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A B S T R A C T   

Lactiplantibacillus plantarum is an important member of the probiotic family and colonization of the host intes
tinal is essential for its continued probiotic function. The mechanism of L. plantarum intestinal colonization has 
not been elucidated until now, an important reason being that the colonization process is influenced by a number 
of factors. In this study, to confirm the influences of adhesion ability and host intestinal environment on 
L. plantarum intestinal colonization, knockouts of L. plantarum AR113 mucin genes were constructed using 
CRISPR/Cas9 gene editing technology, and polyethylene glycol was used to reduce the intestinal flora abun
dance. The knockout of L. plantarum AR113 mucin genes barely altered the strain’s tolerance to acid and bile 
salts. Notably, the adhesion number of AR113ΔLp_1431ΔLp_2233ΔLp_2792 to HT-29 cells was reduced from 175 
to 114 per 100 cells. Through in vivo colonization experiments, an increase in the fluorescence intensity of 
AR113 and AR113ΔLp_1431&2233&2792 was detected the day after the mice were fed, while the deletion of 
Lp_1431, Lp_2233 and Lp_2792 genes reduced the intestinal tract colonization time from 14 to 11 days. Both 
AR113 and AR113ΔLp_1431ΔLp_2233ΔLp_2792 were reproduced in the intestine by labeling with 5-(6)-car
boxyfluorescein diacetate N-succinimidyl ester. The results showed that the change in fluorescence intensity was 
closely dependent on the number of adhesions. Finally, compared to the control group, the prolonged intestinal 
colonization time of AR113ΔLp_1431ΔLp_2233ΔLp_2792 increased mice intestinal flora abundance, with dis
tributions in the duodenum, jejunum, ileum and colon. Collectively, both the intestinal environment and the 
adhesion ability of L. plantarum AR113 affected intestinal colonization, and the host’s intestinal genetic back
ground may be a key factor in the intestinal colonization of L. plantarum.   

1. Introduction 

Lactobacillus plantarum (recently reclassified as Lactiplantibacillus (L.) 
plantarum (Zheng et al., 2020)) is widely distributed in nature and 
present in the gastrointestinal tract of humans and animals (Seddik 
et al., 2017). L.plantarum, one of the important probiotic, has been 
shown to be involved in a variety of probiotic functions (e.g., the alle
viation of enteritis (Jang et al., 2014; Satish Kumar et al., 2015), 
improvement of lactose intolerance and lowering cholesterol (Wang 
et al., 2009), and the sustainability of these probiotic function is pred
icated on their ability to colonization the host intestinal (Buntin et al., 
2017). However, as the host gastrointestinal tract is composed of a 
myriad of dynamic and diverse environments created by microbial 
metabolism and the host’s attempts to regulate physical and chemical 
parameters (e.g. temperature, pH, water), it is not easy for probiotics to 

colonize the intestine. 
The intestinal epithelium mucus layer consists mainly of complex 

glycoproteins (mucins), which protect the host epithelial cells from 
damage and also provide habitat and nutrition for the intestinal flora. 
Therefore, the adhesion of bacteria to the mucin layers provides suffi
cient time for these bacteria to remain in the intestine, preventing their 
rapid elimination from the body through peristalsis of the gastrointes
tinal tract. Bacterial adhesion also plays an important role in the large- 
scale establishment and colonization of strains on host target sites 
(Muñoz-Provencio et al., 2009). Bacterial adhesion can be divided into 
non-specific and specific adhesion depending on the mechanism of ac
tion. Non-specific adhesion occurs during hydrophobic and electrostatic 
interactions, affecting the attractive and repulsive forces between the 
cell and the mucosal surface, and thus regulating the adhesion level 
(Hamadi et al., 2012). Meanwhile, specific adhesion occurs through 
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specific adhesion-receptor binding and is an important mechanism for 
bacterial adhesion colonization of the host gastrointestinal surface. 
Certain proteins such as mannose-specific mucin, s-layer proteins, 
glyceraldehyde-3-phosphate dehydrogenase, elongation factor-Tu and 
mucus-binding proteins play important roles in bacterial adhesion to 
mucus proteins (Buntin et al., 2017). To assess the effect of these surface 
proteins on bacterial adhesion, they are often treated with protein 
denaturing agents (e.g., lithium chloride, guanidine hydrochloride, or 
proteinase K), or protein extracts are added to bacteria and verified by 
cell adhesion assays, which in turn predict whether the protein mediates 
bacterial adhesion to the host intestinal mucus layer (Carasi et al., 
2014). 

In addition, the establishment and colonization of probiotics has 
been shown to vary significantly according to the hosts’ genetic back
grounds (Ganesh et al., 2018; Marco et al.,2007;Marco et al.,2009; Zhou 
et al.,2019). Disturbance of the host’s original intestinal microbial 
community might facilitate the colonization of probiotic bacteria, 
similar to “priority effects”, which is achieved by the preemption or 
modification of ecological niches (Litvak et al., 2019). The use of anti
biotics including amoxicillin (beta-lactam), ciprofloxacin (fluo
roquinolone) and doxycycline (tetracycline) have been reported to 
achieve reductions in the relative abundances of intestinal flora (Cabral 
et al., 2019). Meanwhile, administration of the laxative polyethylene 
glycol (PEG) to mice triggered mild osmotic diarrhea and altered the 
alpha and beta diversity of the intestinal microbes, but without causing 
intestinal histological inflammation and destruction to the host epithe
lial cells (Tropini et al., 2018). Importantly, intestinal strain tracer 
methods play an important role in the assessment of their intestinal 
colonization. Red fluorescent protein (RFP), which was first reported on 
1999, has a longer excitation and emission wavelengths and covers 
wavelengths not covered by green fluorescent protein (GFP). RFP results 
in better tissue penetration imaging and weaker background light in
tensity, and is widely used in biological studies (Matz et al., 1999). 

In this work, we aimed to investigate the influence of L. plantarum’s 
adhesion ability and the host environment on its intestinal colonization. 
Seven mucin genes in the L. plantarum AR113 genome were knocked out 
and the RFP gene was tagged using our group’s well established CRISPR- 
Cas9 gene editing technology. Wild-type and knockout strains were 
evaluated for acid and bile salt tolerance, surface properties (hydro
phobicity, auto-aggregation and co-aggregation) and adhesion to HT-29 
cells. Importantly, we further investigated the ability of AR113 to 
colonization in vivo, and CFDA-SE labeling was used to detect dissem
ination and distribution in the intestine. 

