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Introduction: Klebsiella pneumoniae (K. pneumoniae) is an important
opportunistic and zoonotic pathogen which is associated with many diseases
in humans and animals. However, the pathogenicity of K. pneumoniae has
been neglected and the prevalence of K. pneumoniae is poorly studied due to
the lack of rapid and sensitive diagnosis techniques.

Methods: In this study, we infected mice and pigs with K. pneumoniae strain
from a human patient. An indirect ELISA was established using the KHE
protein as the coating protein for the detection of K. pneumoniae specific
antibody in clinical samples. A nested PCR method to detect nuclei acids of
K. pneumoniae was also developed.

Results: We showed that infection with K. pneumoniae strain from a human
patient led to mild lung injury of pigs. For the ELISA, the optimal coating
concentration of KHE protein was 10 pg/mL. The optimal dilutions of serum
samples and secondary antibody were 1:100 and 1:2500, respectively. The
analytical sensitivity was 1:800, with no cross-reaction between the coated
antigen and porcine serum positive for antibodies against other bacteria.
The intra-assay and inter-assay reproducibility coefficients of variation are
less than 10%. Detection of 920 clinical porcine serum samples revealed a
high K. pneumoniae infection rate by established indirect ELISA (27.28%) and
nested PCR (19.13%). Moreover, correlation analysis demonstrated infection
rate is positively correlated with gross population, Gross Domestic Product
(GDP), and domestic tourists.

Discussion: In conclusion, K. pneumoniae is highly prevalent among pigs in
China. Our study highlights the role of K. pneumoniae in pig health, which
provides a reference for the prevention and control of diseases associated with
K. pneumoniae.
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1 Introduction

Klebsiella pneumoniae (K. pneumoniae) is a rod-shaped gram-
negative and opportunistic bacterium belongs to the Enterobacteriaceae
family. This organism inhabits diverse environments including soil,
water, plants, animals and humans (Yang Y. et al., 2019; Ribeiro et al.,
2022). As an important opportunistic pathogen, it resides in the
respiratory tract and intestinal tract of humans and animals and
causes serious infections including pneumonia, septicemia, urinary
tract infection, and traumatic infection (Paczosa and Mecsas, 2016).

In recent years, hypervirulent K. pneumoniae (hvKP) and multi-
drug resistant K. pneumoniae, such as carbapenem-resistant
K. pneumoniae (CRKP), have emerged and led to serious life-
threatening community-and hospital-acquired infections worldwide,
which makes it a global public health threat (Wang et al., 2020; Jin
et al,, 2022). In veterinary medicine, there are only a few reports on
infections caused by K. pneumoniae. For example, K. pneumoniae
causes respiratory distress in minks (Jian-Li et al., 2017), pneumonia
in sheep and goats (Mahrous et al., 2023), clinical mastitis in cow
(Yang Y. et al,, 2019), and septicemia in pigs (Bowring et al., 2017;
Bidewell et al., 2018). However, the virulence and prevalence of
K. pneumoniae infection in pigs are rarely reported. With the isolation
of hvKP and CRKP from pig farms in many countries recently
(Lalruatdiki et al., 2018; Liu et al., 2019; Mobasseri et al., 2019;
Leangapichart et al., 2021; Zhao et al., 2021), whether there is a
K. pneumoniae epidemic circulation between human beings and pigs
has attracted people’s attention. And because the infections with
K. pneumoniae are usually not fatal and sporadically in most cases
(Bowring et al., 2017), pigs may tolerate or only a few are severely
infected, the pathogenicity and prevalence of K. pneumoniae in pigs
have been neglected in veterinary medicine. Considering that
K. pneumoniae may transmit between humans and animals, the
domestic animals may represent a source of the pathogenic and
multidrug-resistant K. pneumoniae to humans (Yang F. et al., 2019;
Leangapichart et al., 2021). Thus, clarifying the pathogenicity and
prevalence of K. pneumoniae in pig herds has significant public
health importance.

Many methods for the detection of K. pneumoniae have been
reported. Conventional phenotype-based methods including
microscopic examination, biochemical identification, and automatic
bacterial identification apparatus such as the VITEK 2 system, are
time-consuming and have low sensitivity (Dong et al., 2015; Ko et al.,
2017). On the other hand, genotype-based techniques including
conventional PCR (Liu et al., 2008; Turton et al., 2010), triplex PCR
(Jeong et al., 2013), real-time PCR (Barbier et al., 2020; Lim et al.,
2021), as well as other novel methods including matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF
MS) (Huang et al, 2022) and the loop mediated isothermal
amplification (LAMP) (Dong et al., 2015; Poirier et al., 2021) have also
been developed for the detection of K. pneumoniae in hospitals and
laboratories with high sensitivity and specificity. However, some of
these techniques have their own drawbacks, such as the requirement
of expensive instruments, trained personnel, could not be conducted
on-site, or not ideally suitable for detection of K. pneumoniae from
serum samples (Kim et al., 2022).

