
Current Research in Food Science 5 (2022) 2125–2134

Available online 4 November 2022
2665-9271/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Effects of Ilisha elongata protein, soy protein and whey protein on growth 
characteristics and adhesion of probiotics 

Guoyan Liu b, Meng Chu b, Shiying Nie a, Xin Xu b,**, Jiaoyan Ren a,* 

a School of Food Science and Engineering, South China University of Technology, Guangzhou, 510641, China 
b College of Food Science and Engineering, Yangzhou University, Yangzhou, 225127, China   

A R T I C L E  I N F O   

Handling editor: Dr. Quancai Sun  

Keywords: 
Ilisha elongata proteins 
Soy proteins 
Whey proteins 
Lactobacillus plantarum 45 
Proliferation 
Adhesion 

A B S T R A C T   

The effects of different food source proteins on the growth characteristics and intestinal adhesion of Lactobacillus 
plantarum 45 (LP45) were investigated by adding Ilisha elongata protein, soy protein and whey protein to the 
probiotic bacteria in vitro and using a probiotic adhesion model based on mouse intestinal tissues. Ilisha elongata 
protein and soy protein significantly reduced the growth time of LP45 and increased the total number of colonies 
fermented by LP45; whey protein only reduced the growth time of LP45; the effect of the three food source 
proteins on the acid production capacity of LP45 was small. These showed that the three food-derived proteins 
promoted the proliferation and adhesion of probiotics in the intestine, which were beneficial to the active role of 
intestinal probiotics and improved the intestinal microenvironment.   

1. Introduction 

Dietary nutrients are essential not only for human health, but also for 
the health and survival of the trillions of microorganisms that inhabit the 
human gut (Shoaie et al., 2015). Dietary nutrients are key regulators of 
the relationship between humans and their microbiota, and dietary 
intake appears to be a major short-term and long-term regulator of gut 
microbiota structure and function, based on studies in animals and 
humans (Schroeder et al., 2017). There is growing evidence that diet has 
a broad impact on human health and disease, and the gut microbiome is 
the intersection of humans and their gut health (Gentile and Weir, 
2018). 

Every major macronutrient and many micronutrients have been 
shown to alter gut microbiota (Zhang et al., 2011; Mastrocola et al., 
2018). The researchers investigated the prebiotic effects of dietary car
bohydrates on gut probiotics more, because gut microbes have a large 
number of carbohydrate-degrading enzymes. Some indigestible carbo
hydrates are prebiotics, such as fructooligosaccharides, inulin, etc. In 
addition to oligosaccharides, proteins, hydrolysates and peptides have 
also been shown to be prebiotics that promote the growth of probiotics 
(Zhang et al., 2020). 

Since some probiotics cannot directly utilize exogenous proteins, 

they must degrade exogenous proteins or peptides to ensure normal 
growth and metabolism. Therefore, in an environment where protein 
constitutes the main nitrogen source, the proteolytic system must play 
an active role (Pritchard and Tim, 1993). The study found that the 
mechanism of action of protein on probiotics includes providing essen
tial amino acids for probiotics, improving the resistance of strains to 
acidic environments, promoting amino acid and protease activity and 
other beneficial effects on probiotics (Juillard et al., 1995). 

Probiotics need to experience the strong acidic environment of the 
stomach to reach the intestine, and there is abundant bile in the small 
intestine, so acid resistance and bile salt resistance are one of the criteria 
for probiotic screening (Han et al., 2021). Secondly, an important pre
requisite for the colonization of probiotics in the intestinal tract is that 
probiotics can adhere and proliferate in the intestinal tract (Alp and 
Kuleaşan, 2019). The proliferation of probiotics requires nutrient sup
ply, and protein and polysaccharide can be used as growth promoting 
factors for probiotics. Adherence and colonization of probiotics in the 
intestine is the basis for their physiological effects. Probiotic adherence 
helps to maintain the normal intestinal flora structure, maintain the 
morphological and functional integrity of the intestinal mucosa, 
enhance the signal communication between probiotics and intestinal 
epithelial cells, and inhibit the colonization of harmful bacteria in the 
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intestine (Thomas and Versalovic, 2014). 
Prebiotics such as inulin and oligosaccharides are often used as di

etary supplements to improve intestinal homeostasis due to their 
beneficial effects on improving colonization resistance and regulating 
the intestinal microenvironment. However, little is known about the 
functional interaction between food-derived proteins and intestinal 
probiotics, and it is noteworthy that whether the proteins also have 
similar probiotic effects. Therefore, this study aimed to investigate the 
effects of Ilisha elongata proteins (IeP), soy protein (SP), and whey pro
tein (WP) on the growth characteristics and adhesion of intestinal 
probiotics. 