2. Materials and methods 

2.1. Bacterial strains, cells, animals and culture conditions 

L. plantarum AR113 was previously isolated from traditional Chinese 
kimchi, identified and sequenced by Shanghai Miki Biological Co., Ltd 
(Lin et al., 2020). The strains and plasmids used in this study are listed in 
supplement Table 1. E. coli Top 10 was used as a host for molecular 
cloning, and was grown at 30℃ in Luria-Bertani broth (LB). The wild- 
type strain and knockout strains were cultured statically at 37℃ in 
deMan Rogosa and Sharpe (MRS) medium. Antibiotics were supple
mented at the following concentrations when needed: 50 µg/mL kana
mycin for E. coli Top 10, and 10 µg/mL each of erythromycin and 
chloramphenicol for L. plantarum. 

The human adenocarcinoma cell line HT-29 was purchased from the 
Cell Resources Center of Shanghai Institutes for Biological Sciences 
(Shanghai, China). HT-29 cells were cultivated in 1640 medium 
(Gibco™, Thermo Fisher Scientific, Grand Island, USA) containing 10% 
fetal bovine serum at 37 ◦C under 5% CO2. The number of replicates was 
three for all experiments performed. 

Male C57 BL/6 mice（Purchase from jiesijie, Shanghai, China）. The 
mice were housed in an air-conditioned room with the laboratory 

temperature maintained at 23 ± 2℃ and a relative humidity of 50 ±
10%. All mice were housed for acclimatization for at least one week 
before the following experiments, and the procedures were performed 
according to institutional and governmental regulations about the use of 
experimental animals. All animal procedures were performed in accor
dance with the Guidelines for Care and Use of Laboratory Animals of 
Shanghai Jiao Tong University and approved by the Animal Ethics 
Committee of Shanghai Jiao Tong University. 

2.2. Plasmid construction 

The primers needed to construct the gene knockout plasmid of 
L. plantarum AR113 are shown in supplement Table 2. Taking Lp_0819 as 
an example, the skeleton of pHSP01 was obtained by double digestion 
with ApaI (Cat.1604, Takara, Japan) and XbaI enzymes (Cat.1643, 
Takara, Japan), and two 1.5 kb fragments flanking Lp_0819 (0819-up 
and 0819-down) were amplified from L. plantarum AR113 by polymer
ase chain reaction (PCR) using 0819-up-F/0819-up-R and 0819-down- 
F/0819-down-R. A 103 bp guide RNA (single guide [sg]-RNA) was 
amplified from pHSP01 by PCR using sgRNA-F/sgRNA-R. The up, down, 
and sgRNA fragments were fused by overlapping extension PCR using 
0819-up-F/0819-sgRNA-R to generate a Lp_0819-up-down-sgRNA frag
ment. Then, the fragment Lp_0819-up-down-sgRNA was assembled into 
the plasmid backbone (pHSP01 linearized by enzymes ApaI and XbaI) 
using a single-step cloning kit (Cat.C112-01, Vazyme, China). 

2.3. Construction of knockout strains 

In this study, the cluster regularly interspaced short palindromic 
repeat (CRISPR)-CRISPR-associated protein 9 (Cas9) system was used to 
construct the mucin knockout strain, and the process is shown in Fig. 1. 
First, the upstream and downstream homologous arms of the gene at the 
knockout or insertion site are ligated to the sgRNA (up-down-sgRNA), 
and up-down-sgRNA fragments are cloned with the editing plasmid 
pLH01 skeleton (digested by ApaI and XbaI) by one-step cloning to 
obtain the knockout or insertion plasmid. Next, the Helper Plasmid 
pHSP01 was introduced into L. plantarum AR113 by electro- 
transformation to obtain AR113(pHSP01). Finally, the knockout or 
insertion plasmid was then introduced into L. plantarum AR113 
(pHSP01) in the same manner, screened in erythromycin and chloram
phenicol resistance plates, and the target strain was obtained after 
verification by sequencing. The preparation of electrocompetent cells 
and the electro-transformation of L. plantarum WCFS1 was performed as 
previously described, with certain modifications (Huang et al., 2019). In 
brief, a 3% (v/v) inoculum of the overnight culture was transferred into 
50 mL of fresh SGMRS medium (MRS with 1% glycine) supplemented 
with an antibiotic when needed. The cells were recovered by centrifu
gation at 2105g and 4℃ when the optical density at 600 nm (OD) (DU- 
800, Beckman Coulter, USA) reached 0.3–0.5. The cell pellet was 
washed twice with 1 mM of MgCl2 and resuspended in 0.5 mL of SM 
buffer (952 mM of sucrose and 3.5 mM of MgCl2). Competent cells were 
aliquoted and stored at − 80℃. Electroporation was performed with a 
Gene Pulser Xcell System (MicroPulser, Bio-Rad, USA) in a 2 mm cuvette 
(165–2086, Bio-Rad, USA) with the following parameters: 2.5 kV, 200 
Ω, and 25 μF. Then, 1 mL of the recovery medium (MRS with 500 mM of 
sucrose, 20 mM of MgCl2, and 2 mM of CaCl2) was added into a cuvette, 
and the mixture was incubated for 2 to 3 h and plated on MRS agar 
supplemented with an antibiotic. Construction of RFP gene recombinant 
bacteria is consistent with the above. 

2.4. Acid and bile salt tolerance test 

Bacterial tolerance to acid and bile salts was assessed as described by 
Mishra and Prasad, with appropriate modifications (Matz et al., 1999). 
Acid tolerance was assessed by adjusting the MRS liquid medium pH 
with 10 M of HCl to 3.0, 3.5 and 4.0, and bile salt tolerance was assessed 
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by adding 0.2% w/v, 0.3% w/v and 0.4% w/v of bile salt to the MRS 
liquid medium and sterilizing it. Wild-type and knockout strains were 
incubated overnight and the OD600 values of the bacterial suspensions 
were adjusted to the same level and 3% v/v inoculum was inoculated 
into the acid and bile salt-adjusted MRS liquid mediums. After mixing, 
200 µL of the medium was placed on a sterile plate, and the uninoculated 
MRS liquid medium was used as the reference. The culture solution was 
incubated at 37℃ for 24 h and the OD600 was measured every 30 min 
and recorded by fully automated growth curve analyzer (Bioscreen C, oy 
growth curves ab ltd, Finland). Three replicates were made for each 
sample. 

