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Abstract
Salmonella enteritidis is an important food-borne pathogen. The use of antibiotics is a serious threat to animal and human 
health, owing to the existence of resistant strains and drug residues. Lactic acid bacteria, as a new alternative to antibiotics, 
has attracted much attention. In this study, we investigated the antibacterial potential and underlying mechanism of Lacto-
bacillus rhamnosus SQ511 against S. enteritidis ATCC13076. The results revealed that L. rhamnosus SQ511 significantly 
inhibited S. enteritidis ATCC13076 growth or even caused death. Laser confocal microscopic imaging revealed that the 
cell-free supernatant (CFS) of L. rhamnosus SQ511 elevated the reactive oxygen species level and bacterial membrane 
depolarization in S. enteritidis ATCC13076, leading to cell death. Furthermore, L. rhamnosus SQ511 CFS had severely 
deleterious effects on S. enteritidis ATCC13076, causing membrane destruction and the release of cellular materials. In 
addition, L. rhamnosus SQ511 CFS significantly reduced the expression of virulence, motility, adhesion, and invasion genes 
in S. enteritidis ATCC13076 (P < 0.05), and considerably inhibited motility and biofilm formation capacity (P < 0.05). Thus, 
antimicrobial compounds produced by L. rhamnosus SQ511 strongly inhibited S. enteritidis growth, mobility, biofilm for-
mation, membrane disruption, and reactive oxygen species generation, and regulated virulence-related gene expressions, 
presenting promising applications as a probiotic agent.

Keywords Lactobacillus rhamnosus SQ511 · Salmonella enteritidis ATCC13076 · Antagonistic activity · Antibacterial 
mechanism · Cell-free supernatant
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Introduction

Salmonella spp. are major foodborne pathogens and one of the 
leading causes of serious diseases. Salmonella-infected ani-
mals usually have no clinical symptoms, but their body and 
meat are the main reservoirs of the pathogen. It is estimated 
that the number of food poisoning cases in the USA may be 
as high as 48 million a year, with Salmonella and Campylo-
bacter diseases alone affecting as many as 2 million people a 
year (Rohde et al. 2016). In USA, more than 70% of human 
salmonellosis cases are caused by the consumption of contami-
nated poultry and eggs (Andino and Hanning 2015). Given the 
surge in the demand for poultry meat and eggs, this association 
between zoonotic food-borne infections and poultry products 
is worrisome (Chousalkar et al. 2018). Thus, gut microorgan-
isms are key to the entry of Salmonella spp. into the food chain 
continuum through contaminated meat and/or eggs (Harvey 
et al. 2011). Early control measures to reduce and prevent 
Salmonella infection and colonization are essential to block 
pathogen contamination on poultry products (Gast et al. 2016) 
and promote public health (Rajan et al. 2017; Umaraw et al. 
2017). Therefore, the microbiological safety of poultry prod-
ucts is a major problem from a public health and economic 
perspective (Alali and Hofacre 2016).

Excessive use of antibiotics in livestock and the poultry 
industry, and the development of antibiotic resistance in bac-
teria have drawn significant attention to the study of probiotics. 
Probiotics are considered to be the most promising antibiotic 
substitutes against intestinal pathogen infections (Afolayan 
et al. 2017) and have been proven to be useful alternatives 
to growth promoters; thus, evolving into one of the main-
stream products for the use of antibiotics in livestock produc-
tion (Jouany and Morgavi 2007). Lactic acid bacteria (LAB) 
are the most representative strains of probiotics, and play an 
important role in the health and production of livestock (Allen 
et al. 2013) and poultry, owing to their beneficial effects on 
maintaining gastrointestinal microbial balance, resistance to 
intestinal pathogens, and ability to support the immune system 
(Adetoye et al. 2018).

Salmonella enteritidis is one of the most serious food-
borne bacterial pathogens in the chicken industry, causing 
severe public health problems. In this study, we evaluated the 
potential antibacterial effects and possible underlying mecha-
nism of Lactobacillus rhamnosus SQ511 against S. enteritidis 
ATCC13076. The results obtained could help to prevent and 
control S. enteritidis infection and ensure the safety of animal 
and poultry food products.

Materials and methods

Bacterial culture

Lactobacillus rhamnosus SQ 0511 was isolated from the 
intestines of healthy broilers by researchers in our labora-
tory and cultivated in De Man Rogosa Sharpe (MRS, BD, 
Sparks, MD, USA) medium. S. enteritidis ATCC13076 
was obtained from Shanghai Institute of Veterinary Medi-
cine, Chinese Academy of Agricultural Sciences, China, 
and cultivated in Luria–Bertani (LB, BD, Sparks, MD, 
USA) medium. All the bacterial cultures were stored in 
50% (V/V) glycerol solution at a ratio of 1:1. The two 
strains were cultivated under constant shaking at 150 rpm 
and 37 °C for 16–18 h.

