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The hypermucoviscosity/hypervirulent K. pneumoniae (hvKP) is a dominant cause of pyogenic liver abscess (PLA)
and has contributed to the endemicity of disease in Asian country. The siderophore aerobactin (iucA) is highly
expressed in hvKP and acting virulence role during hvKP infection. However, its role in the PLA is poorly un-
derstood. We constructed iucA deletion mutant (diucA-hvKP852) and used animal study to characterize the role
of siderophore iucA in K. pneumoniae liver abscess. The animal experiments showed that AiucA-hvKP852 strain

had lower virulence in mice compared to hvKP852 wild type strain. At 24 h after infection, only two of ten mice
developed liver abscess during infection with AiucA-hvKP852 strain, while nine of ten mice infected with wild
type hvKP852 strain showed multiple lesions of liver abscess. The liver tissue infected with AiucA-hvKP852
exhibited low reactive oxygen stress levels compared to those infected by wild type hvKP852 strain (P < 0.05).
The results suggest that siderophore iucA play an important role in the liver abscess by inducing oxidative stress.

1. Introduction

In the past three decades, the new variant of hypervirulent (hyper-
mucoviscosity) K. pneumoniae (hvKP) widely emerged. It poses a great
threat to human health and has been thought of as an emerging-
reemerging pathogen [1,2]. Of interest, is that compared with the
classical K. pneumoniae (cKP), hvKP is more likely to cause a bacterial
liver abscess [3]. It is also noteworthy that it causes distinctive meta-
static complications of hvKP, especially, endophthalmitis and meningi-
tis, which has significant morbidity and mortality [4-6]. Studies have
shown that hvKP is more virulent than cKP characterized by expressing
capsular polysaccharide and carrying the virulence factors including
mgaA, transcriptional regulators rmpA/rmpA2 [7-9]. Nevertheless, the
enhanced virulence of hvKP is largely depended on the iron acquisition
molecule [10].

Siderophores are low molecular weight and high-affinity iron che-
lators for bacterial replication and full virulence. Siderophore secreted
by K. pneumoniae during infection can impact tissue localization,

systemic dissemination, and host survival [11]. However, the impact of
siderophore secreted by K. pneumoniae on the host during infection is
still unknown. Genome sequence analysis showed that hvKP has four
putative iron acquisition-related genes, enterobactin, salmochelin, yer-
siniabactin (ybt), and aerobactin [12]. Aerobactin has the iucABCD/iutA
system and highly expressed in hvKP, is acting virulence determinant
during hvKP infection [8,13]. The gene encoding aerobactin is iucA, and
it is the main element of siderophore production in K. pneumoniae [14].
We have previously reported that the siderophore of K. pneumoniae in-
duces bacterial resistance to ciprofloxacin by reducing the level of
oxidative stress [15]. Studies have also indicated that the siderophore
enterobactin of E. coli can act as a protective agent against oxidative
stress to promote the formation of colonies of E. coli [16], suggesting
that there is a regulatory relationship between siderophore and oxida-
tive stress.

Oxidative stress is one of the important factors leading to infection
[17]. The susceptibility of tissues to oxidative stress depends on the
dynamic balance between oxidant and antioxidant agents. Long term
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Table 1
Primers used in this study.
Primers Sequences
iucA for GTACATCCGTGGCAGTGGCAG
iucA rev CAAGCGCGGCATAGCCTTCAT
ybtS for CAAAAATGGGCGGTGGATTC
ybtS rev CCTGACGGAACATAAACGAGCG
iroN for GCATTGGTATTCCAGTTCAGACG
iroN rev GAAAGGCAACGGTTGTCCAAA
EntB for TGAAGACGATACCGTGCTGGTGGA
EntB rev GTCGGCGACAAAGAACGGTTTGAT
K10 GGGCTGCAGTTCCGCCGCCCAGTAGATTTC
K11 GCGCAGTGCTTCCTTAATTCCTGGAACGTAAAAGGTAACTTT
K12 AAAGTTACCTTTTACGTTCCAGGAATTAAGGAAGCACTGCGC
K13 GGGGGATCCCCGCGGTGACGTGCCAGG

Key: Restriction enzymes are highlighted by boldface. For, forward. rev, reverse.

oxidative stress can lead to an overabundance of free radicals in the
liver, contributing to liver injury [18]. However, the connection be-
tween siderophore iucA and oxidative stress on liver damage with hvKP
infections is still unknown. Whereby we constructed the iucA deletion
mutant AiucA-hvKP and used mice infection model to investigate
whether iucA induces oxidative stress and further damage the liver in
hvKP infection.

