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Abstract: LysR-type transcriptional regulators are involved in the regulation of numerous cellular metabolic processes 
in Klebsiella pneumoniae, leading to severe infection. Earlier, we found a novel LysR family gene, named kp05372, in 
a strain of K. pneumoniae (designated GPKP) isolated from forest musk deer. To study the function of this gene in 
relation to the biological characteristics of GPKP, we used the suicide plasmid and conjugative transfer methods to 
construct deletion mutant strain GPKP-Δkp05372; moreover, we also constructed the GPKP-Δkp05372+ comple-
mented strain. The role of this gene was determined by comparing the following characteristics of three strains: growth 
curves, biofilm formation, drug resistance, stress resistance, median lethal dose (LD50), organ colonization ability, and 
the histopathology of GPKP. Real-time polymerase chain reaction (RT-PCR) was used to test the expression level of 
seven genes upstream of kp05372. There was no significant difference in the growth rates when comparing the three 
bacterial strains, and no significant difference was recorded at different osmotic pressures, temperatures, salt contents, 
or hydrogen peroxide concentrations. The GPKP-Δkp05372 mutant formed a weak biofilm, and the other two strains 
formed medium biofilm. The drug resistance of the GPKP-Δkp05372 mutant toward cephalothin, cotrimoxazole, and 
polymyxin B was changed. The acid tolerance of the deletion strain was stronger than that of the other two strains. The 
LD50 values of the wild-type and complemented strains were 174-fold and 77-fold higher than that of the GPKP- 
Δkp05372 mutant, respectively. The colonization ability of the GPKP-Δkp05372 mutant in the heart, liver, spleen, 
kidney, and intestine was the weakest. The three strains caused different histopathological changes in the liver and 
lungs. In the GPKP-Δkp05372 mutant, the relative expression levels of kp05374 and kp05379 were increased to 
1.32-fold and 1.42-fold, respectively, while the level of kp05378 was decreased by 42%. Overall, the deletion of 
kp05372 gene leads to changes in the following: drug resistance and acid tolerance; decreases in virulence, biofilm 
formation, and colonization ability of GPKP; and regulation of the upstream region of adjacent genes. 
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1  Introduction 
 

Klebsiella pneumoniae has been regarded as an 
opportunistic pathogen in animal respiratory and in-
testinal tracts and is currently recognized as a Gram- 
negative bacterium that causes human and animal 
diseases. It can lead to human and animal enteritis, 
pneumonia, liver abscess, peritonitis, bronchitis and 
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wound infection, as well as meningitis, septicemia, 
and gastrointestinal diseases, which pose great diffi-
culties in clinical treatment, with extremely high 
morbidity and mortality (Bujanda et al., 1996; O'Toole 
et al., 2000; Roberts et al., 2000; Fang et al., 2004; 
Lederman and Crum, 2005). The forest musk deer 
(Moschus berezovskii), a rare economic animal, is 
seriously restricted by pneumonia, which has a seri-
ous impact on its breeding. K. pneumoniae is one of 
the pathogenic organisms that cause pneumonia in 
musk deer, and most of them colonize on the mucosal 
surface of mammals, with a high clinical infection 
rate, which can lead to pneumonia and even death in 
musk deer (Yang et al., 2017). Pneumonia in musk 
deer is characterized by dyspnea, pulmonary hemor-
rhage, and purulent lesions in the lungs and other 
parenchymal organs. K. pneumoniae is difficult to be 
controlled effectively in captive forest musk deer. 

In our previous study, a strain of K. pneumoniae 
(designated GPKP) was isolated from the feces of 
forest musk deer that were bred at the Baisha Musk 
Deer Farm in Sichuan Institute of Musk Deer 
Breeding (Dujiangyan, China) and were suffering 
from purulent pneumonia and diarrhea (Zhao et al., 
2017b). A novel LysR family gene, named kp05372, 
had been identified by whole-genome sequencing of 
GPKP. The related physicochemical properties and 
the structural prediction of the coding product of gene 
kp05372 indicated that the kp05372-encoded protein 
is a typical LysR transcription factor. Research into 
the LysR-type transcriptional regulator (LTTR) fam-
ily began in the 1980s and first appeared in reports 
published by Henikoff et al. (1988). It is the largest 
family of prokaryotic transcriptional binding proteins 
and can regulate the expression of genes with differ-
ent functions, including some important functions 
during the interaction between prokaryotes and eu-
karyotes. Proteins of this family have a unique 
structure, with an N-terminal DNA-binding helix- 
turn-helix motif and a C-terminal coinducer-binding 
domain (Maddocks and Oyston, 2008). The LysR 
family genes have similar characteristics, often ad-
jacent to and opposite to their target genes, and their 
promoter regions overlap with each other for the 
purpose of regulating expression (Viswanathan et al., 
2007). 

Analysis of the adjacent genes of kp05372 found 
that the upstream seven adjacent genes had their 

transcription direction opposite to that of kp05372. 
We named them kp05373, kp05374, kp05375, 
kp05376, kp05377, kp05378, and kp05379 in their 
respective order. The interval between kp05372 and 
kp05373 is 475-bp long. Through promoter prediction 
analysis, the DNA sequence of the interval between 
the two genes has been found to have obvious positive 
and negative promoter characteristics, and the pro-
moter regions also overlap. Therefore, they may have 
regulatory relationships, which is the typical feature 
of the LysR family of transcriptional regulators. 
LTTRs have a wide range of regulatory functions in 
bacteria. The target genes of regulation are involved 
in bacterial cell division, virulence, metabolism, 
quorum sensing, motility, antioxidant reaction, ni-
trogen fixation, adhesion, and secretion (Frisch and 
Bender, 2010; Lee et al., 2013; Srinivasan et al., 
2013). Consequently, we think that it may also be 
functionally similar to other genes in the LysR family 
and may be involved in regulating the virulence, ca-
tabolism, drug resistance, and host colonization abil-
ity of K. pneumoniae in forest musk deer, and that it 
may also regulate the expression of its adjacent genes 
to regulate the physiological functions determined by 
its adjacent genes. 

In this study, to explore the basic function of the 
newly discovered LTTR gene kp05372, the mutant 
and the complemented strains of GPKP were con-
structed, the differences in biological characteristics, 
such as growth curve, drug sensitivity, biofilm for-
mation, stress resistance, median lethal dose (LD50), 
colonization ability, and histopathological morphology, 
between the two strains and the wild-type strain were 
compared, and the expression levels of seven genes 
upstream of kp05372 in the mutant were determined. 
 
 

2  Materials and methods 

2.1  Bacterial strains, plasmids, and media 

K. pneumoniae of musk deer GPKP (GenBank: 
KX929840.1) was provided by the Animal Quaran-
tine Laboratory, Wenjiang Campus, Sichuan Agri-
cultural University (Chengdu, China). Escherichia 
coli DH5α and the pMD-19T plasmid were purchased 
from TaKaRa Biomedical Technology (Beijing) Co., 
Ltd. Suicide vector pLP12T, expression plasmid 
pBAD33, and E. coli β2163 were obtained from 
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Guangzhou KnoGen Biotech Co., Ltd. Luria-Bertani 
(LB) broth, Mueller-Hinton (MH) medium, and 
MacConkey media were purchased from Chengdu 
Haoboyou Technology Co., Ltd. 

