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Background: Hypervirulent Klebsiella pneumoniae (hvKp) is a critical pathogen
that causes highly lethal invasive infections with its virulence linked to that of
aerobactin, the core siderophore system of hvKp.
Methods: Here, 20 porcine-derived K. pneumoniae strains were subjected to
capsular genotyping and the virulence of the strains was evaluated through
mouse lethality assays. Whole-genome sequencing and analysis was performed
on two K2 serotype strains (including highly and weakly virulent strains), and the
differential virulence genes were analyzed. The virulence-related gene iucC,
identi�ed in the hypervirulent K2 serotype strain KP10, was knocked out using
homologous recombination to preliminarily explore its function in K. pneumoniae.
Results: In this study, a highly virulent K2-type strain KP10 and a low virulent K2-
type strain KP6 were screened from 20 strains of porcine K. pneumoniae. The
results of the genome and virulence gene analyses revealed that compared with
KP6, the highly virulent strain KP10 speci�cally encodes the iucC gene. The �
iucC mutant of the high-virulence strain KP10 exhibited signi�cantly reduced
bio�lm formation, decreased siderophore production, moderate serum
sensitivity, and attenuated virulence. Furthermore, the mutant displayed
decreased adhesion to IPEC-J2 cells, reduced cytotoxicity, and decreased cell
mortality. These results revealed that iucC is a major contributor to virulence in
the KP10 hvKp strain. Notably, iucC genes were detected in the genomes of K.
pneumoniae from humans and six different animal and environmental sources,
and some iucC genes were shared in K. pneumoniae from these sources.
Conclusion: Overall, this work provides a crucial theoretical foundation for
elucidating iucC function and the pathogenesis of K. pneumoniae. Its
widespread presence in different hosts and environments considerably
increases the risk of cross species transmission and public health events.
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1 Introduction

Klebsiella pneumoniae (K. pneumoniae), a gram-negative and
rod-shaped bacterium, is part of the Enterobacteriaceae family
(Feldman et al., 2019). It is an opportunistic pathogen commonly
found in diverse environments including water, soil, plants, and
animals and may be part of the normal �ora of the human
gastrointestinal tract (Choby et al., 2020; Lei et al., 2024). K.
pneumoniae can cause a variety of nosocomial infections,
including pneumonia, urinary tract infections, bloodstream
infections, meningitis, and bacteraemia, such as in people with
diabetes or malignancies (Wang et al., 2020; Yang et al., 2022). Since
the mid-1980s, a new “hypervirulent” K. pneumoniae (hvKp) with
hypermucoviscosity has been increasingly reported worldwide,
particularly in Asia, and has emerged as a clinically signi�cant
pathogen (Russo et al., 2018). Unlike “classic” K. pneumoniae (cKp),
this strain causes highly invasive infections, such as pyogenic liver
abscesses, osteomyelitis, and endophthalmitis, predominantly, in
younger and healthier people (Lee et al., 2017).

K. pneumoniae not only poses a signi�cant threat to human
health but also presents considerable risks to animals, particularly
those in the swine industry. However, this pathogen typically does
not cause fatal infections in pig populations and often manifests as
sporadic cases, with only a few severe infections, leading to its
pathogenicity being frequently overlooked (Wu et al., 2023). In
recent years, with the emergence of hvKp and carbapenem-
resistant K. pneumoniae (CRKp) on pig farms, infection rates
have shown an increasing trend. These strains can not only cause
pneumonia in pigs but also lead to sepsis, mastitis, and urinary
tract infections (Bidewell et al., 2018; Hou et al., 2024; Yang et al.,
2019b). Owing to the widespread transmission of K. pneumoniae
between animals and humans (Hetland et al., 2025), in-depth
research into the pathogenic mechanisms of pig-derived K.
pneumoniae is of signi�cant practical importance for safeguarding
public health and enhancing biosecurity management in the
swine industry.