2.5. Auto-aggregation and co-aggregation assays 

Auto-aggregation assays were performed according to Collado 
(Collado et al., 2007), with certain modifications. Bacteria were grown 
for 18 h at 37℃ in MRS liquid medium. The bacteria were harvested by 
centrifugation at 5000g for 15 min, washed twice and resuspended in 
phosphate buffered saline (PBS) at pH 7.2. OD600 was adjusted to 0.25 

± 0.05 to obtain viable bacteria counts of approximately 108 colony 
forming units (CFU)/mL. Cell suspensions (5 mL) were mixed by vortex 
for 15 s and auto-aggregation was determined at different incubation 
times (0 and 5 h) at room temperature without agitation. The auto- 
aggregation percentage was expressed as: 

RAA =
A0 − At

At
× 100%  

where At represents the absorbance at time t = 5 h and A0 represents the 
absorbance at t = 0 h. 

The method for preparing the bacterial suspensions for co- 
aggregation was the same as that for the auto-aggregation assay. 
Equal volumes (2 mL) of cell suspension were mixed together in pairs by 
vortexing for 15 s. Control tubes were set up at the same time. The OD600 
of the suspensions was measured at different incubation times (0 and 5 
h) at room temperature without agitation. The percentage of co- 
aggregation was calculated using the equation: 

RCA =
A0 + A1 − 2Amix

A0 + A1
× 100%  

where A0 and A1 represent the OD600 of the two strains in the control 

tubes, and At represents the OD600 of the mixed bacterial suspensions at 
5 h. 

2.6. Measurement of bacterial hydrophobicity 

Bacterial suspensions were prepared as described above. OD600 was 
adjusted to 0.25 ± 0.05, then an equal volume of xylene (Sinopharm 
Chemical Reagent Co., Ltd, Shanghai, China) was added. The two-phase 
system was thoroughly mixed by vortex for 3 min. The OD600 of the 
aqueous layer was measured and the hydrophobicity percentage was 
expressed as. 

RHC =
A0 − At

At
× 100%  

where At represents the absorbance at time t = 1 h and A0 represents the 
absorbance at t = 0 h. 

2.7. L. plantarum adhesion to HT-29 cells 

Cell adhesion experiments were performed as previously described 
(Wang et al., 2019), with some modifications. Bacteria were harvested 
by centrifugation (3145g, 10 min) and washed twice with PBS (pH 7.2), 
then resuspended in Roswell Park Memorial Institute (RPMI) 1640 
culture medium. The bacterial suspension concentration was adjusted to 
108 CFU mL− 1. Cells from a colon cancer cell line (HT-29) were cultured 
in 12-well plates. When the cells covered 80–90% of the plates, they 
were rinsed twice with PBS, and 1 mL of L. plantarum suspension (108 

CFU mL− 1) and 1 mL of 1640 culture medium were added to each well. 
The plates were placed in a cell incubator at 37 ℃ for 2 h in a 5% CO2 
atmosphere. After incubation, each well in the plates was washed three 
times with PBS (pH 7.2) to remove free, non-attached bacteria cells, 
followed by methanol fixation (1 mL) for 20 min, PBS rinsing twice, 
gram staining, and microscopic observation. Twenty views were 
randomly chosen for imaging. The adhesion number of L. plantarum to 
HT-29 cells was calculated on the basis of 100 cells. The experiment was 
repeated in triplicate. 

2.8. Flow cytometry analysis 

Fluorescent labeling of the strains was performed as described in 
previous studies (Lee et al., 2004). The concentration of the L. plantarum 

Fig. 1. The process of constructing knockout strain.  
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suspension was adjusted with PBS to 109 CFU mL− 1. The bacterial sus
pension was mixed with 5-(6)-carboxyfluorescein diacetate N-succini
midyl ester (cFDA-SE) (50 μM, in ethanol) in equal volumes, followed by 
incubation in a 37 ◦C water bath for 20 min in the dark. The cell mass 
was collected by centrifugation at 8000g for 3 min and rinsed with PBS 
twice to remove unreacted cFDA-SE. Flow cytometry (FACSCalibur, BD 
Bioscience, USA) was used to detect the cell fluorescent labeling per
centage. The experiment was repeated in triplicate. 

2.9. Animal experiments 

In vivo colonization experiments were performed according to pre
vious research (Lee et al., 2004) with some modifications. Animals were 
grouped for in vivo colonization experiments as shown in Fig. 5 A. Six- 
week-old male C57 BL/6 mice were allowed to drink and eat freely, and 
were divided into control and experimental groups, with four mice in 
each group. In the experimental groups, each mouse was gavaged with 
the bacterial solution (the fluorescence intensity of the bacterial solution 
was adjusted to 2 × 104) for 6 days, and the control group was gavaged 
with an equal volume of sterile water. In vivo reproduction experiments. 
Six-week-old male C57 BL/6 mice were allowed to drink and eat freely, 
and 12 mice were each allocated to the control and experimental 
(AR113-RFP and AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP) groups. 
Each mouse in the experimental groups was gavaged with 5 × 109 CFU 
of the strains for 1 day, and the normal control group was gavaged with 
an equal volume of sterile water. 

The intestinal flora abundance treatment was performed according 
to the previous research (Tropini et al., 2018). The experimental 
grouping protocol was referred to Fig. 4A, and the only difference was 
that 15% w/v PEG was added to the drinking water of the mice. In the 
experimental group, each mouse was gavaged with bacterial solution 
(the fluorescence intensity of the bacterial solution was adjusted to 2 ×
104) for 6 days, and the control group was gavaged with an equal vol
ume of sterile water. 

2.10. Fecal collection and treatment 

Feces were collected before, during and after the mice were gavaged 
with the bacterial strains, as described in previous studies (Fornelos 
et al., 2020). The sterile tubes (1.5 mL) used were sterilized and the 
forceps used for collection were disinfected before collection. During 
fecal collection, each mouse was placed in a cage sterilized with alcohol 
and on a clean sheet of paper, and the feces was collected after the 
mouse had defecated. The forceps were disinfected after each use. 

