
	 Y.Z. Zhang et al. / Food Science and Human Wellness 15 (2026) 9250428	 1

1.  Introduction

Probiotics are live microorganisms that promote host health, 
which can prevent chronic diseases and regulate intestinal flora[1]. 
The ability of probiotics to adhere to the surface of the host’s 
intestinal mucosal cells is a prerequisite for their role in the gut. 
Adhesion of probiotics to host cell surfaces is initially non-specific 
by surface properties of the cell (hydrophobicity, auto-aggregation) 
and then the second stage is specific adhesion mediated by adhesins[2]. 
After adherence, probiotics continue to bind to the host’s intestinal 
epithelium to form a stable biofilm, which helps them to become 
predominant and perform numerous physiological functions. Li et al.[3] 
found that Lactobacillus plantarum Y42 showed enhanced probiotic 
functions after biofilm formation, including adherence to HT-29 cells 
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and anti-adherence to Listeria monocytogenes. In addition, the secretion 
of mucus from intestinal epithelial cells is equally vital to gut health, 
which helps probiotics to adhere[4].

The genus Lactobacillus was one of the most widely used probiotics, 
with Limosilactobacillus reuteri DSM17938 naturally occurring in 
the human gastrointestinal tract and being a major member of the gut 
microflora in newborns and healthy adults[5]. L. reuteri DSM17938 
has functions such as regulating gut microbiota, improving intestinal 
environment, and maintaining gut microbiota balance. Adhesion of 
L. reuteri in the gut also requires nutrient supply[6]. Oligosaccharides 
have been found to significantly improve the adhesion ability of various 
Lactobacillus[7-9]. Krausova et al.[10] also found that various prebiotics 
such as lactose, glucose, human milk oligosaccharides, could enhance the 
adhesion of Bifidobacterium BBM and BBV to Caco-2 cells and HT-29  
MTX cells. In addition to oligosaccharides, proteins, as one of the 
essential nutrients for human life, have received more and more attention 
from researchers for their role in probiotics adhesion. Several reports have 
also demonstrated that soybean proteins and its derivatives are among 
the important nutrients affecting intestinal flora[11-12]. Studies have 
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shown that soybean peptides increase the number of Lactobacillus 
and Bifidobacterium in the digestive tract, thereby altering the 
composition of the gut microbiota[13]. Our previous studies have 
shown that soybean protein isolates and soybean peptides significantly 
stimulated the proliferation and metabolism of various probiotics, 
such as Lactobacillus acidophilus, Lactobacillus rhamnosus and  
L. reuteri, among which L. reuteri were promoted by soybean 
protein and soybean peptides at different culture periods[14-16]. However, 
it is necessary to ensure their long-term colonization in the intestine 
to exert its effects. It has been shown that Lactobacillus can adhere to 
intestinal cells through both non-specific and specific adhesion, and 
can also enhance their adhesion to intestinal cells through changes in 
their surface properties (auto-aggregation, hydrophobicity, biofilm-forming  
ability)[17-19]. Furthermore, there is still less information on whether 
proteins can influence the adhesive ability of Lactobacillus to 
intestinal tract and how they worked. 

Therefore, this study assessed the effect of digested soybean 
protein (dspr) and peptides (dspe) on the adhesion capacity of  
L. reuteri DSM17938 and HT-29 cells. In addition, it was assessed 
whether their effects on the adhesion capacity of L. reuteri DSM17938 
were related to cell surface hydrophobicity, auto-aggregation assay, 
and biofilm formation ability. The gene expresions of adhesive 
related proteins before and after the process of adhesion of L. reuteri 
DSM17938 to HT-29 cells was also elucidated.

2.  Materials and methods

2.1  Materials and reagents

L. reuteri DSM17938 was obtained from Hebei vermont 
Biotechnology Co., Ltd. (Handan, China). Soybean protein isolates 
and peptides were kindly provided by Shandong Yuxin Bio-Tech Co., 
Ltd. (Qingdao, China) and Rushan Hualong Biotechnology Co., Ltd. 
(Weihai, China). Pancreatin was purchased from Tokyo Chemical 
Industry (Tokyo, Japan), and pepsin was acquired from Yuanye 
Biotechnology Co., Ltd. (Shanghai, China).