2. Materials and methods
2.1. Bacterial isolates and growth condition

Fifty-six of K. pneumonia clinical isolates were collected from patients
at two hospitals in Harbin, Heilongjiang Province, the People’s Republic
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of China between June 2016 and October 2017. The strain were cultured
in LB broth for overnight at 37 °C. The wildtype strain of
hypermucoviscosity-hvKP852 (K2, ST65, carry rmpA1l/rmpA2 and iucA)
was isolated from liver abscess aspirate from inpatient. Our previous
study has indicated that hvKP852 shows high virulence in mice (ODs:1
x 10° CFU/mL in mice) [8].

2.2. Construction of unmarked iucA deletion hv K.pneumoniae

The iucA hvKP deletion procedures was modified from Hsieh et al.
[19]. In brief, the PCR product of the mixed iucA upstream gene (780 bp,
primers K10 and K11) and the iucA downstream gene (828 bp, primers
K12 and K13) was used as a template, and the overlap PCR was per-
formed using primers K10 and K13 to obtain an iucA-deficient PCR
product of 1500 bp (Table 1). The iucA deletion PCR products were
sequenced and cloned into the pHSG412 vector (Fig. 1A). The iucA
deletion of recombinant plasmid (pHSG412-AiucA) was transformed
into hvKP852 (K2, ST65) by electroporation, and screening of target
colonies using kanamycin selective medium (Fig. 1B-C). Integration and
excision of the gene resulted in the generation of iucA deletion mutant
(AiucA-hvKP852) which were further confirmed by PCR(Fig. 1D).

2.3. Animal experiments

Strains of AiucA-hvKP852 and hvKP852 were suspended in 0.5 mL of
PBS, containing 3 x 10%-1 x 10° CFU of bacteria and subsequently
injected intra-peritoneally at different dilutions into 6-7 week old fe-
male BALB/C mice (10 mice/group, Vitalriver, Beijing, China) [8,20,
21]. The survival rate of the mice which was described by Kaplan-Meier
curves was recorded seven days after infection [22]. The load of the
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Fig. 1. Construction of iucA deletion strain. A. The construction scheme of the iucA gene deleted strain. B. Confirmation of the iucA deletion by PCR (1. BAF fraction;
2. BF fraction; 3. pHSG412-AiucA recombinant plasmid; 4. AiucA-hvKP852 strain). C&D. Growth of AiucA-hvKP852 strain in LB medium with or without kanamycin.

BAF, 3800bp fragment; BF,1500bp fragment; Kna, kanamycin.
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Fig. 2. iucA reduces siderophore production in hvK. pneumoniae. A-B. Comparison of siderophore production of AiucA-hvKP852 and wild-type hvKP852; C. Com-
parison of siderophore production of iucA positive and negative K. pneumoniae clinical isolates.

bacteria in the organs of the infected 6-8 week old BALB/C female mice
was determined 24 h after infection. The mice were sacrificed, the or-
gans; liver, lung and spleen were collected and 0.9 mL/g PBS added,
homogenized and spread in LB agar plate. The exact numbers of bacteria
in organs were determined using colony-forming units (CFU/mL) on LB
plates in duplicate at adequate dilutions. All animal experiments comply
with the guidelines (Laboratory Animals of the National Researh coun-
cil) and crried out in accordance with the guidelines of the Ethics Review
Committee of Animal experiments of Harbin Medical University (pro-
tocol number of Animal experimentation Ethical Inspection,
HMUIRB2013002).

2.4. Histology

Liver and lung tissues were fixed in 4% paraformaldehyde for 24 h
and dehydrated by gradient alcohol from 75% to 100%. The small pieces
of paraffin-embedded specimens were processed for conventional his-
tological assessment by Hematoxylin and Eosin (H&E) staining, and the
bright-field microscopy images were acquired using a DP74 microscope,
equipped with an Olympus BX53 camera [23].