2. Materials 

2.1. Materials and reagents 

IeP is homemade by the laboratory, SP and WP are provided by 
Guangzhou State Good Biotechnology Co,. The protein content of Ilisha 
elongata protein was 65.66% by Kjeldahl nitrogen determination. The 
protein content of SP and WP is 99% respectively. Lactobacillus planta
rum 45 (LP45) were preserved by our laboratory. Beef extract, yeast 
extract, peptone, Tween-80, triammonium citrate, manganese sulfate 
monohydrate, magnesium sulfate heptahydrate, agar and glucose were 
purchased from Bioengineering (Shanghai) Co. Pentobarbital and 
glutaraldehyde were purchased from Shanghai Maclean Biochemical 
Technology Co. Crystalline violet was purchased from Shanghai Yuanye 
Biotechnology Co. All other chemical reagents and solvents used in the 
experiments were of analytical reagent grade. 

2.2. Determination of structural properties of proteins 

Protein molecular weight analysis: Take food-derived protein, 
configure protein concentration of about 2 mg/mL, add appropriate 
amount of 5 × spiking buffer according to the protein content of the 
sample to be measured, make the final concentration of sample protein 
0.5–2.0 mg/mL, mix well, heat in boiling water bath for 3–5 min, 
remove and cool, centrifuge at 10, 000 rpm for 15 s, take the supernatant 
and set aside. The SDS-PAGE gel electrophoresis conditions were: 12% 
for the separation gel and 5% for the concentration gel, and the gel was 
stained for 2 h with Coomassie Brilliant Blue R-250 staining solution 
(0.5 g Coomassie Brilliant Blue R-250 dissolved in a mixture of methanol 
and glacial acetic acid (80 mL/20 mL)) after electrophoresis. The bands 
were photographed with a gel imaging system. 

Scanning electron microscopy analysis: Firstly, the conductive 
double-sided adhesive was attached to the carrier table, and the protein 
samples were taken and pasted on the conductive adhesive and sputter 
coated with pure gold, and then SEM imaging was used to observe the 
protein microscopic morphology with a magnification of 1, 000 times. 

Infrared spectroscopy analysis: Take about 1.0 mg of protein sample 
powder and place it on the carrier table, start pressing the tablet, slowly 
increase the strength until there is no large fluctuation in the infrared 
spectrogram, stop pressing the tablet, and use an infrared spectrometer 
to scan in the wavelength range of 600–4, 000 cm-1 to obtain the 
infrared spectral scan results of the protein. 

Circular dichroism: Referring to the determination method studied 
by Deng et al. (Deng et al., 2019), food-derived proteins were prepared 
in deionized water to a solution of 1.0 mg/mL, pH adjusted with 1.0 
mol/L HCl/NaOH (2.0–10.0), and scanned in the wavelength 190–250 
nm (far UV). After scanning, data processing of the spectra was per
formed with CD Tool software to calculate the content of protein α-helix, 
β-fold, β-turn and irregularly coiled structures. 

2.3. Determination of amino acid composition of proteins 

The amino acid composition was determined according to the 
method studied by Deng et al. (Deng et al., 2019). The ampoule was 

carefully weighed 15.0 mg of protein sample and added to the ampoule 
to prevent hanging as much as possible, then 10.0 mL of 6.0 mol/L HCl 
was added. The ampoule was nitrogen blown and exhausted, and sealed 
with an alcoholic blowtorch, 3–4 drops of phenol were added, liquid 
nitrogen was frozen for 3 min, nitrogen blowing-evacuation was 
repeated 3 times, the cap was screwed tightly and placed in an oven at 
110◦C for 22 h. After the acid hydrolysis was cooled, the hydrolyzed 
After the acid hydrolysis was cooled, the hydrolyzed sample was filtered 
through filter paper into a 25 mL volumetric flask, the filter paper was 
washed three times, and the solution was finally volume fixed to the 25 
mL scale. Aspirate 1 mL of the solution into a drying dish, dry it in an 
oven at 60 ◦C, add water to re-dissolve it after drying and repeat drying 
twice, and dry it until only traces of solid remain. Finally, the 
freeze-dried sample was re-dissolved, and 2 mL of 0.02 mol/L dilute 
hydrochloric acid was drawn into the sample bottle after dissolving the 
deacidified sample and filtered into the injection bottle using 0.22 μm 
filter head, and detected on the machine. The amino acid composition of 
the supernatant was analyzed by automatic amino acid analyzer L-8900. 
Quantification was performed by external standard method using stan
dard amino acid solutions. 

2.4. Determination of probiotic growth characteristics 

The probiotic lyophilized powder was activated continuously for 3 
generations, inoculated into MRS medium, and incubated at 37◦C, 200 
rpm overnight. Then inoculate 1% into MRS-protein medium. After 
setting up the grouping, 200 μL of bacterial solution was added to each 
well in a 96-well plate, which was placed in an enzyme marker and the 
24 h growth curve was measured at OD600 nm. 