The pathogenicity of K. pneumoniae is attributed to its multiple
virulence factors, including capsules, lipopolysaccharides, �agella,
and siderophores. These factors enable bacteria to adhere to host
tissues, evade the immune system, and cause tissue damage (Holden
et al., 2016). K. pneumoniae can secrete four types of siderophores,
namely, aerobactin, salmochelin, enterobactin, and yersiniabactin,
which have been shown to strongly correlate with in vivo virulence
and differentiate hvKp strains from cKp strains (Arato et al., 2021;
Mendes et al., 2023). These siderophores enable bacteria to acquire
iron in iron-limited environments, such as the human host. Among
these siderophores, aerobactin, a citrate-hydroxamate siderophore,
is critically important for the virulence of pathogenic enteric
bacteria. Aerobactin is encoded by four biosynthetic enzymes
(“ iron uptake chelates” iucA, iucB, iucC and iucD) and a
transmembrane transporter (“ iron uptake transporter” iutA)
operon, which are involved in the biosynthesis and transport of
aerobactin glycosides (Pu et al., 2023). IucC is a member of a family
of nonribosomal peptide synthetase-independent siderophore
(NIS) synthetases that play crucial roles in the biosynthesis of
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aerobactin (Bailey et al., 2018). Current studies have shown that
the iucC gene plays a signi�cant role in the pathogenicity of the
avian pathogen Escherichia coli (APEC) E058 (Ling et al., 2013).
Additionally, research has indicated that the synthesis of aerobactin
is crucial for the virulence of human derived hvKp (Russo and
Gulick, 2019). However, studies on the role of the iucC gene in the
pathogenicity of hvKp are relatively limited. In particular, the
contribution of the iucC gene to the virulence of hvKp from
animal sources has not been reported.

In this study, we conducted capsular genotyping on 20 porcine-
derived K. pneumoniae strains and evaluated them through mouse
lethality assays. Two K2- serotype strains with varying virulence
(including highly and weakly virulent strains) were selected for
whole-genome sequencing, followed by the prediction of
homologous genes and virulence factor genes. The virulence-
associated gene iucC was identi�ed in the K2 serotype hvKp
KP10. Using homologous recombination technology, we deleted
the iucC gene and preliminarily explored its function in
K. pneumoniae.
2 Materials and methods

2.1 Animals and ethics statement

The animal experiments were approved by the Laboratory
Animal Welfare Ethics Committee of Jilin University (project
license number: SY202412013). Six- to eight-week-old C57 female
mice were purchased from Liaoning Changsheng Biotechnology
Co., Ltd. (Shenyang, China. During the experimental period, the
temperature of the animal room was controlled with light-dark
cycles. The mice were allowed free access to food and water before
and after inoculation.
2.2 Bacterial strains and culture conditions

Bacterial strains were isolated from pig feces from 4 different pig
farms and were con�rmed to be K. pneumoniae by 16S rDNA
sequence ampli�cation and sequencing, along with PCR
ampli�cation of the khe gene as described in a previous study (He
et al., 2016; Wu et al., 2021). All K. pneumoniae were routinely
cultured using Luria Bertani (LB) (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) at 37°C with shaking at
180 rpm.
2.3 Characterization of capsular
genotyping and hypermucoviscous
phenotype

All the isolated K. pneumoniae were typed by wzi gene
sequencing according to Aboulela et al (Aboulela et al., 2020).
The strains were ampli�ed by PCR using wzi gene speci�c primers
(Supplementary Table S1) and the PCR products were subsequently
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sequenced by Sangon Biotech. The primer sequences can be found
in Supplementary Table S1.

For the string test to identify the hypermucoviscous phenotype,
all strains were inoculated onto agar plates containing 5% sheep
blood as described previously to determine whether they exhibited a
hypermucoviscous phenotype (Gu et al., 2018). The results of the
string test were considered positive when a sticky string longer than
5 mm could be produced by touching and pulling individual
colonies upwards with a standard inoculation ring.
2.4 Mouse lethality test

The in vivo virulence of K. pneumoniae was determined, as
described by Hu et al (Hu et al., 2023). Twenty strains of K.
pneumoniae were cultured to the logarithmic growth stage,
washed three times with PBS, and diluted to concentrations of 1
× 103 CFU/mL, 1 × 104 CFU/mL, 1 × 105 CFU/mL, 1 × 106 CFU/mL
and 1 × 107 CFU/mL. The mice were challenged by intraperitoneal
injection (10 mice per group). The infected mice were subsequently
monitored daily for 7 days, after which the survival rate of the mice
was recorded.
2.5 Genome sequencing and annotation