2.5. DNA isolation and siderophore genes amplification

Chromosomal DNA was extracted from the K. pneumonia clinical
isolates as described previously [24]. Genomic DNA from strains was
used as a template for PCR. The four siderophore genes (iucA, iroN, ybtS,
and enterobactin) were amplified using specific primers (Table 1).

2.6. Detection of siderophore production

The qualitative detection of siderophore was confirmed by CAS
(chrome azurols) overlay plate method [15]. Briefly, an overnight cul-
ture of K. pneumoniae was spot inoculated onto a CAS agar plate and
incubated for 24 h at 37 °C, the production of orange zones surrounding
the colonies were measured.

2.7. Biofilm formation

Crystal violet staining and spectrophotometry was used to detect
biofilms. a fresh single colony was selected and inoculated into LB me-
dium for shaking culture at 37 °C for 16 h Then add diluted bacteria
(ODsgs value 0.09-0.12) to each 96 well plate, respectively, and

incubated at 37 °C for 36 h. Add 150 pL 0.1% crystal viole staining so-
lution, let stand for 30 min after carefully discard supernatant ashed by
DDW for three times. After adding 1% SDS (w/v) and shaking for 10
min, its value was detected by spectophotomery (ODsgs) [25].

2.8. Test for reactive oxidative stress level and antioxidant factors

Quantitative measurement of ROS was performed by DCFH-DA
method [26]. Freshly collected liver, lung and spleen of the mice
infected with K. pneumoniae were homogenated and filtered using 300
meshes of nylon mesh. The collected cell suspension was treated with
2% NP40 for 10 min. They were rinsed twice with PBS and 5 x 10* cells
were inoculated into 96-well cell culture plate. DCFH-DA (Chengjian
Nanjing, China) was added at final concentration of 10 yM and incu-
bated for 60 min at 37 °C. The fluorescence intensity of the cells in each
group was measured by fluorescence microplate at 485 nm absorption
wavelength. The bacterial strains ROS level was also detected using
DCFH-DA method. DCFH-DA fluorescent dye was added to the iucA
positive and negative K.pneumoniae strains cultured in iron starvation
for 30 min to clean the unbounded fluorescence. NanoDrop 3300 was
used to detect the ROS level of the bacteria. RFU (relative fluorescence
units) was used to detect ROS level of strains [15]. The T-SOD (total
superoxide dismutase), GSH (glutathione), and MDA (malondialdehyde)
were assessed using the method following manufacturer’s instructions.
(Chengjian Nanjing, China). Freshly extracted supernatants of tissue
homogenates determined the level of protein and used for detection of
antioxidants. The results measured by chemiluminescence and showed
fluorescence values per milligram of tissue proteins. The organs three
replicate wells were set in each group, and the experiment was repeated
twice.

2.9. Statistical analysis

All experimental data were statistically analyzed using SPSS 26.0
software. Differences in various of indicators between the two groups of
KP852 and AiucA-KP852 strains were calculated by independent sam-
ples t-test. Kendall’s tau rank coefficient is a nonparametric statistic used
to measure the relationship between ROS level and siderophore pro-
duction by strains. Survival of animal groups was estimated using the
Kaplan-Meier method and log-rank (Mantel-Cox) test. Results are shown
as mean + SEM (standard error of mean). The difference was statisti-
cally significant at P < 0.05.



J. Wu et al.

Table 2
Distribution of siderophore related genes in clinical isolates of K. pneumoniae.

Genes No. of isolates %

hv KP (N = 13) Non-hvKP (N = 43) Total (N = 56)
iucA 100 (13/13) 13.95 (6/43) 33.93 (19/56)
iroN 53.85 (7/13) 25.58 (11/43) 32.12 (18/56)
ybts 69.23 (9/13) 40.91 (18/44) 48.21 (27/56)
EntB 100 (13/13) 79.55 (35/44) 85.71 (48/56)

Hv KP, hypermucovicosity K. pneumoniae; iucA, aertobactin A; iroN, salmochelin
N; ybts, yersiniabactin; EntB: enterobactin B.

