnf1). ExXPEC isolate L1 belongs
to the O121 serogroup and was classified in the B2 phylogroup and sequence type 131 (ST131). Animal experiments
showed that L1 is highly pathogenic to mice, and induced fatal HP in mink. A mouse model of isolate L1 infection
showed lethargy, depression, and then death. The sick minks showed similar clinical signs and died soon after nasal
bleeding and hematemesis, with a large amount of congestion and consolidation in the lungs. Using animal chal-
lenge experiments based on Koch's postulates, we demonstrate for the first time that ExPEC is a causative agent

of rapid fatal HP in minks. Our research provides important insights into the identification and control of rapid fatal HP
in minks and effective antibiotic treatments for infected animals.
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Introduction

Minks are widely farmed in Europe, North America, and
China for fur. This fur industry is worth more than US$11
billion, with potentially large domestic and overseas mar-
kets. However, the mink is highly susceptible to infection
by various pathogens and to environmental elements [1].
This is especially true during intensive farming, which
involves a high-density animal environment, facilitat-
ing the rapid spread of pathogens with pandemic poten-
tial. To date, Aleutian disease virus, influenza A viruses,
SARS-CoV-2, mink orthoreoviruses, COVID-19, canine
distemper virus, Minacovirus, and Pseudomonas aer-
uginosa have been shown to cause respiratory diseases in
mink [1-6], resulting in the death of the mink and huge
economic losses.

Hemorrhagic pneumonia (HP) is a respiratory dis-
ease first detected in mink in 1983 in China, which has
become a major cause of mink deaths between Septem-
ber and early December [7]. Without drug control, the
fatality rate attributable to HP can reach 100%. Patho-
gens commonly associated with mink HP are P aerugi-
nosa and Klebsiella pneumoniae, which cause death and
massive economic losses [8, 9]. Extraintestinal patho-
genic Escherichia coli (ExPEC) is present in air, water,
soil, and animals, including companion animals [10-12].
In recent years, EXPEC has caused highly infectious res-
piratory system diseases. For instance, common strains of
porcine E. coli can cause swine respiratory diseases [13]
and Escherichia fergusonii cause pneumonia in beef cat-
tle [14]. ExPEC also causes fatal pneumonia in dogs [15]
and induces acute necrotizing pneumonia in cats [16, 17].
However, little information is available about ExPEC in
minks, in which it causes HP.

For the past few years, there have been outbreaks of
mink HP in the northern region of China, when ExPEC
was isolated from the mink and the molecular and phe-
notypic characteristics of some strains were described
[18, 19]. However, until now, no animal experiments
have confirmed that ExPEC is the etiological agent of
this disease. According to Koch’s postulates, the condi-
tion required for identification as a pathogenic organism
is that when an isolated disease agent is returned to the
same animal, the same clinical symptoms are observed.
Therefore, animal challenge experiments are required to
confirm whether ExPEC causes HP in mink.

The prevalence of HP in mink in northern China has
been monitored by our laboratory since 2016. More than
10 typical cases were detected in 2016, with which ExPEC
was always associated, whereas no P. aeruginosa was iso-
lated from the HP-affected minks during the period of
continuous monitoring. To identify ExPEC as the etio-
logical agent of HP in mink, a representative strain from
one of the infected animals was selected randomly for
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the experiment due to the same source with typical clini-
cal symptoms. In this report, we investigated the disease
characteristics, serogroup, multilocus sequence type
(MLST), antimicrobial susceptibility, genotypic features,
and virulence factor profile of the isolate. Most impor-
tantly, an animal challenge experiment was performed,
which replicated the classic symptoms of HP in mink.
Therefore, in this study, pathogenicity tests and the ful-
filment of Koch’s postulates confirmed that ExPEC is a
cause of mink HP.

Materials and methods

Sample collection

Since 2016, HP in minks has been observed increas-
ingly in northern China, highlighting its potential impact
on mink farming. With ongoing surveillance, multi-
ple acute deaths caused by HP were identified across
different mink farms in the region. A major outbreak
occurred in 2016 at a mink farm in Harbin, Heilongjiang
Province, upon which approximately 8,000 minks were
housed. During this outbreak, we isolated bacteria from
12 deceased minks that showed typical clinical signs of
HP, such as nasal bleeding and hematemesis. Similar
symptoms and lesions were observed in multiple animals
across the farm. No P aeruginosa was detected in more
than 10 typically HP-affected minks, and only ExPEC
was detected. Therefore, this farm was chosen as a typi-
cal subject of study. The onset of the disease was fast and
death was acute. The average course of the disease was
1-3 days. In some cases, sudden death occurred without
any symptoms. According to local veterinary clinicians,
about 60% of the minks displayed clinical signs. More
than 300 minks died within the first 3 days. Stress, poi-
soning, and feed were eliminated as possible causes of
death. With the farmer’s consent, local veterinary clini-
cians sampled the mink carcasses, including the brains,
hearts, livers, spleens, lungs, kidneys, intestines, and
pleural fluid, after death and immediately submitted
them for analysis at our laboratory. Lung samples of the
dead minks were used for bacterial isolation.