The doubling time was calculated by linearly fitting the slope of the 
logarithmic phase of probiotic growth with the formula 1. 

g=
ln 2

k
(1)  

Where, g is the doubling time; k is the slope. 
The activated probiotic bacteria were inoculated in polysaccharide- 

MRS medium and incubated at 37◦C, 200 rpm incubator. After 24 h of 
fermentation, the bacterial solution was diluted to 10− 6 dilution, 100 μL 
of the bacterial solution was inoculated in solid MRS medium and coated 
evenly with a coating stick, and they were incubated in an anaerobic 
incubator at 37◦C for 24 h. The bacteria were counted by ImageJ. The 
calculation formula 2 was as follows. 

N=
C × 10
10− D (2)  

Where, N = CFU/mL; C = number of bacterial monoclonal; D = dilution 
multiple. 

The configured MRS-protein medium was dispensed into 50 mL 
sterile centrifuge tubes, inoculated with 1% bacterial solution into the 
medium, incubated at 37◦C and 200 rpm, and the bacterial solution was 
taken every 3 h. The pH value was measured using a pH meter. 

2.5. Determination of the number of probiotic adherent colonies and the 
microscopic morphology of adherence 

The probiotic adhesion model based on mouse intestinal tissues 
established in the previous laboratory was used to determine the 
adhesion ability of LP45 (Liu et al., 2022). Two intestinal segments 
co-cultured with LP45 were taken, one of which was added with 1 mL of 
0.1 M phosphate buffer, and the intestinal tissues were cut into ho
mogenates using sterile scissors and collected in sterile EP tubes for 
backup; the collected homogenates were diluted to 10− 1, 10− 2, 10− 3 and 
10− 4, and then take 10 μL of each coating plate; counted after 24 h of 
anaerobic incubation. The other intestinal segment was placed in a 
sterile 24-well plate and fixed with 2 mL of 2.5% (v/v) glutaraldehyde 
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for 4 h; washed three times with 0.1 M phosphate buffer (pH = 7.3); the 
intestinal segment was washed three times with distilled water at 4◦C; 
freeze-dried for 18 h. The intestinal segment was placed on a short 
aluminum tube with double-sided adhesive, sputter-coated with pure 
gold, and then imaged by SEM to observe the microscopic morphology 
of the intestine. The magnification was 10, 000 × . 

2.6. Measurement of adhesion-related indicators of the intestinal 
environment 

Polysaccharide content determination: 200 μL of intestinal tissue 
homogenate was taken, and the change of polysaccharide content in the 
intestinal tissue model with adherent probiotics was determined by 
phenol sulfate method. 

Biofilm assay: 200 μL of intestinal tissue homogenate was taken, 200 
μL of 10 mg/L crystal violet was added and incubated for 15 min, the 
samples were washed three times with 0.01 M PBS, 1 mL of 95% (v/v) 
ethanol was added, 200 μL was transferred to a 96-well plate, and the 
absorbance at 570 nm was measured. 

Determination of protein content: 200 μL of intestinal tissue ho
mogenate was taken, and the changes of protein content in the intestinal 
tissue model with adherent probiotics were determined by the Coo
massie Brilliant Blue G-250 method. 

Determination of protein molecular weight: Take the intestinal tissue 
homogenate, add an appropriate amount of 5 × spiking buffer, heat it in 
a boiling water bath for 3–5 min, remove it, cool it, centrifuge it at 10, 
000 rpm for 15 s, and take the supernatant as a backup. The changes of 
protein molecular weight in the intestinal tissue homogenate were 
analyzed by SDS-PAGE method. 

2.7. Statistical analysis 

All values were represented as mean ± SEM. Statistical analysis was 
carried out using PRISM 8.0 software. One-way analysis of variance 
(ANOVA) was adopted to compare the significant differences among all 
of groups. Differences were considered to be significant at p < 0.05. 

3. Results 

3.1. Physicochemical properties of IeP, SP and WP 

The molecular weight size, amino acid composition and structural 
properties (microscopic morphology, secondary and tertiary structures, 
etc.) of proteins will directly determine the functional properties of 
proteins. IeP, SP, and WP represent different sources of dietary proteins, 
which are an important part of the human diet and are available from a 
wide range of sources, while the structural differences between different 
sources of food-derived proteins have rarely been studied. 

As shown in Fig. 1A, the molecular weights of the three proteins were 
mainly distributed between 14.3 and 97.2 kDa, and there were large 
differences in the protein fractions, with obvious protein bands around 
14.3, 20.1, 29.0, and 66.4 kDa for IeP, and the most obvious and darkest 
protein bands around 60 kDa, which accounted for a higher proportion 
of IeP. The molecular weight of SP was mainly distributed between 29.0 
and 97.2 kDa, and there were distinct protein bands around 29.0, 66.4 
and 97.2 kDa, with darker bands around 29 kDa–60 kDa. The molecular 
weights of IeP and SP were widely distributed with large molecular 
weights, while the molecular weights of WP were relatively small. 