Enzyme-linked immunosorbent assay (ELISA) is one of the
commonly utilized serological detection methods in veterinary
medicine. Although this method also has certain disadvantages listed
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above, it is an efficient, sensitive, specific, and convenient tool for
detection of antigen or antibody levels in serum samples. However,
establishment of ELISA and its application to detect K. pneumoniae in
pigs has not been reported. A gene designated khe, which encodes a
hemolysin of K. pneumoniae, has been proposed as a potential species-
specific gene probe (Yin-Ching et al., 2002) and was utilized to detect
the signature for clinical K. pneumoniae isolates from hospitals
(Escobar Pérez et al., 2013; Chen et al., 2014; He et al., 2016). Li et al.
(2020) designed a multiplex PCR method to detect K. pneumoniae in
minks with the khe gene. These studies suggested that khe is a specific
gene of K. pneumoniae.

Since there are few severely clinical symptoms, infections with
K. pneumoniae in pigs are rarely reported and the potential
harmfulness to pig health are neglected. Thus, K. pneumoniae may
be overlooked by conventional methods for pathogen isolation and
identification. Moreover, there are no vaccines against K. pneumoniae
in pigs in China. To clarify the virulence and prevalence of
K. pneumoniae in pigs in China, infection model by a human origin
K. pneumoniae was constructed both in mice and pigs and an indirect
ELISA was successfully established using recombinant KHE protein
as the primary coating antigen. We demonstrated that K. pneumoniae
infection led to mild lung injury in mice and pigs. In combination
with a nested PCR targeting khe, the established methods
demonstrated a high infection of K. pneumoniae in pigs, which is
positively correlated with gross population, Gross Domestic Product
(GDP), and domestic tourists, indicating a potential transmission of
K. pneumoniae from humans to pigs.

2 Materials and methods
2.1 Bacterial strains and growth conditions

Supplementary Table S1 contains a list of every strain utilized in
this investigation. Mass spectrometry and PCR were used to identify
the K. pneumoniae strains KP-Q1 (Strain number: CCTCC PB
2023065, ampicillin resistant) and K36 (Strain number: CCTCC PB
2023066) (Cai et al., 2018), which were isolated from First Hospital of
Jilin University. K. pneumoniae KP-Q1 was cloned by cultivating it
overnight at 37°C in Luria-Bertani (LB) liquid medium supplemented
with antibiotics (ampicillin, 100pg/mL). K. pneumoniae K36 was
cultivated in LB without antibiotics.

2.2 Animal experiment

Six 4-week-old female KM mice (weighing 18-20g, free from
K. pneumoniae, purchased from Changsheng Biotechnology) were
objectively randomized into two groups (n=3): a healthy control
group and a K. pneumoniae K36 infection group. In healthy control
group, mice received 40 pL PBS via intranasal injection, while mice of
K36 infection group received 40 pL PBS with 8 x 10* CFU K. pneumoniae
K36. Clinical symptoms including weight, appetite and mental status
were observed for 72 h post infection. A portion of the lung tissue was
taken for hematoxylin—eosin staining.

Eight 45-day-old healthy Rongchang pigs (12 ~ 14kg, free from
K. pneumoniae, purchased from Harbin Veterinary Research
Institute) were randomly assigned to two groups (n=4): a healthy
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control group and a K. pneumoniae K36 infection group. In healthy
control group, pigs received 1 mL PBS, while K36 infection group
pigs received 1 mL PBS with 2 x 10" CFU K. pneumoniae K36, both
via intranasal injection. Clinical symptoms including appetite, mental
status and body weight were continuously monitored for 96 h post
infection. A portion of the lung tissue was taken for hematoxylin-
eosin staining.

All mice and pigs were housed in the laboratory animal room and
maintained on a 14/10-h light-dark cycle with food and water ad
libitum. All animal experiments were approved by the Institutional
Animal Care and Use Committee of Jilin University and conducted in
accordance with the Chinese Laboratory Animal Administration
Act 1988.

2.3 Serum samples collection

A total of 920 serum samples, including 434 samples from 10 pig
farms located in Jinan, Shandong, China, and 486 samples from 6
cities in Inner Mongolia, China, were collected. The K. pneumoniae
antibody-positive and-negative clinical samples for the determination
of cut-off value, sensitivity, and reproducibility analysis, and the
(APP),
Strptococcus suis (S. suis), Staphylococcus aureus (S. aureus), and

positive serums of Actinobacillus pleuropneumoniae

Escherichia coli (E. coli) for specificity analysis of the established
ELISA were collected and confirmed using PCR and sequencing and
were stored at —80°C in our laboratory.

2.4 Purification of recombinant KHE
protein

For plasmid construction, khe gene was amplified by PCR from
the K. pneumoniae KP-Q1 chromosome using the primer pair KHE-F
and KHE-R, which were designed by SnapGene software.'
Subsequently, the PCR products were digested with HindIII/Xhol
restriction enzymes (Takara, Beijing, China) and ligated into the
pET28a expression vector using T4 DNA Ligase (Takara, Beijing,
China) and transformed into E. coli BL21 (DE3) cells (Sangon Biotech,
Shanghai, China). Inserted DNA sequences were confirmed by DNA
sequencing. Primers and plasmids used in this study are listed in
Supplementary Table S1.