The genome sequencing of K. pneumoniae KP10 and KP6 was
performed at Beijing Novogene Bioinformatics Technology Co.,
Ltd., using PacBio RS II. Genomic gene structures were predicted
using Prokka. Key genomic characteristics, including genome size,
GC content, and the number of coding genes for K. pneumoniae
KP6 and KP10, were statistically analyzed and visualized using
TBtools software. To identify virulence-associated genes, the
protein sequences of KP6 and KP10 were aligned against the
Virulence Factor Database (VFDB). Using ABRicate (version
1.0.1) with VFDB as the reference database, potential virulence
factor-coding genes were screened with default identity and
coverage thresholds (�80% for both identity and coverage). All
the annotation results were manually veri�ed to ensure accuracy
(Fu et al., 2024).
2.6 Construction of the gene deletion and
complementation strains

A mutant of the iucC gene of K. pneumoniae KP10 was
constructed with a homologous recombination system according
to a previous study (Li et al., 2023). The primers for constructing �
iucC and C-iucC are listed in Supplementary Table S1. To construct
the � iucC mutant, upstream and downstream �anking regions
were ampli�ed with the primer pairs iucC-up-F (XbaI)/iucC-up-R
and iucC-down-F/iucC-down-R (SacI), respectively. These
fragments were subsequently fused by PCR using the primers
iucC-up-F (XbaI) and iucC-down-R (SacI). The fusion product
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was digested and ligated into XbaI/SacI-linearized pRE112, creating
the suicide plasmid pRE112-iucC. This plasmid was introduced into
KP10 via conjugation using E. coli WM3064 as the donor. The �rst
crossover was selected with ampicillin and chloramphenicol, and
the second crossover and plasmid excision were selected with
ampicillin and 12% sucrose (Yang et al., 2019a). The � iucC
mutant was con�rmed by PCR with the primers iucC-I-F/iucC-I-R
and sequencing.

For the complementary strain C-iucC, the iucC gene including
its promoter was ampli�ed with iucC-P-F/iucC-P-R and cloned and
inserted into pBBR1-MCS, generating pBBR-iucC. This plasmid
was transformed into the � iucC mutant and C-iucC was identi�ed
by PCR analysis and DNA sequencing. Genetic stability was
assessed for � iucC and C-iucC using PCR with the primers
iucC-up-F/iucC-down-R and iucC-C-F/iucC-C-R, respectively.
2.7 qRT-PCR of iucB and iucD

Total RNA was extracted from 5 mL of overnight cultures of
KP10 and � iucC strains using TRIzol reagent (TaKaRa, Dalian,
China) according to the manufacturer’ s instructions. Reverse
transcription was performed using 1 mg RNA in each sample by
the Prime Script™ RT Master Mix Kit (TaKaRa, Dalian, China).
qRT-PCR analysis was performed with the TB Green PCR Master
Mix (TaKaRa, Dalian, China). The primers for qRT-PCR analysis
are listed in Supplementary Table S1. The 2�DDCt method was used
to determine the relative expression level of each gene (Li et al.,
2022). 16S rRNA was used as the internal reference gene for internal
normalization. The experiments were performed at least three
times, and the data were statistically analyzed.
2.8 Mucoviscosity assay

The strains KP10, � iucC and C-iucC were inoculated onto
agar plates with 5% sheep blood for the string test to identify the
hypermucoviscous phenotype as described in previous studies
(Walker et al., 2019). The viscosity of the supernatant was
assessed by low-speed centrifugation of liquid cultures as
previously described (Muner et al., 2024). Brie�y, the strains were
incubated for 6 h and then the cultures were standardized to 1
OD600/mL and centrifuged at 1,000 × g for 5 min. The OD600 value
of the supernatant was measured. The experiment was repeated
three times.
2.9 Bacterial growth experiments

A bacterial growth assay was performed according to a previous
study with some modi�cations (Zhu et al., 2023). Speci�cally, the
strains KP10, � iucC and C-iucC were cultured in LB broth
overnight. For the iron depleted and replete conditions, the
overnight strains were inoculated with 1% LB supplemented with
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a source of ferrous iron (FeSO4) or with the iron chelator 2,2’-
dipyridyl to a �nal concentration of 200 mM and incubated for 24 h
at 37°C, after which they were collected at intervals of 1 h and
recorded at OD600nm. The experiment was repeated three times.
2.10 Bio�lm formation assay

Bio�lm formation was assessed using a microtiter plate bio�lm
assay according to a previous study with minor modi�cations (Shao
et al., 2020). Speci�cally, the diluted bacterial cultures (KP10, �
iucC and C-iucC) were dispensed into a 96-well microplate and
subjected to static cultivation at 37°C for 36 hours. The bio�lm
formation capacity of each strain was subsequently determined by
measuring the OD590. However, when OD590C<OD590 � 2OD590C,
2OD590C<OD590 � 4OD590C and OD590>4OD590C, the bio�lm
formation abil i ty was judged as weak, moderate and
strong, respectively.
2.11 Chrome chrome azurol S assay