Bacterial culture and preparation of cell‑free culture 
supernatants of L. rhamnosus SQ511

The overnight well-grown culture of L. rhamnosus SQ511 
was centrifuged at 10,000×g for 10  min at 4  °C. The 
resultant CFS was filter-sterilized using 0.2-µm filters 
(Millipore, Bedford, MA, USA), neutralized to pH 6.5 
with 1 M NaOH, and used for further experiments (Khan 
and Kang 2016).

Determination of antibacterial activity of L. 
rhamnosus SQ511

The ability of L. rhamnosus SQ511 to inhibit pathogen 
growth was investigated, as described previously with 
some modifications (Benavides et al. 2016). After over-
night culture, L. rhamnosus SQ511 was inoculated into 
improved MRS liquid medium at a ratio of 1:100 (v/v) 
and cultured for 18 h at 37 °C under anaerobic conditions. 
The bacterial culture medium was centrifuged at 10,000×g 
for 10 min at 4 °C, and the supernatant and bacterial cells 
were, respectively, collected and filtered. Subsequently, the 
supernatant was filtered with 0.22-µm filter, diluted with 
PBS buffer, and suspended to its original concentration.

To determine the antimicrobial activity of L. rhamno-
sus SQ511, the indicator S. enteritidis ATCC13076 strain 
was grown in LB broth with concentration adjusted to 
 107 CFU/mL, and the culture was poured onto pre-pre-
pared nutrient agar plates containing several Oxford cups, 
which were removed when the agar solidified. Subse-
quently, L. rhamnosus SQ511 culture, supernatant, resus-
pended bacterial cells (100 µL), and MRS medium were 
spotted onto the wells and incubated at 37 °C. After 12 h 
of incubation, the inhibition zones were determined. The 
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mean diameters of the inhibition zones were estimated, 
and inhibition halos > 15 mm indicated high inhibitory 
activity (Benavides et al. 2016). The experiments were 
repeated thrice independently.

Analysis of the effect of L. rhamnosus SQ511 on S. 
enteritidis ATCC13076 viability

After the activation of L. rhamnosus SQ511 and S. ente-
ritidis ATCC13076, the bacterial cells were cultured for 
20 h with concentrations adjusted to  107 CFU/mL, and the 
following treatment groups were established: (1) 0.1 mL 
of L. rhamnosus SQ511 was inoculated into MRS liquid 
medium along with 0.1 mL of S. enteritidis ATCC10376; 
(2) 0.1 mL of L. rhamnosus SQ511 was inoculated into 
MRS liquid medium for 24  h, and then 0.1  mL of S. 
enteritidis ATCC13076 was added; and (3) 0.1 mL of S. 
enteritidis ATCC13076 was inoculated into MRS liquid 
medium for 24 h, and then, 0.1 mL of L. rhamnosus SQ511 
was added. All the cultures were incubated at 37 °C. At 
24, 48, 72, 96, and 120 h of incubation, the survival of 
S. enteritidis ATCC13076 and L. rhamnosus SQ511 were 
measured by plating the culture on TSB and MRS agar 
plates and enumerating viable cells.

Fluorescence microscopy

Live and dead cells were evaluated by fluorescent staining 
(Robertson et al. 2019) using LIVE/DEAD®BacLight™ 
Bacterial Viability Kit (L7007, Sigma, Germany). Over-
night-grown S. enteritidis ATCC13076 cells  (107 CFU/
mL) were treated with or without L. rhamnosus SQ511 
CFS (minimum inhibitory concentration (MIC)) for 4 h at 
37 °C. After incubation, the cells were harvested by cen-
trifugation, washed with PBS, and stained with SYTO9/PI 
(1:1) for 10 min. Subsequently, the cells were washed with 
PBS and visualized under a laser scanning confocal micro-
scope (Olympus, Japan, FV1000). Similarly, to assess the 
effect of L. rhamnosus SQ511 CFS on reactive oxygen spe-
cies (ROS) content and membrane potential,  H2DCFDA 
and rhodamine 123 fluorescent staining were performed, 
respectively. In brief, S. enteritidis ATCC13076 cells  (107 
cells/mL) were treated with or without CFS of L. rhamno-
sus SQ511 for 4 h, followed by centrifugation to harvest 
the cells. After washing with PBS, the cells were stained 
with  H2DCFDA (10 mM) or rhodamine 123 (1 mg/mL) 
in the dark for 20 min. The cells were thoroughly washed 
with PBS to remove the dye and observed under a laser 
confocal microscope. All the experiments were repeated 
thrice independently and at least three different fields of 
view were observed for each culture.