Bacterial isolation and analysis

Samples of the brains, hearts, livers, spleens, lungs, kid-
neys, intestines, and pleural fluid of the carcasses were
examined for common bacterial and viral pathogens,
and lung samples were forwarded for histopathologi-
cal characterization. The sera of the sick minks were
examined for canine distemper virus, canine adenovi-
rus (CAV-1 and CAV-2), canine distemper virus (CDV),
and canine parvovirus (CPV) with a colloidal gold
immunochromatography strip (Huayi Biotechnology
Co., Ltd, Changchun, China). Several kinds of samples
from each mink were homogenized for the detection of
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mink enteritis virus (MEV), Aleutian mink disease virus
(AMDV), CAV, and pseudorabies virus with PCR. The
samples were tested for Mycoplasma with the TaKaRa
PCR Mycoplasma Detection Set (TaKaRa Biotechnology
Co., Ltd, Dalian, China), according to the manufacturer’s
instructions.

To isolate the bacteria, the lung tissues were pierced
with inoculation loops, which were then streaked onto
Luria Bertani (LB) broth and incubated at 37 °C for 24 h.
A few representative colonies were picked and streaked
onto eosin—methylene blue (EMB) agar medium (Aobox-
ing Biotechnology Co., Ltd, Beijing, China), incubated
aerobically or anaerobically at 37 °C for 48 h, and then
examined for unambiguous species verification. Gram
staining, a conventional method for bacterial classifica-
tion, was performed and the isolate examined with the
triple sugar iron agar, sucrose, lactose, glucose, malt-
ose, mannitol, citrate, the Voges—Proskauer, methyl
red, indole, and hydrogen sulfide tests to identify the
bacterium.

DNA extraction and PCR

Bacterial DNA was extracted with the TIAamp Bacte-
ria DNA Kit (Tiangen, Beijing, China), according to the
manufacturer’s instructions. To distinguish typical and
atypical ExPEC, we initially detected kpsMII, papA/
papC, sfa/focD, iutA, and afa/draB, and the isolate was
identified with multiplex PCR [20]. The chuA, yjaA genes
and a DNA fragment (TspE4.C2) of the strain were then
analyzed to determine its phylogroup [21]. PCR assays
were performed to detect the genes that define the sero-
group, phylogroup, MLST (adk, fumC, gyrB, icd, mdh,
purA, and recA) [22] and presence of genes encoding dif-
ferent virulence factors. Conventional serogrouping was
performed based on the following 15 serogroups: O1, 02,
06, 08, 09, 026, 045, 078, 0103, O111, 0113, O121,
0128, 0145, and 0157 [23-27]. The virulence genes
investigated included those encoding adhesins (focG,
papC, mat, crl, fimH, eae, f5, f41), invasins (ibeA, einv),
toxins (hlyA, hlyD, sat, cdtB, sta, stb, LT, stx1, stx2, cnfl,
cnf2, eagg, stl), iron acquisition proteins (fyuA, ireA,
irp2), capsular antigen (iss), and a pathogenicity island
marker (malx). All the PCR primers used for bacterial
DNA amplification described in this study are listed in
Supplementary Table 1 and were synthesized by Comate
Bioscience Co., Ltd (Jilin, China) [28-36]. PrimeSTAR
GXL DNA Polymerase, dNTP mixture, and PrimeSTAR
GXL buffer for PCR were all supplied by TaKaRa Bio-
technology Co., Ltd. 16S rDNA and the ST131-specific
gene (region 19) were amplified with PCR [37, 38], and
produced fragments of 1,590 bp and 580 bp, respectively.
The PCR products were purified with the QIAquick
PCR Purification Kit (Qiagen, Hilden, Germany), and

Page 3 of 12

then cloned into the pMD-18 T vector (TaKaRa) for
sequencing (Sangon, Shanghai, China). The sequences
were compared with known sequences in the National
Center for Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/BLAST/).  Phylogenetic
analyses of the bacterial 16S rDNA and ST131-specific
gene (region 19) were performed to identify the bacte-
rial species and determine whether the isolate belonged
to the ST131 lineage. To investigate the potential ori-
gin and genetic relatedness of the isolate, ST131 refer-
ence sequences from human and environmental (water)
sources were retrieved based on the BLAST results of
homology and were included on the phylogenetic tree.
The neighbor-joining method was used to construct phy-
logenetic trees with the MEGA 7 software.