2.2  Primer design 

The primer pair KP-M1F/KP-M1R was ampli-
fied to obtain the fragment A of the upstream ho-
mologous arm of kp05372. The primer KP-M1F was 
composed of two parts, the 5'-end lowercase letters 
indicating the homologous sequence of the suicide 
vector pLP12T and the 3'-end being the homologous 
sequence of the upstream homologous arm of the 
gene to be knocked out. The primer pair KP-M2F/ 
KP-M2R was amplified to obtain the downstream 
homologous arm fragment B of kp05372. The primer 
KP-M2R was composed of two parts, the 5'-end 
lowercase letters denoting the homologous sequence 
of the suicide vector pLP12T, and the 3'-end being the 
homologous sequence of the downstream homolo-
gous arm of the gene to be knocked out. The under-
lined part of the 5'-end of the primer KP-M1R was the 
complementary reverse sequence of the downstream 
homologous arm B amplification primer KP-M2F of 
the gene to be knocked out. The bold part of the 5'-end 
primer KP-M2F is the complementary reverse se-
quence of the upstream homologous arm A amplifi-
cation primer of the gene. The primer pair KP-PF/ 
KP-PR was used to identify the mutant. The primer 
pair pLP-UF/pLP-UR was used to identify the recom-
binant suicide plasmid. The primer pair pBAD33-ZF/ 
pBAD33-ZR was used as the vector amplification 
primer. The primer pair KP-RF/KP-RR was used as 
the primers for the gene to be knocked out. The pri-
mer pair pBAD33-mcf-TF/pBAD33-mcf-TR was 
used to identify the complemented strain. The primer 
pairs of kp05373, kp05374, kp05375, kp05376, 
kp05377, kp05378, kp05379, and recA were used for 
real-time polymerase chain reaction (RT-PCR) to 
determine the regulatory effect of kp05372 on seven 
upstream genes. The specific primer sequences are 
shown in Table 1. 

2.3  DNA extraction and purification 

According to the manufacturer’s instructions, 
total genomic DNA was extracted from samples of 
the bacterial solutions using the Bacterial Genome 

DNA Extraction Kit (Tiangen Biotech, China) and 
stored at −20 °C. The quantity and quality of the ex-
tracted DNAs were measured using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, USA) 
and agarose gel electrophoresis, respectively. 

2.4  DNA manipulation and construction of the 
GPKP-Δkp05372 mutant 

The upstream homologous arm A and the down-
stream homologous arm B of the kp05372 gene were 
amplified by PCR using the genome of GPKP as 
template and using primer pairs KP-M1F/KP-M1R 
and KP-M2F/KP-M2R, respectively. Homologous 
arms A and B were purified using the PCR Product 
Purification Kit (Tiangen). The purified homologous 
arms A and B were used as the template, and KP-M1F 
and KP-M2R were used as primers for overlap ex-
tension PCR amplification to obtain the fused frag-
ment AB. Using the ClonExpress II One Step Cloning 
Kit (Vazyme, China), the fused fragment AB was 
cloned seamlessly with the suicide vector pLP12T to 
construct the recombinant suicide plasmid pLP12T- 
kp05372. The pLP12T-kp05372 plasmid was trans-
formed into E. coli β2163, and the primer pair pLP-UF/ 
pLP-UR was used to screen for positive clones. After 
the coculture of 1.5 mL positive clones and 0.5 mL 
GPKP to enable conjugative transfer, 100 μL samples 
of the mixture were plated onto LB solid medium 
with 20 μg/mL chloramphenicol (CM), and the zy-
gotes were screened by PCR using the primer pair 
KP-M1F/KP-M2R. Zygotes were spread onto LB 
solid medium with 0.4% L-arabinose and cultured 
overnight at 30 °C, with screening by analytical PCR 
using the primer pair KP-PF/KP-PR. After the zy-
gotes were purified, the DNA was amplified again, 
and sequencing of the PCR product was used to verify 
the successful construction of the deletion strain 
GPKP-Δkp05372 mutant. 

2.5  Construction of the GPKP-Δkp05372+ com-
plemented strain 

We used the genome of GPKP as the template 
and KP-RF/KP-RR as the primer pair to perform PCR 
to obtain the expression fragment kp05372. Fur-
thermore, we used plasmid pBAD33 as the template 
and pBAD33-ZF/pBAD33-ZR as the primer pair to 
perform PCR to obtain the pBAD33 vector fragment.  
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The purified kp05372 fragment was seamlessly li-
gated into the pBAD33 vector fragment, and the 
primer pair pBAD33-mcf-TF/pBAD33-mcf-TR was 
used for screening for the recombinant clone 
pBAD33-kp05372. The pBAD33-kp05372 was 
transformed into E. coli β2163, and the transformed 
products were recovered and cultured for 1 h and 
coated onto LB plates containing 20 μg/mL CM and 
0.3 mmol/L diaminopimelic acid; the clones were 
screened by PCR using the primer pair pBAD33- 
mcf-TF/pBAD33-mcf-TR. After coculturing GPKP- 
Δkp05372 mutant and E. coli β2163 containing 
pBAD33-kp05372 to enable conjugative transfer, the 
mixture was plated onto LB solid medium (20 μg/mL 
CM, 0.02%–0.20% L-arabinose) to obtain the re-
combinant GPKP-Δkp05372+ complemented strain. 
The recombinant strain was screened by colony PCR 
using pBAD33-mcf-TF/pBAD33-mcf-TR primer pair 
and PCR sequencing for validation. Positive clones 
were purified by streak plating. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.6  In vitro growth curves 

The wild-type GPKP, GPKP-Δkp05372 mutant, 
and GPKP-Δkp05372+ complemented strains stored 
at −70 °C were plated on LB solid medium and in-
cubated overnight at 37 °C to revive and purify strains. 
The wild-type GPKP, GPKP-Δkp05372 mutant, and 
GPKP-Δkp05372+ complemented strains were inoc-
ulated into 5 mL LB broth and incubated for 6 h at 
37 °C. Wild-type GPKP, GPKP-Δkp05372 mutant, 
and GPKP-Δkp05372+ complemented strains were 
suspended in fresh LB broth to adjust the optical 
density at 600 nm (OD600) to 0.5. Then, according to 
the proportion 1:100, each 2 mL aliquot of the bacte-
rial liquid was inoculated into 200 mL LB broth and 
synchronously incubated for 24 h at 37 °C. Every 2 h, 
2 mL were sampled such that 1 mL was used to de-
termine OD600 and 1 mL was diluted for colony count. 
We performed the above test set three times and drew 
the growth curve. 

