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Abstract
As Klebsiella pneumoniae (KP) has acquired high levels of resistance to multiple antibiotics, it is considered a worldwide 
pathogen of concern, and substitutes for traditional antibiotics are urgently needed. 3-Phenyllactic acid (PLA) has been 
reported to have antimicrobial activity against food-borne bacteria. However, there was no experiment evidence for the exact 
antibacterial effect and mechanism of PLA kills pathogenic KP. In this study, the Oxford cup method indicated that PLA is 
effective to KP with a minimum inhibitory concentration of 2.5 mg/mL. Furthermore, PLA inhibited the growth and biofilm 
formation of in a time- and concentration-dependent manner. In vivo, PLA could significantly increase the survival rate of 
infected mice and reduce the pathological tissue damage. The antibacterial mode of PLA against KP was further explored. 
Firstly, scanning electron microscopy illustrated the disruption of cellular ultrastructure caused by PLA. Secondly, meas-
urement of leaked alkaline phosphatase demonstrated that PLA disrupted the cell wall integrity of KP and flow cytometry 
analysis with propidium iodide staining suggested that PLA damaged the cell membrane integrity. Finally, the results of 
fluorescence spectroscopy and agarose gel electrophoresis demonstrated that PLA bound to genomic DNA and initiated its 
degradation. The anti-KP mode of action of PLA was attributed to the destruction of the cell wall, membrane, and genomic 
DNA binding. These findings suggest that PLA has great potential applications as antibiotic substitutes in feed additives 
against KP infection in animals.
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Introduction

Klebsiella pneumoniae (KP) is a Gram-negative opportunis-
tic pathogen belonging to the family Enterobacteriaceae [1]. 
Infections have been reported in humans, livestock, poul-
try, and aquatic animals, mainly causing respiratory tract 
infection, urinary tract infection (UTI), and evenly sepsis 
[2–6]. Therefore, diseases caused by KP pose a great threat 
to human and animal health.

Antibiotics are the first choice for antibacterial ther-
apy, but the advent of extended-spectrum β-lactamase 

(ESBL)-producing KP had led to increasing therapeutic 
failure with many clinical antibiotics, such as aminoglyco-
sides, sulfamethoxazole, tetracyclines, fluoroquinolones, and 
trimethoprim [3]. However, the antimicrobial resistance var-
ies with the different strains, host species, antimicrobial con-
centrations, growth conditions, and genetic traits [7–9]. Due 
to its resistance to multiple antibiotics, KP infection requires 
extremely difficult treatment, and there is an increase of 
mortality, which has become a major concern around the 
world [10]. In this context, novel therapeutic options that are 
effective against KP are urgently needed [11].

3-Phenyllactic acid (PLA) is produced by many lac-
tic acid bacteria and shows antimicrobial activity against 
a broad spectrum of bacteria, including Listeria monocy-
togenes, Escherichia coli, Enterococcus faecalis, and Enter-
obacter cloacae, as well as some fungi, yeasts, and molds 
[12–14]. Although the antibacterial effect of PLA has been 
reported, previous studies mainly focused on the antibacte-
rial activity of PLA in vitro [12, 13, 15]. In addition, the 
existing antibacterial mechanism of PLA was explored the 
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membrane permeability leading to the leakage of intracellu-
lar components [12, 16]. However, there is no experimental 
evidence for the mechanisms underlying the antibacterial 
activity of PLA against pathogens KP in vivo and its effect 
mechanism.

Therefore, the present study aimed to explore the in vitro 
antibacterial effect of PLA against KP and, importantly, 
to evaluate PLA protection in mouse infection model and 
elucidate its antimicrobial mode. In detail, the changes in 
morphology, cell wall membrane, and genomic DNA were 
monitored after treatment with PLA.