Antimicrobial susceptibility and biofilm-forming ability
Following the Clinical and Laboratory Standards Insti-
tute (CLSI) guidelines outlined in the 2024 edition of
Performance Standards for Antimicrobial Susceptibility
Testing (CLSI Supplement M100), the isolate was tested
for susceptibility to 21 antimicrobial agents using the
Kirby-Bauer disk diffusion method. A bacterial suspen-
sion was prepared from a fresh culture grown overnight
on Mueller-Hinton agar at 37 °C. The optical density at a
wavelength of 600 nm (ODg,) was adjusted to 0.5 in LB
broth prior to inoculation. The adjusted suspension was
then evenly spread on Mueller—Hinton agar plates using
sterile cotton swabs.

Antimicrobial susceptibility testing was conducted
with commercially prepared antibiotic discs (Bio-kont,
Wenzhou, China), according to the manufacturer’s
instructions. Escherichia coli ATCC 25922 was used as
a quality control strain. The antimicrobial agents tested
were: ampicillin, cefalexin, ceftriaxone, imipenem, tylo-
sin, gentamicin, kanamycin, streptomycin, ciprofloxa-
cin, tetracycline, polymyxin, trimethoprim, amoxicillin,
ofloxacin, chloramphenicol, penicillin, nitrofurantoin,
clindamycin, fosfomycin, cefmondoxil, and azithromycin.
After incubation at 37 °C for 18—-24 h, the diameters of
the inhibition zones around each disc were measured in
millimeters. The results were interpreted as susceptible
(S), intermediate (I), or resistant (R) based on the CLSI
2024 criteria.

Biofilm production was evaluated with the method
described by Peeters et al., and the ability to form bio-
films was scored according to the criteria described
earlier [39]. All tests were repeated independently three
times and the average result taken.

Experimental challenges
According to Koch’s postulates, when a cultured microor-
ganism is introduced into a healthy organism susceptible
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to the disease under investigation and the typical clinical
symptoms are observed, the microorganism is considered
pathogenic. Therefore, animal challenge experiments
were required to further confirm whether ExPEC causes
HP in mink.

Animal experiments involving mice and mink were
performed to verify the pathogenicity of the isolate. In
total, 30 6-week-old female BALB/c mice (purchased
from Changsheng Biotech, Liaoning, China) were divided
equally into six groups. Each mouse was then inocu-
lated with an intraperitoneal (i.p.) injection of the bacte-
rial isolate at concentrations of 10°, 105, 107, 10°, or 10°
colony-forming units (CFU) in 0.2 mL of sterile PBS. The
negative control group was inoculated with phosphate-
buffered saline (PBS). The mice were monitored three
times daily, and their health status recorded. Similarly,
six healthy, 6-month-old mink were purchased from a
local farm. Three of the six minks (purchased from Jilin
Zhongte Agricultural Technology Co., Ltd) were infected
with the bacterial isolate (1x10° CFU) by intramus-
cular (i.m.) injection into the back leg muscles, and the
remaining three were injected with sterile PBS as the
controls. The clinical signs of the animals were recorded
and necropsies were performed within 1 h of the animal’s
death. At the end of the experiment, the remaining mice
and minks were euthanized with pentobarbital sodium
(100-150 mg/kg), in accordance with the approval of the
Animal Ethics Committee.

Samples were collected from the lungs, liver, spleens
kidneys, and lymph nodes of each mink for etiological
examination. These tissue samples were cultured on 5%
blood agar plates (Huankai Microbial Technology Co.,
Ltd, Guangdong, China) to isolate and identify bacte-
rial pathogens, using the procedures used for the clini-
cal samples. Gross pathological lesions were recorded.
For histopathological analysis, lung tissues were fixed
in 4% neutral-buffered formalin, embedded in paraffin,
and sectioned to 4-5 pm thickness. Gross pathologi-
cal lesions were recorded [38]. The lung sections were
stained with hematoxylin and eosin (H&E) and exam-
ined under a light microscope (Nikon, Japan) to evaluate
microscopic tissue changes.