In order to understand the differences in the microscopic 
morphology of different food-derived proteins, the microstructures of 
three freeze-dried food-derived protein powders were observed by 
scanning electron microscopy (SEM), Fig. 1B,C,D shows the SEM images 
of IeP, SP, and WP at 1, 000 × magnification, respectively. As shown in 
the figures, IeP contains a variety of microscopic forms with different 
morphological proteins such as spherical, elongated, fibrous, etc. The 
structure is dense and inhomogeneous. Irregular spherical proteins with 
different sizes of folds can be seen under SEM in the form of spherical 
concave surfaces. Microscopic forms of WP show spherical proteins of 
different sizes, indicating smooth, spherical concave surfaces, which are 
unevenly aggregated into large spherical shapes. Collectively, IeP was 
found to be denser in structure and more complex in morphology. 

As shown in Fig. 1E, from the infrared spectrogram, we can obtain 
information on the chemical bonds and functional groups contained in 
the food-derived protein molecules. Absorption peaks for IeP are found 

Fig. 1. Protein electrophoresis band (A); Scanning electron microscopy (B); Infrared spectroscopy (C); Circular dichroic graph (D).  
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at 3, 279 cm-1, 1, 645 cm-1, 1, 538 cm-1, and 1, 394 cm-1, indicating the 
stretching vibration of –OH, the stretching vibration of C––O in the 
amide I band, the bending vibration of N–H, and the bending vibration 
of –OH, respectively. The characteristic absorption peaks of –OH 
stretching vibration are 3276 cm-1 for both SP and WP, 1, 630 cm-1 for 
C––O stretching vibration in the amide I band, 1, 516 cm-1 for N–H 
bending vibration, and 1, 394 cm-1 for C–N stretching vibration in the 
amide II band, respectively. Comprehensive analysis reveals that the 
structures of SP and WP are similar, and IeP have smaller differences. 

Fig. 1F shows the circular dichroism chromatograms of the three 
proteins, and the content of the protein secondary structures can be 
calculated. As shown in Table 1, the structure of IeP was mainly influ
enced by α-helix, β-fold and irregularly coiled structures with 38.53 ±
0.35%, 30.43 ± 1.20% and 30.53 ± 1.19%, respectively. The structure 
of SP was mainly influenced by β-fold and irregularly coiled structures 
with 43.67 ± 0.76% and 48.03 ± 0.42%, respectively. Hao et al. (Hao 
et al., 2013)used circular dichroism to measure that the secondary 
structure of soybean SP was mainly influenced by the β-fold and irreg
ular curl structures with 60% and 32.3%, respectively, and that ultra
sonic treatment altered the secondary structure of soybean SP. The 
structure of WP was mainly affected by the β-fold and irregular curl 
structures, with 44.20 ± 0.56% and 36.20 ± 0.62%, respectively. 

3.2. Amino acid composition of IeP, SP and WP 

As shown in Table 2, IeP, SP, and WP all had the same amino acid 
type but differed in content. The amino acid (AA) composition of the 
three food-derived proteins was higher in glutamic acid and aspartic 
acid, with glutamic acid and aspartic acid (17.02 g/100 g protein) and 
aspartic acid (12.62 g/100 g protein) in IeP, glutamic acid (19.49 g/100 
g protein) and aspartic acid (11.63 g/100 g protein) in SP, glutamic acid 
(19.49 g/100 g protein) and aspartic acid (11.73 g/100 g protein), and 
glutamic acid (18.53 g/100 g protein) and aspartic acid (11.63 g/100 g 
protein) in WP. Food-derived proteins are rich in aspartic acid and 
glutamic acid, indicating the acidic character of these proteins, which 
are also known for their fresh tasting amino acids (Zhang et al., 2015). 
The essential amino acid (EAA) content of IeP, SP and WP was 44.49%, 
43.59% and 48.03%, respectively, with WP having the highest EAA 
content. The EAA content and AA composition of dietary protein sources 
contribute to the different synthetic responses of muscle proteins to 
different protein intakes. The leucine content and EAA content of SP 
were relatively low compared to IeP and WP, whose EAA content 
remained at a high level compared to other dietary proteins, and the 
EAA content of tuna protein was 26.40% (Kim, 2021). 

It has been found that plant proteins have relatively low levels of 
essential amino acids and leucine compared to animal proteins and 
human skeletal muscle proteins, resulting in reduced anabolic capacity 
of plant proteins (Shm et al., 2018). In contrast, co-administration of 
plant proteins with a multi-strain probiotic can increase postprandial 
changes in blood amino acids, which are closely associated with optimal 
muscle health. Probiotic supplementation could be an important nutri
tional strategy to overcome the deficiencies of plant protein composition 
(Jäger et al., 2020). The amino acid profile of food-derived proteins 
plays an important role in various biological and physiological activities 
and in the maintenance of human health. Amino acids such as aspartic 

acid, glycine and glutamic acid promote wound healing (Jong-Hee and 
Paul, 1984). 