Materials and methods

Chemicals and bacterial strains

PLA (≥ 98%) was purchased from sigma (Saint Louis, 
MO, USA). Klebsiella pneumoniae KPLYC2 (identified 
by 16sRNA, GenBank: MT953921) was isolated from a 
diseased large yellow croaker fish (Larimichthys crocea) 
and has tetracycline resistance and β-lactam antibiotic 
resistance [17]. Strain CVCC4080 (the infected host is 
mammal) was purchased from China Institute of Veteri-
nary Drug Control (Beijing, China) and has β-lactam anti-
biotic resistance and quinolones resistance [9, 17]. Strain 
ATCC700603 (standard strain) was stored in our laboratory 
and includes β-lactam antibiotic resistance and carbape-
nem-resistance [18, 19]. Strain CVCC4080 was used for 
infection in the mouse model.

Bacteria were streaked from glycerol cryostocks onto LB 
plates and incubated overnight at 37 °C. A single bacterial 
colony from the fresh plate was used to inoculate LB broth 
and grown at 37 °C in a shaking incubator at 180 rpm to an 
OD600 of 0.6, which corresponds to 2.5 × 108 colony form-
ing units (CFU)/mL, as confirmed by plating 10-fold serial 
gradient dilutions.

Antibacterial susceptibility assay using the Oxford 
cup method

The PLA and kanamycin (used as control) at a concentra-
tion of 100 μg/mL were co-incubated with 3 strains to detect 
their antibacterial activity using the Oxford cup method [20]. 
The diameter of the inhibition zone was measured to deter-
mine the antibacterial activity of PLA against KP. An equal 
volume of sterile water was used as the negative control.

Minimal inhibitory concentrations (MIC) 
and minimum bactericidal concentrations (MBC)

The determination of MIC and MBC of PLA was adapted 
from a previous study [21] with minor modifications as 

follows. Briefly, 1 × 106 CFU/mL of KP was added to 500 
μL of LB liquid medium containing PLA at concentrations 
ranging from 0 to 10 mg/mL. The LB liquid medium with 
bacteria without any PLA was used as the negative control. 
All the cultures were incubated at 37 °C for 24 h, after 
which 200 μL were transferred into the 96-well plates, 
and the optical density (OD) of each well was recorded at 
600 nm using a microplate reader (InfinteF200Pro, Tecan, 
Switzerland). Sterile LB with PLA was used as the blank 
control. The MIC was defined as the lowest PLA concen-
tration that inhibited the growth of KP. MBC was meas-
ured by subculturing the broths used for MIC determina-
tion on fresh agar plates. The MBC was defined as the 
lowest PLA concentration that results in 99.9% cell death 
of the KP strain, or less than 3 CFU surviving [22]. All the 
experiments were conducted in triplicate.

Time‑dependent bactericidal activity

Time-dependent bactericidal activity was analyzed 
using the plate colony count method according to a 
previous study [23]. KP was incubated at 37 °C and 
180 rpm in LB containing PLA at a concentration of 
1 × MIC at a final concentration of 1 × 106 CFU/mL. 
Then, aliquots were collected to perform colony count-
ing every 4 h for 24 h. The number of viable cells was 
quantified by plating ten-fold serial dilutions for each 
sample at desired time points and counting colonies 
after incubation at 37 °C for 24 h. The growth curves of 
bacteria were drawn by plotting the mean colony counts 
(Lg CFU/mL) versus time.

Biofilm formation assay

The inhibition of KP biofilm formation by PLA was tested 
using the crystal violet biofilm assay in 96-well micro-
plates as previously described [24, 25], with minor modi-
fications as follows. Briefly, 1 × 106 CFU/mL of KP cells 
was inoculated into 96-well plates and incubated with dif-
ferent concentrations of PLA (0, 0.5 × MIC, 1 × MIC) 
at 37 °C. At the indicated time points (12, 24, and 36 h), 
the cultures were washed 3 times with PBS to remove all 
planktonic cells. To quantify biofilm density, the plates 
were then air-dried for 5 min at room temperature and 
stained with 0.1% crystal violet for 15 min, and the excess 
dye was removed by washing 2 times with PBS. Then, 
the wells were incubated with 150 μL of 95% ethanol. 
After incubation, 100 μL of the destining solution was 
transferred to a new plate, and the absorbance at 570 nm 
(A570) was measured. The specific biofilm formation rate 
was calculated by comparing the A570 [26].
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Mouse infection model and treatment