Results

Clinical signs and pathological lesions

The onset of the disease was rapid, with more than 300
minks dying within 3 days of onset. The minks that died
suddenly were asymptomatic. The clinical signs observed
in the infected minks included depression, anorexia (loss
of appetite), severe respiratory distress, and wheezing.
These minks died after nasal bleeding and hematemesis
were observed (Fig. 1A). On postmortem examination,
the minks displayed large amounts of congestion and
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consolidation in the lungs, with large amounts of red fluid
flowing from the sections (Fig. 1B), brain congestion, and
enlarged spleens. Approximately 40-50 mL of red sero-
sanguinous fluid was present in the chest (Fig. 1C). The
isolate was identified as E. coli with the Biolog Microbial
ID System (Biolog Inc., Hayward, CA, USA). To test for
viral agents, we screened for AMDYV, PRV, CDV, CAV-2,
and MEV with PCR or a colloidal gold immunochroma-
tography strip, and for Mycoplasma (Fig. 1D). None of
these pathogens were detected in the sample.

In the samples from the minks, abundant and purely
facultatively anaerobic bacterial growth was observed
in the brains, lungs, and pleural fluid. No other signifi-
cant bacterial growth was detected. The isolated bac-
terium showed the typical colony morphology of E. coli
on EMB plates, with a metallic sheen with a dark center
(Fig. 2A). A microscopic examination of L1 showed it to
be a Gram-negative bacillus (Fig. 2B). The tube inocu-
lated with L1 displayed glucose fermentation, evident as
gas production and a color change to yellow on both the
slant and butt, indicating acid production (Fig. 2C). The
isolate tested positive for lactose, glucose, maltose, man-
nitol, methyl red, and indole (Fig. 2D). It tested negative
for sucrose, citrate utilization, and hydrogen sulfide (H,S)
production, and on the Voges—Proskauer (VP) test. This
biochemical profile identified the isolate as E. coli.

Serogroup and virulence gene analyses

After nutrition, environmental factors, stress, poison-
ing, and other causes were excluded as the etiological
agent of HP, E. coli was determined to be the causative
agent of fatal HP in the minks based on bacterial isola-
tion and identification. Because L1 simultaneously con-
tained genes kpsMTII, focG, and afa, it was identified as
ExPEC (Fig. 3A), according to the description of John-
son et al. [20], based on the presence of two or more of
five virulence markers (kpsMIl, papA/papC, Sfa/focD,
iutA, afa/drab). L1 carries the chuA and yjaA genes, so
it belongs to phylogenetic group B2 (Fig. 3B). PCR with
16S-rDNA-specific primers produced the expected tar-
get band (Fig. 3C). An MLST analysis not only provides
other information, but also phylogenetic relationships.
We compared our sequence results with the MLST data-
base (http://pubmlst.org/) and combined them with the
results of PCR (Fig. 3D), the sequence type of L1 was
ST131. The ST131 lineage has been reported to be asso-
ciated with infections in birds [40, 41], dogs [42], humans
[43], and one reported case in mink [19]. However, the
strain identified in that mink was genetically distinct
from the L1 isolate recovered in this study [19]. The iso-
late L1 was identified as serotype O121 (Fig. 3E) and clas-
sified within phylogenetic group B2.
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Fig. 1 Clinical signs in mink with EXPEC infection in Harbin, northeastern China. A Infected mink showed bleeding from mouth and nose. B
Necropsy of mink that died from infection. On postmortem examination, gross lesions were mainly concentrated in the lungs. C Approximately
40-50 mL of red serosanguinous fluid was present in the chest. D Canine distemper virus (CDV), canine adenovirus 1 (CAV-1 and CAV-2) and canine
parvovirus (CPV) were screened with a colloidal gold immunochromatography strip (Genbody Inc.), but none of the tested agents was detected

in any sample

Isolate L1 contains a wide range of virulence-associated
genes, including those encoding adhesins (focG, afa/
draB, mat, crl), invasins (ibeA, einv), a toxin (cnfI), iron
acquisition systems (fyuA, ireA, irp2), capsular antigen
protection protein (kpsMII), and a pathogenicity island
marker (malX) (Fig. 3F).