A chrome azurol S (CAS) assay was used to determine the iron-
chelating ability of the bacterial supernatants according to a
previous study with some modi�cations (Holden et al., 2018).
Brie�y, overnight cultures of KP10, � iucC, and C-iucC strains
were centrifuged. The supernatant was mixed with an equal volume
of CAS assay solution and incubated in the dark for 30 min, after
which the absorbance (As) at OD630 nm was measured. A mixture
of LB medium and CAS solution served as the blank control (Ar).
Each sample was assayed in triplicate. Siderophore production was
calculated as follows: (Ar – As)/Ar × 100%.
2.12 Serum sensitivity assay

The serum sensitivity of strains KP10, � iucC and C-iucC was
determined as previously described (Al-Busaidi et al., 2024). Brie�y,
serum was isolated from healthy pig blood by centrifugation.
Bacteria (1 × 106 CFU/mL) were incubated with 75% serum at
37°C for 3 hours. Viable colony counts were determined at 0, 1, 2,
and 3-hour intervals. On the basis of the results, each strain was
classi�ed in triplicate assays as highly sensitive (grade 1–2),
intermediately sensitive (grade 3–4), or resistant (grade 5–6).
2.13 Mouse infection assay

The in vivo virulence of KP10, � iucC, and C-iucC, was tested
in a mouse model of intraperitoneal infection as described in a
previous study with minor modi�cations (Hu et al., 2022). Female
C57 mice were randomized into 4 groups (A–D), with 10 mice per
group. Speci�cally, the mice in group A were treated with 100 mL of
KP10 (group A: 1 × 105 CFU), the mice in group B were treated with
100 mL of � iucC (group B: 1 × 105 CFU), the mice in group C were
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treated with 100 mL of C-iucC (group C: 1 × 105 CFU), and the mice
in group D were treated with 100 mL of PBS. The mental state and
mortality rate of the mice were monitored every 12 h for a period of
7 consecutive days, after which the survival rate was calculated.

Blood and organized bacterial loads were determined. Female
C57 mice were randomly allocated into four groups (A–D).
Speci�cally, groups A to C each consisted of 9 mice: group A
received a single 100 mL administration of KP10 (1×106 CFU/per
mouse), group B was given a single 100 mL dose of � iucC (1×106

CFU/per mouse), and group C received a single 100 mL treatment of
C-iucC (1×106 CFU/per mouse). Group D, comprising 3 mice, was
administered a single 100 mL dose of PBS. The mice were
euthanized by an intraperitoneal injection of 100 mg/kg sodium
pentobarbital overdose at 3, 6, and 12 h after infection. Blood, liver,
spleen, kidneys, and lungs were collected aseptically. The tissues
were homogenized in PBS, and both the homogenates and blood
were serially plated on LB agar for bacterial enumeration (CFU
counting). For histopathology, a separate set of mice was euthanized
at 12 h post-infection. Their organs were �xed in 4% formalin,
processed, and subjected to hematoxylin and eosin staining for
microscopic examination.
2.14 Cell adhesion assays

Adhesion assays were performed mainly according to methods
described previously (Hsieh et al., 2016). Brie�y, IPEC-J2
monolayers (1×105 cells/well in 12-well plates) were infected with
K. pneumoniae at a multiplicity of infection (MOI) of 100 in serum-
free DMEM for 2 h at 37°C with 5% CO2. Following incubation,
nonadherent bacteria were removed by washing with PBS. Cells
were then lysed with 0.2% Triton X-100, and internalized bacteria
were quanti�ed by plating lysates on LB agar for CFU counting. The
experiments were performed in triplicate.
2.15 Cytotoxicity to IPEC-J2 cells

This test was performed to determine the effects of K.
pneumoniae KP10, � iucC and C-iucC on IPEC-J2 cell infection
(Wang et al., 2023). Brie�y, IPEC-J2 cells in 96-well plates were
infected with K. pneumoniae (MOI=100) in serum-free DMEM for
2, 4, and 6 h. After they were washed with PBS, the cells were treated
with 1% dual antibiotics to kill the extracellular bacteria. Cell
viability was then assessed using the CCK-8 assay by measuring
the OD450 after 2 h of incubation. All the assays were performed
in triplicate.
2.16 Assessment of cell survival or death by
propidium iodide single-staining assay