Fecal handling was performed as described in previous research (Tuo 
et al., 2013), with some modifications. 0.025 ± 0.005 g of feces per mice 
was collected and placed into round-bottomed sterile tubes (2 mL) with 
a 5 mm diameter steel strain. Then, 1 mL of sterilized PBS buffer was 
added to each sterile tube, followed by homogenization using a ho
mogenizer at 1000 rpm for 3 min. The solution was then centrifuged at 
400 × g at 4 ◦C for 3 min, and the supernatant was collected and filtered 
using a 300-mesh filter, 200 μL of each well was placed in a black flat- 
bottomed 96-well plate, the fluorescence intensity was measured at 
the excitation wavelength of 600 nm and the emission wavelength of 
635 nm using an enzyme marker (SpectraMax i3x, Molecular Devices, 
USA). Feces of mice not administered with bacteria were used as control, 
the experiment was repeated in triplicate. 

2.11. Intestinal tissue collection 

The mice were euthanized by decapitation, and the duodenum, 
jejunum, ileum and colon were collected at a length of 2 cm. The in
testinal contents were collected, then the intestine was dissected longi
tudinally along the intestine and the mucosal layer was scraped with a 
coverslip into a 2 mL sterility tube, to which 1 mL of sterilized PBS buffer 
was added. The rest of the procedure followed the fluorescence intensity 

assay or the flow cytometry method. The experiment was repeated in 
triplicate. 

2.12. Statistical analysis 

Significant differences among the data were examined using one- 
way ANOVA and Duncan’s test with Statistical Product and Service 
Solutions (V17.0, SPSS, USA) software. The significance of the correla
tion coefficient was also examined. Data are presented as means with 
standard deviations and significant differences (p < 0.01) are presented 
with different letters. Data measured by the fully automated growth 
curve analyzer were simulated using the Gompertz growth level model 
to obtain maximum biomass, hysteresis time and maximum specific 
growth rate. GraphPad Prism software (8.0.1.244, GraphPad Software, 
USA) was used for to plot the graphs. 

3. Results 

3.1. Construction and physiological characterization of knockout strains 

The successfully sequenced knockout plasmids and knockout strains are 
shown in Fig. 2 A–G. The knockout strains were named as AR113△Lp_0819, 
AR113△Lp_1080, AR113△Lp_1431, AR113△Lp_2233, AR113△Lp_2739, 
AR113△Lp_2792, AR113△Lp_2805, AR113△Lp_1431 △Lp_2792, and 
AR113△Lp_1431△Lp_2233△Lp_2792. Next, we measured the physiolog
ical characteristics of the mentioned wild-type and knockout strains. We 
found that the growth trend of all strains was consistent in liquid MRS (Fig. 3 
A, Table 1). In addition, we also measured the hydrophobicity, auto- 
aggregation, and co-aggregation ability of L. plantrum, as well as its ability 
to adhere to HT-29 are shown in Fig. 3 B, due to the fact that these surface 
physiological properties of probiotics are among the most important in
dicators to assess their ability to colonize in vivo. The hydrophobicity of the 
strains ranged from 80.62% to 98%, all of which showed strong hydro
phobicity. The wild-type strain had the lowest hydrophobicity (80.62%) and 
AR113ΔLp_1431△Lp_2792△Lp_2233 had the highest hydrophobicity 
(98.00%), with significant differences between both knockout strains and 
wild-type strain. The auto-aggregation ability of the strains varied greatly. 
AR113△Lp_1431 had the least auto-aggregation ability (11. 29%) and 
AR113△Lp_2805 had the greatest auto-aggregation ability (32.14%). In 
terms of co-aggregation ability, AR113Δ Lp_1431 had the least co- 
aggregation ability (11.22%), which was significantly different from the 
wild-type strain, and AR113△Lp_2233 had the greatest co-aggregation 
ability (26.59%). 

The adhesion is an important indicator to assess the ability of pro
biotic bacteria to colonization in vivo. In the adhesion assay with HT-29 
cells (Fig. 3 B), some single knockout strains showed an increase in the 
adhesion number, for example, AR113ΔLp_1080 had 196 ± 6 CFU per 
100 cells and AR113ΔLp_2792 had 199 ± 9 CFU per 100 cells; some 
single knockout strains showed a decrease in the adhesion number, for 
example, AR113ΔLp_1431 had 159 ± 17 CFU per 100 cells and 
AR113ΔLp_2233 had 171 ± 9 CFU per 100 cells. However, these single 
knockout strains were not significantly different from AR113, which had 
175 ± 25 CFU of adhesion per 100 cells. Based on these results it cannot 
be proven which genes are more important than others. We propose that 
the possible reason is the existence of genetic complementation and also 
analyzed the domain organization of these mucins. Compared to other 
mucin genes, the highest number of repeated MucBP domains 
(pfam06458) was found in Lp_1431 and Lp_2792, MucBP domain and 
LPXTG anchoring motif (pfam00746) were present in Lp_2233. There
fore, we performed a combinatorial knockout. Among the combined 
knockout strains, AR113ΔLp_1431ΔLp_2792Δ Lp_2233 had an adhesion 
number of 114 ± 8 CFU per 100 cells, which was significantly different 
from AR113. 

To assess the acid tolerance of the strains, the initial pH of the MRS 
broth medium was adjusted to 3.0, 3.5 and 4.0 to examine the growth of 
the strains at different pH levels (Fig. 3 C-E). The measured growth 
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curves were also fitted to obtain the maximum biomass, hysteresis time 
and maximum specific growth rate of the wild-type and knockout strains 
(Table 2). Overall, the growth of the knockout and wild-type strains 
showed a consistent growth trend. It is noteworthy that none of the 
strains grew at pH 3.0, as the pH increased, the maximum biomass and 
maximum specific growth rate of the strains increased and the lag time 
decreased. 