Table 1  Primer sequences for gene knockout and real-time PCR 

Primer Primer sequence (5'→3')* Tm (°C) Product length (bp)
KP-M1 F: ggaatctagaccttgagtcgCGTCATCTTCTACAATCGCAGTCTC 

R: TTGTTCACCCCCGTGCTGTGTTTGAGTCGGTTGAAACTGATCCC 
56.0 638 

KP-M2 F: GGGATCAGTTTCAACCGACTCAAACACAGCACGGGGGTGAACAA 
R: acagctagcgacgatatgtcCATTAGCAGAACCGAGAAACAGGC 

60.0 629 

KP-P F: GCCGATTTTAGGATGTCTGTCACC 
R: CACCCAGCAGATAGCCCAGCA 

58.0 1386/2196 

pLP-U F: GACACAGTTGTAACTGGTCCA 
R: CAGGAACACTTAACGGCTGAC 

59.0 1517 

pBAD33-Z F: CTAGAGTCGACCTGCAGGCA 
R: AGCTCGAATTCGCTAGCCCA 

60.0 5529 

KP-R F: TGGGCTAGCGAATTCGAGCTAGGAGGAATTCACCATGAACGGGATCAGT
R: TGCCTGCAGGTCGACTCTAGTTAGCTGCGACGCTCCTG 

58.0 963 

pBAD33- 
mcf-T 

F: CCATAAGATTAGCGGATCCTACCT 
R: CTTCTCTCATCCGCCAAAACAG 

60.0 1067 

kp05373 F: CGGCATTGTTATCGGTGAGA 
R: GAGCCAGCCCCAACGGTA 

57.8 174 

kp05374 F: TCCCCAACAACTTTATCG 
R: AAATCCCCTCTTCCCCAC 

57.0 126 

kp05375 F: CGGACTCGGTCTTTCTTT 
R: CGCTTTATCTGTTTGGGA 

55.8 142 

kp05376 F: GGGGTAAATCCGCCAATA 
R: CGAGAACCTGATACGCAA 

57.0 112 

kp05377 F: CACCCCGAGACTGCCTAT 
R: ACCCCCGTTCCTCCTATG 

55.8 104 

kp05378 F: TACCACCCGTGACCCCTG 
R: CGTTTTCTGAGCCGACTTTA 

57.7 200 

kp05379 F: GCCACACTGCGAAATGAC 
R: CGGCTCCAGATGGTTACA 

55.8 78 

recA F: TTAAACAGGCCGAATTCCAG 
R: CCGCTTTCTCAATCAGCTTC 

61.0 99 

Tm: melting temperature. * Lowercase letters indicate the homologous sequence; underlined letters indicate the complementary reverse sequence 
of the downstream homologous arm B amplification primer of the gene to be knocked out; bold letters indicate the complementary reverse 
sequence of the upstream homologous arm A amplification primer of the gene 
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2.7  RNA isolation and RT-PCR 

In this study, the transcriptional levels of the 
genes upstream of kp05372, namely, kp05373, 
kp05374, kp05375, kp05376, kp05377, kp05378, and 
kp05379, in wild-type GPKP and GPKP-Δkp05372 
mutant strains, were determined. Total RNA was 
extracted from the exponential-phase cultures of 
wild-type GPKP and GPKP-Δkp05372 mutant strains 
using a HiPure Bacterial RNA kit (Magen, China) 
according to the manufacturer’s instructions. The 
RNA was checked for the absence of DNA contam-
ination and used as template for complementary DNA 
(cDNA) synthesis using the PrimeScript RT Reagent 
Kit (TaKaRa). Gene expression levels were moni-
tored by RT-PCR (Bio-Rad, CA, USA), and melting 
curve analysis was carried out to confirm amplifica-
tion of a single product. The Pfaffl method (Pfaffl, 
2001) was used to compare the relative expression  
of wild-type GPKP and GPKP-Δkp05372 mutant 
strains. The formula of the Pfaffl method is  
as follows: ratio=(1+Etarget)

ΔCT target (control−experiment)/(1+ 
Ereference)

ΔCT reference (control−experiment), where E is the am-
plification efficiency and CT is the number of reaction 
cycles when the fluorescence signal reaches the de-
tection threshold. The gene amplification efficiency 
was obtained by establishing the standard curve. The 
standard substance for establishing the standard curve 
was obtained by gradient dilution of the plasmid ex-
tracted from E. coli DH5α containing pMD-19T 
which was connected to the target gene. 

2.8  Biofilm formation assay 

The wild-type GPKP, GPKP-Δkp05372 mutant, 
and GPKP-Δkp05372+ complemented strains were 
inoculated in 5 mL LB broth and incubated overnight 
at 37 °C with shaking at 200 r/min; then, the concentra-
tion of bacterial liquid was adjusted to 1×107 CFU/mL 
(CFU, colony-forming unit). Then, 100 µL medium 
was added to each well in the 96-well plate, and the 
bacterial solution was inoculated in a ratio of 1:10. 
Three replicates were set for each group. After 36 h of 
incubation at 37 °C, the culture medium was removed, 
and phosphate-buffered saline (PBS) was used for 
washing the wells three times to remove free bacteria. 
Subsequently, 100 µL methanol was added to each 
well and left undisturbed for 15 min. Then, methanol 
was removed and the wells were dried naturally. The 
bound cells were stained for 5 min with 100 µL 

crystal violet solution (10 g/L) at room temperature. 
Later, PBS buffer was used for rinsing the wells five 
times, and 100 µL dimethyl sulphoxide (DMSO) was 
added after it was completely dried. It was placed on a 
shaker for 2 h, shaken at an interval of 1 h to dissolve 
crystal violet, and the OD570 value was determined. 
Medium without inoculation was used as the negative 
control. The mean OD570 value plus the sum of three 
standard deviations of the negative control was the 
critical value T (Murphy and Kirkham, 2002). 

2.9  Drug sensitivity test 

The drug sensitivity tests used the Kirby-Bauer 
(K-B) agar method as reference (CLSI, 2019). The 
wild-type GPKP, GPKP-Δkp05372 mutant, and 
GPKP-Δkp05372+ complemented strains were inoc-
ulated in 50 mL LB broth and incubated for 12 h at 
37 °C with shaking at 200 r/min; the bacterial liquid 
was adjusted to a concentration of 107 CFU/mL, and 
aliquots (0.2 mL) of the three bacterial solutions were 
spread onto MH agar medium. Antibiotic disks 
(Hangzhou Microbial Reagent, China) were put on 
the surface of the MH agar medium, incubated for 
16–18 h at 37 °C, and the diameters of the inhibition 
zones were measured. The following antimicrobials, 
including gentamicin (10 μg), tobramycin (10 μg), 
kanamycin (30 μg), neomycin (30 μg), streptomycin 
(10 μg), norfloxacin (10 μg), ciprofloxacin (5 μg), 
enrofloxacin (10 μg), ofloxacin (5 μg), carbenicillin 
(100 μg), oxacillin (1 μg), piperacillin (100 μg), am-
picillin (10 μg), penicillin (10 μg), cefotaxime (30 μg), 
ceftazidime (30 μg), cefobid (75 μg), cefazolin  
(30 μg), cefuroxime (30 μg), compound sulfameth-
oxazole (sulfamethoxazole (23.75 μg)/trimethoprim 
(1.25 μg)), furazolidone (100 μg), erythromycin  
(30 μg), chloramphenicol (30 μg), tetracycline (30 μg), 
polymyxin B (300 IU), vancomycin (30 μg), and 
augmentin (amoxicillin (20 μg)/clavulanic acid  
(110 μg)), were tested. 

