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resistant Klebsiella pneumoniae with capsular
serotype K2 isolates from mink in China
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Abstract

Background Klebsiella pneumoniae is a zoonotic opportunistic pathogen, and also one of the common pathogenic
bacteria causing mink pneumonia. The aim of this study was to get a better understanding of the whole-genome
of multi-drug resistant Klebsiella pneumoniae with K2 serotype in China. This study for the first time to analyze Gene
Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment, resistance and
virulence genes of Klebsiella pneumoniae in mink.

Results The isolate was Klebsiella pneumoniae with serotype K2 and ST6189 by PCR method. The string test was
positive and showed high mucus phenotype. There was one plasmid with IncFIB replicons in the genome. The
virulence factors including capsule, lipopolysaccharide, adhesin, iron uptake system, urease, secretory system,
regulatory gene (rcsA, rcsB), determinants of pili adhesion, enolase and magnesium ion absorption related genes. The
strain was multi-drug resistant. A total of 26 resistance genes, including beta-lactam, aminoglycosides, tetracycline,
fluoroguinolones, sulfonamides, amide alcohols, macrolides, rifampicin, fosfomycin, vancomycin, diaminopyrimidines
and polymyxin. Multidrug-resistant efflux protein AcrA, AcrB, TolC, were predicted in the strain.

Conclusion It was the first to identify that serotype K2 K. pneumonia with ST6189 isolated from mink in China. The
finding indicated that hypervirulent and multi-drug resistant K. pneumoniae was exist in Chinese mink. The whole-
genome of K. pneumoniae isolates have importance in mink farming practice.
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Background

Klebsiella pneumoniae (K. pneumoniae) is a major
opportunistic pathogen, a member of the Enterobac-
teriaceae family. It is a gram-negative bacillus causing
various types of community and hospital-acquired infec-
tions in debilitated or immunocompromised patients,
such as enteritis, urinary tract infection, cystitis, pneu-
monia, meningitis, liver abscess, endogenous endo-
phthalmitis, sepsis and other serious infectious diseases
[1-3]. Emergent hypervirulent K. pneumoniae (hvKp)
has been responsible for severe diseases, posing a severe
public health threat. Several reports have shown that K.
pneumoniae strains with serotypes K1 and K2 have been
found to be the most common in hvKp. These strains are
more resistant to phagocytosis and intracellular death by
macrophages and neutrophils [4]. K. pneumoniae mainly
causes mink pneumonia, which is mainly manifested
as dyspnea, rapid onset and death. It mostly occurs in
the warm and humid season in autumn. At present, K.
pneumoniae has become one of the main infectious dis-
eases that harm mink farming. In China, K. pneumoniae
strains from minks were prevalent in Hebei, Shandong,
Liaoning, Heilongjiang and other regions, causing serious
economic losses to the mink farming industry. K. pneu-
moniae strains are mainly in the respiratory and intesti-
nal tracts. They can be transmitted through aerosols and
faeces and has the potential to infect other animals and
humans. However, there were relatively few studies spe-
cifically focused on mink.

Antibiotics have been used to treat a wide range of
bacterial infections in humans and animals [5]. In recent
years, due to the selection pressure and inappropriate
antibiotic use in healthcare and agriculture, the resis-
tance of K. pneumoniae has become increasingly seri-
ous, showing an increasing trend year by year, mainly
manifested as multi-drug resistance. Multiple factors
contribute to development and maintenance of antibi-
otic resistance, lack of new antimicrobials, and spread of
organisms or resistance genes within healthcare facilities
and beyond. Therefore, the understanding of the drug
resistance of K. pneumoniae is very significant. In recent
years, the drug resistance of K. pneumoniae isolated from
mink has become increasingly serious. A study from
China found that the K. pneumoniae strain isolated from
mink was resistant to chloramphenicol, aminoglycosides,
tetracycline, sulfonamides and most cephalosporins [6].
The detection of extended-spectrum beta-lactamase-
producing of K. pneumoniae from mink feces showed
that all ESBLs fecal isolates were resistant to ampicillin,
cefazolin, and cephalothin [7]. The found from the Neth-
erlands showed that people who lived in the lowest mink
density in the municipalities had a low ESBL/pAmpC-E
prevalence of E. coli and K. pneumoniae [8].
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Whole-genome sequencing is a powerful tool for the
study of the molecular epidemiology of K. pneumoniae,
and determine the dissemination [9-13]. In this study,
the objectives of the study were to analyze the antimicro-
bial susceptibility of K. pneumoniae with capsular sero-
type K2 isolated from mink in China. Whole-genome
sequencing was used to explore resistance and virulence
genes of K. pneumoniae strains. They will be helpful to
reveal the key role of spread of antimicrobial resistance.