3.3. Growth and proliferation of LP45 by IeP, SP and WP 

Probiotics rely on extracellular proteases to hydrolyze proteins into 
oligopeptides or amino acids, and then, the hydrolysis products are 
transported into the cell via the oligopeptide transport system (Opp), 
dipeptide transport system (DtpP), and tripeptide transport system 
(DtpT). DtpT preferentially transports hydrophobic dipeptides and tri
peptides (Lopez-Kleine and Monnet, 2011). Finally, cleavage by various 
intracellular peptidases forms free amino acids for cellular synthesis and 
metabolism (Foucaud et al., 1995). 

Fig. 2A shows the growth curves of LP45 in each experimental group, 
in which the final OD values of the three experimental groups with 
herring protein were similar to the final OD values of the MRS experi
mental group, and the growth time of LP45 was calculated according to 
the growth curve of LP45, as shown in Fig. 2B, the growth time of IeP, 
SP, and WP groups were significantly lower compared with the growth 
time of MRS experimental group, i.e., the growth period of LP45 was 
significantly shortened. The addition of 0.5 mg/mL and 1 mg/mL 
significantly reduced the growth time of LP45, and the addition of food- 
derived protein had less effect on the growth time of LP45. 

The acid production ability of probiotic bacteria is one of their 
important growth characteristics, and the fermentation of probiotic 
bacteria produces large amounts of acid and lowers the pH, which can 
well inhibit the growth of other miscellaneous bacteria. Fig. 2C shows 
the changes of acid production capacity of different LP45 under different 
conditions of fermentation for 24 h. The initial pH of each medium was 
around 5.8, and the pH decreased continuously with the acid production 
by probiotic fermentation, and finally the pH reached around 3.8 after 
24 h of fermentation. The effect of different food-derived proteins on the 
acid production capacity of LP45 was less, and the effect of uncon
centrated proteins on the acid production capacity of LP45 was also less. 
Cao et al. (Cao et al., 2019) found that the effect of different oligosac
charides on the acid production capacity of LP45 was also less. 

As shown in Fig. 2D, compared with MRS experimental group, IeP 
substituted peptone and IeP added experimental group significantly 
increased the total number of colonies of LP45, and the total number of 
colonies was positively correlated with the concentration of IeP added, 
where the MRS+1 mg/mL IeP experimental group had the highest total 
number of colonies, which was 2.385 × 1010 CFU/mL compared with 
MRS experimental group, SP substituted peptone Compared with the 
MRS experimental group, both the SP replacement peptone and SP 
addition experimental groups significantly increased the total number of 

Table 1 
Secondary structure content of protein.  

Protein 
samples 

α-helix(%) β-folding(%) β-turning angle 
(%) 

Random coil 
(%) 

IeP 38.53 ±
0.35a 

30.43 ±
1.20b 

0.60 ± 0.10b 30.53 ± 1.19c 

SP 8.33 ±
0.38c 

43.67 ±
0.76a 

– 48.03 ± 0.42a 

WP 13.33 ±
0.76b 

44.20 ±
0.56a 

6.50 ± 0.46a 36.20 ± 0.62b  

Table 2 
Amino acid composition and content of protein.  

Amino acids(g/100g protein) Amino acid type IeP SP WP 

Essential amino acids Met 1.33 0.30 0.97 
Thr 4.89 4.12 7.88 
Val 5.3 4.35 5.41 
Ile 4.57 4.22 6.01 
Leu 9.41 7.86 10.89 
Phe 3.00 5.44 3.10 
Lys 8.36 6.58 10.18 
His 2.22 2.50 1.53 
Arg 5.41 8.22 2.06 

Non-essential amino acids Asp 12.62 11.73 11.63 
Glu 17.02 19.49 18.53 
Ser 4.68 5.48 5.04 
Gly 6.12 4.29 1.76 
Ala 9.70 4.24 5.22 
Cys-Cys 0.05 0.29 1.92 
Pro 2.59 5.63 2.48 
Tyr 2.72 3.90 3.18 
Total amino acids 97.27 94.74 94.61 
Essential amino acid 44.49 43.59 48.03  
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colonies of LP45, and the MRS+1 mg/mL SP experimental group had a 
relatively high total number of colonies, which was 6.5 × 109 CFU/mL. 
Compared with the MRS experimental group, the replacement and 
addition of WP had no significant effect on the total number of colonies 
of LP45. 