The viability of the cells was determined using a PI dye and �ow
cytometer according to previously described methods with minor
modi�cations (Edwards et al., 2007). Brie�y, IPEC-J2 cells were
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infected with K. pneumoniae (MOI=100) for 6 h. The cells were
then trypsinized, collected by centrifugation, and �xed. After they
were washed with PBS, the cells were stained with propidium iodide
(PI) in the dark for 30 min and analyzed by �ow cytometry
(CytoFLEX). The experiments were performed in triplicate.
2.17 Phylogenetic tree analysis of the iucC
gene

Identi�cation of the sequence of the virulence gene iucC on the
basis of 20 porcine K. pneumoniae genomes in this study. In
addition, the virulence gene iucC sequence was identi�ed from
30,758 publicly available K. pneumoniae genomes (integrity > 90%,
contamination<5%) retrieved from the NCBI database using
BLASTn (v2.16.0+). Multiple sequence alignment of all
the identi�ed iucC gene sequences was performed using
MAFFT (v7.525). Phylogenetic trees were constructed with
RaxML (v1.2.2) and visualized using iTOL (v7.1) (Ibrahim
et al., 2023).
2.18 Statistical analysis

Statistical analysis and data visualization were performed using
SPSS 16.0 software for one-way ANOVA and GraphPad Prism
8.0.2, respectively. Data throughout the text and �gures are
presented as the means ± standard errors of the means. In all
analyses, statistical signi�cance was set at P<0.05, P<0.01,
or P<0.001.
3 Results

3.1 Isolation and identi�cation of K.
pneumoniae strains

In total, 20 isolates of putative K. pneumoniae were isolated
from pig feces samples. The amplicon sizes of 16S rDNA and khe of
the isolated strains were approximately 1500 bp and 428 bp,
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respectively, according to gel electrophoresis (Supplementary
Figure S1A and S1B). BLAST analysis revealed that the 16S
rDNA sequences of these strains were 99% identical to those of
K. pneumoniae strains previously identi�ed in the GenBank
database (accession number: CP152779.1).
3.2 Determination of the capsular
genotyping and hypermucoviscous
phenotype

In total, 11 serotypes were obtained from 20 K. pneumoniae
strains, namely K1, K2, K10, K19, K26, K28, KL46, K54, K80, KL81
and KL116. Among these, the KP10 and KP6 strains belonged to the
K2 serotype. Our results indicated that two isolates, KP10 and KP11
had a string longer than 5 mm (Supplementary Figure S1C),
indicating a hypermucoviscous phenotype.
3.3 Toxicity determination of
K. pneumoniae in vivo

As shown in Figure 1A and Figure 1B, the intraperitoneal
injection of 103 CFU/mouse KP10 and KP11 resulted in the
complete death of the infected mice within 2 days. In contrast,
the remaining 18 strains of K. pneumoniae were unable to kill
infected mice even at 107 CFU/mouse (Figure 1C).
3.4 General genomic characteristics

Our results revealed that a highly virulent K2-type strain KP10
and a low virulent K2-type strain KP6 were screened from 20 strains
of porcine K. pneumoniae. Therefore, we performed whole-genome
sequencing on these two strains to compare virulence-related genes.
The complete genome sequences of the K. pneumoniae KP10 and
KP6 are available in GenBank. KP10 has a genome size of 5,569,845
bp and KP6 has a genome size of 5,718,111 bp (Figures 2A, B). The
prediction of homologous genes indicated that K. pneumoniae
KP10 and KP6 share 4601 coding genes, with KP10 containing
FIGURE 1

Assessment of the virulence potential of various K. pneumoniae strains in a mouse infection model. (A, B) Virulence assay of K. pneumoniae strains,
including KP10 and KP11. (C) Virulence assay of the remaining 18 K. pneumoniae strains (KP1, KP2, KP3, KP4, KP5, KP6, KP7, KP8, KP9, KP12, KP13,
KP14, KP15, KP16, KP17, KP18, KP19 and KP20). The effects of 1�×�103 to 1�×�107 colony-forming units of each K. pneumoniae strain on survival
were assessed in mice.
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258 unique genes and KP6 containing 259 unique genes
(Figure 2C). The prediction of virulence factors revealed that
KP10 and KP6 contain 393 and 380 virulence factor genes,
respectively, with 338 shared virulence factor genes. Additionally,
KP10 has 55 unique virulence factor genes, whereas KP6 has 42
unique virulence factor genes (Figure 2D). Additionally, we
identi�ed relevant genes such as iroB, iucA, peg-344, rmpA, and
rmpA2 on the whole-genome plasmid of the KP10 strain.
3.5 Construction and identi�cation of the
� iucC and C-iucC strains