2.2  In vitro simulated gastrointestinal digestion

Soybean protein isolates and peptides were digested by modifying the 
method of Minekus et al.[20]. The sample was simulated for gastrointestinal 
digestion using pepsin (enzyme to substrate ratio of 1:35 (m/m)) 
and trypsin (enzyme to substrate ratio of 1:25 (m/m)). After enzyme 
inhibition, dry powder was obtained by freeze-drying. The composition 
of dspr and dspe were shown in our previous research[16,21].

2.3  Cell culture

Colon adenocarcinoma cell line HT-29 was obtained from the Basic 
Medical Sciences, Chinese Academy of Medical Sciences (Beijing, 
China). The cells were grown in DMEM/F12 (1:1) medium (Gibco, 
MA, USA) supplemented with 5% fetal bovine serum (ExCell Bio, 
Shanghai, China), 100 U/mL penicillin and streptomycin (Gibco, MA, 
USA) at 37 °C in a 5% CO2 atmosphere in a humidified incubator. For 
adhesion assays, HT-29 cells were seeded in 24-well culture plates at a 
concentration of 3 × 105 cells per well. The experiments were performed 
after 90% confluency was reached. 

2.4  Adhesion assays of L. reuteri DSM17938 under different 
treatment groups to HT-29 cells

L. reuteri DSM17938 cultured to log and stationary phases under 
different treatment groups were centrifuged at 7 000 r/min for 3 min, 
the supernatant was discarded, and the organisms were washed  
3 times with PBS and in antibiotic-free cell culture medium to adjust 
the concentration to 1 × 108 CFU/mL. HT-29 cells were rinsed 2 times 
per well with PBS, and accessed to 1 mL of the bacterial suspension, 
and were co-instrumented for 6 h. Subsequently, cells were washed  
3 times with 1 mL PBS to remove unadhered bacteria, then lysed with 
0.5 mL Tritonx-100 solution (1% (V/V) in PBS) for 10 min to release 
the bacteria, and gradient dilutions were applied to MRS agar.

2.5  Determination of surface characteristics

2.5.1  Auto-aggregation analysis

L. reuteri DSM17938 in each treatment group was cultured to log 
and stationary stage respectively, and the suspension of each group 
was centrifuged at 4 000 r/min, 4 °C for 10 min, the supernatant was 
discarded, and the pellet was washed 3 times and re-suspended with 
PBS, and the absorbance was adjusted to 0.60 ± 0.02 (A0) at 600 nm. 
Pipette 4 mL of suspension was left at 37 °C for 6 h. The absorbance 
was measured by taking the upper layer of suspension (A1). The 
experiment was repeated for 3 measurements. The auto-aggregation 
percentage was expressed as (A0–A1)/A0 × 100.

2.5.2  Hydrophobicity analysis

Like auto-aggregation, the absorbance of L. reuteri DSM17938 
for different phases was adjusted to 0.60 ± 0.02 (A0) at 600 nm. Mix 
xylene with the resuspension solution 1:1 (V/V), vortex shock for 60 s, 
and leave for 30 min to separate the two phases, and measure the OD 
value of the aqueous phase (A2). The hydrophobicity percentage was 
expressed as (A0–A2)/A0×100.

2.5.3  Biofilm formation analysis

L. reuteri DSM17938 was subjected to biofilm formation assay 
as described previously with some modifications[22]. For biofilm 
formation, wells of a 96-well plate were filled with 150 µL of  
1 × 108 CFU/mL of testing bacteria and incubated without shaking 
for 72 h at 37 °C. The wells were washed 3 times with PBS, 
and the remaining attached bacteria were stained for 30 min with 150 µL  
0.1% crystal violet in an isopropanol-methanol-PBS solution (1:1:18, V/V). 
Excess stain was washed with 200 µL water per well. Wells were air 
dried for 30 min, and the bounded dye was extracted with 150 µL 
ethanol-acetone (4:1). The OD of each well was measured at 595 nm 
using a microplate reader. 