Results

Identification of strain and serotype analysis

The result of detecting and sequencing the khe gene
showed that the stain was K. pneumonia. The string test
was positive and showed high mucus phenotype. The iso-
late was serotype K2 using PCR method and sequencing.
High mucus phenotype and serotype K2 were the main
manifestations of high virulence K. pneumonia. MLST
results showed that the isolate were ST6189.

Antimicrobial susceptibility testing

The strain was detected determined by Kirby-Bauer
disk diffusion method. The results showed in Table 1.
The strain was sensitive to ceftazidime (CAZ), cefazo-
lin (CFZ), ceftriaxone (CRO), levofloxacin (LEV), ami-
kacin (AMK), gentamicin (GEN), imipenem (IPM) and
meropenem (MPM), and resistant to ampicillin (AMP),
cefoxitin (CFO), ciprofloxacin (CIP), chloramphenicol
(CLO), florfenicol (FLR), tetracycline (TET), doxycycline
(DOX), polymyxin (CT), streptomycin (STR), kanamycin
(KAN) and trimethoprim/sulfamethoxazole (SXT). The.

Genome assembly and component analysis

The optimized assembly results showed that there were
one chromosome with 5237.551 kb and one plasmid with
125.072 kb, the chromosome and plasmid were circular.
The plasmid with IncFIB replicons. The genome size was
5362.623 kb, and gene number was 5111. The gene length
distribution was showed in Fig. 1. There were 87 tRNA,
3 rRNA and 43 sRNA. A total of 13 GIs were detected,
there were 10 GIs in the chromosome and 3 GIs in the
plasmid.

Gene function analysis

The functions in the identification of 43 GO terms
included 22 terms in biological process, 11 terms in cel-
lular component and 10 terms in molecular function.
The GO enrichment items were shown in a bar diagram
(Fig. 2). In terms of cellular components, GO-terms were
mainly enriched in the cell, cell part, macromolecular
complex, organelle and other processes. GO-terms in
the biological process were enriched in cellular process,
metabolic process, biological regulation, establishment of
localization, localization, regulation of biological process
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Table 1 Results of drug sensitivity test
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Antibiotics Antimicrobial agents concentration(ug) Antibacterial diameter range(mm) Bacteriostatic diameter(mm)  Susceptibility
AMP 10 13-17 5 R
CAZ 30 14-18 20 S
CFO 30 14-18 8 R
CFz 30 14-18 21 S
CRO 30 14-18 20 S
cp 5 15-21 10 R
LEV 5 12-16 18 S
CLO 30 12-18 6 R
FLR 30 12-18 8 R
TET 30 14-19 8 R
DOX 30 12-16 10 R
cT 30 8-12 6 R
AMK 30 14-17 20 S
STR 10 11-15 8 R
GEN 10 12-15 18 S
KAN 30 13-18 10 R
SXT 1.25/23.75 10-16 6 R
IPM 10 13-16 20 S
MPM 10 16-18 20 S

and other processes. GO-terms in molecular function
were enriched in binding, catalytic activity, nucleic acid
binding transcription factor activity, transporter activity
and others in molecular function.

A KEGG pathway enrichment analysis was performed,
which identified 219 pathway terms. The terms are dis-
played in a bar diagram (Fig. 3). The items are associated
with the cellular processes, environmental information
processing, genetic information processing, human dis-
eases, metabolism and organismal systems. There were
171 genes and 22 genes participated in cellular commu-
nity-prokaryotes and cell growth and death, respectively.
A total of 389 genes and 145 genes were included in
membrane transport and signal transduction. In genetic
information processing, there were 82 genes in trans-
lation pathway and 60 genes in replication and repair.
Drug resistance: antimicrobial pathway included 67
genes. More than 100 genes were in nucleotide metab-
olism, metabolism of cofactors and vitamins, energy
metabolism, carbohydrate metabolism and amino acid
metabolism.