Phylogenetic analysis

The 16S rRNA gene (GenBank PP190255) and ST131-
specific gene (region 19) (GenBank PP236910)
sequences of L1 were determined and compared against
the NCBI database with BLAST. The highest sequence
similarity value for 16S rDNA (>99%,) and the high-
est ST131 sequence similarity value (>98%) was to E.
coli isolated from human. The sequences were used to
construct a phylogenetic tree with the neighbor-join-
ing method in the MEGA 7 software (Fig. 4). On the

phylogenetic tree, bacterial isolate L1 showed 99.87%
sequence identity in 16S rDNA and 100% in ST131 with
the corresponding sequences in human ExPEC strains.

Antimicrobial susceptibility and biofilm-forming ability

Antibiotic susceptibility testing showed that L1 is
resistant to several antimicrobials: ampicillin, tylosin,
kanamycin, streptomycin, ciprofloxacin, trimethoprim,
amoxicillin, penicillin, and clindamycin. It is suscep-
tible to ceftriaxone, imipenem, polymyxin, ofloxacin,
chloramphenicol, nitrofurantoin, fosfomycin, cefmon-
doxil, and azithromycin. It showed intermediate sensi-
tivity to the other antimicrobial drugs tested (Table 1).
The biofilm-forming ability of L1 is moderate. Numer-
ous bacterial species have been reported to form bio-
films, and it seems that bacterial biofilm formation
enhances bacterial survival in various environments.
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Fig. 2 Colony isolation and identification. A Colonies with a metallic green sheen and dark centers on EMB agar were initially judged to be E. coli. B
Gram-negative rod-shaped bacteria. C Uninoculated triple sugar iron agar (left) showed no change. Tube inoculated with L1 (right) showed glucose
fermentation (gas produced) and a color change to yellow on a triple sugar iron agar medium slant (acid produced). D L1 was positive for lactose,
glucose, maltose, mannitol, methyl red, and indole, and negative for sucrose, citrate, Voges—Proskauer, and hydrogen sulfide

Pathogenicity analysis

To assess whether the pathogenicity of L1 in mink
extends to other animals, 6-week-old female BALB/c
mice were infected with the same strain. Samples were
collected from the dead mice. In the mouse model of
infection, a similar disease was observed in all L1-inoc-
ulated groups. The mice first showed lethargy, depres-
sion, anorexia, and huddling together at 6-18 h post
inoculation. The mice then began to die from severe
infection, with mortality rates of 100%, 100%, 80%, and
60% in the four groups inoculated with 10%, 108, 107, or
10° CFU, as shown in Fig. 5. No more deaths occurred
in the other groups (10° 10°% and 10’ CFU) after 54 h
and no clinical symptoms were observed in the control
group throughout the entire experimental period. The
pathology observed in the experimentally infected mice
included liver bleeding, lung edema, subcutaneous jelly-
like exudates, and subcutaneous bleeding. The infections
observed in mink were consistent with our clinical obser-
vations of the minks. The most frequent symptoms in
the mink were breathing difficulties, lethargy, weakness,

anorexia, and edema. The most significant findings were
typical widespread pulmonary consolidation and conges-
tion in the dorsal regions of the lungs in the dead mink.
Microscopic lesions included capillary congestion in the
alveolar wall, interstitial pneumonia with hyperemia, and
serous exudation in the lungs, with a more diffuse distri-
bution than the control tissue. Serious hemorrhage and
interstitial broadening were observed and the predomi-
nant type of inflammation involved a mixture of mac-
rophages and neutrophils.

The gross and histopathological lesions observed in
the experimental animals were consistent with those
seen in clinical samples (Fig. 6A, B). Histopathologi-
cal examination revealed diffuse interstitial pneumo-
nia accompanied by tissue necrosis and inflammatory
cell infiltration (Fig. 6C-F). The gross and microscopic
pulmonary lesions observed in both minks and mice
closely resembled those reported in previous studies of
HP caused by E. coli [9] The bacterium was reisolated
from the lungs of the experimentally infected minks,
mirroring the findings from clinical cases. Based on its
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Fig. 3 Amplification products of PCR assays. A Multiplex PCR profiles specific for EXPEC and the phylogroup of L1 (B). C Result of L1 16S rDNA
amplification. Agarose gel electrophoresis of the PCR products of L1 confirm ST131 (D), serogroup (E), and virulence genes (F). M2K: DL2000

molecular standard marker with the TaKaRa

NR 104901.1 Shigella boydi stain P28 163 ribosomal RNA partial sequence
MT649775.1 Escherichia coli strain NF23 4 168 ribosomal RNA gene partal sequence
MT649780.1 Escherichia colistrain NF23 9 16 ribosomal RNA gene partal sequence
NR 026331.1 Shigella flexneri strain ATCC 29903 165 ribosomal RNA partal sequence
MT649771.1 Escherichia coli strain NF23 22 168 ribosomal RNA gene partial sequence
MT649770.1 Escherichia colistrain NF23 21 165 ribosomal RNA gene partial sequence
HG941666.1 Escherichia coli partial 16S rRNA gene isolate C10