2.6  Adhesion assays of L. reuteri DSM17938 to HT-29 cells 
under different treatment groups

In this study, 1 mg/mL of dspe and dspr were co-incubated 
with HT-29 cells for 2 h at 37 °C in a 5% CO2 atmosphere in a 
humidified incubator, and untreated probiotics were co-incubated with  
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HT-29 cells for 6 h, followed by the same steps as in Section 2.4, and 
gradient dilutions were applied to MRS agar.

2.7  Microscopic observation of the adhesion of L. reuteri 
DSM17938

HT-29 cells were inoculated into 24-well plates containing slides 
at 3 × 105 cells/mL, and other experimental steps were the same as 
those treated in Sections 2.4 and 2.6. After a total of 6 h of incubation, 
the slides were washed three times with sterile PBS buffer, and after 
removing the slides, the slides were fixed with methanol for 10 min.  
Gram staining was performed and the adhesion of L. reuteri 
DSM17938 was observed under a light microscope.

2.8  Gene expression and RT-qPCR analysis

Total  RNA isolat ion was performed according to  the 
manufacturer’s instructions. The total RNA of L. reuteri DSM17938 
and HT-29 cells was performed according to the kit instructions 
(Transgen, Beijing, China). RNA concentrations were determined at 
260 nm using NanoDrop 2000c UV-Vis Spectrophotometer (Thermo 
Fischer Scientific, Wilmington, DE) and purity was assessed by the 
A260 nm/A280 nm ratio. Reverse transcriptase (Transgen, Beijing, China) 
was used to synthesize cDNA for performing quantitative PCR. 
Thermal cycling conditions were as follows: 3 min denaturation at 95 °C, 
followed by 40 cycles at 95 °C for 10 s, 30 s at 55 °C. Data were 
collected and analyzed using the CFX Manager software (Bio-Rad, 
California, USA). PCR products were evaluated by melting curve 
analysis to confirm the specific amplification. As endogenous MRS, 
genes for GAPDH and Lpla16rsRNA were used for HT-29 cells and 
L. reuteri DSM17938, respectively. The 2−ΔΔCt method was used to 
evaluate the fold change with relation to the MRS group of selected 
genes. All the gene primer sequences are listed in Table S1.

2.9  Statistical analysis

All the results are expressed as mean ± SD of 3 experiments. 
All data were analyzed with GraphPad Prism 9 software (GraphPad 
Software, Inc., San Diego, USA) and IBM SPSS Statistics 17 software 
(IBM, Chicago, IL, USA). Statistical significances were determined 

by One-way analysis of variance (ANOVA) and independent two-sample 
t-test. Significant difference was defined as P < 0.05. 

3.  Results and discussion

3.1  Effect of dspe and dspr on the adhesion capacity of  
L. reuteri DSM17938 

The adhesion ability of L. reuteri DSM17938 to HT-29 cells was 
evaluated for each treatment group (Fig. 1). There was no significant 
difference in the degree of adhesion of L. reuteri DSM17938 from 
log phase (6 h) between dspe and MRS groups, whereas the rate 
of adhesion in the dspr group was significantly lower (Fig. 1B). 
While evaluating the adhesive ability of L. reuteri DSM17938 in the 
stationary phase (12 h), the adhesion rates of both the dspe and dspr 
groups exceeded those of the MRS group, with an increase of 14.37% 
and 48.68%, respectively. In addition, comparing the adhesion rates 
in log and stationary phases, it was found that the adhesion rate of 
the MRS group in the stationary phase decreased by 5.33% compared 
with that of the log phase. In contrast, the adhesion rates in the dspe 
and dspr groups increased by 7.64% and 51.73% compared with the 
log phase, indicating that both dspe and dspr improved the adhesion 
ability of L. reuteri DSM17938 to HT-29 cells with the increase of 
incubation time, and dspr showed a relatively stronger pro-adhesion 
ability. After staining, the morphology of both L. reuteri DSM17938 
and HT-29 cells were clearly visible (Fig. 1A). Some L. reuteri 
DSM17938 adhered to the cell surface in clusters and the observations 
corresponding to the results of the adhesion rate (Fig. 1B).