All animal experiments followed the guidelines of the Insti-
tutional Animal Care and Use Committee of Taizhou Uni-
versity and were approved by the Committee (Approval No. 
TZXY-2022-20221046). Six-week-old female BALB/c mice 
(20 ± 1.5 g) were purchased from Shanghai SLAC Labora-
tory Animal Co., Ltd, China. They were kept at room tem-
perature with free access to food and water. Groups of 15 
mice were infected with 2 × 106 CFU of strain CVCC4080 
via the intraperitoneal (ip) route. Then, the mice were mock-
treated with normal saline (NS, negative control) or PLA 
(treatment group, prepared 2.5 mg/mL of PLA and each 
mouse was given 0.2 mL) by gavage 12 h post-infection, 
which was continued twice a day every 8 h for 10 days. The 
survival rates of the mice were recorded for 15 days to plot 
survival curves, which were used to assess the therapeutic 
efficacy of PLA.

Histopathological examination

To evaluate the amelioration of pathological damage in mice 
by PLA, the livers, lungs, and small intestine of 5 mice from 
each group were collected at 7 days post-infection (dpi) and 
fixed by immersion in 4% paraformaldehyde. The fixed tis-
sues were sent to a company (Pinuofei Biotechnology Co., 
Ltd, Wuhan, China) for HE staining and imaging analysis.

Scanning electron microscopy (SEM)

The morphological changes of KP bacterial cells were 
observed by SEM according to a previous study [25]. KP 
cells at a density of 1.0 × 106 CFU/mL in LB were incubated 
with NS, 1 × MIC and 2 × MIC PLA. After incubation at 37 
°C for 1, 2, and 4 h, the cells were collected by centrifuga-
tion and fixed with 2.5% glutaraldehyde overnight at 4 °C. 
The fixed cells were washed with PBS 3 times, dehydrated 
with a gradient of aqueous ethanol solutions (30%, 50%, 
70%, 80%, 90%, and 100%), treated with isoamyl acetate 
2 times, and then lyophilized. Finally, the dried cells were 
fixed onto a copper net and sputter-coated with gold under 
vacuum before observation under a S-4800 SEM (Hitachi 
High-Technologies, Tokyo, Japan).

Cell wall integrity assay

The integrity of the cell wall was determined by measuring 
the leaked extracellular AKP activity [27] . The bacte-
rial cells were washed with PBS 3 times and then re-sus-
pended. Then, PLA was added to a final concentration of 
0.5 × MIC and 1 × MIC, while a corresponding volume of 
sterile water was used as the negative control. The cultures 
were incubated at 37 °C for 0, 10, 20, and 30 min, after 

which 0.2 mL was passed through a 0.22-μm pore-size fil-
ter membrane and added to 1.8 mL Tris-HCl buffer (pH = 
8.0, 0.1mol/L, containing 0.2 g/L 4-nitrophenyl phosphate 
disodium salt). Subsequently, the mixtures were incubated 
at 25 °C for 30 min. Finally, the absorbance at 410 nm was 
measured to calculate the amount of AKP in the solution.

Membrane permeability analysis using PI staining

The impact of PLA on the cell membrane integrity was 
determined by fluorescence microscopy and flow cytom-
etry according to published methods [13, 24]. Firstly, 1 × 
104 CFU/mL of KP cells were treated with 0, 1 × MIC, 
and 2 × MIC of PLA at 37 °C for 0.5, 1, and 2 h. After 
incubation, the cells were harvested by centrifugation and 
washed 3 times with PBS. Then, the cells were stained 
with PI (final concentration 10 μg/mL) at 4 °C for 20 min 
in the dark, collected and rinsed with 0.1 M PBS to remove 
excess dye. Finally, the dead cells with red fluorescence 
were imaged by fluorescence microscopy (DMLS, Leica, 
Australia) and quantified using a FACScan Flow Cytom-
eter (CytoFLEX S, Beckman Coulter, USA).