For COG annotation, we noticed that the genes of
strain grouped to COG-G (carbohydrate transport and
metabolism), COG-E (amino acid transport and metab-
olism) and COG-K (transcription) were significantly
higher than type of other function (Fig. 4).

The whole genome sequencing data uploaded to
VEDB database for virulence factor comparison, the
results were in Table 2. The virulence factors including
capsule (galF, wcaJ, manC, manB), lipopolysaccharide
(uge), adhesin (fimH, fimD, fiml, fimA, fimE, fimB, mrkA,
mrkB, mrkC, mrkF, mrkl, mrkH, pilD, pilQ, pilT, pilW,

PIIR), iron uptake system (fepC, fepD, entA, entB, entE,
entF,aerobacin, ybtA), urease (ureA, ureB, ureG, allR),
secretory system (hcp/tssD, sciN/tss], icmF/tssM, vipB/
tssC, vasH/clpV), regulatory gene (rcsA, rcsB), deter-
minants of pili adhesion (stiB, stkB, sthC, sthB), enolase
(eno) and magnesium ion absorption related genes (mgtB,
mgtC). The colibactin genes had not been detected.

The drug resistance gene annotation results were
showed in Table 3. A total of 26 drug resistance genes in
12 classes were screened. There were beta-lactam (pbpIa,
pbp2, blag,,_, blagip_s_g), aminoglycosides (aadA6),
fluoroquinolones (gnrB2, aac(6’)-1b-cr), tetracycline
(tet34, tetA, tetG), sulfonamides (sull), amide alcohols
(cmle3, floR), macrolides (mpha), rifampicin (arr-3), fos-
fomycin (fosA5), vancomycin (vanA, vanC), diaminopy-
rimidines (dfra22, dfra5, dfrA25) and polymyxin (arnA,
pmrF, pmrE, pmrB, pmrC). Multidrug-resistant efflux
protein AcrA, AcrB, TolC, were predicted in the strain.

Discussion

K. pneumoniae is a common opportunistic pathogen
and easy to infect people and animals. It is widely dis-
tributed in the respiratory tract and intestinal tract of
animals, and its infection rate is second only to Esch-
erichia coli. Serotypes K1, K2 and K5 are highly virulent
in experimental infection in mice and may cause severe
infections in humans and animals [14]. K. pneumoniae is
one of the main pathogens causing pneumonia in mink.
However, the studied about K. pneumoniae isolated from
mink had been less reported. In the study, the K. pneu-
moniae isolate was identifed as serotype K2 and hyper-
mucoviscous phenotype. A study found that 14 of the
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Fig. 1 The gene length distribution of genomic. The horizontal coordinate was the gene length and the vertical coordinate was the corresponding gene

number

15 K. pneumoniae strains isolated from minks in China
were identified as serotype K2 [15]. It implied that sero-
type K2 was prevalent in mink in China. At present, there
are many ST types of K. pneumoniae, but ST11, ST15,
ST23 and ST37 are the main epidemic ST types [16, 17].
In this study, the isolate belonged to ST6189. There were
no studies of K. pneumoniae strains with ST6189 were
reported. The strain with ST6189 isolated from mink was
first reported in our study. It is suggested to strengthen
and regularly monitor the epidemic ST types of K.
pneumoniae.

Antibiotic resistance has been a potentially serious
threat to global public health. Literature regarding resis-
tant bacteria and antibiotic use in mink is scarce [18].
The sensitivity test results of this study showed that K.
pneumoniae isolate was highly sensitive to IPM and

MPM, which may be due to the fact that carbapenem
drugs had been strictly prohibited for use in animals.
K. pneumoniae isolate was resistant to AMP, which was
consistent with the report that K. pneumoniae exhibited
inherent resistance to AMP [19]. The sensitivity of this
strain to cephalosporin was not exactly the same as other
reports [20, 21]. This was mainly due to regional differ-
ences in drug use. Fluoroquinolones, aminoglycosides,
tetracycline, sulfonamides and amide alcohols were the
important class of wide-spectrum antibacterial agents
and had been widely used for disease treatment and
control in mink production in China. So it was highly
resistant to these drugs. The Chinese government had
officially banned polymyxin as an animal growth pro-
moter, but the strain was also resistant to polymyxin.
The increased prevalence of multi-resistant strains and
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pathogenic bacteria in animal populations had increased
the risk of transmission of zoonotic pathogens, and also
proposed a serious challenge for clinical treatment of
animals.