3.4. Intestinal adhesion of LP45 by IeP, SP and WP 

Adhesion is a complex process involving both non-specific (in
teractions between cell surfaces) and specific ligand-receptor in
teractions (Okochi et al., 2017). Hydrophobicity and autoaggregation 
abilities are important forces for probiotic bacteria to adhere to biotic or 
abiotic surfaces. Souza et al. (Souza et al., 2018) showed that bacteria 
with higher hydrophobicity could better bind to epithelial cells, thus 
affecting adhesion ability to some extent. The strength of bacterial 
surface hydrophobicity and self-aggregation ability depends mainly on 
the number of non-polar groups on the bacterial surface, and is related to 
the structure of surface proteins, bacterial hairs, lipophosphatidic acid, 
and podocytes (Remus et al., 2011), and strains with greater hydro
phobicity have a greater ability to adhere (Giaouris et al., 2009). 
Self-aggregation of probiotic strains seems its necessary for adhesion to 
intestinal epithelial cells, while the co-aggregation ability may form a 
barrier against pathogenic microbial colonization. Co-aggregation of 
probiotics with intestinal pathogenic bacteria may allow easier elimi
nation of pathogenic bacteria from the intestinal environment, while 
agglutination of Lactobacillus producing inhibitory substances with 
pathogenic bacteria helps the host to resist pathogenic infection (Gar
cía-Cayuela et al., 2014). 

Firstly, we evaluated how the adhesion capacity of LP45 changed 
with the addition of food-derived proteins by measuring the effects of 
different food-derived proteins on the hydrophobic capacity, self- 

aggregation capacity and copolymerization capacity of LP45 with 
pathogenic bacteria. As shown in Fig. 3, the results showed that the 
effect of IeP on the hydrophobic, self-aggregating and copolymerizing 
abilities of LP45 was small and not statistically significant. SP signifi
cantly decreased the hydrophobic ability of LP45, while significantly 
elevated its self-aggregating ability and decreased the copolymerizing 
ability. WP had a small effect on the hydrophobic and self-aggregating 
abilities of LP45, but decreased the copolymerizing ability. The adhe
sion capacity of probiotics is affected by several factors, and the effect of 
food-derived proteins on the hydrophobicity, self-aggregation capacity 
and copolymerization capacity of LP45 also affects its adhesion capacity 
to some extent. 

Bacterial adhesion on the intestine occurs in a complex environment 
in vivo. In order to accurately evaluate the intestinal adhesion ability of 
bacteria and more realistically simulate the intestinal environment in 
vivo, we innovatively established the LP45 adhesion model based on 
mouse intestinal tissues. The number of live bacteria adhering to pro
biotic bacteria in the model is an important index that directly reflects 
the adhesion ability, as shown in Fig. 4B, LP45 has different adhesion 
ability in different intestinal segments. The effect of adding 1 mg/mL of 
food-derived protein on LP45 adhesion in different intestinal segments 
was somewhat different. In the duodenal segment, the addition of IeP 
significantly increased the number from 4.00 × 106 to 1.02 × 107 of 
adherent colonies of LP45 in the duodenum, the addition of SP signifi
cantly reduced the number of adherent colonies of LP45 in the duo
denum, and the addition of WP also increased the number of adherent 
colonies of LP45 in the duodenum, but not significantly. In the jejunal 
segment, LP45 in the food-derived protein group increased the number 
of adherent colonies relative to LP45 in MRS culture, and in the ileum 
segment, LP45 in the food-derived protein group significantly decreased 
the number of adherent colonies relative to LP45 in MRS culture, and the 

Fig. 2. Growth curve of LP45 (A); Growth generation of LP45 (B); Acid production capacity of LP45 (C); Total number of LP45 colonies (D); *p < 0.05, compared 
with the MRS group. 
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number of adherent colonies in the IeP group was significantly greater 
than that in the SP and WP groups. In the cecum segment, the addition of 
IeP significantly reduced the number of adherent colonies of LP45 in the 
duodenum, and the addition of SP and WP increased the number of 
adherent colonies of LP45 in the duodenum, but it was not statistically 
significant. In the colonic segment, LP45 in the food-derived protein 
group significantly reduced the number of adherent colonies relative to 
LP45 in MRS culture, and the number of adherent colonies in the IeP 
group was significantly greater than that in the SP and WP groups, and 
the number of adherent colonies in LP45 cultured with the addition of 
IeP was 4.83 × 106. Taken together, the results showed that the addition 
of IeP culture significantly increased the number of adherent viable 
bacteria of LP45 on duodenum, SP significantly increased the number of 
adherent viable bacteria of LP45 on jejunum, while WP had no signifi
cant effect on the number of adherent viable bacteria of LP45 on each 
intestinal segment. 

As shown in Fig. 4C, reflecting the adhesion of LP45 cultured with 
the addition of IeP, SP, and WP on each intestinal segment of mice 
photographed at 10, 000 × magnification by SEM, LP45 was observed to 
be tightly adhered to the surface of the intestinal mucosa in all groups, 
either encapsulated in a reticular structure of mucus or encapsulated in 
an extracellular polymer of probiotic bacteria. The IeP group could 
observe multiple organisms forming a biofilm adhering to the jejunal 
mucosa, and the WP group could observe LP45 undergoing dichotomy in 
the jejunal segment. 