3.2  Effect of dspe and dspr on the cell surface hydrophobicity, 
auto-aggregation assay, and biofilm formation ability of  
L. reuteri DSM17938 

To investigate the patterns of dspr and dspe affecting the adhesion of  
L. reuteri DSM17938, their ability for L. reuteri DSM17938  
auto-aggregation capacity, surface hydrophobicity and biofilm 
formation was explored (Fig. 2). Cellular auto-aggregation is the 
measure of self-clumping or the aggregating ability of cells of 
bacteria, which is usually related to its persistence and colonization 
in the intestine[23]. The cell auto-aggregation of L. reuteri DSM17938 
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Fig. 1    Effect of dspe and dspr on the adhesion capacity of L. reuteri DSM17938 from log phase and stationary phase. (A) Microscopic observation images and  
(B) adhesion rate. Different uppercase letters indicate significant difference (P < 0.05).
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under different treatment was presented in Fig. 2A. There was no 
significant difference was found between MRS and dspe groups for  
L. reuteri from log phase, and the rate of auto-aggregation in dspr 
group (34.09%) was significantly higher than that of the other  
2 groups, suggesting that dspr could improve the auto-aggregation 
ability of L. reuteri DSM17938 at log phase. By the stationary 
phase, the auto-aggregation rates of both dspe and dspr groups 
were significantly higher than that of MRS group, and it was still 
the dspr group that had the highest rate of 52.37%, which indicated 
that both dspe and dspr increased the auto-aggregation ability of  
L. reuteri DSM17938 during the stationary phase. In addition, the 
auto-aggregation rate of the MRS group in the stationary phase was 
not significantly different from that of the log phase, but those of 
the dspe and dspr groups were significantly improved (6.84% and 
18.28%), and the auto-aggregation rate of the dspr group was the 
highest in all the different incubation phases.

The adhesive ability of bacteria is usually related to cell surface 
hydrophobicity[24]. The surface hydrophobicity of L. reuteri DSM17938 
was shown in Fig. 2B. At 6 h, the hydrophobicity of both the dspe 
and dspr groups was significantly lower than that of the MRS group. 
However, by 12 h, the dspr group had the highest hydrophobicity 
rate of 58.96%, followed by the dspe group with 36.41%, which were 
both significantly higher than that of the MRS group, suggesting that 
dspe and dspr were more effective in enhancing the hydrophobicity of  
L. reuteri DSM17938 during their stationary phase, and the dspr 
ability was stronger than that of dspe.

Biofilm formation ability in probiotics is considered a beneficial 
feature since the strain could colonize and maintain stability in the host, 
reducing colonization of pathogens[25]. Fig. 2C shows the biofilm formation 
capacity of L. reuteri DSM17938 in each group. The dspe group had 
the strongest biofilm formation ability at log phase (OD595 nm = 0.62),  
but the dspr group showed significantly less biofilm formation ability 
than the MRS group. The results at 12 h were similar with those of 
the log phase, with the dspe group still having a greater ability to 
form biofilm (OD595 nm = 0.86), which was 2.67 and 3.4 times greater 
than that of the MRS and dspr groups, respectively. The above 
results showed that dspe was able to increase the ability of L. reuteri 
DSM17938 biofilm formation during both the log and stationary 
phases of L. reuteri DSM17938 growth, whereas dspr inhibited biofilm 
formation of L. reuteri DSM17938, both in stationary and log phases.