For protein purification, cells were cultured in LB medium at
37°C to an optical density at 600 nm (ODy,) of 0.6 ~ 0.8, treated
with 0.1 mM isopropyl f-D-1-thiogalactopyranoside (IPTG) and
further incubated at 16°C for 24 h. The cells were lysed in lysis
buffer (50mM Na,HPO, pH 7.5, 300mM NaCl, 1mM
phenylmethylsulfonyl fluoride) by sonication. After centrifugation,
the supernatant was passed through a nickel-nitrilotriacetic acid
(Ni-NTA) column (GeneScript, Nanjing, China). Subsequently, the
resin was washed with a 5-bed volume of washing buffer (50 mM
imidazole, 50 mM Na,HPO, pH 7.5, 300 mM NaCl) and the bound
proteins were eluted with elution buffer (500mM imidazole,
50 mM Na,HPO, pH 7.5, 300 mM NacCl). The eluted protein was

1 www.snapgene.com
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dialyzed against washing buffer using Amicon Ultra-15 filter units
(Merck, New Jersey, USA) (10kDa cut-off) and then stored in
aliquots at —80°C. The entire purification process was performed
on ice. The concentration of target protein was determined by a
BCA protein quantification kit (Thermo Fisher Scientific, Waltham,
USA). The purified proteins were analyzed using Coomassie Blue
stained SDS-PAGE. Purified recombinant His-tagged KHE (rKHE)
protein was further identified using anti-His antibody and
K. pneumoniae antibody-positive serum as the primary antibody
by Western blot.

2.5 Western blot analysis

Western blot was used to identify the purified rKHE. Firstly,
purified rKHE was resuspended in SDS sample buffer and heated to
95°C for 10min before being fractionated by SDS-PAGE
electrophoresis (5% stacking gel and 12% resolving gel). Then, the
proteins in the resolving gel were transferred onto a polyvinylidene
fluoride (PVDF) membrane (Millipore, Massachusetts, USA). The
membrane was blocked with 5% skim milk (Becton, New Jersey, USA)
overnight. After that, it was incubated with mouse anti-His
monoclonal antibody (1:2000; Proteintech, Chicago, USA) followed
by incubation with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (1:5000; Abconal, Wuhan, China) secondary
antibody; or K. pneumoniae antibody positive serum (1:200) followed
by incubation with goat anti-pig IgG/HRP (1:5000; Solarbio, Beijing,
China) secondary antibody. Finally, the targeted proteins were
visualized using the ECL reagent (Millipore, Massachusetts, USA) and
a Chemiluminescent Imaging System (Tanon 5,200 multi,
Shanghai, China).

2.6 Establishment and optimization of
Klebsiella pneumoniae serum IgG-ELISA

The K. pneumoniae serum IgG-ELISA was optimized. To
begin with, 100 uL of rKHE protein (1.25pug/mL ~20 pg/mL)
diluted with coating buffer (0.05 M carbonate buffer, pH 9.6) was
coated on microtiter plates (Nest, Wuxi, China) at 4°C overnight.
The unbounded protein was discarded and the wells were washed
five times with phosphate buffered saline (PBS) containing 0.05%
Tween-20 (PBST). The plates were blocked with 200 pL of 5%
bovine serum albumin (BSA) in PBST and incubated at 37°C for
2h. Then 100 pL of serum (diluted from 1:100 to 1:800) was
added into the wells and incubated at 37°C for 0.5h or 1h after
washing 5 times with PBST. Similarly, 100 pL of goat anti-pig
IgG/HRP secondary antibody (Solarbio, Beijing, China) (diluted
from 1:2500 to 1:10000 in PBS) was added and incubated at 37°C
for 0.5h or 1 h after the same washing procedure. Subsequently,
the plates were washed for 5 times and 100pL of
3,3,5,5"-tetramethylbenzidine (TMB) (TIANGEN BIOTECH,
Beijing, China) was added and incubated at room temperature
for 10 min. Lastly, the reaction was terminated by addition of
50puL of 2M H,SO,. An ELISA plate reader (BioTek ELx800,
Vermont, USA) was used to measure the optical density at
450 nm (OD,s). Each experiment was performed at least twice,
and all samples were assayed in triplicate.
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2.7 Determination of cut-off value,
sensitivity, repeatability, and specificity of
the established ELISA

Twenty standard K. prneumoniae antibody-negative samples were
selected for ELISA detection based on the optimized coating and
reaction conditions. The mean value (x) and the standard deviation
(SD) of OD,s, values of the negative samples were calculated. The
cut-off value was determined using the mean value (x) plus 3SD of the
negative samples.

The coefficient of variation (CV) of intra-and inter-assay
variabilities was used to assess the reproducibility of the developed
ELISA. Briefly, 6 sera were randomly selected. Three replicates of each
sample were run in one batch to evaluate intra-assay (within plate)
variation and 3 plates were run as separate batches to evaluate inter-
assay (between runs) variation.