3.5. Effect of IeP, SP and WP on intestinal environmental index changes 
caused by LP45 

The mucus layer of the gastrointestinal tract is a complex medium 
rich in glycoproteins, antimicrobial peptides, immunoglobulins and 
many other intestinal proteins, as well as lipids and electrolytes, and this 
layer constitutes a physical and chemical barrier between the intestinal 
contents and the underlying epithelium (Ermund et al., 2013). The 
gastrointestinal mucus is divided into an outer loose layer and an inner 
layer, and some studies have shown that bacteria are present only in the 
outer mucus layer, with probiotics adhering to the outer mucus layer 
(Juge, 2012). While the tightly layered inner mucus layer isolates the 
epithelial cells from the normal bacteria in the colonic lumen (Hansson 
and Johansson, 2008). The inner mucus layer is impermeable to bacteria 
and is 50–80 μm thick in mice and rats and approximately 100 μm thick 
in humans (Atuma et al., 2001; Gustafsson, 2011). 

The adhesion of probiotics is closely related to the different struc
tures and specific cell wall components, such as bacterial hairs or hair 
proteins, adhesins, lipoprotein, epithelial proteins, mucus binding pro
teins, fibronectin, extracellular polysaccharides, lipopolysaccharides, 
peptidoglycans and other components, which provide an advantage for 
probiotic colonization of the intestinal epithelium (Hynonen and Palva, 

2013), Yong et al. (Yong and Klaenhammer, 2010) found that an ag
gregation promoting factor of Lactobacillus acidophilus NCFM deletion 
reduced adhesion to Caco-2 cells, mucins and laminin, but the 
morphology of bacterial cells was not altered. Recent studies showed 
that maturation and function of the mucus layer are strongly influenced 
by the gut microbiota. In return, the glycan repertoire of mucins can 
select for distinct mucosa-associated bacteria that are able to bind or 
degrade specific mucin glycans as a nutrient source (Schroeder, 2019). 

The intestinal polysaccharide content reflected the changes in the 
content of extracellular polysaccharides secreted by probiotics and 
mucopolysaccharides degraded and utilized by probiotics, and Fig. 5A 
shows the changes in polysaccharide content caused by the adhesion of 
LP45 in each intestinal segment in different food-derived protein groups. 
As shown in the figure, in the duodenal segment, LP45 adhesion in the 
MRS and IeP groups significantly increased the intestinal polysaccharide 
content, and the intestinal polysaccharide content in the IeP group was 
significantly higher than that in the MRS group, and the intestinal 
polysaccharide content in the IeP group was 51.39 ± 0.36 μg/mm While 
LP45 adhesion in the SP and WP groups significantly decreased the in
testinal polysaccharide content of. In the jejunal segment, LP45 adhe
sion significantly increased the intestinal polysaccharide content in all 
groups, and in the ileal segment, LP45 adhesion significantly increased 
the intestinal polysaccharide content in all groups except for the WP 
group, where LP45 adhesion significantly decreased the intestinal 
polysaccharide content. In the cecum segment, adhesion of LP45 in the 
MRS and WP groups significantly decreased the polysaccharide content 
in the intestine, while the IeP and SP groups significantly increased the 
polysaccharide content in the intestine. In the colonic segment, the in
testinal polysaccharide content of all three food-derived protein groups 
was significantly higher than that of the MRS group. Taken together, 
these results revealed that IeP culture of LP45 contributed to its secre
tion of extracellular polysaccharides in the duodenum, jejunum, cecum 
and colon, SP culture of LP45 contributed to its secretion of extracellular 
polysaccharides in the jejunum, ileum, cecum and colon, and WP culture 
of LP45 contributed to its secretion of extracellular polysaccharides in 
the colon. The greater secretion of extracellular polysaccharides by LP45 
in the intestine could more promote its adhesion in the intestine and 
improve the intestinal microenvironment. Extracellular polysaccharides 
may be involved in the biological activity of prebiotics and probiotics. 
Probiotic extracellular polysaccharides promote the formation of bio
film on the bacterial cell surface and can act as a protective barrier 
(Angelin and Kavitha, 2020). 

Probiotic bacteria in biofilm-forming communities may be critical 
for long-term remodeling of the composition and beneficial function of 
the gut microbiome (Jones and Versalovic, 2009). As shown in Fig. 5B, 
in both the duodenal and jejunal segments, the adhesion of LP45 in all 
groups significantly reduced the biomass of intestinal biofilm. In the 
ileal segment, the intestinal biofilm biomass in the IeP group was 

Fig. 3. Hydrophobicity of LP45 (A); Copolymerization capacity of LP45 (B); Self-aggregation of LP45 (C); *p < 0.05, compared with the MRS group.  
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Fig. 4. Model diagram (A); Number of viable bacteria adhered to LP45 in intestinal tract (B); Electron microscopy of intestinal adhesion (C).  
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significantly higher than that in the MRS group, and the intestinal bio
film biomass in the IeP group was 1.23 ± 0.04, while LP45 adhesion in 
the SP and WP groups had less effect on the intestinal biofilm biomass. In 
the cecum segment, the intestinal biofilm biomass was significantly 
higher only in the IeP group. In the colonic segment, the change in in
testinal biofilm biomass was smaller in the IeP group, and the adhesion 
of LP45 significantly decreased the intestinal biofilm biomass in all other 
groups. The higher the ability of LP45 to form biofilm in the intestine, 
the more it promoted its adhesion in the intestine and its resistance to 
pathogenic bacteria. 