The genome analysis showed that it had the similar
base pairs with other K. pneumoniae strains. K. pneu-
moniae presented at least one plasmid sequence, plasmid
with IncFIB, IncFIA, IncFIB, IncHI1B, and IncFII repli-
cons [22-24]. In this study, the strain had one plasmid
with IncFIB replicons. This conjugative plasmid had been
associated with the dissemination of the blay,,, blag,,
blacry_iyp and blayy, genes in K. pneumoniae [25, 26].

Meanwhile, general function analysis of the K. pneu-
moniae strain genome showed that the identified genes
were primarily involved in various GO, KEGG pathways
and COG, which revealing the diversity of gene func-
tions. The function analysis showed that the genes were
mainly in metabolic aspect. Bacteria were small and had a
relatively large surface area. Therefore, material exchange
was frequent and rapid, showing a very active metabo-
lism. Various bacteria had different nutritional require-
ments, energy sources, enzyme systems and metabolites,
forming a variety of metabolic types to adapt to the com-
plex external environment. Carbohydrate were the nec-
essary raw materials for the synthesis of bacteria and
the main source of energy for bacterial metabolism. The

draft genome sequence of K. pneumoniae isolated from
a patient with chronic diarrhoea showed that a non-ribo-
somal peptide synthetase (NRPS), bacteriocin and thio-
peptide biosynthetic gene cluster, can also be predicted.
The function of genes of strain assigned were not consis-
tent with previous studies reporting [27, 28].

The pathogenicity of K. pneumoniae depends on the
action of virulence factors. The exact definition of hvKp
remained controversial. Although the string tests were
generally accepted as the method for identifying hvKp,
many wire drawing positive K. pneumoniae did not
exhibit high virulence [4]. High viscosity was not equal
to high virulence. It was necessary to combine molecu-
lar biological detection methods to identify. Several
virulence factors such as K1/K2 serum types, rmpA
and aerobactin seemed to be closely related to the high
virulence of hvKp [4]. In this study, the string test was
positive and the strain belonged to K2 serotype, and 10
virulence factor categories including 48 kinds of viru-
lence genes were detected. The detection rate of pili,
iron uptake system, T6SS and capsule related genes were
higher than other genes. The rmpA gene and the genes
encoding colibactin toxin were not detected, but aero-
bactin gene was existing. Aerobactin supplementation
of a defined minimal medium with transferrin mark-
edly reduced the growth of avirulent strains but had no
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significant effect on the growth of virulent strains, and
production of aerobactin could be correlated with viru-
lence [29]. Therefore, it is speculated that the virulence
mechanism of K. pneumoniae isolated in this study might
include: (1) Synthesizing pili and adhering to the surface
of host cells formation to play a role in exerting virulence.
(2) By secreting iron carriers to absorb iron from the host
for reproduction and infection. (3) By using the capsular
polysaccharide contained in the capsule to trigger the
bacterial immune escape mechanism. (4) Lipopolysac-
charide aggregates on the surface of bacteria, forming
complexes to mediate bacteria to escape or resist the kill-
ing of host innate immunity [30, 31]. Combined with the
above conclusions, it was confirmed that the strain was

highly virulent K. pneumonia. The genome of K. pneu-
moniae isolated from feral swine showed that a total of
14 virulence factors related to adherence, invasion, and
iron uptake were detected [32]. The virulence genes such
as yagZ/ecpA, yagY/ecpB, yagV/ecpE, yagX/ecpC, fimB,
entA, entB, fepC, kdsA, fimH, fepB and yagW/ecpD were
detected in the genome of swine K. pneumoniae in Jilin
Province in China [33]. Although the kinds of virulence
genes were not the same in these studies, the virulence
genes of the strains were diverse and mainly caused dis-
eases in animals. Monitoring virulence of K. pneumoniae
was as important as drug resistance to prevent. Because
the virulence of the strains was a threat to animal popula-
tions and the health.
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Table 2 The results of virulence genes