Crystal violet uptake assay

Alterations to membrane permeability were detected by 
crystal violet assays (Devi et al. 2010). Suspensions of S. 
enteritidis ATCC10376  (107 cells/mL) were prepared in LB 
broth, and the cells were harvested at 10,000 × g for 5 min. 
Then, the cells were washed thrice and suspended in PBS. 
The CFS of L. rhamnosus SQ511 at the MIC was added to 
the cell suspension and incubated at 37 °C for 4 h. Con-
trol samples were prepared in a similar manner without L. 
rhamnosus SQ511 treatment. After incubation, the cells 
were harvested at 10,000×g for 5 min, suspended in PBS 
containing 10 mg/mL crystal violet, incubated for 10 min 
at 37 °C, and centrifuged at 10,000×g for 5 min. The opti-
cal density  (OD590) of the supernatant was measured using 
a spectrophotometer, with the OD value of crystal violet 
solution (originally used in the assay) considered as 100% 
excluded. The percentage of crystal violet uptake was calcu-
lated as follows: % Dye uptake = 100 – ((OD of the sample/
OD value of crystal violet solution) × 100).

Cellular materials release

Measurement of release of cellular materials (DNA) from 
S. enteritidis ATCC10376 cells was conducted by inocu-
lating the mid-log phase culture  (107 cells/mL) into NaCl 
(0.85%) in the presence or absence of L. rhamnosus SQ511 
CFS and incubating at 37 °C. After incubation for 0, 30, 60, 
and 120 min, 1 mL of the culture broth was transferred to a 
tube and centrifuged at 10,000 rpm. The absorbance of the 
supernatant was measured at 260 nm using a spectropho-
tometer, and the results were expressed as OD recorded at 
each time interval. Simultaneously, the amount of released 
protein in the presence or absence of L. rhamnosus SQ511 
CFS was determined using Bradford reagent (Devi et al. 
2010). In brief, 5 mL of overnight-grown cells  (107 cells/
mL) was harvested at 8000 rpm, washed thoroughly thrice 
with normal saline (0.85% NaCl), and finally suspended in 
1 mL of saline in the presence of L. rhamnosus SQ511 CFS. 
A control without L. rhamnosus SQ511 CFS treatment was 
also established under the same experimental conditions. 
The protein release was quantified at different time points 
(0, 30, 60, and 120 min).

To confirm the damaging effect of L. rhamnosus SQ511 
CFS on S. enteritidis ATCC10376 cell membrane, the super-
natant of L. rhamnosus SQ511 CFS-treated bacterial suspen-
sion was subjected to SDS-PAGE (Devi et al. 2010). In brief, 
the bacterial cells were grown to OD 2.0 and then harvested 
at 10,000 rpm for 5 min at room temperature, and the bacte-
rial pellet was washed twice with PBS (pH 7.4) and resus-
pended in PBS. Then, L. rhamnosus SQ511 CFS at the MIC 
was added to the cell suspension and incubated at 37 °C for 6 
and 12 h. After treatment, the suspensions were centrifuged 
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at 10,000 rpm for 10 min. Control samples were prepared in 
a similar manner without L. rhamnosus SQ511 CFS treat-
ment. After exposure to L. rhamnosus SQ511 CFS for 6 
and 12 h, the bacterial cells were centrifuged at 10,000×g 
for 5 min and the supernatant was discarded. The cell pellet 
was rinsed and resuspended in 0.01 mol/L phosphate buffer 
(Wang et al. 2015). Before SDS-PAGE analysis, the bac-
terial cell suspension was disrupted by ultrasonication for 
10 min (200 W) and centrifuged for 3 min (10,000×g). Then, 
the supernatant was collected and the protein concentration 
was determined (Bradford 1976). Buffer (20 mL containing 
250 mmol/L Tris–HCl (pH 6.8), 10% SDS, 0.5% bromo-
phenol blue, 50% glycerin, and 5% β-mercaptoethanol) was 
added to 80 mL of sample with a protein concentration of 
approximately 3 mg/mL. The mixture was boiled for 5 min 
and cooled on ice. Subsequently, 25 mL of the supernatant 
of each sample was collected for SDS-PAGE analysis. After 
electrophoresis, the gel was stained with Coomassie bril-
liant blue R-250 and then decolorized to obtain the separated 
protein bands.