In summary, dspe and dspr affected the adhesion characteristics of  
L. reuteri DSM17938 differently during different phases. Generally, they 
promoted adhesion of L. reuteri in the stationary phase more than the 

log phase. The effects of dspr and dspe on the auto-aggregation and 
hydrophobicity of L. reuteri DSM17938 during the stationary phase 
were consistent with the results of the adhesion rate. It was speculated 
that dspr might promote the adhesion ability of L. reuteri DSM17938 
during the stationary phase by increasing its auto-aggregation and 
hydrophobicity. Non-specific adhesion was one of the important factors 
affecting the adhesion. Although Lee et al.[26] reported that adhesion in 
Lactobacillus occurs primarily through hydrophobic interactions 
that affect competition for specific receptors, these bacteria are also 
known to have surface adhesins that facilitate the immobilization 
process. In addition, dspe was able to enhance the biofilm formation 
of L. reuteri DSM17938 in all phases, while dspr group showed an 
inhibitory effect. However, the adhesion results showed that dspr 
played a significant role in promoting adhesion. It is speculated that 
dspr-regulated adhesion is not only related to the surface properties 
of the probiotics, but also may be regulated by gene expression of 
the surface proteins, or regulated by the adhesion of the intestinal 
cells. The difference caused by dspe and dspr may be related to 
their composition. Our previous studies have shown that soybean 
protein and soybean peptide have different effects on the growth and 
metabolism of L. rhamnosus due to differences in molecular mass 
and composition. Therefore, it was speculated that differences in the 
composition of soy proteins and soy peptides would also contribute to 
differences in their adhesion to L. reuteri DSM17938. Liu et al.[6] found 
that Ilisha elongata proteins, soybean proteins and whey proteins 
caused different adhesion results to LP45 due to differences in amino 
acid composition and structure. However, further research data are 
still needed to support the above speculations.

3.3  dspe and dspr regulated the adhesion-related genes 
expression before and after L. reuteri DSM17938 from log and 
stationary phases adhesion to HT-29 cells

Adhesive capacity could be influenced by the composition of the 
cell surface and the expression of specific adhesion related proteins, 
which can confer different degrees of adhesion capacity to the cell[26]. 
Moonlighting proteins are a class of multifunctional proteins that 
performs 2 or more physiological and biochemical functions. They 
have dual functions, in which they can either perform metabolic 
functions within the cell or be transported to the surface of the cell 
wall to promote biochemical functions such as adhesion[27]. In this 
study, 6 moonlighting proteins were measured to assess the effects 
of dspe and dspr on the adhesion capacity of L. reuteri DSM17938.  
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The results of adhesion related genes before and after L. reuteri 
DSM17938 of log phase adhered to HT-29 cells were shown in  
Figs. 3A and C. Before adhesion (Fig. 3A), dspe increased the mRNA 
expression of the mucus adhesion-promoting protein MapA, which 
was a component of ABC transporter proteins and has also been shown 
to be a mucin and epithelial adhesion factor[28]. Enolase EnoA1 gene 
expression was significantly up-regulated in the dspe group, which was 
7.2 folds higher than the MRS group (Fig. 3A). The glycolytic enzyme 
α-enolase is expressed on some eukaryotic and prokaryotic cell surfaces, 
exerting moonlight functions[29], and EnoA1 was already found to bind to 
collagen type I (CnI) and enhance the adhesion capacity of L. plantarum 
LM3[30]. The genes encoding the transcription elongation factor GreA 
and glutamine synthetase (GS) were significantly down-regulated in the 
dspe group compared with the MRS group, with a decrease of 7.09% 
and 6.87%, respectively. It was shown that GreA was highly expressed in  
L. pentosus CF2-20 N, which has a high adhesion rate, and could be 
used as one of the markers to characterize the adhesion capacity of  
L. pentosus[31]. GS could bind fibronectin, laminin, and type I collagen, 
and was also associated with nitrogen cycling[32]. Similarly, dspr 
significantly increased the expression of MapA and EnoA1 by 1.6- and 
4.32-fold, respectively, while GreA and GS were significantly reduced by 
70.34% and 64.15%. Unlike the dspe group, PGM, a phosphoglycerate 
translocase, was downregulated by 17.05%. It was shown that PGM is a 
key enzyme in central metabolism and plays a key role in the adhesion 
of Lactobacillus pentosus to mucus[33-34]. PGM could participate in 
and positively regulate probiotic biofilm formation, which could be 
involved in stronger biofilm formation of L. reuteri DSM17938 in 
the dspe group in the log phase (Fig. 2C). Adhesion related gene 
expression was also analyzed after their adhesion to HT-29 cells  
(Fig. 3C). Compared with the MRS group, EnoA1, GreA, PGM and GS 
gene expressions were significantly up-regulated by 1.46-, 1.96-, 1.76- 
and 1.23-fold in the dspe group. Although dspe increased the expression 
of L. reuteri DSM17938 moonlighting protein-related genes during the 
adhesion process, there was no significant difference in the adhesion 
rate between the dspe group and the MRS group, suggesting that 
the moonlighting protein-related genes may not be the main factor 
regulated by dspe for the adhesion of L. reuteri DSM17938 when it 
was in the log phase.