Virulence factor category

Virulence gene

Capsule galF, weal, manC, manB
Lipopolysaccharide uge
Adhesin Type | fimbriae fimH, imD, fiml, imA, imE, imB
Type 3 fimbriae mrkA, mrkB, mrkC, mrkF, mrkl, mrkH
Type 4 fimbriae pilD, pilQ, pilT, pilW, pilR
Iron uptake system Enterobactin fepC, fepD, entA, entB, entE, entF
Aerobactin aerobactin
Yersinia ybtA
Urease ureA, ureB, ureG, allR
Secretory system T6SS hcp/tssD, sciN/tssd, icmf/tssM, vipB/tssC, vasH/clpV

Regulatory gene

Determinants of pili adhesion

Enolase

Magnesium ion absorption related genes

rcsA, rcsB

stiB, stkB, sthC, sthB
eno

mgtB, mgtC

Antibiotic resistance had been a potentially serious
threat to global public health. In this study, p-lactam
resistance genes of pbpla, pbp2, blag,,_, and blagxp_,_g
were detected which hydrolyzed penicillin and cephalo-
sporin drugs resulting in resistance to p-lactam drugs.
The resistance genes of blayy, were derived from K.

pneumoniae, and could be replicated and continuously
expressed along the host bacteria chromosome. They
belonged to the narrow spectrum [-lactamase genes
and mediated the bacteria resistant to amoxicillin, ampi-
cillin, carbobenzicillin, ticacillin and first-generation
cephalosporin. The early family of blag,, genes were
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Table 3 The results of resistance genes

Drug resistance class Resistance gene

Beta-lactam pbpla,pbp2,blasy,_,, blaqe_s_g
aadA6

qnrB2, aac(6’)-1b-cr

Aminoglycosides
Fluoroquinolones

Tetracycline tet34, tetA, tetG

Sulfonamides sull

Amide alcohols cmle3, floR

Macrolides mpha

Rifampicin arr-3

Fosfomycin fosAS

Diaminopyrimidines dfra22, dfra5, dfrA25
Vancomycin vanA, vanC

Polymyxin arna, pmrf, pmrE, pmrB, pmrC

first discovered in K. pneumoniae, and then gradually
found in other Enterorod bacteria, and several gene sub-
types had evolved [34, 35]. The genes of SHV-type had
been reported as the most prevalent B-lactamases genes
in K. pneumoniae. Only one aminoglycosides resistance
gene was detected which cause the strain was resistant
to streptomycin. It has been reported that tetA, tetG,
floR and cmle3 mediate the efflux pump of tetracycline,
florfenicol and chloramphenicol respectively, which
could pump drugs out of cells and reduce intracellu-
lar drug concentration to develop resistance [36—38]. In
this study, the resistance genes of tetA and floR were on
the plasmid. tet34 is commonly found in K. pneumoniae,
and causes the activation of Mg?"-dependent purine
nucleotide synthesis, which protects the protein synthe-
sis pathway [39]. There were two plasmid-mediated qui-
nolone resistance (PMQR) genes gnrB and aac(6’)-1b-cr
which mediated horizontal transmission of resistance
genes. In this study, the strain was resistant to polymyxin
and five resistance genes were detected. These genes as
bifunctional enzyme that catalyzes the oxidative decar-
boxylation of UDP-glucuronic acid (UDP-GIcUA) to
UDP-4-keto-arabinose (UDP-Ara4Q) and the addition
of a formyl group to UDP-4-amino-4-deoxy-L-arabinose
(UDP-L-Ara4N) to form UDP-L-4-formamido-arabinose
(UDP-L-Ara4FN). The modified arabinose is attached to
lipid A and is required for resistance to polymyxin and
cationic antimicrobial peptides. Also, vancomycin resis-
tance genes were annotated in the strain. Vancomycin
could block the synthesis of bacterial cell walls, and also
affect the membrane permeability of some gram-posi-
tive and gram-negative bacteria. VanA type vancomy-
cin resistance operon genes and vanC type vancomycin
resistance operon genes, which could synthesize pep-
tidoglycan with modified C-terminal D-Ala-D-Ala to
D-alanine—D-lactate. Vancomycin belonged to the tricy-
clic glycopeptide class of antibiotics, which mainly had
strong bactericidal activity against gram-positive bacte-
ria. Vancomycin resistance gene clusters were commonly