To evaluate the sensitivity of the developed ELISA,
K. pneumoniae positive serum diluted at 1:100, 1:200, 1:400, 1:800,
1:1600, 1:3200, and 1:6400 in PBS were tested using the optimized
working conditions. To assess the specificity of the developed
ELISA, positive serum samples from APP, S. suis, S. aureus,
K. pneumoniae, and E. coli were detected. K. pneumoniae antibody-
negative and-positive serum were served as negative and positive
controls, respectively.

2.8 Development of nested PCR

According to the gene sequence of khe (GenBank:
KX842080.1), two pairs of primers for nested PCR were designed
using Primer 5 software (Premier Biosoft, Palo Alto, CA, USA)
and synthesized commercially (Kumei Biotechnology,
Changchun, China) (Supplementary Table S1). For nested PCR,
the nucleic acids in serum samples were isolated according to a
previous study (Mayoral et al., 2005). Briefly, the serum was
diluted tenfold with 0.1 M HCI-Tris buffer (pH 8.0) and incubated
at 100°C for 14 min. Then, it was centrifuged at 10,000 g for 5 min
and the supernatant containing nucleic acids was collected for
PCR analysis.

The total volume of the two rounds of PCR reaction was 20 pL:
10 L Premix Taq polymerase (Takara, Beijing, China), 8.6 uL
ddH,0, 0.3 pL forward and reverse primers each, and 0.8 pL. DNA
template. Thermal cycler conditions consisted of pre-denaturation
at 95°C for 5min, 30 cycles of 95°C for 30s, 60°C for 305, 72°C for
30s and a final extension was performed at 72°C for 10 min; stored
at 4°C in a Thermal Cycler (Life ECO, Bioer Technology,
Hangzhou, China). For the second round, the product of the first
round was used as the DNA template. Thermal cycler conditions
consisted of pre-denaturation at 95°C for 5 min, 30 cycles of 95°C
for 30s, 55°C for 30s, 72°C for 12s and a final extension was
performed at 72°C for 10 min; stored at 4°C. The length of the
targeting sequence is 210 bp. The PCR products were analyzed on
a 2% agarose gel (Biowest, Loire Valley, France) containing 0.01%
Gold View I (NOVON Scientific, Beijing, China) in TAE buffer
(40 mM Tris-HCI pH 8.0, 1.18 mL acetic acid, 2mM EDTA) and
visualized using a Gel Doc XR+ Gel Documentation System (Bio-
Rad, Hercules, CA, USA).
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2.9 Statistical analysis

Experimental data were statistically analyzed by GraphPad Prism
(version 9.0, San Diego, CA, USA). Data are presented as the
mean +SD from three independent replicates. Repeatability analysis
of the established ELISA was assessed using CV (CV =SD/mean). CV
values less than 15% for the intra-plate assay was considered as
accepted repeatability level for the analysis. Spearman correlation
coefficient was calculated to determine the relationship between
ELISA positive rate and other factors. For all analyses, a p-value <0.05
was regarded as statistically significant.

2.10 Ethical approval

All animal experiments in this study were conducted in
accordance with the Chinese Laboratory Animal Administration Act
1988. The animal experiments were approved by the Institutional
Animal Care and Use Committee of Jilin University in compliance
with the Jilin Laboratory Animal Welfare and Ethics guidelines.

3 Results

3.1 Clinical and pathological features upon
Klebsiella pneumoniae infection in mice

After intranasal infection with K. pneumoniae, the weight change
of mice was significantly different at 48h and 72h. The weight of
K. pneumoniae group increased slowly while the control group raised
rapidly (Figure 1A). In order to further investigate the pathogenic
effect of K. pneumoniae on mice, we euthanized the mice at 72h.
Compared with the control group of mice, the K. pneumoniae group
exhibited significant hemorrhage, neutrophil infiltration, and alveolar
septum thickening in the lungs (Figures 1B,C). These data indicate
that K. pneumoniae can infect mice and result in lung injury.

3.2 Clinical and pathological features upon
Klebsiella pneumoniae infection in pigs

After K. pneumoniae infection, only mild clinical symptoms of
respiratory system, such as occasional cough and panting was were
observed under our experimental condition (data not shown).
However, the body weight of pigs was gradually lost during 72h post
infection, and recovered to normal at 96 h post infection (Figure 2A).
To further evaluate the pathological features of K. pneumoniae
infection, pigs were sacrificed at 96 h post infection and the lung was
excised. Compared to healthy control, the lungs of K. pneumoniae
infected pigs displayed with bilateral fleshy lesions located in the
caudal lobes and cardiac notches of both lungs, without obvious
boundaries between the lesions and the healthy parts. Moreover, a
large number of petechial hemorrhage spots were randomly
distributed on the lung surface, but not in transverse sections
(Figures 2B,C). Pulmonary pathological sections indicated that
K. pneumoniae infection group showed more obvious alveolar
capillary congestion and dilation, septal thickening and inflammatory
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FIGURE 1
Virulence of Klebsiella pneumoniae in mice. (A) Body weight change upon infection with K. pneumoniae for 72 h in mice. (B) Left: Lung without K.
pneumoniae infection. Middle: Hematoxylin—eosin staining of lungs of control group (100x). Right: Hematoxylin—eosin staining of lungs of control
group (400x). (C) Left: Lung with K. pneumoniae infection. Middle: Hematoxylin—eosin staining of lungs of K. pneumoniae infection group (100x).
Right: Hematoxylin—eosin staining of lungs of K. pneumoniae infection group (400x).

cell infiltration compared with the control group (Figures 2D,E).
According to our knowledge, this is the first report on the virulence
of K. pneumoniae on lung of pigs. These results suggest that
K. pneumoniae infection lead to lung injury in pigs, though no obvious
clinical symptoms observed.