Scanning electron microscopy

The potential effect of L. rhamnosus SQ511 CFS on the cell 
morphology of S. enteritidis ATCC10376 was determined 
using scanning electron microscopy (SEM) (Khan and Kang 
2016). S. enteritidis ATCC10376 was incubated with or 
without L. rhamnosus SQ511 CFS for 4 h, washed thrice 
with PBS, and centrifuged at 5000 rpm. The cells were col-
lected and further fixed in glutaraldehyde (2.5 g/100 mL) 
for 2 h. After fixation, dehydration was performed using 
increasing concentrations of ethanol from 50 to 100%, and 
the cells were dried with liquid  CO2. The dried cells were 
coated with gold in a sputtering coater and the samples were 
observed under SEM.

Motility assay

Salmonella enteritidis ATCC13076 isolates were cultured in 
LB broth in the presence or absence of MIC of L. rhamnosus 
SQ511 CFS or MRS medium (control) at 37 °C for 14 h. 
Then, 10 µL of the culture  (108 CFU/mL) was added to the 
center of an LB agar plate (LB medium-containing 0.03% 
agar) and incubated for 12 h at 37 °C, and the zone of motil-
ity was measured (Amalaradjou et al. 2014), and the entire 
experiment was repeated thrice.

Determination of the effect of L. rhamnosus SQ511 
CFS on the biofilm formation ability of S. enteritidis 
ATCC13076

The pathogenic bacterial cells were inoculated into LB 
broth and their biofilm formation ability and the effects of 

L. rhamnosus SQ511 CFS on biofilm formation were deter-
mined (Aoudia et al. 2016). In brief, 3 mL of S. enteritidis 
ATCC13076  (106 CFU/mL) culture was added to a test tube. 
To determine the effect of L. rhamnosus SQ511 CFS on bio-
film formation ability of the pathogen, L. rhamnosus SQ511 
CFS at the MIC was added to the test tube with bacterial cul-
ture. As a negative control, 3 mL of LB broth was added to 
blank test tube without bacterial culture. All the tubes were 
incubated for 48 h at 37 °C. To quantify biofilm formation, 
the tubes were gently washed thrice with 3 mL of sterile 
distilled water, and the attached bacteria were fixed with 
3 mL of methanol for 15 min. Then, the liquid was removed 
and the test tubes were air-dried at room temperature for 
30–45 min. Subsequently, 3 mL of 2% (v/v) crystal violet 
solution was added to each test tube and held at ambient 
temperature for 15 min. The excess stain was removed by 
placing the test tubes under gently running tap water. Then, 
3 mL of ethanol was added to the tubes and slowly agi-
tated for 10 min for destaining, and the  OD595 values were 
obtained and plotted.

Effect of L. rhamnosus SQ511 on S. enteritidis 
ATCC13076 virulence, motility, and the expression 
of colonization genes

Salmonella enteritidis ATCC13076  (106 CFU/mL) was 
grown to early stationary phase in LB broth supplemented 
with SICs (sub-inhibitory concentrations) of L. rhamnosus 
SQ511 CFS or MRS medium at 37 °C. The RNA was iso-
lated using the RNeasy Mini Kit, according to the manufac-
turer’s protocol, and quantified using a Nanodrop. The can-
didate genes were mainly Salmonella motility genes (flgG, 
fimD, and prot6E), adhesion and invasion genes (sopB and 
invH), type III secretory system (T3SS) effector genes (sipA, 
sipB, pipB, ssaV, orf245, and spvB), and cell membrane 
and cell wall integrity genes (hflK, lrp, ompR, and tatA). 
The cDNA was synthesized using the iScript Reverse Tran-
scriptase Kit, and used as a template for Salmonella viru-
lence, motility, and expression assays for colonization genes. 
Specific primers for candidate genes were selected from 
previous studies. The primers were custom-synthesized by 
Sangon Biotech (Shanghai) Co., Ltd. All primer sequences 
are listed in the study by Shi et al. (2019). The PCR was 
conducted as follows: 95 °C for 30 s, followed by 40 cycles 
of denaturation at 95 °C for 5 s, annealing at 58 °C for 20 s, 
and extension at 72 °C for 20 s. RT-qPCR was performed 
on StepOnePlus™ platform using SYBR Green assay under 
standard thermal cycling conditions. Duplicate samples were 
used for the assay, and the experiment was repeated thrice. 
The data were normalized to the endogenous control, and 
comparative quantification  (2˗∆∆Ct) was performed to detect 
changes in the relative gene expression between CFS-treated 
and untreated control (MRS) samples (He et al. 2010).
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Statistical analyses

The results are presented as means ± SEM. GraphPad Prism 
5.0 software was employed to perform the calculations. Sta-
tistical significance was calculated using Student’s t test.