Page 8 of 11

seen in Enterococcus and Staphylococcus aureus. This
was the first time to report that K. pneumoniae carried
vancomycin resistance genes. AcrAB-TolC was a kind
of multidrug resistance efflux pump system that had
been found in gram-negative bacteria. It mainly caused
the resistant to aminoglycoside, glycylcycline, macro-
lide, beta-lactam, acriflavin and fluoroquinolones. In the
presence of antibiotics or toxic compounds, efflux can be
the fastest and most effective resistance mechanism of
the stress response of enterobacterium [40]. In addition,
AcrAB-TolC system may play a role in plasmid-mediated
transmission of bacterial resistance. A study found that
the acquisition of resistance to tetracycline in Escherichia
coli depends on the AcrAB-TolC multidrug efflux pump,
because it reduces the concentration of tetracycline in
cells. Therefore, protein synthesis can be sustained and
TetA expression can be initiated immediately after plas-
mid acquisition. The efflux activity of AcrAB-TolC can
also maintain resistance through plasmid transfer in the
presence of antibiotics and other modes of action [41].
The genome sequence analysis of multidrug-resistant K.
pneumonia isolated from a pig farm in China showed
that the resistance genes included blayp_g_s, aac(6’)-1b-
cr, ogxA, oqxB, qnrB6, dfrA27, floR, aadAl6, fosAS, sull,
arr-3 and tetD [42]. Compared to our study, there were
some of the same resistance genes in the genome of K.
pneumonia isolated from pig and mink. It could be seen
that the K. pneumonia strains from animal carried a vari-
ety of drug resistance genes, and the drug resistance was
very serious.

Conclusion

It was the first to identify that serotype K2 K. pneumonia
with ST6189 isolated from mink in China. The genome
analysis showed that the strain carried 10 virulence factor
categories including 48 kinds of virulence genes. The pili,
iron uptake system, T6SS and capsule related genes play
the major role. The drug sensitivity test results showed
that the strain was multi-drug. The resistance genes were
diverse and mediated bacterial resistance to antibiotics.
Vancomycin resistance genes were the first time to report
in K. pneumoniae. So great attention should be paid to
the etiology and epidemiological surveillance of K. pneu-
moniae in mink.

Methods

Collection of strain and serotype analysis

In 2021, a mink farm in Jilin Province of China had 2,000
minks which were feeded caged together, and more than
20 minks were dead. The dead minks were mainly young
males and showing symptoms of respiratory distress.
One of the dead minks was sent for testing by the farmer.
The dead mink showed some clinical symptoms, such as
lethargy, loss of appetite, cough, runny nose, abdominal
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breathing and diarrhea. The K. pneumoniae strain was
isolated from a lung sample and streaked onto Macon-
key Agar medium. It was according to standard clinical
microbiologic methods. The bacterial colony from an
overnight culture was added to 300puL water and boiled
for 15 min to release DNA template. The isolate was
identified using PCR based on the kke gene, a specific
target gene of K. pneumonia [15]. The string test was per-
formed by touching a colony with a loop and pulling up.
A test result is considered to be positive when a string of
=5 mm is observed. The serotype of the isolate was using
PCR for serotypes K1, K2, K5, K20, K54 and K57, and
sequencing was performed in Kumi Biotechnology (Jilin)
Co., Ltd (Jilin, China) [15].

The molecular typing of K. pneumoniae was detected
by MLST method. 7 housekeeping gene (gapA, infB,
mdh, phoE, pgi, rpoB and tonB) were amplified by PCR,
the primers and reaction program were referenced K.
pneumoniae MLST online database (http://www.pasteur.
fr/mlst). All PCR amplified positive products of 7 house-
keeping genes were sequenced by Kumi Biotechnology
(Jilin) Co., Ltd (Jilin, China) and submitted to the web-
site  (http://www.pasteur.fr/mlst/Kpneumoniae. html)
to obtain the allele number and ST type of each steward
gene of MLST.

Antimicrobial susceptibility testing

The antimicrobial susceptibility tests were determined by
Kirby-Bauer disk diffusion antibiotic testing method as
recommended by the Clinical and Laboratory Standards
Institute (CLSI, 2020) using 19 different antibiotic disks
of all classes: ampicillin, ceftazidime, cefoxitin, cefazolin,
ceftriaxone, ciprofloxacin, levofloxacin, chloramphenicol,
florfenicol, tetracycline, doxycycline, polymyxin, amika-
cin, streptomycin, gentamicin, kanamycin, imipenem,
meropenem and trimethoprim/sulfamethoxazole. The
drug sensitive paper purchased from Hangzhou Micro-
bial Reagent Co., LTD in China. The specific antimicro-
bial agents used for susceptibility testing were mainly
used for the treatment of K. pneumoniae and some drugs
prohibited in veterinary clinic.