As shown in Figures 3A, B, both the � iucC and C-iucC strains
were successfully constructed. The results of genetic stability
determination of the � iucC and C-iucC strains indicate that the
changes in the genomes of the � iucC and C-iucC strains can be
stably inherited for more than 50 generations (Figures 3C, D). To
avoid any polar effects of the iucC gene on nearby genes, the relative
mRNA expression levels of iucB and iucD in the wild-type and
deletion strains were measured by qRT-PCR. The results showed
that the expression of iucB and iucD was not signi�cantly reduced in
the � iucC strain (Supplementary Figure S2A, 2B).
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3.6 Effects of iucC mutation on
mucoviscosity

In the string test, compared with that of iucC, the viscosity of
the � iucC strain decreased. In contrast, the viscosity of C-iucC
increased, similar to that of the wild-type strain iucC. (Figure 4A).
Viscosity semiquantitative experiments revealed that the
suspension of the KP10 strain was more dif�cult to settle after
low-speed centrifugation, and the viscosity of the KP10 strain was
signi�cantly greater than that of the � iucC strain (P � 0.001),
while the viscosity of the C-iucC strain recovered to the level of that
of the wild-type strain (Figure 4B).
3.7 Measurement of bacterial growth assay

The growth curves revealed that the growths of WT, � iucC
and C-iucC were essentially the same under iron-replete conditions
(Figure 4C). Under iron-limiting conditions, the growth rate of the
wild-type strain was faster than that of the � iucC strain, but the
difference was not signi�cant (Figure 4D). Compared with that of
the � iucC strain, the growth rate of the C-iucC strain, recovered
but did not reach the level of the wild-type strain.
FIGURE 2

Completed genome maps of the KP10 and KP6 strains. (A, B) are the genome maps of KP10 and KP6, respectively. From the inside to the outside,
the density pro�les of the �rst ring indicate the GC offset of the positive and negative stranded structures of the genome, the density pro�les of the
second ring indicate the GC content of the sequences, and the colour blocks in the outermost ring indicate the position of the coding sequences.
(C) Venn diagram of shared and unique gene families in highly virulent and low virulent strains. (D) Venn diagram of shared and unique virulence
factor genes in highly virulent and low virulent strains.
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3.8 Roles of iucC deletion in bio�lm-
forming activity

As shown in Figure 4E, compared with that of wild-type KP10,
the ability of bacteria to form bio�lms signi�cantly decreased after
the iucC gene was deleted (P � 0.001). However, the bio�lm
formation ability of the complementary strain was restored. This
indicated that the deletion of the iucC gene affected the bio�lm
formation of the strain.
3.9 IucC is essential for siderophore
production

Compared with that of the WT group and the C-iucC group, the
siderophore production capacity of the � iucC group signi�cantly
decreased (P � 0.001), while the siderophore production capacities
of the WT and C-iucC groups did not change signi�cantly
(Figure 4F). These results demonstrate that mutation of the iucC
gene can affect the siderophore production capacity of bacteria.
3.10 In�uence of the iucC mutants on
serum resistance

In the serum resistance assay, the survival rate of the � iucC
strain was signi�cantly lower than that of the WT strain, and the
serum sensitivity of the former was intermediate (Figure 4G). The
complementation of iucC restored the survival rate and resulted in
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serum resistance. These results con�rm the crucial role of iucC in
resistance to the complement-mediated killing of K. pneumoniae.
3.11 Toxicity testing in vivo

Our results revealed that when the bacteria were injected at
doses of 105 CFU/per mouse, all the mice in the wild-type strain
treatment group died within 2 days and all the mice in the
complementary strain C-iucC treatment group died within 5 days
(Figure 4H). On day 7, the death rate in the � iucC group was 30%.
These data indicate that the deletion of iucC signi�cantly attenuates
the virulence of K. pneumoniae.
3.12 Bacterial load in blood and tissues