3. Results
3.1. iucA knockout of K. Pnumoniae reduces siderphores production

The siderophore production was detected using CAS assay which was
measured using the diameter of orange zones to indicate the production
of siderophore. The results showed that the orange zones of AiucA-
hvKP852 (0.5 + 0.07 cm) were significantly smaller than the wild-type
hvKP85 (1.3 £+ 0.07 cm) (Fig. 2A-B) (P < 0.001). In order to determine
whether iucA was the main factor of siderophore production, we
collected 56 K. pneumoniae clinical isolates to detect the siderophore
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related genes and siderophores production. Among the 56 K. pneumoniae
isolates, the distribution of iucA, iroN, ybtS and enterobactin were
33.93% (19/56), 32.12% (18/56), 48.21% (27/56) and 85.71% (48/
56), respectively, and all 13 strains of hypermucoviscous K. pneumoniae
carried iucA gene (100%) (Table 2). The siderophore production of iucA-
negative strains (0.614 + 0.207 cm, 0.557 + 0.213 cm, respectively)
was significantly lower than that of iucA-positive clinical isolates (1.389
+ 0.231 cm) (P < 0.01, P < 0.001, respectively), (Fig. 2C). However,
there is no significant difference of siderophore production in iucA
negative strains, with or without iroN/ybtS genes (P = 0.413) (Fig. 2C).

3.2. Siderophore iucA enhances oxidative stress in K. pneumoniae

To determine whether siderophore iucA affected oxidative stress in
K. pneumonieae, we used DCFH-DA methods to detect ROS level of the
bacterial strains. Results indicated that the ROS level of AiucA-hvKP852
(32.27 + 3.82) was significantly lower than wild type strain hvKP852
(50.73 £ 8.29) (P = 0.024) (Fig. 3A). In the K. pneumoniae clinical iso-
lates, the ROS level of the iucA negative strains also showed lower (70.29
+ 25.41) than that of positive clinical isoaltes (121.26 + 52.69) (P =
0.0001) (Fig. 3B). Further ROS and siderophore production of strains
indicated positive relationship (P < 0.05) (Fig. 3E). However, the bio-
film formation of iucA positive and negative strains was not statistically
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3.3. Siderophore iucA an important virulence factor of
hypermucoviscosity K. pneumoniae and related with liver abcess formation
during infection

To investigate the effect of siderophore iucA on the pathogenicity of
mice, we used AiucA-hvKP852 strain administered intraperitoneally to
BALB/C female mice (6-8 weeks). The data showed that when mice
were infected with 10% CFU/mouse and 10° CFU/mouse, after infection
seven days. the survival rate of AiucA-hvKP852 infected mice was 100%,
50%, respectively, which was significantly higher than that of wild-type
hvKP852-infected mice (10% and 0%) (Fig. 4A and B). At high doses
(10°® CFU/mouse), there was no significant difference for the virulence
between mice infected with AiucA-hvKP852 and wild-type hvKP852
(Fig. 4C). At 24 h after infection, the number of bacteria in the lung, liver
and spleen was significantly lower in the mice infected with AiucA-
hvKP852 than that infected with wild-type strain hvKP852 (4 x 10 CFU
per mice) (Fig. 4D). The multiple of abscess lesions were observed in the
liver of wild-type hvKP852 infected mice (9 of 10 mice, 90%) (Fig. 4E).
In the results of H&E staining of liver tissue, a large area of necrotic
lesions was also observed (Fig. 4F). In the AiucA-hvKP852 infected mice,
only 2 of 10 mice (20%) developed a single liver abscess. However, there
was no abscess in the lung tissue (Fig. 4F).

3.4. Siderophore iucA enhances oxidative stress in liver infected with
hypermucoviscosity K. pneumoniae

ROS are key signaling molecules in the various signalling pathways
and ROS induce apoptosis and necrosis of cells through oxidative stress
[27]. To investigate the effect of siderophore iucA on oxidative stress
levels, we examined ROS levels in K. pneumoniae-infected tissues. The
results showed that ROS levels in the liver of wild-type hvKP852-in-
fected mice were significantly higher than AiucA-hvKP852 (P < 0.01)
(Fig. 5A), while there was no statistically significant difference in ROS
levels between serum, lung and spleen (Fig. 5B-D). Both AiucA-hvKP852
and hvKP852 strains decreased (Fig. 6A-B) or remains unchanged
(Fig. 6C) liver antioxidant factors; GSH, T-SOD and MDA levels.
Nevertheless, antioxidant factors of strains infected spleen and lung
indicated higher or unchanged (Fig. 6D-E).