The binding of PLA to bacterial genomic DNA

Competitive binding of PLA and nucleic acid dye (Sangon 
Biotech, co., LTD, China) to bacterial genomic DNA was 
confirmed by fluorescence spectrometry (Hitachi High-
Technologies, Tokyo, Japan) according to a previous study 
[13]. Briefly, genomic DNA of KP was extracted using a 
Rapid Bacterial Genomic DNA Isolation Kit (Sangon Bio-
tech, co., LTD, China) according to the operation manual. 
The purity and concentration of the extracted genomic 
DNA were determined by measuring the absorbance at 
260 and 280 nm using an Evolution 220 Spectrophotom-
eter (Thermo Scientific, USA). PLA with different con-
centrations (0, 0.5 ×, 1 ×, and 2 × MIC) was added to 
the genomic DNA (60 mg/L) and incubated at 37 °C for 
15 min in the dark. The fluorescence of the mixture was 
measured using an F97Pro instrument (Shanghai Leng-
guang Technology, China) with an excitation wavelength 
of 560 nm and emission scanning in the range of 530–600 
nm with a slit width of 10 nm. The degradation of DNA 
induced by PLA was confirmed by agarose gel electro-
phoresis. Briefly, bacterial genomic DNA was dissolved 
in TE buffer to a final concentration of 60 mg/L, and PLA 
solutions (0, 0.5 × and 1 × MIC) were added to the DNA 
and incubated at 37 °C in the dark for 15 min. After elec-
trophoresis, the gel was observed and imaged using a gel 
imaging system (FR-980B Gel Image Analysis System, 
Shanghai Furi, China).
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Statistical analysis

All experiments were conducted in triplicate, and the 
results are expressed as the means ± standard deviation. 
Graphs were made using GraphPad Prism Version 5 for 
windows (GraphPad Software, San Diego, CA, USA), 
and statistical analysis was conducted using SPSS 22.0 
software (IBM Corp., Armonk, NY, USA). The statistical 
significance of differences in KP biofilm formation, sur-
vival rate, and flow cytometry data was determined using 
ANOVA followed by the least significant difference (LSD) 
test. Differences were considered statistically significant 
at P < 0.05. An asterisk (*) indicates P < 0.05 and two 
asterisks (**) indicate P < 0.01.

Results

PLA inhibited the growth of KP

As shown in Fig. 1a, PLA exhibited an obvious antibacterial 
effect against KP, with mean inhibition zone (IZ) sizes of 21, 
19.7, and 22 mm, which was similar to kanamycin with 20 
mm. This result suggested that PLA could inhibit the growth 
of KP and produce the obvious inhibition zone. In Table 1, 
the OD600 measurements and microdilution assay demon-
strated that the MIC and MBC of KP were 2.5 mg/mL.

The antibacterial effect of PLA on KP 
was time‑dependent

A survival curve was plotted to assess the time-dependent 
inhibitory effect of PLA on the growth of KP as shown in 
Fig. 2. The number of viable bacteria continually increased 
without PLA as expected. By contrast, all 3 strains displayed 
a reduction of viability when exposed to PLA at their cor-
responding 1 × MIC after 4 h of growth, confirming the 
inhibitory effect of PLA against KP. Moreover, the growth 
of KP bacteria decreased more obviously with prolonged 
treatment time.

PLA inhibited biofilm formation in KP

The biofilm formation process of strain CVCC4080 was 
assessed using crystal violet staining. As shown in Fig. 3, 
the biofilm of untreated KP obviously increased from 12 to 
36 h of cultivation, and biofilm formation was significantly 
reduced by PLA at 0.5 × MIC and 1 × MIC at all tested 
time-points (P < 0.01). Thus, the results confirmed that PLA 
could inhibit bacterial growth and biofilm formation in KP 
strain CVCC4080.