2.10  Stress resistance assay 

The wild-type GPKP, GPKP-Δkp05372 mutant, 
and GPKP-Δkp05372+ complemented strains were 
inoculated in 50 mL LB broth and incubated over-
night at 37 °C; the bacterial liquid concentration was 
then adjusted to 1×107 CFU/mL. According to the ratio 
of 1:50, they were inoculated as follows: into 5 mL 
LB broth containing 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 
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and 0.8 mol/L KCl, and LB broth without KCl used as 
the control; into 5 mL LB broth with pH of 2, 3, 4, 5, 6, 
7, 8, 9, and 10, and the medium with pH 7 used as the 
control (He et al., 2019); into 5 mL LB broth con-
taining 0.1%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 
3.5%, and 4.0% NaCl (1%=0.01 g/mL), and the me-
dium containing 1.5% NaCl used as the control; into  
5 mL LB broth containing 1, 2, 3, 4, 5, 6, 7, and  
8 mmol/L H2O2, and medium without H2O2 used as 
the control; and into 5 mL LB broth and incubated for 
2 h at 37, 40, 45, 50, 55, and 60 °C, and the sample 
incubated for 2 h at 37 °C used as the control. After 
the treatment, the samples were incubated overnight 
at 37 °C with shaking at 200 r/min, the OD600 was 
measured, and viable cells were counted. 

2.11  Infection of SPF KM mice 

The 0% lethal dose (LD0) and absolute lethal dose 
(LD100) of the wild-type GPKP, GPKP-Δkp05372 
mutant, and GPKP-Δkp05372+ complemented strains 
were obtained by screening in the preliminary ex-
periment. A total of 78 SPF KM mice (18–22 g 
weight, 6 weeks old), half the population being male 
and half female, were randomly divided into 13 
groups with six mice in each group (SPF KM mice 
were purchased from Chengdu Dashuo Biotechnol-
ogy Co., Ltd.). The animal experiments were approved 
by the National Institute of Animal Health Care and 
Use Committee at Sichuan Agricultural University 
(approval number SYXK2019-187). During the ex-
periment, all mice were free to eat and to drink water. 
This experiment was carried out in accordance with 
the provisions for maintaining an environment of 
illumination and ventilation, as well as appropriate 
conditions of feeding and management.  

Groups 1–6 were the GPKP-Δkp05372 mutant 
group, Groups 7–12 comprised the GPKP-Δkp05372+ 
complemented strain group, and Group 13 was the 
control group. The GPKP-Δkp05372 mutant and 
GPKP-Δkp05372+ complemented strains were inoc-
ulated into 5 mL LB broth and incubated overnight at 
37 °C with shaking at 200 r/min. According to the 
results of the preliminary experiments, the concen-
tration of bacterial solution was adjusted as follows: 
3.3×106 to 3.3×1011 CFU/mL in the GPKP-Δkp05372 
mutant group; and 6.8×106 to 6.8×1011 CFU/mL in 
the GPKP-Δkp05372+ complemented strain group. 
Each group was injected intraperitoneally at a dose of 
0.5 mL per mouse for the challenge experiment, while 

the control group was injected with the same amount 
of sterilized normal saline. After the challenge ex-
periment, the incidence and mortality of mice in each 
group were observed for 7 d and recorded in detail. 
Bliss method was used to calculate LD50 (Bliss, 1935). 

2.12  Organ colonization assays 

A total of 60 SPF KM mice (18–22 g weight,  
6 weeks old), half of these being male and half female, 
were randomly divided into three groups with 20 mice 
in each group. The bacterial solution was diluted to 
ten times LD50 and inoculated into mice. At 12, 24, 48, 
72, and 96 h, the heart, liver, spleen, lung, kidney, and 
intestine of the mice were collected and weighed. 
Then, a small amount of tissue was taken, and an 
appropriate amount of PBS buffer was added to make 
the mixture of PBS and tissues reach 1 g (Pollak et al., 
2015). After grinding, the sample was diluted in 
multiple proportions and used to coat MacConkey 
plates; the number of bacteria was quantified, and the 
viable cell count (CFU/g) was calculated. 

2.13  Histopathological observation 

A total of 40 (18–22 g weight, 6 weeks old) SPF 
KM mice (half of them male and half female) were 
randomly divided into four groups with ten mice in 
each group. The experiment was started 2 d after the 
mice were acclimated to the new environment. Group 
A was the wild-type GPKP strain group, Group B was 
the GPKP-Δkp05372 mutant group, Group C was the 
GPKP-Δkp05372+ complemented strain group, and 
Group D was the control group; ten mice were used in 
each group. The concentrations of bacterial solution 
of the wild-type GPKP, the GPKP-Δkp05372 mutant, 
and GPKP-Δkp05372+ complemented strains were 
6.3×107, 1.1×1010, and 4.88×109 CFU/mL, respec-
tively, based on LD50 measurement after intraperito-
neal injections at 0.5 mL per mouse. At 12, 48, and 96 
h after injecting, three mice were killed for each group, 
and the heart, liver, spleen, lung, kidney, and intestine 
were collected. Meanwhile, pathological changes of 
each organ were observed by hematoxylin-eosin (HE) 
staining. 

2.14  Statistical analysis 

SPSS (Version 22.0) was used for data pro-
cessing and analysis, and one-way analysis of vari-
ance (ANOVA) was used for determining statistical 
significance. P<0.05 indicated significant difference. 
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3  Results 

3.1  Gene deletion mutation and complementation 

For the kp05372 upstream homologous arm 
fragment A, the total length of the PCR product was 
638 bp. For the kp05372 downstream homologous 
arm fragment B, the total length of the PCR product 
was 629 bp. For the fused fragment AB, the total 
length of the PCR product was 1267 bp. The length  
of the pLP12T-kp05372 amplification product was 
1517 bp and consistent with the expectation, indi-
cating the successful construction of E. coli β2163 
containing the suicide plasmid pLP12T-kp05372. The 
zygotes amplification product, using KP-M1F/KP- 
M2R as the primer pair, had two bands: one of the 
amplified fragments was 2077-bp long, and the other 
amplified band was 1267-bp long, which was con-
sistent with the expected results. The mutant and 
wild-type amplification products, using KP-PF/KP-PR 
as the primer pair, are shown in Fig. 1. The correct 
mutant amplification produced a 1386-bp fragment, 
and the wild-type amplification produced a 2196-bp 
fragment. The PCR products and the sequencing re-
sults were consistent with the expectation. 

The length of the expression fragment kp05372 
was 949 bp. The length of the pBAD33 vector fragment 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

was 5529 bp. The amplification products of the re-
combinant clone pBAD33-kp05372 are shown in 
lanes 1–2 in Fig. 2, and the length of the PCR prod-
ucts is 1053 bp; the sequencing results are consistent 
with the expectation. The amplification products of 
the donor bacteria E. coli β2163 containing pBAD33- 
kp05372 are shown in lanes 3–4 in Fig. 2, and the 
amplification products of the GPKP-Δkp05372+ 
complemented strain are shown in lanes 5–6 in Fig. 2. 
The length of the PCR products is 1053 bp. The se-
quencing results of GPKP-Δkp05372+ complemented 
strain are consistent with expectation. It indicates that 
the GPKP-Δkp05372+ complemented strain was suc-
cessfully constructed. 

3.2  In vitro growth curves 

As shown in Fig. 3, the growth rate of all the 
three strains showed a rapid rise in OD600 after 2 h and 
reached the maximum at 12 h. This period was in the 
exponential phase, when the OD600 value of the 
wild-type strain solution was higher than those of the 
other two strains. However, the plate counting results 
showed no significant change among the three strains.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Electrophoregram of the amplified fragments 
obtained from the GPKP-Δkp05372 mutation and wild-
type strains 
M: DL2000 DNA marker; 1–6: deletion mutant strains; 
7: E. coli β2163 (pLP12T-kp05372); 8: wild-type strain 

Fig. 2  Electrophoregram of amplified fragments ob-
tained from pBAD33-kp05372, E. coli β2163 containing 
pBAD33-kp05372, and GPKP-Δkp05372+ complemented 
strains 
M: DL2000 DNA marker; 1–2: pBAD33-kp05372; 3–4: E. 
coli β2163 containing pBAD33-kp05372; 5–6: GPKP-
Δkp05372+ complemented strain; 7: GPKP-Δkp05372 mu-
tant strain 
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The 12–18 h curve was relatively stable and in the 
stationary phase. After 18 h, the plate counting results 
showed that the curve gradually decreased and was in 
the death phase. The results of the OD600 values of the 
bacterial broth and the viable cell counts indicate that 
deletion of the kp05372 gene does not affect the 
growth rate of GPKP. 