Adhesion related gene expression before and after L. reuteri 
DSM17938 in the stationary phase adhered to HT-29 cells were 
shown in Figs. 3B and D. Before adhesion, compared with the MRS 
group, the dspe group showed a significant upregulation of MapA 
gene expression by 1.59-fold, while all other adhesion related genes 
decreased significantly (Fig. 3B). The trends of the dspr group 
were similar with those of the dspe group. It was speculated that 
moonlighting proteins mostly perform metabolic functions within 
cells before adhesion which was also not affected by soybean proteins 
and peptides. Interestingly, after adhesion (Fig. 3D), gene expression 
was overall up-regulated compared with pre-adhesion. The EF-Tu was 
significantly up-regulated in both the dspe and dspr groups compared with 
the MRS group. EF-Tu is a GTP-binding protein responsible for loading 
aminoacyl-tRNA into the receptor site of ribosomes during protein 
synthesis. It has been shown that EF-Tu on the bacterial surface is able to 
bind to membrane receptors and the extracellular matrix on the surface 
of enterocytes, mediating bacterial attachment to human enterocytes and 
mucins, and promoting probiotics colonization[35]. It suggested that during 
the adhesion process, the moonlighting protein-related genes begin to 

play adhesion-related roles, and dspe and dspr may be able to promote 
the adhesion ability of L. reuteri DSM17938 in stationary phase by 
increasing the expression of genes such as EF-Tu. 

Probiotics adhesion could favor the promotion of mucin production 
in the cellular mucus layer, thus gene expression of mucins, glycosylation 
genes and trehalose factors in HT-29 cells after protein and peptide 
treated L. reuteri DSM17938 adhesion were determined. In log phase  
(Fig. 3E), MUC2, MUC3 and MUC11 gene expression was 
significantly up-regulated in the dspe group compared with the MRS 
group. It has been shown that MUC2 and MUC5AC were secreted 
mucins and MUC3 and MUC11 were transmodel mucins[36]. These 
mucins were glycosylated proteins that are initiated by the addition 
of N-acetylgalactosamine (GalNAc) to Ser or Thr residues, followed 
by the gradual expansion of that first epitope into more complex and 
branched glycan chains[37]. The up-regulation of mucin expression 
in the dspe group did not result in an increase in the adhesion 
rate, probably since the enzyme responsible for initiating the 
O-glycosylation modification. GALNT7 was significantly down-regulated 
by 37.66%, which prevented the process from being initiated and 
reaching the endoplasmic reticulum and mucus layer. Thus, still 
failing to promote L. reuteri DSM17938 adhesion to HT-29 cells. 
It was shown that fucosyltransferase 2 (FUT2), the only enzyme 
identified to catalyse the addition of terminal α-1,2-fucose residues 
to the Gal of the glycan, was up-regulated in the dspe group, and the 
high expression of Core 2 β-1,6-N-acetylglucosaminyltransferase-2 
in colon tissue (C2GnT2) could catalyse the transfer of GlcNAc 
to the C6 carbon of the initial GalNAc. However, it was possible 
that the glycosylation modification process was not initiated or 
the initiation is inhibited leading to difficulties in the functioning 
of these 2 genes[38-40]. GALNT7, MUC3, MUC5AC and MUC11 
were significantly down-regulated in the dspr group, with MUC5AC 
being the most down-regulated at 46.08%, and the rest of the genes 
were not significantly different from those in the MRS group, which 
might bring about a lower adhesion rate than that in the dspe group  
(Fig. 3E).