After 6 h of infection with the wild-type strains, the bacterial
load in the blood of the mice reached approximately 4.2 × 106 CFU/
mL. In contrast, the bacterial load in the blood of the mice in the �
iucC group signi�cantly decreased (P � 0.001), with a bacterial load
of approximately 1.6 × 105 CFU/mL. There was no signi�cant
difference between the C-iucC group mice and the wild-type strain
group mice (Figure 5A). In addition, after 3 h of infection with wild-
type K. pneumoniae, the bacterial loads in the liver, spleen, lungs,
and kidneys of the mice reached approximately 4 × 105, 3.4 × 106,
1.7 × 105, and 1.5 × 105 CFU/mL, respectively (Figures 5B-E). In
contrast, the bacterial load in the liver, spleen, lungs, and kidneys of
mice infected with � iucC strain decreased signi�cantly, with
FIGURE 3

Construction and validation of the � iucC and complementary C-iucC strains of K. pneumoniae KP10. (A) PCR detection of � iucC. M: DNA
marker (500 bp), Lanes 1: the suspected mutant strain, Lanes 2: the wild-type strain, Lanes 3: negative control. (B) PCR veri�cation of the
complemented strain C-iucC. M: DNA marker (5000 bp), Lanes 1-2: C-iucC, Lanes 3: the wild-type strain, Lanes 4: negative control. (C) Genetic
stability of � iucC (partial). M: DNA marker (5000 bp), Lanes 1–22: � iucC, Lanes 23: the wild-type strain, Lanes 24: negative control. (D) Genetic
stability of C-iucC (partial). M: DNA marker (5000 bp), Lanes 1–22: C-iucC, Lanes 23: the wild-type strain, Lanes 24: negative control.
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bacterial loads of approximately 2.3 × 104, 2.2 × 105, 5.3 × 104, and
2.7 × 104 CFU/mL, respectively. There was no signi�cant difference
in the bacterial load in various tissues of mice infected with C-iucC
strain compared with those in the wild-type group.
3.13 Histopathological observation

As shown in Figure 5F, compared with the healthy group, mice
infected with wild-type K. pneumoniae or the complementary strain
C-iucC exhibited varying degrees of pathological changes in the
liver, spleen, lungs and kidney, such as hepatic steatosis and
hepatocellular necrosis in the liver; atrophy of the germinal center
and necrosis of splenocytes in the spleen; in�ammatory cellular
in�ltration in the lungs; and cellular necrosis, in�ammatory cellular
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in�ltration and other pathologies in the kidneys. In contrast,
although mice infected with the � iucC strain showed different
degrees of pathological changes in the liver, spleen, lungs and
kidney organs compared with the organs of the healthy group,
the changes were not as severe as those in the wild-type and C-iucC
strain groups.
3.14 Effects of the iucC gene on the cell
adhesion and cytotoxicity of K.
pneumoniae

The results shown in Figure 6A indicate that compared with the
wild-type strain, the deletion of the iucC gene decreased the total
amount of adhesion of K. pneumoniae to IPEC cells, whereas the
FIGURE 4

Comparative phenotypic analysis of K. pneumoniae strains: (A) Viscous string of the wild-type KP10, deletion � iucC and complementary C-iucC
strains. (B) Viscosity semiquantitative experiments of the wild-type KP10, deletion � iucC and complementary C-iucC strains was determined by
the OD600 values. ***P <0.001 (C) Growth curves of the wild-type KP10, deletion � iucC and complementary C-iucC strains under iron-replete
conditions was determined by the OD600 values. (D) Growth curves of the wild-type KP10, deletion � iucC and complementary C-iucC strains
under iron-limiting conditions. The OD600 value was measured by a spectrophotometer at each time point and is displayed in the graph. (E) Crystal
violet bio�lm assays of the wild-type KP10, deletion � iucC and complementary C-iucC strains were performed to determine the OD590 values.
***P <0.001. (F) The ability of the wild-type KP10, deletion � iucC and complementary C-iucC strains to produce siderophores was determined by
the OD630 values. ***P<0.001. (G) Differences in serum resistance between the wild-type KP10, deletion � iucC and complementary C-iucC strains.
***P<0.001 indicates a comparison between KP10 and C-iucC. ###P<0.001 indicates a comparison between KP10 and � iucC. (H) Survival curves
of mice intraperitoneally inoculated with 1 × 105 CFUs of the wild-type KP10, deletion � iucC and complementary C-iucC strains. Data are shown
as the means ± SDs, n=3.
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