Results

Antimicrobial activity of L. rhamnosus SQ511

The L. rhamnosus SQ511 culture solution, supernatant, and 
cells exhibited antimicrobial activity against  107 CFU/mL 
S. enteritidis ATCC13076, with mean inhibition zone diam-
eters of 21.82, 18.45, and 12.34 mm, respectively (Fig. 1A). 
Figure 1B–D shows the growth patterns of L. rhamnosus 
SQ511 and S. enteritidis ATCC13076 in co-culture. The 
viable counts of each bacterium were determined. When 
L. rhamnosus SQ511 and S. enteritidis ATCC13076 were 
inoculated simultaneously and cultured for 48 h, viable S. 

enteritidis ATCC13076 cells were almost completely inacti-
vated (Fig. 1B). In contrast, when S. enteritidis ATCC13076 
was inoculated after 24 h of L. rhamnosus SQ511 inocu-
lation, the survival rate of S. enteritidis ATCC13076 cells 
at 48 h of co-culture was 0.6 CFU/mL, and almost all S. 
enteritidis ATCC13076 cells were inactivated at 72 h of cul-
ture (Fig. 1C). When S. enteritidis ATCC13076 cells were 
inoculated 24 h prior to L. rhamnosus SQ511 inoculation, 
the number of S. enteritidis ATCC13076 cells was 9.7 and 
6.13 CFU/mL at 24 and 48 h of culture, respectively; how-
ever, co-culture for 72 h inactivated almost all S. enteritidis 
ATCC13076 cells (Fig. 1D).

Live/dead bacterial cell evaluation

The dead cells were detected by red fluorescence owing to 
staining of DNA by the fluorescent dye PI, while the live 
cells were detected by green fluorescence owing to penetra-
tion of SYTO9 across the cell wall to stain the nucleic acid. 
We found high red fluorescence in S. enteritidis ATCC13076 

Fig. 1  A Antimicrobial activity of L. rhamnosus SQ511 against 
S. enteritidis ATCC13076. Mean inhibition zone diameter in mm 
recorded after 12  h of incubation. Bars represent means ± standard 
errors (SEs) of three independent experiments. B Strains L. rhamno-
sus SQ511 and S. enteritidis ATCC13076 were inoculated at the same 

time and cultured for 120 h. C L. rhamnosus SQ511 was inoculated 
for 24 h before S. enteritidis ATCC13076 inoculation. D S. enteritidis 
ATCC13076 was inoculated for 24  h before L. rhamnosus SQ511 
inoculation. Data are presented as means ± SEM of three independent 
experiments
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cells treated with L. rhamnosus SQ511 CFS, indicating the 
bactericidal effect of L. rhamnosus SQ511 on the pathogen 
(Fig. 2).

Reduction of membrane potential and ROS 
generation in S. enteritidis ATCC10376 by L. 
rhamnosus SQ511

Crystal violet absorption assay was used to determine 
the membrane permeability of S. enteritidis ATCC13076 
cells. The absorbance of crystal violet by S. enter-
itidis ATCC13076 cells without and with L. rhamno-
sus SQ511 CFS treatment was 4.987% ± 0.4967% and 

Fig. 2  Microscopic assessment 
of S. enteritidis ATCC13076 
after treatment with CFS of L. 
rhamnosus SQ511. The bacte-
rial cell death was examined 
via SYTO9/PI staining and 
fluorescence microscopy. Green 
fluorescence indicates live 
bacteria and red fluorescence 
denotes dead bacteria

Fig. 3  A Crystal violet uptake of S. enteritidis ATCC13076 treated 
with the CFS of L. rhamnosus SQ511. EDTA (0.25  M) was used 
as a positive control. The data are represented as means ± SEM of 
three independent experiments, ****P < 0.0001, when compared 
with control. B Effect of CFS of L. rhamnosus SQ511 on S. enter-

itidis ATCC13076 membrane potential and ROS generation detected 
by  H2DCFDA staining. The bacterial cells were incubated with or 
without CFS of L. rhamnosus SQ511 for 4 h, stained with rhodamine 
123 and  H2DFFDA, and observed under laser confocal microscopy 
(×100)
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37.69% ± 0.8526%, respectively (Fig. 3A). In addition, L. 
rhamnosus SQ511 CFS-treated S. enteritidis ATCC13076 
cells presented reduced fluorescence intensity of rhoda-
mine 123 after 4 h (Fig. 3B), indicating that L. rhamnosus 
SQ511 had an adverse effect on the bacterial membrane 
potential. Furthermore, the effect of L. rhamnosus SQ511 
CFS on oxidative stress in S. enteritidis ATCC13076 was 
determined using  H2DCFDA staining to detect ROS accu-
mulation (Fig. 3B). In S. enteritidis ATCC13076 cells, 
ROS are deacetylated by esterases and  H2DCFDA stain-
ing produces a visible green color under the fluorescence 
microscope. Treatment of S. enteritidis ATCC13076 cells 
with L. rhamnosus SQ511 CFS for 4 h increased the ROS 
levels, indicating that L. rhamnosus SQ511 CFS induced 
oxidative stress in S. enteritidis ATCC13076 cells.