The bile salt concentration in the MRS medium was adjusted to 0.2 % 
w/v, 0.3% w/v and 0.4% w/v, and the strains were incubated in the 
medium for 24 h at 37 ◦C to assess the tolerance of the strains to bile salts 
(Fig. 3 F-H). The maximum biomass, hysteresis time and maximum 
specific growth rate were obtained by fitting the curves (Table 3). At a 
bile salt concentration of 0.2 %w/v, compared with the wild-type strain, 
AR113ΔLp_0819, AR113ΔLp_1080 and AR113ΔLp_2805 showed an in
crease in maximum biomass of 0.27–0.3, and the other knockout strains 
were not significantly different from the wild-type strain. While the bile 
salt concentration was increased to 0.4% w/v, some mutant strains 
(AR113ΔLp_1431, AR113ΔLp_2233, AR113ΔLp_2792, AR113ΔLp_ 
1431ΔLp_2792, AR113ΔLp_1431ΔLp_2233ΔLp_2792) showed a signifi
cant increase in bile salt tolerance compared to wild-type strains, with 
an increase in maximum biomass of 0.18–0.25 and a decrease in lag time 
of 2.69–3.17 h. However, some mutant strains (AR113ΔLp_1080, 
AR113ΔLp_2739, AR113ΔLp_2805) were not tolerated at this bile salt 
concentration and showed growth stagnation (the maximum biomass 
was near zero). These results suggest that different mucin genes differ 
for the growth of the strains in different bile salt concentrations. The 
maximum biomass and maximum specific growth rate of all strains were 
lower and the hysteresis time increased at higher bile salt concentrations 
compared to bile salt-free conditions. In other words, Lp_1431, Lp_2233, 
Lp_2792 may affect bile salt tolerance in L.plantarum. 

Based on Pearson correlation analysis (Fig. 3 I-K), the bacteria auto- 
aggregation and co-aggregation did not correlate with adhesive ability 
(r = − 0.02, r = 0.16, respectively). While there was a negative corre
lation between the hydrophobicity and adhesive ability of L. plantarum 
(r = − 0.30). 

3.2. Red fluorescent protein gene insertion 

We will select AR113 and AR113ΔLp_1431ΔLp_2233ΔLp_2792 for 
further in vivo experiments based on the results of in vitro adhesion 
experiments. We inserted the red fluorescent protein (RFP) gene into the 
L. plantarum genome, and the fluorescence intensity of the bacteria was 
measured in mouse feces and intestine to assess the ability of the 
L. plantarum to colonize the intestinal. The RFP gene was inserted into 
the AR113 and AR113ΔLp_1431ΔLp_2233ΔLp_2792 genome and the 
bacterial solution concentrations of the AR113, AR113-RFP, AR11 
3ΔLp_1431ΔLp_2233ΔLp_2792 and AR113ΔLp_1431ΔLp_2233Δ Lp_27 
92-RFP were adjusted to the same OD600 values. The results showed that 
the fluorescence intensity of AR113-RFP, AR113ΔLp_1431ΔLp 
_2233ΔLp_2792-RFP was significantly higher than that of AR113, 
AR113ΔLp_1431ΔLp_2233ΔLp_2792, respectively (p < 0.01). In addi
tion, when AR113-RFP and AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP 
were mixed with other bacteria or substances, the fluorescence intensity 
was much higher than that of the control, which also provides a theo
retical basis for the in vivo detection of the strains (Fig. 4 C-D). 

3.3. Determination of in vivo colonization ability 

In vitro experiments are unable to simulate the complex in vivo 
environment, and thus it was necessary to explore in vivo colonization of 
the strain. The stain AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP was 
selected for the in vivo experiments, as it was a strain that was signifi
cantly different from AR113 in the in vitro cell adhesion assay. AR113- 
RFP reached its highest fluorescence intensity of 6.031 × 104 one day 
after the end of gavage, and AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP 
had the highest fluorescence intensity of 3.824 × 104 on the second day 
after gavage. Thereafter, AR113-RFP showed a gradual decrease with 
time, reaching its lowest fluorescence intensity of 0.59 × 104, however, 
AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP showed a wavelike decrease 
and fluorescence was not detected in the feces at 14 days (Fig. 5 B). 

When the fluorescence intensity of different loci in the mouse intestine 
was examined (Fig. 5 C), AR113-RFP did not demonstrate fluorescence in 

Fig. 2. Construction of knockout strains. A: M:5000bp Marker, Line1:pLp-0819;Line2:pLp_1080; Line3: pLp_1431;Line4:pLp_2233; Line5:pLp_2739; Line6:pLp_2792. 
B: M:5000bp Marker, Line1:pHSP01, Line2: negative control,Line3:AR113(pLH01). C: M:5000bp Marker, Line1:AR113,Line2: negative control, Line3: 
AR113ΔLp_2805. D: M:5000bp Marker, Line1:AR113, Line2:negative control, Line3: AR113ΔLp_0819. E:M:10000bp Marker, Line1:AR113, Line2:negative control, 
Line3: AR113ΔLp_1080. F:M:10000bp Marker,Line1: AR113,Line2: negative control, Line3: AR113ΔLp_2739. G:M:10000bp Marker, Line1,6,11: AR113, Line 2,7,12: 
negative control, Line 3,4:AR113△Lp_1431,Line5,10,15:AR113△Lp_1431 &2233&2792, Line8,9:AR113△Lp_ 2233, Line 13,14:AR113△Lp_2792. 
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both the duodenum and jejunum. Fluorescence was detected in both the 
ileum and colon with fluorescence intensities of 0.120 × 104 and 0.105 ×
104, respectively, and AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP was not 
detected in the duodenum, jejunum, ileum and colon. 

The wild-type and knockout strains were labeled with the fluorescent 
dye cFDA-SE to investigate the distribution of L. plantarum in the gut, 
and the labeling rate was detected by flow cytometry. The results are 
shown in Fig. 5 D-E. The fluorescent dye labeling rate of all strains was 
greater than 98%, enabling further animal experiments to be performed. 
Mice were gavaged with the cFDA-SE labeled strains and the adhesion of 

the fluorescently labeled strains in the intestine was detected by flow 
cytometry at 3 h, 24 h, 48 h and 72 h after gavage. 

The colonization numbers of AR113-RFP and 
AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP in the duodenum and its intesti
nal lumen gradually decreased, while the colonization numbers in the 
jejunum, ileum and colon and its intestinal lumen showed an increase after 
24 h of gavage. Notably, after the end of gavage, AR113 had the highest 
colonization number in the duodenum (53 ± 9 CFU) and in the long intes
tinal lumen of the colon (5952 ± 460 CFU) AR113ΔLp_1431ΔLp_2233 
ΔLp_2792-RFP had the highest colonization numbers in the colonic mucosa 