During the stationary phase (Fig. 3F), the glycosylation genes 
ST3Gal3 and GALNT7, the mucin gene MUC3, and the trefoil factor 
TFF1 were significantly up-regulated by 1.48-, 1.55-, 1.54-, and  
1.92-fold, respectively in the dspe group compared with the MRS group, 
whereas the mucin gene MUC11 was significantly down-regulated 
by 54.89%. In the dspr group, the MUC3 gene was significantly  
down-regulated by 2.95%, while there was no difference in the 
expression changes of the MUC5AC and MUC11 genes, and the 
expression of all the other genes was significantly up-regulated, with 
the most pronounced effect on the TFF1 gene, which was up-regulated 
by 7.55-fold. Thus, at stationary state, mucus glycosylation was 
significantly increased after the dspe and dspr treated L. reuteri 
adhesion compared to the MRS group, and showed a better effect in 
the dspr group. dspe treated L. reuteri increased the expression of 
the membrane mucin MUC3 in HT-29 cells, whereas dspr treated  
L. reuteri increased the co-expression of MUC2 and TFF1. It has 
been shown that TFF1 and TFF3 interact strongly with mucins and 
were able to enhance mucosal barrier protection by increasing the 
viscosity of mucins[41-42]. This enabled both dspe and dspr to increase 
the expression of L. reuteri DSM17938 on HT-29 cellular mucins, 
and dspr was more effective than dspe, which agreed with the results 
of adhesion rate in the stationary phase.
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Fig.4     Effect of dspe and dspr on the adhesion capacity of HT-29 cells. (A) Microscopic observation images and (B) adhesion rate. Different uppercase letters 
indicate significant difference (P < 0.05).

Fig. 3    Expression analysis of relevant adhesion genes under different treatment groups. Gene expression of L. reuteri DSM17938 from (A) log phase and  
(B) stable phase before adhesion to HT-29 cells, and L. reuteri DSM17938 from (C) log phase and (D) stable phase after adhesion to HT-29 cells. Gene expression 
of HT-29 cells after L. reuteri DSM17938 adhesion from (E) log phase and (F) stable phase. Different uppercase letters indicate significant difference (P < 0.05).
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3.4  Effect of dspe and dspr on the adhesion capacity of HT-29 
cells

To investigate whether dspe and dspr could also influence the  
HT-29 cells adhesion to L. reuteri DSM17938 at different growth 
phases, adhesion rates were determined by treating HT-29 cells 
with dspe and dspr for 2 h. Fig. 4 shows that both dspe and dspr 
significantly improved the ability of HT-29 adhered to L. reuteri 
DSM17938 by 5.17% and 5.81% in log phase, respectively. Similarly, 
both dspe and dspr also promoted the adhesive ability while  
L. reuteri DSM17938 was in the stationary phase. dspe promoted 
more effectively, increasing the adhesion rate by 9.01%. The above 
results indicated that both dspe and dspr can improve the adhesion 
ability of HT-29 cells to L. reuteri DSM17938 in all phases.