Effect of CFS of L. rhamnosus SQ511 on cellular 
materials release from S. enteritidis ATCC10376

The CFS of L. rhamnosus SQ511 showed potential to disrupt 
the cell membrane integrity of S. enteritidis ATCC13076, 
leading to the release of cellular materials. As depicted in 
Fig. 4A, the CFS of L. rhamnosus SQ511 led to the release 
of intracellular materials from S. enteritidis ATCC13076 
(based on absorbance at 260 nm), whereas the controls 
showed no release of cellular contents. Simultaneously, 
protein release from S. enteritidis ATCC13076 cells was 
detected using Bradford method. Protein release serially 
increased from 245.7 to 480.1  mg/mL in S. enteritidis 
ATCC13076 cells treated with L. rhamnosus SQ511 CFS 
at 6 and 12 h, respectively (Fig. 4B). Subsequently, the pro-
tein contents of S. enteritidis ATCC13076 cells exposed 
to L. rhamnosus SQ511 CFS for 6 and 12 h were ana-
lyzed by SDS-PAGE. The protein profiles of S. enteritidis 

Fig. 4  A Effects of CFS of L. rhamnosus SQ511 on the release of cel-
lular materials from S. enteritidis ATCC13076 based on absorbance 
value recorded at 260 nm. B Protein release as a result of L. rham-
nosus SQ511 CFS treatment. C SDS-PAGE profiles of proteins of S. 

enteritidis ATCC13076 treated with or without L. rhamnosus SQ511 
CFS. M, molecular weight marker; Sal. Salmonella control, Sal-T 
Salmonella under treatment
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ATCC13076 cells exposed to L. rhamnosus SQ511 CFS 
significantly differed from those of the control. The protein 
bands of the control were clearer and denser, while those of 
the cells treated with L. rhamnosus SQ511 CFS were fainter, 
with some bands even disappearing (Fig. 4C).

SEM

SEM was conducted to visualize the effect of L. rhamno-
sus SQ511 CFS on the cell morphology of S. enteritidis 
ATCC13076 (Fig. 5). The morphological structure of S. 
enteritidis ATCC13076 cells without L. rhamnosus SQ511 
CFS treatment remained intact, with rod-like shape and 
intact cell surface (Fig. 5A). In contrast, treatment with L. 
rhamnosus SQ511 CFS shrunk the surface of S. enteritidis 
ATCC13076 cells, with the appearance of a large number 
of dimples (Fig. 5B).

Effect of L. rhamnosus SQ511 on S. enteritidis 
ATCC13076 motility

We evaluated the ability of L. rhamnosus SQ511 CFS to 
inhibit the mobility of S. enteritidis ATCC13076. Treat-
ment with CFS of L. rhamnosus SQ511 significantly 
(P < 0.05) reduced S. enteritidis ATCC13076 motility, 
when compared with that noted in the control (untreated). 
As shown in Fig. 6A, L. rhamnosus SQ511 CFS reduced 
the zone of motility of S. enteritidis ATCC13076 to 
0.6689 ± 0.03391 cm, when compared with that in the con-
trol (6.294 ± 0.1629 cm). Figure 6B illustrates the observed 
reduction in S. enteritidis ATCC13076 motility following 
treatment with CFS of L. rhamnosus SQ511.

Effect of L. rhamnosus SQ511 on S. enteritidis 
ATCC13076 biofilm formation

The results obtained revealed the potent inhibitory effect of 
L. rhamnosus SQ511 CFS on the biofilm formation ability 
of S. enteritidis ATCC13076 (Fig. 6C), which was confirmed 

by a significant reduction in OD values (P < 0.05), whereas 
the control cells (untreated) showed strong biofilm formation 
ability (Fig. 6D).

Effect of L. rhamnosus SQ511 on the expression 
of genes critical for virulence, motility, 
and adherence of S. enteritidis ATCC13076

To understand the underlying molecular mechanism of 
the effect of L. rhamnosus SQ511 CFS on S. enteritidis 
ATCC13076, real-time quantitative PCR was used to eval-
uate the differential expression of genes associated with 
virulence, motility, and adherence of the pathogen. When 
compared with the untreated control, the CFS of L. rham-
nosus SQ511 significantly downregulated the expression of 
motor-related, adhesion, invasion, T3SS, and cell membrane 
and cell wall integrity genes in S. enteritidis ATCC13076 
(P < 0.05; Fig. 7).