3.3 Expression and purification of
recombinant KHE protein

The expression profile of the KHE recombinant protein (rKHE,
24kDa) was analyzed by SDS-PAGE. The results showed that it was
successfully expressed and purified with high purity using a Ni-NTA
resin, which was also further confirmed by Western blot analysis of
purified protein using anti-His primary antibody (Figures 3A,B).
Subsequently, the antigen reactivity of rKHE protein was assessed by

Frontiers in Microbiology

Western blot analysis. The result showed that the rKHE protein could
react specifically with the K. pneumoniae-positive serum (Figure 3C),
indicating that the purified rKHE protein can be used as the antigen
to screen specific antibodies for establishment of ELISA.

3.4 Establishment and optimization of the
ELISA

Checkerboard titration was performed for the optimization of
the coating concentration of rKHE antigen, the dilution and
incubation time of serum and the IgG-HRP secondary antibody. The
results showed that the OD,s, value gave the maximum difference
between the positive serum and negative serum (P/N value of 3.170)
when the coating concentration of antigen was 10 ug/well and the
dilution of serum was 1:100 (Figures 4A,B). Similarly, the optimal
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FIGURE 2
Virulence of K. pneumoniae in pigs. (A) Body weight change upon infection with K. pneumoniae for 96 h in Rongchang pigs. (B,C) Pathological
examination of lung without (B) and with (C) K. pneumoniae infection for 96 h in Rongchang pigs. Typical petechial hemorrhage spots were indicated
by black arrows. (D) Hematoxylin—eosin staining of lungs of control group. Left: 100X; right: 400x. (E) Hematoxylin—eosin staining of lungs with
K. pneumoniae infection. Left: 100x; right: 400X .

incubation time with the sample was 1 h (Figure 4C); the optimal
dilution and the optimal incubation time of the HRP-conjugated goat
anti-pig IgG secondary antibody were 1:2500 and 1h, respectively.
(Figures 4D,E).

3.5 Determination of cut-off value of
established ELISA

The cut-off value of the established ELISA was determined by
measuring the OD,;, values of 20 standard K. pneumoniae antibody-
negative serum samples. The results showed that the mean of percent
inhibition (PI) (¥) of the negative serum samples was 0.231, and the
SD was 0.0526. After calculation, the cut-off value of the established
ELISA was 0.389. So, sample was regarded as K. pneumoniae
antibody-positive and-negative at PI >0.389 and PI <0.389,
respectively.

Frontiers in Microbiology

3.6 Determination of sensitivity,
reproducibility, and specificity of
established ELISA

The sensitivity of the established ELISA was assessed by measuring
the OD,;, values of serial dilutions of K. pneumoniae antibody-positive
serums. The results showed that serum at a dilution of 1:800 was still
K. pneumoniae antibody-positive, while dilution at 1:1600 was
K. pneumoniae antibody-negative, indicating that the established
indirect ELISA had a high sensitivity (Figure 5A). The CVs of
intra-and inter-plate variation was used to determine the
reproducibility of the established ELISA. The CVs of intra-and inter-
assay ranged from 1.10 to 4.32% and 1.46 to 8.03%, respectively
(Tables 1, 2), suggesting a good reproducibility. Moreover, to detect
the specificity of the established ELISA, cross-reactivities with
confirmed positive sera to other common swine pathogens, including
APP, S. suis, S. aureus, and E. coli, were detected. The results showed
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FIGURE 3
SDS-PAGE and Western blot analysis of purified rKHE. (A) Assessment of rKHE expression in E. coli by SDS-PAGE. M, Protein marker; 1, total protein
without IPTG induction; 2, total protein after IPTG induction; 3, supernatant of E. coli lysed cells; 4, sediments of E. coli lysed cells; 5, 20 mM imidazole
effluent; 6, 50 mM imidazole effluent; 7, purified protein; (B) rKHE was identified using anti-His monoclonal antibody by Western blot. M, protein
marker; 1, BL21 pET28a::KHE upon IPTG induction; 2, BL21 pET28a upon IPTG induction; (C) Analysis of antigen reactivity of rKHE protein by Western
blot. M, protein marker; 1, K. pneumoniae-positive serum; 2, K. pneumoniae-negative serum.

that all gave values, except for positive control, were below the defined
cut-off point (Figure 5B), indicating there’s no cross-reactivities with
sera-containing antibodies against other pathogens.