Extraction of genome DNA

Genomic DNA was extracted with the FastPure® Bac-
teria DNA Isolation Mini Kit (Vazyme Biotech Co.,Ltd.
Nanjing, China). The harvested DNA was detected by the
agarose gel electrophoresis and quantified by Qubit® 2.0
Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA).

Library construction and sequencing

Libraries for single-molecule real-time (SMRT) sequenc-
ing was constructed with an insert size of 10 kb using
the SMRT bell TM Template kit, version 1.0. Briefly, the
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process were that fragment and concentrate DNA, repair
DNA damage and ends, prepare blunt ligation reac-
tion, purify SMRTbell Templates with 0.45X AMPure
PB Beads, size-selection using the, BluePippin System,
repair DNA damage after size-selection. At last, the
library quality was assessed on the Qubit® 2.0 Fluorom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) and
detected the insert fragment size by Agilent 2100 (Agi-
lent Technologies, Santa Clara, CA, USA).

A total amount of 1 pg DNA per sample was used
as input material for the DNA sample preparations.
Sequencing libraries were generated using NEBNext®
Ultra™ DNA Library Prep Kit for Illumina (NEB, USA)
following manufacturer’s recommendations and index
codes were added to attribute sequences to each sample.
Briefly, the DNA sample was fragmented by sonication
to a size of 350 bp, then DNA fragments were end-pol-
ished, A-tailed, and ligated with the full-length adaptor
for Illumina sequencing with further PCR amplification.
At last, PCR products were purified (AMPure XP system)
and libraries were analysed for size distribution by Agi-
lent2100 Bioanalyzer and quantified using real-time PCR.

The whole genome of the isolate was sequenced using
PacBio Sequel platform and Illumina NovaSeq PE150 at
the Beijing Novogene Bioinformatics Technology Co.,
Ltd.

Genome assembly

In order to ensure the accuracy of the subsequent analy-
sis results, the low-quality reads were filtered (less than
500 bp) to obtain Clean data. Using the automatic error
correction function of SMRT portal, the long reads were
selected (more than 6000 bp) as the seed sequence, and
the other shorter reads were aligned to the seed sequence
by Blast, so that the accuracy of the seed sequence could
be improved further. After assembling we got an initial
result.

By the variant Caller module of the SMRT Link soft-
ware, the arrow algorithm was used to correct and count
the variant sites in the preliminary assembly results. The
corrected assembly result, which was used as the refer-
ence sequence, was blast with Illumina data by bwa.
Futhermore the result was filtered with the base mini-
mum mass value of was 20, the minimum read depth of 4
and the maximum read depth of 1000. Based on the over-
lap between the head and the tail, we confirmed whether
the chromosomal sequence formed a circle or not, then
corrected the initial site by blast with the DNA database.
At last the chromosome and plasmid sequences were
screened by blast with plasmid database.

Genome component prediction
Genome component prediction included the predic-
tion of the coding gene, non-coding RNA and genomics
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islands. The available steps were proceeded as follows: (1)
For bacteria, we used the GeneMarkSprogram to retrieve
the related coding gene. (2) Transfer RNA (tRNA) genes
were predicted by the tRNAscan-SE. Ribosome RNA
(rRNA) genes were analyzed by the rRNAmmer. Small
nuclear RNAs (sSRNA) were predicted by BLAST against
the Rfam database. (3) The IslandPath-DIOMB program
was used to predict the Genomics Islands (GIs).

Gene function

GO (Gene Ontology), KEGG (Kyoto Encyclopedia of
Genes and Genomes) and COG (Clusters of Ortholo-
gous Groups) were used to predict gene functions. A
whole genome Blast search (E-value less than le-5, mini-
mal alignment length percentage larger than 40%) was
performed against above the databases. For pathogenic
bacteria, we added the pathogenicity and drug resistance
analyses. We used the PHI (Pathogen Host Interactions),
VEDB (Virulence Factors of Pathogenic Bacteria), ARDB
(Antibiotic Resistance Genes Database) to perform the
above analyses. In addition, targeted PCR had been used
to confirm the absence of the colibactin genes (c/bA, clbB,
¢IbN and clbQ) as previously described [43].
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