Fig. 3. Measurement of the growth and physiological characteristics of the strains. A: growth curves of wild-type and adherent knockout strains in MRS. B: Hy
drophobicity, auto-aggregation, co-aggregation ability and adhesion ability of the strains. C-E: growth of the strains in MRS broth at pH 3.0, 3.5, and 4.0, respectively. 
F-H: Growth of the strains in MRS broth with bile salt concentrations of 0.2% w/v, 0.3% w/v and 0.4% w/v, respectively. I-K: The correlation between RHC, RAA, RCA 
and adhesion ability of the strains (AR113, AR113ΔLp_0819, AR113ΔLp_1080, AR113△Lp_1431, AR113△Lp_ 2233, AR113ΔLp_2739, AR113△Lp_2792, 
AR113△Lp_2805, AR113△Lp_1431△Lp_2792, AR113△Lp_1431△Lp_2233△Lp_2792). Data are represented as means ± standard deviations, each experiment was 
repeated in triplicate (n = 3). **Means differ significantly (P < 0.01). The Pearson correlation coefficient (r), r values between − 1 and + 1, where 1 indicates a 
positive linear correlation and − 1 is a negative linear correlation. 
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and intestinal lumen, at 870 ± 293 CFU and 76 ± 17 CFU, respectively. At 
48 h, the wild-type strain had the highest colonization numbers in the 
colonic mucosa and intestinal lumen at 56 ± 15 CFU and 1925 ± 158 CFU, 
respectively, while the knockout strain had the highest colonization 
numbers in the ileal mucosa and intestinal lumen at 28 ± 5 CFU and 51 ± 3 
CFU, respectively. Subsequently, the colonization numbers in the mucosa 
and intestinal lumen decreased for both strains. Remarkably, both AR1113- 
RFP and AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP colonized mainly in the 
colon (Fig. 5 F-G). 

In addition, L. plantarum showed a wave-like change in the colonization 
numbers of both the mucosal layer and the intestinal lumen of mice, and 
the colonization number of AR113-RFP was higher than that of 
AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP (Fig. 5 H). The colonization 
numbers of both strains showed an increase between 24 and 48 h of gavage, 
from 264 ± 43 CFU to 2224 ± 223 CFU for AR113-RFP and from 186 ± 57 
CFU to 221 ± 49 CFU for AR113Δ Lp_1431ΔLp_2233ΔLp_2792-RFP, where 

the difference between the two strains in the intestinal mucosal layer was 
smaller at 48 h, but in the intestinal lumen, the number of wild-type strains 
was approximately 10 times higher than that of the knockout strain (Fig. 5 
H). 

3.4. Colonization ability of L. plantarum in the PEG-treated intestine 

The effect of the intestinal environment on the gut colonization of the 
strains was investigated further. Mice with 15% PEG in their drinking water 
showed significant weight loss and watery feces (Fig. 6 A, C), but no blood 
in the stool. The fluorescence intensity of AR113-RFP was found to reach a 
maximum of 3.529 × 104 on the fourth day of gavage, and AR113Δ 
Lp_1431Δ Lp_2233Δ Lp_2792-RFP reached a maximum on the sixth day of 
gavage. Both showed a tendency to rebound on the second day after the 
end of gavage, which was consistent with the results of control group, but 
thereafter the fluorescence intensity of both gradually decreased with time. 
Fluorescence was not detected in the duodenum for both AR113-RFP and 
AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP, while fluorescence was detected 
in the jejunum, ileum and colon. The highest fluorescence intensity of 
1.063 × 104 for AR113-RFP was detected in the ileum and the lowest 
fluorescence intensity of 0.368 × 104 was detected in the colon. 
AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP had the highest fluorescence in
tensity of 0.570 × 104 in the jejunum and the lowest 0.089 × 104 (Fig. 6 B, 
D). 

4. Discussion 

The adhesion to the host mucosal surface is essential for the colo
nization of probiotics in the host intestine. Adhesion is mainly achieved 
by binding of mucins (mucins, lipoteichoic acid, polysaccharides, etc.) 
on the surface of probiotic bacteria to specific receptors on the host 
intestinal epithelium. Numerous studies on the function of mucins 
(lp_0964, lp_1229, lp_1643, lp_2486, lp_3059, lp_3114, lp_3127) of L. 
plantarum have been carried out mainly through in vitro cell adhesion 

Table 1 
Maximum biomass, retardation time and maximum specific growth rate of 
strains in MRS.  

Strains Maximum 
biomass 
(OD600) 

Hysteresis 
time 
(h) 

Maximum 
specific 
growth 
rate (OD600/ 
h) 

AR113  1.67  2.33  0.33 
AR113△Lp_0819  1.55  2.89  0.27 
AR113△Lp_1080  1.57  2.94  0.27 
AR113△Lp_1431  1.65  2.72  0.30 
AR113△Lp_2233  1.55  3.08  0.29 
AR113△Lp_2739  1.57  2.92  0.23 
AR113△Lp_2792  1.62  2.74  0.24 
AR113△Lp_2805  1.53  3.41  0.22 
AR113ΔLp_1431&2792  1.37  2.27  0.31 
AR113ΔLp_1431ΔLp_2233ΔLp_2792  1.32  2.31  0.25  

Table 2 
Maximum biomass, retardation time and maximum specific growth rate of strains in MRS at different pH levels.  

Strains Maximum biomass 
(OD600)  

Hysteresis time 
(h)  

Maximum specific growth rate (OD600/h) 

Control pH3.0 pH3.5 pH4.0  Control pH3.0 pH3.5 pH4.0  Control pH3.0 pH3.5 pH4.0 

AR113  1.67 –  0.76  1.04   2.33 –  8.35  5.13   0.33 –  0.05  0.11 
AR113ΔLp_0819  1.55 –  0.71  1.17   2.89 –  7.84  5.31   0.27 –  0.05  0.09 
AR113ΔLp_1080  1.57 –  0.85  1.27   2.94 –  7.07  4.86   0.27 –  0.05  0.10 
AR113ΔLp_1431  1.65 –  0.71  1.17   2.72 –  9.02  5.92   0.30 –  0.03  0.08 
AR113ΔLp_2233  1.55 –  0.73  1.21   3.08 –  9.11  5.76   0.29 –  0.03  0.08 
AR113ΔLp_2739  1.57 –  0.79  1.24   2.92 –  7.87  4.80   0.23 –  0.04  0.10 
AR113ΔLp_2792  1.62 –  0.63  1.23   2.74 –  7.99  5.12   0.24 –  0.03  0.09 
AR113ΔLp_2805  1.53 –  0.80  1.30   3.41 –  7.51  4.97   0.22 –  0.04  0.10 
AR113ΔLp_1431&2792  1.37 –  0.53  1.11   2.27 –  8.21  5.03   0.31 –  0.02  0.08 
AR113ΔLp_1431ΔLp_2233ΔLp_2792  1.32 –  0.47  1.09   2.31 –  7.35  4.84   0.25 –  0.03  0.09  

Table 3 
Maximum biomass, retardation time and maximum specific growth rate of strains in MRS with different bile salt concentrations.  