IN867436.1 Uncultured bact

um clone 66 168 ribosomal RNA gene partial sequen

NR 074902.1 Escherichia fergusonii ATCC 35469 16S ribosomal RNA c«

NR 024570.1 Escherichia coli strain U 5/41 168 ribosomal RNA partial sequence

MT649778.1 Escherichia coli strain NF23 7 16S ribosomal RNA gene partial sequence

MT649774.1 Escherichia coli strain NF23 3 165 ribosomal RNA gene partial sequence

MT649769.1 Escherichia coli strain NF23 20 16S ribosomal RNA gene partial sequence

NR 025569.1 Escherichia albertii strain Albert 19982 16S ribosomal RNA partial sequence
NR 136472.1 Escherichia marmotac strain HT073016 16 ribosomal RNA partial sequence

NR 0263321 Shigella dysenteriae strain ATCC 13313 168 ribosomal RNA partial sequence
NR 104826.1 Shigella sonnei strain CECT 4887 163 ribosomal RNA partial sequence

2 ON571630.1 Escherichia coli strain E. coli (O157:H7) 165 ribosomal RNA gene partial sequence
60 ONS571651.1 Escherichia coli strain E. coli (O121) 168 ribosomal RNA gene partial sequence
51 ALl

[—NR 114042.1 Escherichia coli strain NBRC 102203 16S ribosomal RNA partial sequence
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N cherichia fergy i 102 S al RNA partial sequence
[~ NR 1140791 Escherichia ergusoniisrain NBRC 102419 168 ribosomal RNA partial sequenc

0L MT649779.1 Escherichia coli strain NF23 § 16 ribosomal RNA gene partial sequence
[ MT649773.1 Escherichia colistrain NF23 2 165 ribosomal RNA gene partial sequence

0L MT649772.1 Escherichia coli strain NF23 23 165 ribosomal RNA gene partial sequence

7 Escherichia col strain USVAST219 (CP120633.1) clinical specimen human
Escherichia coli strain STO Bone4 (CP054251.1) infection of foot human
Escherichia coli strain Ec394-330266 (CPO36114.1) urine human
Escherichia coli 025:H4 strain CUS68-3 (CP082775.1) stool human
Escherichia coli SME98 (AP027446.1) feces human
Escherichia coli isolate 131 (OX030701.1) human
Escherichia coli strain S7 CRET (CP074485.1) abdominal fluid JP drain human
Escherichia coli strain UCS1.1 (CPO84678.1) urine (asymptomatic UTI) human
Escherichia coli strain 1162invT2 (CPOS1663.1) urine human
Escherichia coli strain E16EC0945 (CPO88887.1) blood human
Escherichia coli strain NEC18 (CP091169.1) blood human
Escherichia col strain E-T70 (CP090267.1) ICU Patients human
ALl
Escherichia coli strain 2022CK-00357 (CP114340.1) blood human
5 Escherichia coli strain DFK.1 (CP104848.1) pantropical spotted dolphin
5 Escherichia coli strain STI31 (OX637964.1) human
Escherichia coli strain AGR4S87 (CP097360.1) Water
) Escherichia coli IPCEC42 (AP026788.1) human
Escherichia coli strain 15000225 (CP095137.1) Chronic wound human
Escherichia coli strain 132 (CP133394.1) urine human
Escherichia coli strain E-R300-1 (CP090257.1) ICU Patients human

Escherichia coli strain EC5931 (CP104592.1) blood human
Escherichia coli strain DI6EC0527 (CP088892.1) blood human

Escherichia coli strain Z0117EC00SS (CP098203.1) Canis lupus familiaris human

Escherichia coli strain GN03344 (CP095544.1) blood human
Escherichia coli isolate 131(OW968277.1) human

5
—
L
6
’_5|: Escherichia coli strain DETEC-S566 (CP116085.1) ICU staff rectal swab human
L
5