Discussion

Although many L. rhamnosus strains have been reported 
to have broad-spectrum antibacterial properties (Barbieri 
et al. 2017; Valente et al. 2019), its underlying mechanism of 
action against pathogenic bacteria is not fully understood. To 
comprehend the action of L. rhamnosus against pathogens 
in vitro, we evaluated L. rhamnosus SQ511 isolated from 
chicken feces from different perspectives for its potential 
use as probiotics and to determine its possible antibacte-
rial mechanism against S. enteritidis ATCC13076. The 
study, based on inhibition zone and co-culture experiments, 
showed that L. rhamnosus SQ511 could inhibit the growth of 
S. enteritidis ATCC13076, which may be related to the low 
pH and antimicrobial compounds produced by L. rhamnosus 
SQ511 (Benavides et al. 2016). Previous studies have shown 
that both acidic environment and pressure induction in the 
outer membrane may affect the survival of pathogens (Del-
ley et al. 2015). In the present study, L. rhamnosus SQ511 

Fig. 5  SEM analysis of S. ente-
ritidis ATCC13076. A Control 
cells without treatment showing 
regular and intact morphologies. 
B Cells treated with the CFS of 
L. rhamnosus SQ511 presenting 
distorted cell wall morphology
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Fig. 6  Determination of the motility of S. enteritidis ATCC13076 
and the influence of L. rhamnosus SQ511 on the biofilm formation 
ability of S. enteritidis ATCC13076. A Effect of inhibitory con-
centrations of L. rhamnosus SQ511 supernatants on S. enteritidis 
ATCC13076 motility. Data are presented as means ± SEM. B Motil-
ity assay performed with S. enteritidis ATCC1307 treated with or 

without the SIC of L. rhamnosus SQ511 supernatant. C Biofilm for-
mation of S. enteritidis ATCC13076 was assessed by crystal violet 
staining. D Inhibitory activity of L. rhamnosus SQ511 against S. ente-
ritidis ATCC13076 biofilm formation. 1. S. enteritidis ATCC13076; 
2. Addition of MIC of L. rhamnosus SQ511 CFS; 3. Control, LB 
medium

Fig. 7  Effect of L. rhamnosus 
SQ511 CFS on the expression 
of motility genes, adhesion 
genes, and virulence genes of S. 
enteritidis ATCC13076
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culture, CFS, and cells showed antagonistic activity against 
S. enteritidis ATCC13076. These results indicated that the 
antibacterial activity of L. rhamnosus SQ511 may be related 
to the bacterium itself, in addition to the metabolic or low 
pH conditions. It has been reported that an antagonistic 
effect exists between two different bacteria (Popova et al. 
2012). Effective antibacterial compounds must penetrate 
or destroy the plasma membrane of the pathogen (Ibrahim 
et al. 2000). In the present study, the CFS of L. rhamnosus 
SQ511 disrupted S. enteritidis ATCC13076 cell membrane, 
resulting in the release of cellular contents, as evidenced by 
the absorbance values measured at 260 nm. Antibacterial 
agents mainly rupture the bacterial membrane by membrane 
decomposition and ROS production. In the present study, 
we observed an increase in crystal violet absorption in S. 
enteritidis ATCC13076 cells treated with L. rhamnosus 
SQ511 CFS, which indicated an increase in the membrane 
leakage, altering the permeability of the cell membrane of 
the pathogen. In addition, depolarization of S. enteritidis 
ATCC13076 cell membrane was verified using the fluores-
cent dye rhodamine 123. During initiation of the mecha-
nisms of cell death, ROS production is known to play a cru-
cial role in commencing cessation of the cell (Khan et al. 
2017). In the present study, we confirmed an increase in the 
level of ROS in S. enteritidis ATCC13076 cells treated with 
L. rhamnosus SQ511 CFS, which revealed that the S. enter-
itidis ATCC13076 cells were under high oxidative stress in 
response to L. rhamnosus SQ511 CFS treatment. Previous 
studies have indicated that high oxidative stress is closely 
related to adverse effects on cellular components such as 
DNA and proteins (Warnes et al. 2012).

SEM can be used to observe the morphological changes 
and membrane structure of treated cells, and has been 
employed to examine membranes damaged by the antimicro-
bial peptide temporin L (Mangoni et al. 2004). In the present 
study, SEM analysis showed changes in the morphology of 
S. enteritidis ATCC13076 cells treated with L. rhamnosus 
SQ511 CFS, and the cell surface shrunk with the appearance 
of a large number of membrane pores. It has been reported 
that antimicrobial peptides can disintegrate cell membranes 
(Killian and von Heijne 2000). Similar morphological 
changes have also been observed in Escherichia coli (Ara-
kha et al. 2015), and high levels of blistering and dimple 
formation have been noted in E. coli treated with a cationic 
antimicrobial peptide (i.e., gramicidin) (Hartmann et al. 
2010). However, it is not clear whether membrane damage 
is the only mode of action of L. rhamnosus SQ511 CFS, and 
DNA and cellular proteins may also be affected in addition 
to membranes. Proteins play an important role in the life 
activities of bacterial cells. In the present study, CFS of L. 
rhamnosus SQ511 enhanced the leakage of proteins through 
S. enteritidis ATCC13076 cell membrane, significantly 
disrupting the cells. When S. enteritidis ATCC13076 was 