3.3  Expression analysis of genes upstream of 
kp05372 

Quantitative RT-PCR using specific primers was 
used to examine the expression of the genes upstream 
of kp05372 in wild-type GPKP and GPKP-Δkp05372 
mutant strains (Table 1). The results are shown in Fig. 4. 
Compared to the wild-type GPKP, expression of  
the kp05372 upstream genes kp05374, kp05378, and 
kp05379 showed a significant difference in the GPKP- 
Δkp05372 mutant (P<0.05). The GPKP-Δkp05372 
mutant showed an increased expression for kp05374 
(to 1.32-fold) and kp05379 (to 1.42-fold) and a de-
creased expression for kp05378 (by 42%). No sig-
nificant difference in expression level was observed 
for kp05373, kp05375, kp05376, or kp05377. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.4  Biofilm formation assays 

As shown in Table 2, the average value of the 
blank control is 0.127, plus three times the standard 
deviation, with the critical value T=0.169. Medium 
biofilm was formed in the wild-type and GPKP- 
Δkp05372+ complemented strains, and weak biofilm 
was formed in the GPKP-Δkp05372 mutant strains. 

3.5  Drug sensitivity test 

The results were interpreted according to CLSI 
(2019). The resistance of the GPKP-Δkp05372 mu-
tant to cephalothin, compound sulfamethoxazole, and 
polymyxin B changed. As shown in Fig. 5, among the 
aminoglycosides, the inhibition zones of wild-type 
GPKP and GPKP-Δkp05372+ complemented strains 
grown on gentamicin and tobramycin were larger 
than that of the GPKP-Δkp05372 mutant, whereas the 
inhibition zone for the same when grown on neomy-
cin and streptomycin was less than that of the 
GPKP-Δkp05372 mutant. Among the quinolones, 
both wild-type GPKP and GPKP-Δkp05372+ com-
plemented strains had larger inhibition zones than the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Detection of biofilm absorption 

Strain 
OD570 Average value Standard deviation Biofilm formation 

No. 1 No. 2 No. 3 

Wild-type 0.495 0.324 0.313 0.377 0.102 Medium 
Mutant 0.403 0.271 0.309 0.327 0.068 Weak 
Complemented 0.460 0.374 0.283 0.372 0.089 Medium 
Blank 0.133 0.136 0.111 0.127 0.014 No 

The critical value T was the mean OD570 value of the blank control plus three times its standard deviation. No biofilm forms when the 
sample’s OD570 is less than or equal to T. Weak biofilm forms when the sample’s OD570 is greater than T and less than 2T. Medium biofilm 
forms when the sample’s OD570 is greater than 2T and less than 4T. Strong biofilm forms when the sample’s OD570 is greater than 4T (Murphy 
and Kirkham, 2002) 

Fig. 3  Growth curves of wild-type GPKP, GPKP-Δkp05372 mutant, and GPKP-Δkp05372+ complemented strains 
OD600: optical density at 600 nm; CFU: colony-forming unit. Data are expressed as mean±standard deviation (n=3) 
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GPKP-Δkp05372 mutant. Among the penicillins, the 
inhibition zones of wild-type GPKP and GPKP- 
Δkp05372+ complemented strains grown only on 
carbenicillin were larger than that for the GPKP- 
Δkp05372 mutant, and the results with the remaining 
drugs showed no difference. Among the cephalo-
sporins, the inhibition zones of wild-type GPKP and 
GPKP-Δkp05372+ complemented strains grown only  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

on cephalothin were larger than that of the GPKP- 
Δkp05372 mutant, while, for the remaining drugs,  
the inhibition zones of wild-type GPKP and GPKP- 
Δkp05372+ complemented strains were smaller than 
that of the GPKP-Δkp05372 mutant. Among the latter 
several antibiotics, the inhibition zones of wild-type 
GPKP and GPKP-Δkp05372+ complemented strains 
were larger than those of the GPKP-Δkp05372 mutant 
for compound sulfamethoxazole, furazolidone, chlo-
ramphenicol, and polymyxin B, while being smaller 
than the zones for erythromycin, tetracycline, and 
vancomycin. 

Briefly, the antibiotic sensitivities of wild-type 
GPKP strain and GPKP-Δkp05372+ complemented 
strain are similar. The inhibition zone diameters of the 
GPKP-Δkp05372 mutant grown on gentamicin, of-
loxacin, cephalothin, compound sulfamethoxazole, 
furazolidone, chloramphenicol, and polymyxin B 
were smaller by >5 mm compared to those of the 
wild-type GPKP and the GPKP-Δkp05372+ com-
plemented strains, and the diameter of the inhibition 
zone for cells grown on neomycin was larger by  
>5 mm compared to those of the wild-type GPKP 
strain and the GPKP-Δkp05372+ complemented strain. 
However, only the changes for neomycin, cephalothin, 
compound sulfamethoxazole, furazolidone, and pol-
ymyxin B reached the sensitive points required by 
CLSI (2019). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Transcriptional levels of kp05372 upstream genes 
kp05373, kp05374, kp05375, kp05376, kp05377, kp05378, 
and kp05379 
Relative transcriptional levels of kp05372 upstream genes 
in wild-type GPKP (black bars) and GPKP-Δkp05372 
mutant (grey bars) strains determined using real-time 
RT-PCR are shown in comparison with the levels in the 
wild-type strain. The wild-type strain’s expression level is 
represented as one fold. Each bar represents the mean value 
of three independent experiments. Error bars are standard 
deviations.* Significant difference (P<0.05) 

Fig. 5  Diameters of inhibition zones of the wild-type GPKP, GPKP-Δkp05372 mutant, and GPKP-Δkp05372+ comple-
mented strains 
Each bar represents the mean value of three independent experiments. Error bars are standard deviations 
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3.6  Stress sensitivity assay 

As shown in Fig. 6, compared with the other two 
strains, the OD600 value of the GPKP-Δkp05372 mu-
tant was significantly increased by about 0.3 times at 
pH 2, and the log value of the viable cell count was 
significantly increased by about 0.4 times. At pH 3, 
the OD600 value and the log value of the viable cell 
count of the GPKP-Δkp05372 mutant were increased 
by about 0.2 times. At pH 5, the OD600 value of the 
GPKP-Δkp05372 mutant was increased by about  
0.15 times, while the viable cell count results showed 
no significant change. To sum up, combined with the 
OD600 value and the viable cell count results of  
the three strains, the acid tolerance of the GPKP- 
Δkp05372 mutant decreased gradually with increase 
in pH value, with the alkali tolerance showing no 
obvious change; the three strains showed no signifi-
cant change in terms of resistance to osmotic pressure, 
salt tolerance, oxidation resistance, or temperature 
sensitivity. 