Strains Maximum biomass 
(OD600)  

Hysteresis time 
(h）  

Maximum specific growth rate (OD600/h) 

Control 0.20% 0.30% 0.40%  Control 0.20% 0.30% 0.40%  Control 0.20% 0.30% 0.40% 

AR113  1.67  1.08  0.88  0.50   2.33  4.68  7.80  7.01   0.33  0.10  0.07  0.04 
AR113ΔLp_0819  1.55  1.35  0.79  0.58   2.89  3.65  5.73  8.21   0.27  0.17  0.07  0.04 
AR113ΔLp_1080  1.57  1.38  0.78  –   2.94  3.70  9.11  –   0.27  0.16  –  – 
AR113ΔLp_1431  1.65  1.15  0.85  0.74   2.72  3.65  4.54  4.16   0.30  0.13  0.07  0.07 
AR113ΔLp_2233  1.55  1.15  0.98  0.75   3.08  3.55  3.85  4.32   0.29  0.13  0.10  0.07 
AR113ΔLp_2739  1.57  1.21  –  –   2.92  3.57  –  –   0.23  0.15  –  – 
AR113ΔLp_2792  1.62  1.15  0.84  0.71   2.74  3.59  4.36  4.01   0.24  0.15  0.07  0.07 
AR113ΔLp_2805  1.53  1.38  2.75  0.20   3.41  3.84  –  –   0.22  0.16  –  – 
AR113ΔLp_1431&2792  1.37  1.07  0.77  0.68   2.27  3.50  4.07  3.84   0.31  0.14  0.07  0.05 
AR113ΔLp_1431ΔLp_2233ΔLp_2792  1.32  1.17  0.83  0.70   2.31  3.78  4.43  4.04   0.25  0.14  0.07  0.06  
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assays and protein heterologous expression (Buntin et al., 2017, Gross 
et al., 2010; Holst et al., 2019; Kaushik et al., 2009; Singh et al., 2018), 
and these approaches that are inadequate in considering the global 
functional genetic aspects of probiotics. The genes involved in this study 
(Lp_0819, Lp_1080, Lp_1431, Lp_2233, Lp_2739, Lp_2792, Lp_2805) were 
compared with those in the L. plantarum WCFS1 genome (in order: 
lp_0964, lp_1229, lp_1643, lp_2486, lp_3059, lp_3114, lp_3127, and were 
found to be more than 97% homologous in percentage identity. 

Based on the results of adhesion assays with HT-29 cells, there was 
no significant difference in the number of adhesions to cells between the 
single knockout strain and the wild-type strain. Therefore, we hypoth
esized that the possible reason is the existence of genetic complemen
tation, identified and analyzed the domains organization of these 
mucins according to the NCBI Conserved Domain Database (CDD) 
(Marchler-Bauer et al., 2015). MucBP family proteins play an important 
role in the mucus adhesion process between lactic acid bacteria and their 
hosts, and the LPXTG anchoring motifs can assist in the accurate local
ization and assembly of exogenous proteins to the surface of the bacte
rial body (Roos, et al., 2002; Boekhorst et al., 2006). The experimental 
results confirmed that the simultaneous knockout of Lp_1431, Lp_2792 
and Lp_2233 genes significantly decreased the adhesion ability of the 
strain compared to the wild-type strain. 

The auto-aggregation, hydrophobicity, co-aggregation and adhesion 
to HT-29 cells of all of the strains were evaluated. The hydrophobicity of 
the strains (89.0% ~ 98.00%, except the wild-type) was greater than 
that of 15 L. plantarum strains in previously studied (45.54–6.67%) (Tuo 
et al., 2013), and the auto-aggregation of those strains (23.86–33.57%) 
was similar to the values obtained in this study (11.29–32.14%). In 
terms of co-aggregation, the co-aggregation values of the strains in our 
study (11.36–28.33%) were lower than that of L. paracasei subsp. par
acasei BGSJ2-8 (45%) (Nikolic et al., 2010). In terms of adhesion to HT- 
29 cells, compared to AR113, the mucin gene multiple knockout strain 
(AR113ΔLp_1431ΔLp_2233ΔLp_2792) was significantly different from 
the wild-type strain in terms of adhesion to cells (p < 0.01), whereas 
knockout Lp_1080 (mannose-specific linkage) did not alter the adhesion 
ability of the strain, in agreement with the findings of Buntin (Buntin 
et al., 2017). Based on Pearson correlation analysis, the bacteria auto- 
aggregation and co-aggregation did not correlate with their adhesive 
ability, while there was a negative correlation between the 

hydrophobicity and adhesive ability of L. plantarum (r = − 0.30). Thus, 
hydrophobicity can be used as an indicator to screen better probiotics 
(Xu et al., 2009). It has also been suggested that the adhesive capacity of 
bacteria cannot be described by hydrophobicity alone, but should be 
combined with other surface properties (e.g., auto-aggregation and co- 
aggregation) to assess the adhesive ability of bacteria (Tuo et al., 
2013; García-Cayuela et al., 2014; Vlková et al., 2008). 