Efficacy of PLA against KP infection in a mouse 
model

Mice were infected with 2 × 106 CFU of strain CVCC4080 
and gavaged with NS or PLA for 10 days. While all mice in 
the NS group after KP infection died within 7 days (Fig. 4), 
93% of the mice in the PLA group survived until 10 dpi, and 
the survival rate decreased to 74% at 11 dpi. Overall, 56% 

Fig. 1   Inhibition zone of PLA against the 3 KP strains and MIC 
assay. a Determination of the inhibitory zone diameter of PLA 
against 3 strains of KP. An aliquot comprising 200 μL of PLA at 
the indicated concentration was added to the Oxford cup and incu-
bated with 1 × 106 CFU/mL KP for 24 h. An equal volume of ster-
ile water and kanamycin was used as the negative and positive con-
trol, respectively. b MIC assay. KP at a density of 1 × 106 CFU/mL 
was incubated with PLA at concentrations of 10.00, 5.00, 2.50, 1.25, 
0.63, 0.32, 0.16, and 0 g/L for 24 h. Then, 200 μL of each culture was 
transferred into the 96-well plate and the optical density at 600 nm 
(OD600) of each well was determined

Table 1   Inhibition zone, MIC, 
and MBC of PLA against 3 
strains of KP

NA not available

Groups KPLYC2 ATCC700603 CVCC4080 Kanamycin Water

Inhibition zone (mm) 21 ± 1 19.7 ± 1 22 ± 1 20 ± 1 NA
MIC (mg/mL) 2.5 2.5 2.5 - -
MBC (mg/mL) 2.5 2.5 2.5 - -
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of mice treated with PLA survived the lethal challenge with 
KP through injection (Fig. 4).

PLA ameliorated the histopathological injury 
caused by KP

The lung, liver, and small intestine tissues were fixed and 
sectioned for histopathological examination. As shown 
in Fig. 5, liver sections from the NS group mice after KP 
infection exhibited obvious diffuse hemorrhage, inflamma-
tory cell infiltration, and hyperemia (Fig. 5a). In addition to 
obvious pathological changes, such as diffuse hemorrhage, 

destroyed alveoli, decreased number of alveoli, and thick-
ened alveolar septa, the destruction of intestinal villus struc-
ture and inflammatory cell infiltration were observed in 
lung and small intestine tissues of mice form the NS group 
(Fig. 5b and c). Conversely, treatment with PLA greatly 
reduced these pathological changes (Fig. 5d-f).

PLA treatment damaged the cellular ultrastructure

The morphological and ultrastructural changes of bacterial 
cells treated with PLA were observed by SEM (Fig. 6). The 
untreated KP cells displayed an obvious rod-shaped mor-
phology with a smooth and regular surface, and the cells 
were uniform in size and distribution. By contrast, the cells 
treated with PLA exhibited a rounded shape with irregular 

Fig. 2   Time-dependent reduction in the viability of 3 strains of KP 
following treatment with PLA. The KP cells were added at a final 
concentration of 1 × 106 CFU/mL to LB containing PLA at the con-

centration of 1 × MIC and incubated at 37 °C under constant shaking. 
Aliquots were collected to perform colony counting every 4 h for 24 h

Fig. 3   Effect of PLA on KP biofilm formation. KP cells at a density 
of 1 × 106 CFU/mL were incubated with different concentrations of 
PLA in 96-well plates for 12, 24, and 36 h. The biofilms were stained 
with 0.1% crystal violet, and the absorbance was determined at 570 
nm. The data were expressed as means ± standard deviations (n = 3) 
∗P < 0.05; ∗∗P < 0.01

Fig. 4   Therapeutic efficacies of PLA against infection with KP strain 
CVCC4080. The mice were infected with 2 × 106 CFU of strain 
CVCC4080 via the ip route and then treated with NS or PLA by 
intragastric administration. Survival was recorded daily for 15 days (n 
= 10). ∗∗P < 0.01
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wrinkles, with pores or local ruptures formed on the cell sur-
face, and with the further treatment time, large depressions, 
and cavities appeared. In addition, these changes became 
more obvious with the increase of PLA concentration and 
time. However, the basic murein structure of bacterial cells 
was still retained after exposure to PLA.