3.7  Infection of SPF KM mice 

Twelve hours after the challenge experiment, the 
mice became dispirited and showed symptoms such 
as low appetite for food, messy hair, and secretions at 
the corners of the eyes; the mice gradually died after 
24 h. The mice in the control group had normal 
mental activity and appetite for food, and no signifi-
cant abnormality was found in the autopsy. Seven 
days after injection, LD50 was calculated by the Bliss 
method. LD50 values of the GPKP-Δkp05372 mutant 
and GPKP-Δkp05372+ complemented strains were 
1.1×1010 and 4.9×109 CFU/mL, respectively. Com-
pared with LD50 of GPKP (6.3×107 CFU/mL) (Zhao 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

et al., 2017b), the virulence of GPKP-Δkp05372 
mutant was found to be decreased significantly. 

3.8  Organ colonization assays 

Except the lungs, the colonization abilities of the 
GPKP-Δkp05372 mutant in the heart, liver, spleen, 
kidney, and intestine were the weakest, and the bac-
terial content could not be detected at the earliest. As 
shown in Fig. 7a, the content of the GPKP-Δkp05372 
mutant in the heart was about 10% of wild-type 
GPKP and GPKP-Δkp05372+ complemented strains, 
and the time to reduce the content to zero was sig-
nificantly earlier than that of the latter two strains. As 
shown in Fig. 7b, the content of wild-type GPKP in 
the liver was always about 15 times higher than that of 
GPKP-Δkp05372+ complemented strains. The content 
of the GPKP-Δkp05372 mutant was the same as that 
of the wild-type GPKP at 12 and 24 h, while being the 
same as GPKP-Δkp05372+ complemented strains at 
48 and 72 h. The colonization ability of the GPKP- 
Δkp05372 mutant was significantly decreased. As 
shown in Fig. 7c, in the spleen, the content of wild- 
type GPKP and GPKP-Δkp05372 mutant was the same 
at 12 and 24 h, which was 12 and 27 times higher than 
that of the GPKP-Δkp05372+ complemented strains, 
respectively. After 48 h, the content of the three 
strains was significantly decreased, and no GPKP- 
Δkp05372 mutant was detected. Therefore, the colo-
nization ability of the GPKP-Δkp05372 mutant was 
weaker. As shown in Fig. 7d, in the lungs, the amount 
of colonization of wild-type GPKP and GPKP- 
Δkp05372 mutant at 24 h was the same, 685 times as 
that of the GPKP-Δkp05372+ complemented strains. 
The content of the GPKP-Δkp05372 mutant at 48 h  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Acidity-alkalinity sensitivity curves of the wild-type GPKP, GPKP-Δkp05372 mutant, and GPKP-Δkp05372+ com-
plemented strains 
OD600: optical density at 600 nm; CFU: colony-forming unit. Data are expressed as mean±standard deviation (n=3) 
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was higher than that of the wild-type GPKP and GPKP- 
Δkp05372+ complemented strains, and the coloniza-
tion ability of the GPKP-Δkp05372 mutant was 
stronger. As shown in Fig. 7e, at 24 h, in the kidney, 
the content of the GPKP-Δkp05372 mutant increased 
to 17 times that of the wild-type GPKP, and the col-
onization ability of the GPKP-Δkp05372 mutant was 
enhanced. At 48 h, the content of the GPKP- 
Δkp05372 mutant was not detected, the amount of 
colonization of the GPKP-Δkp05372+ complemented 
strains was 187 times that of the wild-type GPKP, and 
the colonization ability of the GPKP-Δkp05372 mu-
tant decreased more significantly than that of the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

wild-type GPKP. As shown in Fig. 7f, in the intestinal 
tract, the colonization amount of wild-type GPKP at 
24 h was 15 750 times that of the GPKP-Δkp05372 
mutant and 5250 times that of the GPKP-Δkp05372+ 
complemented strains. The wild-type GPKP had the 
strongest colonization ability. The GPKP-Δkp05372 
mutant was not detected at 48 h, and the decrease in 
the colonization ability of the GPKP-Δkp05372 mutant 
was more obvious than that of the wild-type GPKP. 

3.9  Histopathological observation 

There were no significant pathological changes 
in the cardiac tissue. The pathological changes in 

Fig. 7  Organ colonization amount of the wild-type GPKP, GPKP-Δkp05372 mutant, and GPKP-Δkp05372+ 
The colonization of the heart (a), liver (b), spleen (c), lung (d), kidney (e), and intestine (f). CFU: colony-forming unit 
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spleen, kidney, and intestine were consistent. Liver 
and lung showed different histopathological changes 
at 96 h. At 12 h, hepatocyte injury showed central 
venous congestion, peripheral lymphocytic infiltra-
tion, hepatic sinus stricture, and unclear hepatic cord 
structure. In the GPKP-Δkp05372 mutant and GPKP- 
Δkp05372+ groups, individual binuclear hepatocytes 
with densely stained cytoplasm were observed (Figs. 8g 
and 8j). At 48 h, a small number of small vacuoles in 
the cytoplasm of some hepatocytes were observed. At 
96 h, hepatocytes in the wild-type GPKP group were 
swollen (Fig. 8f), and hepatocytes in the GPKP- 
Δkp05372+ group were lysed (Fig. 8l), all of which 
indicated liver cell degeneration. The liver cell 
structure in the GPKP-Δkp05372 mutant group was 
complete, and a large number of proliferating spindle 
or polygonal Kupffer cells were observed (Fig. 8i). At 
12 h, the congestion of the alveolar capillaries was 
observed in the GPKP-Δkp05372 mutant and GPKP- 
Δkp05372+ groups, and the lung interval was signif-
icantly thickened (Figs. 9g and 9j). A small amount of  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

inflammatory cell infiltration was observed in wild- 
type GPKP group (Fig. 9d). At 48 h, local alveolar 
septum atrophy was observed, with inflammatory cell 
infiltration, and a small amount of exudate was  
observed in the alveolar cavity of the GPKP- 
Δkp05372+groups (Figs. 9e, 9h, and 9k). At 96 h, a 
large number of red blood cells and inflammatory 
cells had infiltrated, and alveolar cell degeneration 
was observed in the GPKP-Δkp05372 mutant group 
(Fig. 9i). The alveolar structure of the wild-type 
GPKP and GPKP-Δkp05372+ groups was relatively 
complete, and the local alveolar septum was atrophic 
(Figs. 9f and 9l). 

 
 
4  Discussion 
 

The forest musk deer is a protected animal in 
China and is listed as “endangered” with the Interna-
tional Union for Conservation of Nature. Musk se-
creted by the musk glands of adult male musk deer  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Micrographs of liver tissues in the wild-type GPKP, GPKP-Δkp05372 mutant, and GPKP-Δkp05372+ groups at 
12, 48, and 96 h (HE stain, ×400) 
Micrographs of liver tissues of the control group at 12 h (a), 48 h (b), and 96 h (c). Micrographs of liver tissues in the wild-type 
GPKP group at 12 h (d), 48 h (e), and 96 h (f); Micrographs of liver tissues in the GPKP-Δkp05372 mutant group at 12 h (g), 
48 h (h), and 96 h (i). Micrographs of liver tissues in the GPKP-Δkp05372+ group at 12 h (j), 48 h (k), and 96 h (l). (d, e, h, k) □: 
small vacuole; (f) □: hepatocyte swelling; (g, j) →: binuclear hepatocyte; (i) →: Kupffer cell; (l) □: hepatocyte lysis. Scale 
bar=50 μm 
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has an important economic value in traditional Asian 
medicine and international perfume industries (Yang 
et al., 2003; Zhao et al., 2017a). GPKP is a threat to 
the captive breeding of musk deer. It is important to 
study GPKP for the protection of musk deer and for 
the exploitation and utilization of musk resources. 
Study of the effect of the novel LysR transcription 
factor gene kp05372 on GPKP aims to provide new 
clues for the clinical prevention and treatment of 
GPKP, as well as provide new references for the study 
of LysR transcription factors. 