3.7 Detection of the prevalence of
Klebsiella pneumoniae in pigs by
established ELISA

A total of 920 serum samples from pig farms in Shandong and
Inner Mongolia of China were investigated using the established
ELISA (Figure 6A). In general, the results showed that among these
samples, 251 displayed K. pneumoniae antibody-positive and 669
displayed K. pneumoniae antibody-negative, with a positive rate of
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27.28% (251/920) (Figure 6B). Specifically, 179 samples from Jinan
and 72 samples from Inner Mongolia showed K. pneumoniae
antibody-positive, accounting for 41.24% (179/434) and 14.81%
(72/486), respectively (Supplementary Tables S2, S3). Moreover, the
positive rates of K. pneumoniae antibody in different cities were also
different, indicating the prevalence of K. pneumoniae varies in
different pig farms even in the same area. In pig farms of Jinan, the
positive rates of K. pneumoniae antibody ranged from 0 to 100%
(Supplementary Table S2). Interestingly, most of the pig farms from
where less serum samples were collected showed a high K. pneumoniae
antibody-positive rate of over 50%, while the pig farms from where
more than 100 serum samples were collected showed a K. pneumoniae
antibody-positive rate of 35%, approximately. The positive rates of
K. pneumoniae antibody in serum samples from pig farms of Inner
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Optimization of indirect ELISA conditions. The coating concentration of rKHE antigen (A), the dilution and incubation time of serum (B,C), and the
IgG-HRP secondary antibody (D,E) were optimized by checkerboard titration and selected according to the P/N value. Data are presented as the

mean + SD from three independent replicates

Mongolia ranged from 0 to 32.23%, which were mainly concentrated
in Chifeng (32.23%), Hohhot (31.58%), and Ordos (18.46%), while the
positive rates of K. pneumoniae antibody in other areas were lower
than 2% (Figure 6A; Supplementary Table S3).

3.8 Detection of the prevalence of
Klebsiella pneumoniae in pigs by nested
PCR

The 920 serum samples from pig farms in Jinan, Shandong and
different cities of Inner Mongolia were also investigated using
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established nested PCR. In general, the results showed that among
these samples, clear bands with expected size were observed in
176 K. pneumoniae serum samples, but not in other 744 samples
(Supplementary Figure S1). The positive rate was 19.13% (176/920)
(Figure 6B). Specifically, the positive rates in Jinan and Inner Mongolia
were 35.48% (154/434) and 4.53% (22/486), respectively
(Supplementary Tables 54, S5). Moreover, the positive rates in different
areas of Shandong and Inner Mongolia were also different. In pig
farms of Jinan, Shandong, the positive rates ranged from 13.33 to
73.33% (Supplementary Table S4). In pig farms of Inner Mongolia, the
ranged from 0 to 7.02% (Figure 6A;

positive  rates

Supplementary Table S5).
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FIGURE 5
Specificity and sensitivity analysis of established indirect ELISA. (A) The specificity of established ELISA was evaluated by detection of cross reactions
with serum containing antibodies against four common pathogens in swine, including APP (Actinobacillus pleuropneumoniae), S. suis (Strptococcus
suis), S. aureus (Staphylococcus aureus), and E. coli (Escherichia coli). (B) The sensitivity of established ELISA was determined by assessment of serial
dilutions of K. pneumoniae-positive serum. The cut-off value was determined using the mean value (%) plus 3SD of the K. pneumoniae-negative
samples. Values above cut-off was accepted as K. pneumoniae antibody-positive. Data are presented as the mean + SD from three independent
replicates.

TABLE 1 Intra-assay of established indirect ELISA.

Serum No. Number of repetitions (OD,s, values)
1 p 3

1 0913 0.925 0.905 0914 0.010 1.101%
2 0.179 0.171 0.175 0.175 0.004 2.286%
3 0.442 0.474 0.479 0.465 0.020 4317%
4 0237 0.244 0.233 0.238 0.006 2.339%
5 0.189 0.185 0.183 0.186 0.003 1.645%
6 0.165 0.161 0.173 0.166 0.006 3.673%

"X, average; SD, standard deviation; CV, coefficient of variation, calculated by SD divided by mean values.

TABLE 2 Inter-assay of established indirect ELISA.

Serum No. Number of repetitions (OD,s, values)
1 2 3

1 0.742 0.728 0.721 0.730 0.011 1.464%
2 0.169 0.147 0.148 0.155 0.012 8.032%
3 0.811 0.854 0.856 0.840 0.025 3.025%
4 0.393 0.367 0.384 0381 0.013 3.462%
5 0.153 0.152 0.143 0.149 0.006 3.688%
6 0.425 0.443 0.446 0.438 0.009 2.055%

X, average; SD, standard deviation; CV, coefficient of variation, calculated by SD divided by mean values.

3.9 Determination of factors correlated to Mongolia (Figure 6A). Since the cities with higher positivity rates such
Klebsiella pneumoniae infection rate as Jinan and Hohhot tend to be more developed, we wonder if the
K. pneumoniae infection rate is associated with human activities

The K. pneumoniae infection rate in pig’s serum from Jinan,  including gross population, population mobility, Gross Domestic
Shandong is much higher than that from other cities of Inner  Product (GDP), and breeding density (number of pigs/population).