PLA damaged the cell wall integrity of KP

Cell wall damage can be determined by the leakage of intra-
cellular AKP into the culture supernatant. As presented in 
Fig. 7, the extracellular AKP from KP indicated by the 
OD410 value remained basically constant in the control 
group (approximately 0.13). However, this value increased 
dramatically after KP cells were treated with PLA. Further-
more, the release of AKP enzyme from KP cells was further 
enhanced with the increase of PLA concentration from 0.5 
to 1 × MIC. Specifically, the mean A410 value of the sub-
strate used to measure extracellular AKP in KP cell super-
natant was increased from 0.13 to 0.52 and 0.84 in response 
to treatment with 0.5 × and 1 × MIC of PLA for 30 min, 
respectively. This result indicated that PLA damaged the cell 

wall by disrupting its integrity, which resulted in the leakage 
of intracellular AKP into the cell supernatant.

PLA increased the cell membrane 
permeability of KP

Cell membrane integrity of KP was assessed by propidium 
iodide (PI) staining. Propidium iodide exhibits a fluores-
cence signal when it binds to DNA. Viable cells with intact 
membrane integrity exclude PI from their DNA, and there-
fore do not produce fluorescence, whereas nonviable cells 
with a compromised membrane present a red fluorescence 
signal after staining with PI. As shown in Fig. 8, untreated 
KP cells emitted a negligible red fluorescence, confirming 
the physical integrity of their cell membrane. By contrast, 
when cells were treated with 1 × MIC of PLA, there was a 
marked increase of red fluorescence. At a dose of 2 × MIC, 
PLA treatment resulted in a significant increase of red fluo-
rescence intensity, so that most KP cells were marked red, 
and it was evident that (Fig. 8a), suggesting that high con-
centration of PLA rapidly disrupted the integrity of the cell 
membrane. Based on the results of flow cytometry, 17% of 

Fig. 5   Effects of PLA treatment on the damage induced in the liver, 
lungs, and small intestines of mice by KP infection. a–c The liver, 
lungs, and small intestine of infected mice treated with NS were ana-
lyzed by histochemistry at 7 dpi. The arrow indicates diffuse hemor-
rhage, inflammatory cell infiltration and hyperemia, destroyed alveoli, 

decreased number of alveoli, thickened alveolar septa, and destruction 
of intestinal villus structure. The sections were stained with H&E. 
d–f The liver, lungs and small intestine of infected mice treated with 
PLA were examined in the same way. Scale bars = 100 μm
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the cells were stained with PI after treatment with 1 × MIC 
for 2 h, which increased to 90.3% with 2 × MIC, compared 
to only 5.3% in the control (Fig. 8b). These results show 
that a high concentration of PLA could rapidly destroy the 
integrity of the KP cell membrane.

PLA could bind to and degrade genomic DNA of KP

The interaction of PLA with bacterial genomic DNA was 
investigated by fluorescence spectroscopy. As shown in 
Fig. 9a, the addition of PLA to genomic DNA resulted in 
obvious fluorescence quenching, and the quenching intensity 
was positively correlated with the concentration of PLA. In 
addition, the effect of PLA on genomic DNA was observed 
by agarose gel electrophoresis. As shown in Fig. 9b, com-
pared with untreated genomic DNA, the bands became more 
mobile in the gel after incubation with PLA, indicating DNA 
degradation that resulted in a smaller average molecular 
weight of the fragments. Moreover, the degradation became 
more pronounced with the increase of PLA concentration. 