exposed to CFS of L. rhamnosus SQ511 for 120 min, similar 
to the above-mentioned protein content leakage, the protein 
content in the supernatant was higher than that of the control 
group, and the soluble protein SDS-PAGE of S. enteritidis 
ATCC13076 further confirmed CFS of L. rhamnosus SQ511 
has a significant effect on bacterial proteins by disrupting or 
inhibiting the synthesis of S. enteritidis ATCC13076 result-
ing in its death. Similar antibacterial mechanism of LAB has 
also been reported against S. enteritis, E. coli, and Listeria 
sp. (Wang et al. 2015).

Salmonella typhimurium causes intestinal infection by 
adhering and invading intestinal epithelial cells, a process 
involving multiple virulence genes. The adhesion process 
is controlled by the gene encoding pili, while invasion is 
controlled by SPI-1. SPI-1 plays a key role in the pathogen-
esis of Salmonella spp., and encodes a T3SS and related 
effector proteins (Upadhyaya et al. 2013). When S. typh-
imurium is affected by the environment, the expression of 
these virulence genes will also alter, leading to changes 
in their adhesion and invasion abilities, which affect their 
pathogenicity. It has been found that probiotics affect the 
virulence of S. typhimurium. The cell-free fermentation 
supernatant of Lactobacillus reuteri S5 has been reported 
to significantly reduce the adhesion and invasion ability of 
S. enteritidis ATCC13076 in vitro (Shi et al. 2019). Analysis 
of the bacteriostatic mechanism of probiotics at the genetic 
level indicated that the changes in adhesion and invasiveness 
revealed by sopB and invH genes were not comprehensive. 
Based on the findings of previous research, in the present 
study, adhesion-related flagellar genes and SPI-1 invasion 
related genes were examined. The results indicated that L. 
rhamnosus SQ511 significantly downregulated S. enter-
itidis ATCC13076 flagellar genes, fimD, flgG, and prot6E, 
invasion genes, sopB and invH, and effector protein encod-
ing genes. In addition, co-culture of L. rhamnosus SQ511 
with S. enteritidis ATCC13076 significantly inhibited the 
growth of S. enteritidis ATCC13076. These findings indi-
cated that L. rhamnosus SQ511 not only inhibits S. enter-
itidis ATCC13076 growth, but also reduces the expression 
of pathogenic genes and correspondingly weakens the ability 
of the pathogen to adhere and invade the host cells.

The CFS of L. rhamnosus SQ511 significantly inhib-
ited the motility and biofilm formation of S. enteritidis 
ATCC13076. Previous studies have shown that the decrease 
in motility of Salmonella spp. may be owing to the struc-
tural or functional defects of the bacterial motility apparatus 
(Bayoumi and Griffiths 2012; Lorkowski et al. 2014). Simi-
larly, the present study also found that the CFS of L. rham-
nosus SQ511 inhibited the flagellar gene expression of S. 
enteritidis ATCC13076. Many pathogenic bacteria have the 
ability to form biofilms, which can protect the cells from the 
effects of antibacterial agents (Kim et al. 2013). As the for-
mation of bacterial biofilms poses a major threat to human 
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health, it is of remarkable significance to inhibit or destroy 
the biofilm formed by pathogenic bacteria to reduce their 
resistance to antibacterial agents. L. rhamnosus SQ511 was 
found to inhibit the growth, motility, biofilm formation, and 
expression of virulence genes of S. enteritidis ATCC13076, 
which indicate its significant potential for use as a biocontrol 
agent.

Conclusion

Lactobacillus rhamnosus SQ511 was demonstrated to inhibit 
the growth, motility, biofilm formation, and expression of 
adhesion, invasion, and virulence genes of S. enteritidis 
ATCC13076, as well as to disrupt the integrity of the patho-
gen’s cell membrane, resulting in the release of intracellular 
substances (DNA and proteins). The CFS of L. rhamnosus 
SQ511 had an adverse effect on the electrical potential of S. 
enteritidis ATCC13076. In addition, this study is the first to 
determine that L. rhamnosus SQ511 CFS induced oxidative 
stress involving ROS. Thus, L. rhamnosus SQ511 isolated 
from chicken feces has the potential for use as a biocontrol 
agent against S. enteritidis infection.
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