Frontiers in Microbiology 09 frontiersin.org


https://doi.org/10.3389/fmicb.2023.1329609
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wu et al.

10.3389/fmicb.2023.1329609

©® Hulun Buir
Hinggan League ® Hohhot

® Tongliao ® Ordos

® Chifeng Jinan

ELISA [ Y S ————
Nested PCR

9:‘14—1———
[]
0% 20% 40%

FIGURE 6

B
40-

S

[}]

-

[1+]

S

[

>

b

o m

5 3

{ o
Do

4

60%

Detection of K. pneumoniae in serum samples by established indirect ELISA and nested PCR. (A) Geographic locations of pig serum samples collected
from pig farms in Shandong and Inner Mongolia, China; the original map is downloaded from DataV (https://datav.aliyun.com/portal/school/atlas/
area_selector). (B) Overall K. pneumoniae positive rate by established indirect ELISA and nested PCR.

As expected, high infection rates were mainly observed in Jinan,
Chifeng, Hohhot, and Ordos, which have higher gross population,
GDP, and population mobility (the number of tourists) than other
cities (Table 3). Accordingly, Spearman correlation analysis
demonstrated a strong positive correlation between K. pneumoniae
infection rate and gross population, GDP, and the number of tourists.
On the other hand, a moderate negative correlation between
K. pneumoniae infection rate and breeding density was observed
(Table 3; Figure 7). Overall, these results suggest that the prevalence
of K. pneumoniae in pigs is positively associated with indicated human
activities. The more frequent human activities, the higher incidence of
K. pneumoniae infection in pigs.

3.10 Comparison of results between the
established ELISA and nested PCR

We found that the consistency between positive samples identified
by ELISA and nested PCR was not high. As shown in
Supplementary Table S6, there were 559 negative samples as detected
by both methods, indicating that 60.76% of pigs have never been
infected with K. pneumoniae. There were 66 positive samples as
detected by both methods, indicating that 7.17% of pigs are infected
with K. pneumoniae. Moreover, there were 110 samples showed
K. pneumoniae antibody negative as detected by established ELISA,
but identified as positive by nested PCR, which may indicate that
11.96% of pigs might be infected by K. pneumoniae at an early-stage.
Identified as positive by established ELISA, while negative by nested
PCR were observed in 185 samples, which may indicate that 20.11%
of pigs have endured the infection of K. pneumoniae.
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4 Discussion

Klebsiella pneumoniae is an important opportunistic and zoonotic
pathogen that causes various diseases in humans and animals
(Bowring etal., 2017; Bidewell et al., 2018). However, the pathogenicity
and epidemiology of K. pneumoniae in pigs is still unknown due to the
lack of rapid and sensitive diagnosis techniques. In this study, we show
that infection by a human origin K. pneumoniae led to mild lung
injury of pigs. Epidemic detection of K. pneumoniae by an established
indirect ELISA and nested PCR demonstrate a high infection rate in
pigs, which is associated with local population, GDP, human activities,
and breeding density. These results provide valuable information for
the illustration of transmission and control of diseases caused by
K. pneumoniae both in humans and pigs.

Though K. pneumoniae-induced septicemia have been observed,
infections by K. pneumoniae in pigs are usually not fatal and rarely
reported in veterinary medicine (Bowring et al., 2017; Bidewell et al.,
2018). The effect of K. pneumoniae infection on pig health have been
neglected. However, we speculate that K. pneumoniae infection may
also impair pig health, especially in lung, even though the symptoms
are subclinical or even asymptomatic. As expected, we observed mild
lung injury and body weight loss upon K. pneumoniae infection in
pigs (Figure 2). Importantly, the K. pneumoniae strain used in
infection experiment in pigs is an hypervirulent serotype K2 strain
that was isolated from human. According to our knowledge, this is the
first report on the virulence of K. pneumoniae from a human origin
on lung of pigs. Moreover, K. pneumoniae have been isolated from
lung samples together with other common pathogens that cause
pneumoniae in pigs, such as E. coli (Lai et al., 2018) and porcine
reproductive and respiratory syndrome virus (PRRSV) (Yan et al,,
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TABLE 3 Correlation coefficient of ELISA and different factors by Spearman correlation analysis.