3.5  Analysis of adhesion-related gene expression of HT-29 
cells affected by dspr and dspe

To explore the ways in which dspe and dspr affect the adhesion 
capacity of HT-29 cells, we examined HT-29 adhesion protein-related 
genes under different treatment groups (Fig. 5A). Compared with 
the MRS group, dspe group showed significant up-regulation of 
all glycosylation genes and the trefoil factor TFF3. MUC5AC and 
MUC11 were significant down-regulated. The results of the dspr 
group were like those of the dspe group, except that there was no 
difference in the expression of the glycosylation gene FUT2 and the 
mucin gene MUC5AC. The expression of all the other genes was 
significantly up-regulated, and the multiplicity of up-regulation was 
higher than that of the dspe group, suggesting that soybean peptides 
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and soybean proteins promote the adhesion of HT-29 cells in relation 
to their regulation of the expression of glycosylated mucins.

Gene expressions of HT-29 cells after adhered by L. reuteri 
DSM17938 from log phase were shown in Fig. 5B. Compared with 
the MRS group, the expression of glycosylation genes ST3Gal3 
and GALNT7, all mucin genes and trichothecene factor TFF3 was 
significantly upregulated in the dspe group, whereas in the dspr group, 
only the expression of genes ST3Gal3, MUC5AC, and TFF1 was 
upregulated by 1.63-, 1.24- and 1.27-fold, respectively. However, the 
adhesion rate results showed similar adhesion rates in the dspe and 
dspr groups. In contrast, the expression of adhesion genes in HT-29 
cells showed a different trend after adhesion of L. reuteri DSM17938 
from the stationary phase (Figs. 5C and 6). C2GnT2, MUC2 and TFF1 
gene expression were significantly higher in the dspe group 

compared to the MRS group. None of the glycosylation genes 
were significantly changed in the dspr group. But there was a significant 
increase in MUC3 and MUC5AC and a significant decrease in MUC2 
expression. The results showed that the co-expression of MUC2 and 
TFF1 was upregulated in the dspe group, which might be involved 
in promoting the thickness and viscosity of the mucus layer of HT-29 
cells. The effect was still less than that of MUC2 despite an increase in 
the expression of MUC3 and MUC5AC in the dspr group. In addition, 
compared with L. reuteri DSM17938 from log phase, only the expression 
of EnoA1 gene was increased by 8.66-fold in stationary phase, and all 
other genes were significantly decreased, among which the GS gene 
was the most severely down-regulated by 87.86%. That might be one 
of the reasons for different effects of L. reuteri DSM17938 on the 
expression of HT-29 cell adhesion genes in different phases.

Fig. 5    Analysis of adhesion gene expression after dspe and dspr treatment of HT-29 cells. Expression of adhesion related genes of HT-29 cell (A) before and (B) after the 
adhesion of L. reuteri DSM17938 from log phase and (C) from stable phase adhesion to HT-29 cells. Different uppercase letters indicate significant difference (P < 0.05).
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Fig. 6    Adhesion-related proteins of mucins from intestinal epithelial cells, and moonlighting proteins from Lactobacillus cells.
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4.  Conclusion

dpsr and dspe plays an important role in the adhesion between 
intestinal cells and probiotics. It was found that dspe and dspr were 
able to significantly increase the adhesion rate of L. reuteri DSM17938 
from stationary phase to HT-29 cells, and the improvement of  
auto-aggregation and hydrophobicity were related to their adhesion. 
The moonlighting protein may be responsible for the adhesion 
process of L. reuteri from stationary phase. In addition, when  
HT-29 cells were directly treated with dspe and dspr, the adhesion of  
L. reuteri DSM17938 to HT-29 cells was also enhanced which 
might be associated with the upregulated expression of mucin 
genes, trefoil factors and glycosylation genes. After the adhesion of  
L. reuteri from log phase, dspe increased the expression of ST3Gal3, 
GALNT7, MUC and TFF genes of HT-29 cells, and FUT2, MUC, 
TFF genes were enhanced by dspr after the adhesion of L. reuteri 
from log phase to HT-29 cells.
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