Fig. 4 Results of gene homology comparison. A 16S rRNA gene sequence dendrogram showing the position of isolate L1. B ST131 gene sequence
dendrogram showing the source of isolate L1. Bootstrap values (1,000 replicates) are given at each node

morphological characteristics, tissue distribution, and
biochemical profile (data not shown), the isolate was

preliminarily identified as the causative agent of HP in
mink. Furthermore, ExXPEC isolate L1 demonstrated
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Table 1 Results of antibiotics susceptibility testing
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Antibiotic Concentration Diameter Result Antibiotic Concentration Diameter(mm) Result
(mm)
Ampicillin 10 ug 0 R Trimethoprim 5ug 10 R
Cefalexin 30 pg 17 I Amoxicillin 10 ug 0 R
Ceftriaxone 30 ug 22 S Ofloxacin 5ug 24 S
Imipenem 10 ug 22 S Chloramphenicol 30 ug 22 S
Tylosin 30 ug 0 R Penicillin 10 pug 0 R
Gentamicin 10 ug 13 I Nitrofurantoin 300 ug 19 S
Kanamycin 30 ug 12 R Clindamycin 2 ug 0 R
Streptomycin 12 ug 0 R Fosfomycin 200 pg 20 S
Ciprofloxacin 5ug 13 R Cefmondoxil 30 ug 20 S
Tetracycline 30 ug 17 \ Azithromycin 15 ug 24 S
Polymyxin 300 ug 32 S
R Resistant, S susceptible, / Intermediate
100 @
-- Lix10°

~ 804

S -a Lix10

S

3 7 L1x10’

=

£ 404 —v —~— Li1x10°

>

S
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—-&- PBS
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0 12 24 36 48 60 72 84
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Fig. 5 Percentage survival in BALB/C mice after infection with L1. Thirty 6-week-old female BALB/C mice were assigned to six groups with five mice
each. Some mice were injected with L1 and others with PBS (as controls), as described in the Materials and Methods. All the mice in the control
group survived, but the infected mice died with severe disease, with mortality rates of 100%, 100%, 80%, and 60% in the four different groups

inoculated with > 1x 10° CFU

high pathogenicity in both minks and mice under iden-
tical experimental conditions.

Discussion

Escherichia coli is a common bacterium that colonizes
the gastrointestinal tracts of humans and many animal
species [44], receiving nutrients from the host while pro-
viding the host with nutrients and other benefits [45].
Extraintestinal pathogenic E. coli (ExXPEC), a group of
E. coli strains, causes most extraintestinal E. coli infec-
tions. ExPEC includes opportunistic pathogens of great
importance to public health, causing diseases character-
ized by high morbidity and high mortality, and the loss
of several billion dollars annually through diverse clini-
cal syndromes [46]. The virulence traits of ExPEC strains

allow them to invade, colonize, and induce diseases in
parts of the body beyond the gastrointestinal tract, thus
increasing their resistance to antimicrobial drugs and the
pathogenic potential of extraintestinal diseases. A previ-
ous study showed that ExXPEC can cause both human ill-
nesses and extraintestinal infections in domestic animals
and pets. That study revealed that the ExPEC present in
humans and other animals shared virulence factors, sug-
gesting that ExPEC is zoonotic [47]. ExPEC strains cause
many human diseases when they leave the original site of
colonization and enter sterile extraintestinal sites at many
anatomic locations. These include a variety of urinary-
tract infections (UTIs), newborn meningitis, abdominal
sepsis, meningitis, septicemia, and circulatory system
infections [48-50].
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Fig. 6 Clinical signs and pathological lesions in minks and mice infected with L1. A Mink displayed large amounts of congestion and consolidation
in the lungs. The lobe was enlarged with black-red discoloration due to its engorgement with blood. B Mouse lung showed discrete, multifocal
areas of lesion. C Photomicrograph of a section of lung from mink infected with L1. Slurry exudation. Alveolar structure is incomplete. Hematoxylin—
eosin staining; bar=100 um. D Photomicrograph of a section of lung from mink infected with L1. Alveolar wall capillary with perivascular edema,
mural necrosis. H&E staining; bar=100 um. E Photomicrograph of a section of lung from mouse infected with L1. Alveolar space is diffusely
distended due to the accumulation of blood and inflammatory cell infiltrates. H&E staining; bar=40 pm. Slurry exudation. Alveolar structure

is incomplete. H&E staining; bar=100 um. F Photomicrograph of a section of lung from mink in the experimental group. Alveoli show fibrin,
inflammatory cell infiltrates, and extensive necrosis of the alveolar walls. Slurry exudation. H&E staining; bar= 100 pm