Cities Positive rate GDP! Population® Domestic Pig number Breeding
tourists' density
ELISA Nested (0.1 billion) (10,000 (10,000 (10,000) (Pig number/
PCR person) person- population)
times)
Jinan 41.24% 35.48% 10140.9 920.24 6037.9 131.95 6.97416
Chifeng 32.23% 5.79% 1763.6 403.13 1383.92 139.19 2.89626
Hohhot 31.58% 7.02% 2800.68 345.42 1820.36 41.03 8.41872
Ordos 18.46% 6.15% 3533.66 215.56 1580.84 28.29 7.61965
Tongliao 1.61% 0.00% 1276.64 286.75 1158.32 157.83 1.81683
Hulun Buir 1.55% 5.43% 11722 223.63 781.16 34.53 6.4764
Hinggan League 0.00% 0.00% 547.92 141.32 681.1 53.04 2.6644
Correlation
1 0.829 0.857 0.893 0.893 0.109 -0.6
coefficient
P 0.0004 0.03 0.023 0.012 0.012 0.816 0.154

'GDP, population, and domestic tourists are calculated using the data in the year 2020. Data of Jinan is obtained from the Jinan statistical yearbook 2021 published by Jinan government (http://
jntjjinan.gov.cn/art/2021/10/11/art_27523_4743879.html). Data of others cities is obtained from the Statistical Bureau of Inner Mongolia (http://tj.nmg.gov.cn/datashow/easyquery/easyquery.

htm?cn=B0103). GDP, Gross Domestic Product.
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Determination of factors correlated to K. pneumoniae infection rate
by Spearman correlation analysis. Correlation coefficient between
0.00-0.10, negligible correlation; 0.10-0.39, weak correlation; 0.40-
0.69, moderate correlation; 0.70-0.89, strong correlation; 0.90—
1.00, very strong correlation.

2020). We assume that K. pneumoniae may contributes to the
pathogeneses of these pathogens.

According to our knowledge, there’s no commercial kits for the
rapid detection of K. pneumoniae antibodies in pig serum.
Conventional techniques including PCR are commonly utilized for
detection and identification of K. pneumoniae (Chen et al., 2021).
ELISA is a sensitive, specific, and one of the most common serological
methods for the pathogen detection in veterinary medicine.
Compared to conventional PCR techniques, it does not require
expensive instruments, which makes it a convenient tool for rapid
detection of pathogens. In this study, we have established an indirect
ELISA method which displayed high sensitivity, reproducibility, and
specificity in the assays. Since there’s no vaccines for pigs in China
against K. pneumoniae infection, the established ELISA can be utilized
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for the diagnosis of K. pneumoniae infection by detecting whether the
serum contain the specific antibodies. However, a major drawback of
this method is that it may requires large amounts of rKHE protein as
coating antigens for large-scale serum detections. Thus, a developed
protein purification method might be needed. Moreover, evaluation
of the prevalence of K. pneumoniae might be inadequate since the
established ELISA detects anti-rKHE antibody which takes certain
time to be produced during infection process by host. Thus, infections
at an early stage might be overlooked.

To overcome these drawbacks, a nested PCR that detects nucleic
acids of khe was developed. Compared conventional PCR, nested PCR
has higher sensitivity and specificity in terms of amplifying a cDNA
copy of an mRNA present at very low abundance in samples (Green
and Sambrook, 2019). In line with these speculations, ELISA and
nested PCR gave different results of positive rates in serum samples
from both areas, suggesting the pigs were infected with K. pneumoniae
at different infection stages (Pinedo et al., 2008). ELISA-positive
results indicated that the pigs have been infected with K. pneumoniae
for some time or at a late stage of infection, while nested PCR-positive
results indicated that the animal are infected with K. pneumoniae at
present. Analysis of the results from the both established methods may
be needed to better evaluate the prevalence of K. pneumoniae
in animals.

Most of the infections caused by K. pneumoniae have been
observed in diverse animals including cattle, goat, horse, and cat, but
not many in pigs (Brisse and Duijkeren, 2005; Ribeiro et al., 2022). In
this study, a total of 920 serum samples from Shandong and Inner
Mongolia of China were detected using the established methods. The
positive rates of K. pneumoniae antibody in both areas were quite high
(Figure 6B), indicating K. pneumoniae is a major emerging pathogen
that prevalent in pigs. Our result is consistent with a previous study
which showed K. pneumoniae was the sixth most frequently
encountered pathogen in swine (Zou et al,, 2011). Considering the fact
that K. pneumoniae can be transmitted between humans and animals
via food chain and occupational contact (Founou et al., 2018; Yang
E et al, 2019; Leangapichart et al., 2021), we hypothesize that the
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domestic animals may represent a source of the pathogenic and
multidrug-resistant K. pneumoniae to humans or vice versa.

Moreover, we observed that the K. pneumoniae infection rate
varied dramatically in different regions and pig farms
(Supplementary Tables S2-55). Regions with high population density
and GDP had higher infection rate than that with low population
density and GDP. Moreover, K. pneumoniae infection rate is positively
correlated with gross population, GDP, and the number of tourists
(Figure 7), but negatively correlated with breeding density, suggesting
that the prevalence of K. pneumoniae in pigs is associated with
human activities.

In conclusion, our study demonstrated that K. pneumoniae
infection impaired pig health. Rapid detection of K. pneumoniae by the
established indirect ELISA and nested PCR indicated a high infection
rate in pigs, which is correlated with local population, GDP, human
activities and breeding density. These results suggested the established
methods can be applied for rapid clinical diagnoses to evaluate the
prevalence of K. pneumoniae infection both in animals and humans,
and highlighted the effect of K. pneumoniae infection on pig health to

which needs to be paid more attentions in veterinary medicine.
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