Fig. 6   SEM observation of KP cells treated with PLA. The cells were 
treated with NS, 1 × MIC and 2 × MIC of PLA at 37 °C with shaking 
for 1 h, 2 h, and 4 h. The treated cells were fixed with glutaraldehyde, 

dehydrated with a graded series of ethanol solutions, and then freeze-
dried prior to gold sputtering for SEM analysis

Fig. 7   The leakage of AKP from the periplasmic space between the 
cell membrane and cell wall of KP treated with PLA or left untreated 
during incubation at 37°C for the indicated time. A KP cell suspen-
sion with a density of 1 × 106 CFU/mL as treated with 0 (sterile 
water), 0.5 × MIC, and 1 × MIC of PLA, respectively. The data are 
displayed as the means ± SD
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Fig. 8   Effect of PLA on the membrane integrity of KP cells was 
determined by propidium iodide (PI) staining combined with fluores-
cence microscopy and flow cytometry analysis. a PI staining of KP 
cells treated with PLA for 0.5 h, 1 h, and 2 h at the concentration of 

0, 1 ×, and 2 × MIC, respectively. Bar = 5 μm. b Quantification of 
PI-positive KP cells after treatment with the indicated concentrations 
of PLA for 2 h by flow cytometry

Fig. 9   Detection of PLA binding to genomic DNA by fluorescence 
spectroscopy and agarose gel electrophoresis. a Bacterial genomic 
DNA was resuspended at a final concentration of 60 mg/L. Nucleic 
acid dye was added to the PLA-DNA mixture and incubated at 37 
°C for 15 min, after which the fluorescence spectra were recorded. b 

Genomic DNA was incubated with different concentrations of PLA 
(0, 0.5 × MIC, and 1 × MIC) at 37 °C for 15 min, after which 5 μL 
of the mixture was subjected to electrophoresis. M: DNA marker; the 
arrow indicates the degradation or disappearance of the correspond-
ing nucleic acid band
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These results indicated that PLA could bind to genomic 
DNA and promote its degradation.

Discussion

Due to the increasing antibiotic resistance of KP, it is essen-
tial to find an antibiotic substitute for the treatment of KP 
infection for animals. In this study, we explored the antibac-
terial effect of PLA on KP and investigated the underlying 
mechanism.

The diameter of the inhibition zone (IZ), which directly 
reflects the antibacterial activity of PLA, was approximately 
20 mm with all three tested strains, indicating that PLA has 
the inhibition effect on the KP (Fig. 1a). The MIC of PLA 
against KP was 2.5 mg/mL, which was similar with the MIC 
of PLA against Escherichia coli [13]. Notably, this was lower 
than the MIC of common antibiotics against KP, such as cef-
triaxone, levofloxacin, gentamycin, and imipenem reported 
in another study [28]. The antibacterial effect of PLA in vivo 
lays an important foundation for its potential future applica-
tion in veterinary medicine. In the mouse infection model, 
we found that PLA could significantly increase the survival 
rate of infected mice and ameliorate the pathological dam-
age (Figs. 4 and 5). Notably, the protective effect of PLA in 
mice infected with KP was better than that of ceftazidime-
avibactam [23]. However, this advantage may be since the 
Y8 strain used in the animal infection model in the previous 
study may be more virulent than the CVCC4080 strain used 
in our study. Early studies have reported that PLA may exert 
some positive effects on the immune system of laying hens 
and effectively improve their production performance and 
egg quality. In addition, it was found to potentially reduce 
Escherichia coli numbers in weanling and growing pigs [29, 
30]. Moreover, the antibacterial effect of PLA is not affected 
by high temperature (Fig. S1). According to advantages of 
PLA with against harmful bacteria, improving of animal 
growth performance and high temperature resistance, it 
was suggested that the PLA has the great potential as the 
feed antibiotics substitute. However, the use of PLA as a 
feed additive needs to be reconsidered, since its inhibitory 
effect on Escherichia coli implies that it may impact the 
normal intestinal flora of animals. Therefore, if PLA is used 
as a feed additive, it should only be used when the animals 
exhibit symptoms of bacterial infection. Furthermore, the 
exact dosages of PLA in feeds for different animals need to 
be further explored. Furthermore, the low-cost and green 
technology for PLA production needs to be developed in 
industrial application [31].