A better probiotic strain must be tolerant to gastric acid and bile salts 
as they passed through the stomach and proximal small intestine to 
ensure that they reached their intestinal site in a viable state (Jovanović 
et al., 2015; Min et al., 2005). In our study, the knockout genes did not 
alter the acid tolerance of the strains, and in bile salt tolerance assays, 
different knockout strains differ in their ability to tolerate different 
concentrations of bile salts. Under normal physiological conditions, bile 
salt concentrations in our intestine range from 0.05% w/v to 2% w/v, 
and bile salt levels of 0.3% w/v are often used to assess the ability of 
strains to tolerate bile salts (Begley, et al., 2005; Ruiz, et al., 2013). At 
low concentrations of bile salts (<0.3% w/v) Lactobacillus has a 
self-protective mechanism of tolerance and adaptation (Bustos et al., 
2012). For example, bile salt hydrolases in Lactobacillus can convert 
primary bile salts, which are more toxic to bacteria, into secondary bile 
salts, which are less toxic, and can also respond to bile salt stress by 
altering the expression of antioxidant enzyme genes, ion pump protein 
genes, and sugar paralogous genes (Bron et al., 2004). Most knockout 
strains in this study grew indistinguishably from wild-type strains at bile 
salt concentrations of 0.2% w/v. In contrast, AR113ΔLp_1080, 
AR113ΔLp_2739 and AR113ΔLp_2805 showed stagnant growth at high 
bile salt concentrations (0.4% w/v). Similarly, Most (31 of 47) Lacto
bacillus strains examined did not replicate in broth supplemented with 
0.3% oxgall and growth of the remaining strains was delayed (Jacobsen 
et al., 1999). The main reason is that high concentrations of bile salts can 
alter the permeability of bacterial cell membranes, causing damage or 
even death of bacteria and a decrease in bacterial biomass (Wang et al., 
2011). It has been shown that the expression of mucin genes correlates 
with bacterial tolerance to bile salts. In a previous study, the expression 
of mucin (lp_1643) in L.plantarum WCFS1 decreased more than 2.5-fold 
under bile salt stress conditions (Bron et al., 2010). Similarly, the 
expression of surface adhesion protein (elongation factor-tu, EF-TU) was 
reduced in mutant strains (bile salt resistant) under 0.2% w/v bile salt 

Fig. 4. A: M:5000bp Marker, Line1: positive control, Line2: negative control, Line3:AR113-RFP, Line4: AR113△Lp_1431△Lp_ 2233△Lp_2792-RFP. I: Fluorescence 
intensity measurement of strains. J: Bright field image, I: Fluorescence observation image, L: Overlay images of bright field and fluorescence. 
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conditions compared to wild-type strains (Burns et al., 2010). Further
more, the expression of mucin genes is different in different concen
trations of bile salts. s-layer protein-encoding gene (slpA) expression is 
increased in 0.01%-0.05% of bile and decreased in 0.1% of bile (Kha
leghi et al., 2010). Mucins act as a component of the cell wall (Kleer
ebezem et al., 2009; Sanchez, et al., 2010), and mucin genes are knocked 
out, theoretically, the cell wall is disrupted and bacteria are more 

vulnerable at bile salt concentrations. but the bacterial response to bile 
salts is a complex series of stress responses, the mechanisms of which 
need to be further explored. 

Although the colonization potential of bacteria in the intestine has 
been explored by in vitro experiments, it is not possible to simulate the 
real in vivo environment. Therefore, it is necessary to further investigate 
the colonization and distribution of bacteria in vivo, however, it is 

Fig. 5. L. plantarum in vivo colonization experiment. A; In vivo colonization experimental design. B-C: Fluorescence intensity of in feces with time. D-E: FCM of 
cFDA-SE-labeled strains before (a) and after (b), A, B represent AR113-RFP, AR113△Lp_1431△Lp_ 2233△Lp_2792-RFP, respectively. F-E: changes in the number of 
adhesion in the intestinal mucus, and lumen at different sites with time, respectively. H: changes in the number of attachments in intestinal mucus and lumen with 
time. Data are represented as means ± standard deviations, each experiment was repeated in triplicate (n = 3). 
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particularly important to trace the ingested bacteria. Previous re
searchers traced probiotics in vivo by using fluorescent reporter genes to 
assess the potential colonization in vivo (Russo et al., 2015; Wang et al., 
2011; Cui et al., 2020). The disadvantage of this approach is that the 
fluorescent reporter plasmids are easily lost and interfere with the assay 
results. 

In our work, on the one hand, the RFP gene was inserted into 
L. plantarum genome using CRISPR-Cas9 gene editing technology as a re
porter system for probing bacterial colonization in vivo without affecting 
the bacterial growth. In the in vivo experiment, it was found that the 
knockout of the Lp_1431 Lp_2233 Lp_2792 genes significantly shortened the 
colonization time in the intestine (14 days to 11 days) (Fig. 5 B). Inter
estingly, the fluorescence intensity of the two strains showed a strong in
crease the day after the end of gavage. On the other hand, We further 
explored the colonization of L. plantarum in the mouse intestine by using 
cFDA-SE to label AR113-RFP, AR113ΔLp_1431ΔLp_2233ΔLp_2792-RFP. 
After a single oral dose, a sharp increase in the number of strains was found, 
which demonstrated that the strains were able to multiply in vivo. In 
addition, the number of wild-type strain was higher than the number of 
knockout strains, indicating that the weakened adhesion ability of the 
knockout strain contributed significantly to their reduced numbers. The 
colonization sites of L. plantarum in the intestine were mainly in the colon, 
which is consistent with the Salomé-Desnoulez study (Salomé-Desnoulez 
et al.,2021). 

Each site in the host gut is occupied by native microbiota; therefore, 
it is not easy for foreign strains to colonize the host gut (Marco 
et al.,2009; Zhou et al.,2019; Litvak and Baumler, 2019). The addition of 
25% PEG to the drinking water of mice was able to simplify the 

abundance of intestinal native microbiota, and the method also did not 
cause intestinal epithelial damage in previous studies (Cabral et al., 
2019). Therefore, this study was used to investigate the effect of host 
intestinal environment on the colonization of L. plantarum in vivo. The 
results revealed that the knockout strain had increased colonization time 
in the intestine of mice in the treated group compared to the intestinal 
environment without PEG treatment, and distributed in the duodenum, 
jejunum, ileum and colon. This suggests that the genetic background of 
the host has an important role in the in vivo colonization of L. plantarum. 

5. Conclusions 

In conclusion, previous studies on the effect of mucin genes on the 
colonization ability of bacterial strains mainly focused on the assessment 
of in vitro adhesion ability, and were not investigated by means of gene 
knockout. In our study, we assessed the ability of mucins genes to affect 
the colonization of L. plantarum in vitro and in vivo by means of gene 
knockouts, and found that mannose-specific adhesion was not always 
essential for adhesion to the host intestinal mucus. Notably, these results 
indicate that both mucins and the host intestinal environment affect the 
intestinal colonization of L. plantarum. However, the mechanism of 
colonization remains to be further investigated and elucidated. 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Fig. 6. Fluorescence intensity of L. plantarum in feces with time. A: a and b represent normal drinking water and PEG-treated mice, respectively. B: Weight change of 
mice before and after PEG treatment. C-D: fluorescence intensity of the strains in fecal after PEG treatment with time. Data are represented as means ± standard 
deviations, each experiment was repeated in triplicate (n = 3). 
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