In this study, we successfully constructed the 
kp05372 gene deletion and the complemented strains. 
In the follow-up experiments, the complemented 
strain could largely restore the changes caused by 
gene deletion and, thus, eliminate the polar effect of 
gene deletion mutations. Quantitative RT-PCR was 
performed on seven potential target genes upstream 
of kp05372, which showed a certain regulatory effect  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

on the expression of kp05374, kp05378, and kp05379, 
consistent with the characteristics of the LysR family 
genes that are adjacent and opposite to their target 
genes. These results provide evidence for the addi-
tional regulatory role of kp05372 on the expression 
level of its upstream genes. The differential expres-
sion of these genes could be the molecular mechanism 
underlying the biological and phenotypic change in 
the GPKP-Δkp05372 mutant used in this study. 

The process of bacterial growth consists of four 
phases, in which bacteria die and regenerate. It is 
impossible to distinguish dead bacteria from living 
bacteria by simply measuring the absorbance value of 
the bacterial solution. Therefore, counting of the via-
ble cells of the bacterial solution was also carried out 
at the same time, and the combination of the two 
methods could compare the growth profiles of the 
three strains of bacteria better. The OD value meas-
ured in this experiment was basically consistent with  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  Micrographs of lung tissues in the wild-type GPKP, GPKP-Δkp05372 mutant, and GPKP-Δkp05372+groups at 
12, 48, and 96 h (HE stain, ×400) 
Micrographs of lung tissues of the control group at 12 h (a), 48 h (b), and 96 h (c). Micrographs of lung tissues in the wild-type 
GPKP group at 12 h (d), 48 h (e), and 96 h (f). Micrographs of lung tissues in the GPKP-Δkp05372 mutant group at 12 h (g), 
48 h (h), and 96 h (i). Micrographs of lung tissues in the GPKP-Δkp05372+ group at 12 h (j), 48 h (k), and 96 h (l). (d) →: in-
flammatory cells; (e) □: pulmonary septal thickening, congestion of the alveolar capillaries; (f, h, l) □: alveolar septum atrophy; 
(g, j) □: pulmonary septal thickening, capillary injection; (i) □: alveolar cell degeneration; →: inflammatory cells and red blood 
cells; (k) □: alveolar septum atrophy; →: inflammatory exudate. Scale bar=50 μm 
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the conclusion obtained from the count of viable 
bacteria before the death phase. After 20 h, all the 
three strains were in the death phase. At this time, due 
to the large number of dead bacteria in the solution, 
the OD value was different from the count of viable 
bacteria. Therefore, more attention should be paid to 
the count of viable bacteria. At 2, 4, and 6 h, the 
OD600 value of the wild-type GPKP strain solution 
was significantly higher than that of the GPKP- 
Δkp05372 mutant, and the values at 4, 6, and 8 h were 
significantly higher than that of the GPKP-Δkp05372+ 
complemented strain. However, the results of viable 
cell count showed that there was no significant 
change in the three strains, which might have been 
caused by the faster metabolism rate of the wild-type 
GPKP strain and the higher content of dead bacteria. 
The measured data of the GPKP-Δkp05372+ com-
plemented strain were slightly higher than those of the 
GPKP-Δkp05372 mutant strain, which might have 
been caused by the low expression of the complement 
gene. To sum up, gene deletion basically does not 
affect the growth rate of GPKP.  

Biofilm, a kind of bacterial membrane-like ag-
gregate, is formed by small colonies of bacteria that 
adhere to some surfaces and encapsulated by a poly-
saccharide matrix (Macfarlane, 2008). Biofilms of 
bacteria can increase resistance to antibiotics, heat 
stress, and pH (Wang et al., 2018). The ability to form 
biofilms is also related to the pathogenicity and drug 
resistance of K. pneumoniae (Lavender et al., 2004). 
The results of the biofilm formation assays showed 
that the wild-type GPKP strain and the GPKP- 
Δkp05372+ complemented strain formed medium 
biofilms and that the GPKP-Δkp05372 mutant formed 
a weak biofilm. The biofilm formation ability of 
GPKP decreased, and the reasons affecting the bio-
film formation of GPKP might be related to capsular 
polysaccharide, adhesion factor, lipopolysaccharide, 
and extracellular DNA (Cramton et al., 1999; Whitchurch 
et al., 2002; de Araujo et al., 2010; Diago-Navarro  
et al., 2014; Dos Santos Goncalves et al., 2014; 
Vuotto et al., 2017). In addition, there is a relationship 
between the quorum sensing of bacteria and biofilm 
formation. Quorum sensing regulates adhesion, bio-
film formation, accumulation of biofilm biomass, 
biofilm structure, and dispersion of biofilm cells (da 
Silva et al., 2017). The quorum sensing of K. pneu-
moniae regulates biofilm formation by secreting signal 

molecules associated with brominated furanone (AI-2) 
(Balestrino et al., 2005; de Araujo et al., 2010; Liu  
et al., 2016). Some LysR family genes have been 
reported to play the role of regulating the expression 
of quorum sensing-related genes (Cao et al., 2001; 
Sperandio et al., 2002; Kim et al., 2004). Therefore, it 
is speculated that the decrease in biofilm formation 
ability of the GPKP-Δkp05372 mutant may be related 
to the role of kp05372 in regulating quorum sensing- 
related genes. 

Bacterial resistance can be divided into natural 
resistance (determined by chromosomal genes) and 
acquired resistance (determined by plasmids). The 
mechanisms of K. pneumoniae resistance include the 
production of enzymes that inactivate antimicrobial 
agents, change of target sites of antimicrobial agents, 
decrease in permeability of antimicrobial agents, and 
changes in bacterial metabolic pathways (Yao et al., 
2018; Yuan et al., 2018). The results of the drug sen-
sitivity test indicated that gene deletion caused some 
changes in GPKP resistance. It is speculated that the 
cause of changes in drug resistance may be related to 
the formation of efflux pumps and biofilms. The ef-
flux pump is a very important cause of bacterial re-
sistance. It has been reported that the LysR family 
may affect the expression level of efflux pumps and 
thus affect the degree of bacterial resistance (Yang et al., 
2017). Biofilm is also an important factor affecting 
the drug resistance of K. pneumoniae. Biofilms 
formed by bacteria can slow down the penetration of 
antibiotics and prevent antibiotics from entering the 
bacteria. The ability of an antibiotic to penetrate a 
biofilm depends on the rate of its inactivation in the 
biofilm (Anderl et al., 2000; Yang and Zhang, 2008). 
Therefore, changes in the capacity for biofilm for-
mation may be an important cause for the changes in 
drug resistance in the GPKP-Δkp05372 mutant. 