According to the morphological and ultrastructural 
changes of KP, there was no fragmentation or cell lysis, but 
the cells first exhibited a rounded and wrinkled shape, while 
obvious local ruptures and pores could be observed on the 

surface of the cells after prolonged treatment (Fig. 6). How-
ever, it was different from that of perilla rosmarinic acid, 
which directly destroyed the whole cell structure without 
changing the cell size [32] .While, the concave collapsed 
indentations and gaps observed indicated that the perme-
ability of the cytoplasmic membrane was increased, leading 
to the formation of local pores, which directly resulted in 
the loss of viability. This phenomenon was different from 
that of Escherichia coli with no obvious broken and rup-
ture cells, even treated with high concentration of PLA (2 × 
MIC), which could be possibly attributed to the differences 
in cell membrane structure and composition [13]. Normally, 
bacterial AKP is located between the cell wall and the cell 
membranes. Accordingly, the activity of this enzyme will 
not be detected in the extracellular environment unless the 
bacterial cell wall is disrupted [33]. PLA destroyed the cell 
wall integrity of KP, resulting in leakage of AKP into the 
cell supernatant (Fig. 7). Propidium iodide (PI) can only 
penetrate cells with destroyed membranes and bind to 
nucleic acids. PI staining (Fig. 8) indicated that the effect of 
PLA against KP is similar to the effect of lactic acid, which 
can also damage the cell membrane integrity of bacteria 
[34]. However, differed from other organic acids (i.e., acetic 
acid, lactic acid), PLA has amphiphilic properties due to its 
hydrophobic benzene ring and hydrophilic carboxy group. 
Thus, it can more easily interact with lipids and proteins in 
the cell membrane to disrupt its integrity and increase its 
permeability [13].

In addition, it was speculated that PLA might penetrate 
cell membranes to interact with genomic DNA. DNA is 
the main carrier of genetic information, and the disruption 
of DNA generally results in cell death [13]. According to 
fluorescence spectroscopy and agarose gel electrophoresis, 
PLA was able to bind to genomic DNA of KP and induce 
its degradation (Fig. 9). Furthermore, SDS-PAGE result 
shown the number and brightness of protein bands decreased 
significantly when the cells were treated with 1 × MIC of 
PLA and confirmed that PLA at the minimum inhibitory 
concentration inhibits the synthesis of certain proteins in 
KP (Fig. S2). Above data demonstrated that genomic DNA 
is one of the key target molecules of PLA against KP. This 
result provided a different perspective for the further study 
of the antibacterial mechanism of PLA interaction with 
DNA. Although the results of gel electrophoresis could not 
illustrate how phenyllactic acid binds to DNA. According to 
previous studies on the binding of small molecules to DNA, 
it is speculated that the binding mode of phenyllactic acid to 
DNA is electrostatic and intercalation [35, 36].

In conclusion, the KP was sensitive to PLA with the MIC 
of 2.5 mg/mL. In the animal infection model, PLA dramati-
cally increased the survival rate of infected mice and reduced 
the pathological damage to tissues. Furthermore, basing on 
the detected morphological changes, leakage of AKP, PI 
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staining suggested that the cellular wall membrane might 
be the target of PLA. Additional findings revealed that bind-
ing to bacterial genomic DNA may be another antibacterial 
mode of action of PLA. It was speculated that PLA could 
rapidly disrupt the integrity of KP cell membrane, enter the 
cells, bund to genomic DNA, and inhibit the expression of 
proteins necessary for the growth of KP. This study identi-
fied antibacterial characteristics and the molecular target of 
PLA action in KP, which provides a theoretical basis for the 
application of PLA as a potential antibiotic substitute for the 
treatment KP infection in the veterinary filed.
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