HP is one of the main fatal diseases of mink, and the
important agents of HP are P aeruginosa and K. pneu-
moniae [8, 51] Notably, P aeruginosa was not detected
in clinical samples during this outbreak, suggesting a
shift in the dominant etiologic agent. In this study, we
isolated ExPEC strain L1 from the lungs of HP-affected
minks in Heilongjiang Province, and the involvement
of other pathogens was ruled out. This finding aligns
with recent reports of ExPEC involvement in mink HP
cases in northern China [18, 19]. Molecular characteri-
zation revealed that L1 belongs to phylogenetic group
B2 and sequence type ST131—lineages typically asso-
ciated with severe extraintestinal infections in humans,
and having higher morbidity and mortality than other
sequence types [52-54]. Compared to strain 13, a previ-
ously reported ST131 isolate from mink [19]. L1 shared
several virulence factors, including mat, fyuA, ibeA,
and cnufl, but exhibited broader antimicrobial resist-
ance, including resistance to cephalosporins, -lactam
combinations, quinolones, and macrolides. These fea-
tures suggest that L1 may represent a more pathogenic

and resistant variant of ST131. Unlike strain 13 (ST131-
025 serogroup), L1 was identified as belonging to sero-
group O121—rare among mink isolates. The emergence
of this serogroup-ST combination in mink raises con-
cerns regarding potential zoonotic transmission and
highlights the importance of monitoring animal reser-
voirs for atypical ExXPEC variants. Although serogroup
0121 ST131 strains have not previously been reported
in HP-affected mink, they are known to cause food-
borne outbreaks and severe infections in humans [55—
62] Outbreaks of serogroup O121 have been traced to
contaminated flour [63, 64], raw milk, and Gouda-like
cheese [65], fresh or frozen produce, and dairy and beef
products [66, 67]. Reports indicate that the consump-
tion of meat from infected food animals may lead to
infections [68, 69], and growing evidence suggests that
humans carrying ST131 are a primary source of such
infections, which occasionally spill over into animals
[70]. Therefore, the clinical situation observed on this
mink farm underscores the importance of thoroughly
screening all sources of meat.
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Given the rapid spread of disease on the farm and the
co-housing of animals, a common infection source is
likely. We speculate that contaminated water, feed, or
contact with infected personnel may have introduced the
pathogen [71]. This suggests that future studies should
focus on investigating possible zoonotic transmission
routes and environmental sources of ExXPEC, such as con-
taminated feed and handling practices. This underscores
the importance of comprehensive outbreak investigations
and strict hygiene management in mink farms. Although
our experimental infections via intraperitoneal and intra-
muscular injection fulfilled Koch’s postulates, future
work should explore natural transmission routes such as
aerosol or intranasal exposure.

To our knowledge, this is the first study to confirm
through animal challenge tests that EXPEC can be an
etiological agent of HP in mink. A major limitation of
this study is the restricted sample size. Although HP
outbreaks have been reported across multiple mink
farms, only one farm was investigated due to logisti-
cal constraints during the outbreak period. As a result,
our analysis was limited to a single isolate, which may
not fully capture the genetic and phenotypic diversity
of ExPEC strains circulating among mink populations.
Given the apparent epidemic nature of HP, future stud-
ies should involve broader epidemiological surveys across
multiple farms and regions. This would enable a more
comprehensive assessment of the prevalence, antimi-
crobial resistance patterns, and genomic variability of
ExPEC associated with mink HP. Such data are essential
to better understand the dynamics of ExXPEC transmis-
sion and to evaluate the potential for zoonotic spread.
Furthermore, expanding this investigation would help
elucidate the mechanisms driving ExXPEC persistence in
mink populations and inform strategies for outbreak pre-
vention and control. These efforts are particularly critical
in the absence of vaccines and amid rising antimicrobial
resistance.

Conclusions

Mink deaths caused by HP have occurred on different
mink farms during our continuous monitoring in north-
ern China. To the best of our knowledge, this is the first
report of the pathogenicity testing of HP-associated
ExPEC and the confirmation that ExPEC is a causa-
tive agent of mink HP, based on Koch’s postulates. The
results of this study indicate that multidrug-resistant iso-
late L1 belongs to EXPEC clonal group O121-B2-ST131,
encodes abundant virulence factors, and is highly patho-
genic to mink. This research also provides a basis for the
development of control measures for the prevention and
treatment of HP in mink.
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