K. pneumoniae is found in the gastrointestinal 
tract of humans and animals, as well as in the envi-
ronment. Hennequin and Forestier (2009) have re-
ported that the colonization of the gastrointestinal 
tract by K. pneumoniae was a staged step to cause 
infection. The colonization of K. pneumoniae in the 
intestinal tract depends on its adhesion to the mucosa, 
its ability to form biofilms in the mucus, and its ability 
to resist various pressures encountered in the gastro-
intestinal tract (Wang et al., 2010; Zhou et al., 2013). 
Therefore, this experiment studied the tolerance of 
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wild-type GPKP, GPKP-Δkp05372 mutant, and GPKP- 
Δkp05372+ complemented strains under different 
conditions. The results of the pH sensitivity test in-
dicate that deletion of the gene kp05372 increases the 
acid resistance of GPKP, and the stronger the acid, the 
better is the acid resistance. This is similar to the 
experimental results of Huang et al. (2016). In addi-
tion, the activity of AI-2, the quorum sensing signal 
molecule of K. pneumoniae, has been reported to be 
variable in different acidic environments (Zhu et al., 
2012). Signal generation is enhanced with high os-
motic pressure as well as at low pH, when there is 
nutrient abundance (Balestrino et al., 2005). In addi-
tion to the effects of the growth environment, the 
LysR family of transcription factors themselves may 
also play a role in regulating quorum sensing. 

The lethality of the GPKP-Δkp05372 mutant 
strain was 1.1×1010 CFU/mL, which was significantly 
different from that of the wild-type GPKP strain 
measured earlier in the laboratory, which was  
6.3×107 CFU/mL, and significantly higher than that 
of the GPKP-Δkp05372+ complemented strain. It is 
speculated that the virulence of the wild-type GPKP 
strain became relatively weak after gene deletion, 
which affected the pathogenicity of GPKP. 

K. pneumoniae infection is based on the colo-
nization of the respiratory and intestinal tracts. Bac-
terial colonization is related to its own level of adhe-
sion. After a challenge, bacteria need to face different 
nutritional conditions, pH environments, and the re-
sistance of cells of the various organs to their repro-
duction in mice; a large number of bacteria will 
gradually reduce to either no colonization or stable 
bacterial colonization and may even cause infection. 
In the experiment on colonization of mouse organs by 
three strains of bacteria, the time when the organ 
colonization amount decreased the most was found to 
be generally 24–48 h, and the content of bacteria in 
the heart, spleen, kidney, and intestinal tract of the 
GPKP-Δkp05372 mutant strain first decreased to zero, 
which might be related to the immune response of the 
body and the role of phagocytes. In the heart, liver, 
kidney, and intestine, the colonization abilities of 
wild-type strains were the strongest, and colonization 
always existed in the liver. It was speculated that the 
deletion of gene kp05372 affected the adhesion ability 
of the GPKP-Δkp05372 mutant strain, and the colo-
nization ability in the organ decreased, which was 

consistent with the results showing increased LD50 
and decreased virulence of the GPKP-Δkp05372 
mutant strain. In addition, biofilm formation assays 
found that the biofilm formation ability of the GPKP- 
Δkp05372 mutant strain was reduced and its re-
sistance to the external environment was weakened, 
which might also affect the colonization ability of 
GPKP in organs. 

From colonization to infection to tissue lesion, 
bacteria have different processes according to indi-
viduals and objects. There were obvious hepatic his-
topathological changes after challenge by the wild- 
type GPKP strain, the GPKP-Δkp05372 mutant strain, 
and the GPKP-Δkp05372+ complemented strain; 
however, in the GPKP-Δkp05372 mutant group, there 
were not only cytoplasmic hyperchromatic and binu-
clear hepatocytes with pyknotic nuclei, but also a 
large number of Kupffer cells. Binuclear hepatocytes 
suggest that hepatocytes have strong regeneration 
ability. Kupffer cells are a type of liver macrophages, 
and the abundance of Kupffer cells can provide a 
stronger defense against bacteria (Li and Ji, 2017). 
The structure of mouse hepatocytes in the GPKP- 
Δkp05372 mutant group was more complete than that 
in the other two groups, and the wild-type GPKP 
strain and the GPKP-Δkp05372+ complemented strain 
had more damage to the liver cells. The damage 
caused by bacteria to spleen cells in the three groups 
was relatively consistent. A large number of megakar-
yocytes could be seen in the three groups 48 and 96 h 
after challenge, suggesting that extramedullary hem-
atopoiesis might occur, which might be caused by 
hypersplenism after bacterial infection (Zhai and 
Wang, 2017). Pulmonary septal thickening, severe 
hyperemia of the capillaries in the alveolar walls, and 
infiltration by a large number of inflammatory cells 
were observed at 12 h after challenge (Cai et al., 
2009). At 48 and 96 h after challenge, the pulmonary 
septum gradually returned to normal in the wild-type 
GPKP strain group and the GPKP-Δkp05372+ com-
plemented strain group, and the degree of capillary 
hyperemia was weakened. After challenge, severe 
histopathological changes firstly appeared in the in-
testinal tract of the GPKP-Δkp05372 mutant strain 
group, with a large number of intestinal villi shedding, 
edema of the epithelial mucosal cells, and a large 
amount of degeneration and necrosis. Complete intes-
tinal villi were observed 48 h after challenge. In clinical 
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practice, K. pneumoniae has been found to mainly 
affect the respiratory and intestinal organs, which is 
consistent with the results of organ colonization. 

In conclusion, the kp05372 gene could partially 
regulate seven adjacent upstream genes. The deletion 
of kp05372 reduced the biofilm formation ability and, 
at the same time, changed the drug resistance, colo-
nization ability, and virulence of bacteria. The de-
crease in biofilm formation ability might indirectly 
affect the drug resistance, adhesion, and virulence of 
bacteria. In addition, the deletion of kp05372 also had 
some impact on the acid resistance ability of bacteria. 
Apart from the effect on biofilm formation, the effect 
of LysR family of transcriptional regulators on the 
quorum sensing ability of K. pneumoniae might also 
be related to the effect on acid resistance. At present, 
we have studied the function of kp05372 in deter-
mining the biological characteristics of GPKP. Next, 
we will further study the functions of this gene in 
bacterial quorum sensing and related drug resistance 
mechanism so as to provide valuable help for the 
actual treatment, prevention, and control of diseases. 
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中文概要 
 
题 目：LysR 家族新基因 kp05372 对林麝肺炎克雷伯氏

菌的作用的初步研究 

目 的：通过 kp05372 基因的敲除来研究其对林麝肺炎克

雷伯氏菌生物表型的影响。 

创新点：解析了 LysR 家族新基因 kp05372 对林麝肺炎克

雷伯氏菌生物表型的影响。 

方 法：通过基因敲除和回补技术构建了 kp05372 的基因

缺失株和基因回补株，比较了 kp05372 基因缺失

前后，林麝肺炎克雷伯氏菌在生长曲线、药敏试

验、生物被膜、抗逆性、细菌半数致死量、定殖

能力、病理形态学等生物学特性所表现出的差

异。 

结 论：成功构建了 kp05372 基因的缺失株及回补株。

kp05372 基因的缺失导致林麝肺炎克雷伯氏菌耐

药性和耐酸性发生了变化，毒力、生物膜和定殖

能力降低，并且调控了上游临近区域的基因表

达。 

关键词：林麝；肺炎克雷伯氏菌；LysR 转录因子；kp05372；

生物表型；上游基因 