4. Discussion

HvKp is the predominant bacterial responsible for pyogenic liver
abscess worldwide, especially in Asian countries [4]. Tracing back to
previous studies, the siderophore production of hvKP and cKP is
different. The general trend is that hvKP produce more siderophore than
cKP [10].

Genome sequence analysis of K. pneumoniae causing liver abscess
found that hvKP is different from cKP which carry four siderophore
related genes iucA, iroN, bts and enterobactin [12]. In order to clarify the
genes involved in the production of siderophores, we collected 56
K. pneumoniae clinical isolates using the CAS assay to measure the pro-
duction of siderophores. The results showed that iucA-positive clinical
isolates produce more siderophores than iucA-negative clinical isolates,
and the siderophore related iroN and ybtS were not related to the yield of
the siderophore. Similar results also were seen in the AiucA-hvKP852
which reduced siderophore production compared with wild-type strain
(Fig. 2), further confirming that iucA is a major factor in the production
of siderophores [10].

Research has shown that the main difference between the variant
hvKP and cKP tend to spontaneously form abscesses, especially liver
abscesses even in healthy human adults [3]. The siderophore iucA is an
important virulence factor for hvKP (Fig. 4). However, it is unclear
whether it plays a role in the formation of liver abscess. Animal exper-
iments indicated that the number of liver abscess (about 90%) observed
in mice infected with wild-type hvKP852 strain was higher compared
with AiucA-hvKP852 (iucA deleted strain). This indicated that iucA may
play a critical role in hvKP liver abscess formation and liver cell death. In
our study, there are 20% (2/10) of mice infected with AiucA-hvKP852
strain also showing liver abscess. Lin and colleague [21] demonstrated
that EREM-1 (triggering receptor expressed on myeloid cells) promotes
K. pneumonae liver abscess in mice, suggest that host factor also involved
in the formation of liver abscess.

When body have a bacterial infection, high activity molecules such
as reactive oxygen species are produced. When the oxidation level ex-
ceeds the scavenging ability of the body, this would lead to neutrophil
infiltration and the production of a large number of oxidative in-
termediates. Thus ROS is favorable for bacterial infection [28].
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Kamaladevi A et al., established that K. pneumoniae can induce oxidative
stress in host cells and cause sudden oxidative cell death in infected host
[29]. To clarify the role of siderohpre iucA in this regard, we examined
the ROS levels of animal tissues infected with hvKP. The results showed
that the ROS level in liver infected with hvKP852 strain was significantly
higher than that of AiucA-hvKP852 strain infected mice. However, the
levels of anti-oxidant factors GSH, T-SOD, MDA were not changed in the
hvKP852 and AiucA-hvKP852 strain infected mice liver and other or-
gans. In fact, These antioxidants were lower than the uninfected mice.
Our data strongly suggest that during the infection of hyper-
mucoviscosity K. pneumoniae, iucA promotes siderophore production,
which stimulates strain proliferation and colonization in the liver,
leading to the production of more free radicals, and the imbalance in the
production of oxidative and antioxidant elements in the liver. Collec-
tively, these changes contribute to liver inflammatory lesions and
damage (Fig. 7).

In conclusion, iucA is considered as the main factor of siderophore
production in hypermucoviscosity K. pneumoniae. It is an important
virulence factor involved in liver damage induced by oxidative stress.
Further study is required to confirm the interaction of siderophore iucA
and host factors, and to investigate additional factors that may
contribute to liver abscess induced by hypermucoviscosity
K. pneumoniae.
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Fig. 7. Schematic illustration of the mechanism of
siderophore iucA related liver abscess formation
during hypermucoviscous K. pneumoniae infection.
After infection with hypermucoviscous
K. pneumoniae, the iucA of K. pneumoniae promotes
the production of siderophore and the proliferation
and colonization in the liver and further enhances
ROS production. Nevertheless, anti-oxidant elements,
such as T-SOD and GSH decreased or did not changed.
Then excessive ROS leads to extensive damage and
necrosis of hepatocytes in some way, and the forma-
tion of abscesses. iucA, aerobactin; iucA (+), iucA
positive strains; iucA (), iucA negative strains; hv,
hypermucoviscosity; “1”, increaced; “|”, decreaced;
«”  unchanged; ROS, reactive oxygen; GSH, gluta-
thione; T-SOD, total superoxide dismutase.
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