The intestinal protein content reflects the changes in the content of 
adhesions such as surface proteins of probiotics, mucus in the intestine 
and intestinal microenvironment, and Fig. 5C shows the changes in 
protein content caused by the adhesion of LP45 in each intestinal 
segment in different food-derived protein groups. As shown in Fig. 5C, in 
the duodenal segment, the intestinal protein content in the IeP and SP 
groups was significantly higher than that in the MRS group, and the 
intestinal protein content in the IeP and SP groups were 134.65 ± 5.19 
μg/mm and 149.49 ± 3.44 μg/mm, respectively. In the jejunal segment, 
LP45 adhesion in the SP-added and WP-added groups both significantly 
increased the intestinal. The protein content in the intestine was 
significantly increased in the SP and WP groups. In the ileal segment, the 
protein content in the ileum was significantly higher in the SP and WP 
groups compared with that in the MRS group. In the cecum, the intes
tinal protein content was significantly higher in the food-derived protein 
group compared with that in the MRS group in the cecum. In the colonic 
segment, adhesion of LP45 in the MRS group significantly decreased the 
intestinal protein content, while the intestinal protein content was 
significantly higher in both the food-derived protein groups, with the 
highest intestinal protein content of 279.52 ± 12.12 μg/mm in the SP 
group. Taken together, it was found that IeP culture of LP45 may 
contribute to the formation of mucin and stimulation of mucus secretion 
in the duodenum, cecum and colon, SP culture of LP45 contributes to the 

formation of mucin and stimulation of mucus secretion in various in
testinal segments, and WP culture of LP45 contributes to the formation 
of mucin and stimulation of mucus secretion in the jejunum, ileum, 
cecum and colon. The formation of mucoadhesive in the intestine helps 
LP45 to colonize and survive in the intestine, and the secretion of mucus 
in the intestine is more conducive to the colonization of probiotics. 

Fig. 5D shows the effects of IeP, SP, and WP on the molecular weight 
distribution of LP45 adhering to the duodenum, jejunum, ileum, cecum, 
and colon proteins. As shown in the figure, the intestinal tissues 
including intestinal epithelial cells intestinal mucus, which contains a 
wide variety and complexity of proteins, have more content of large 
molecular weight proteins, the distribution of small and medium mo
lecular weight proteins in the electrophoresis pattern is relatively clear, 
the jejunum tissue has 3 clear protein bands between 14.3 and 20.1 kDa, 
and the ileum, cecum and colon tissues have 2 clear protein bands be
tween 14.3 and 20.1 kDa. The cecum and colon tissues adhered by LP45 
in the MRS group had 2 additional clear protein bands between 14.3 and 
20.1 kDa. In contrast, LP45 adhesion in the three groups with food- 
derived protein added to the culture resulted in an increase of 2 clear 
protein bands between 14.3 and 20.1 kDa in each intestinal segment, 
with darker color and more small molecular weight protein content. 
Whereas mucins in mucus are large, highly glycosylated molecules 
composed of multiple subunits with a size range of 250–500 kDa (Rojas 
et al., 2002), the added bands exclude them from being mucins, and 
Christine et al. (Christine et al., 2010) found that an epi-protein with a 
molecular weight of 29.0 kDa released from Lactobacillus RC-14, which 
inhibits the adhesion of Enterococcus faecalis, is considered an adhesin. 
Then, the addition of two protein strips between 14.3 and 20.1 kDa may 
be an adhesin-associated protein of LP45, providing new speculations 
for subsequent studies such as food-derived proteins promoting the 
secretion of adhesins by LP45. 

Fig. 5. Changes in sugar content in each intestinal segment (A); changes in biofilm biomass in each intestinal segment (B); changes in protein content in each 
intestinal segment (C); Protein molecular weight distribution of each intestinal segment (D). 
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4. Conclusion 

In this study, three different food-derived proteins were used to 
culture LP45, and the effects of IeP, SP and WP on the growth charac
teristics of LP45 such as growth generation time, total number of col
onies and acid production capacity were compared. The results showed 
that the addition of 1 mg/mL IeP and SP significantly accelerated the 
growth rate of LP45 and significantly increased the total number of 
proliferating colonies, while the addition of 1 mg/mL WP only signifi
cantly accelerated the growth rate of LP45, and the addition of the three 
food-derived proteins had little effect on the acid production capacity of 
LP45. In this study, a probiotic adhesion model based on mouse intes
tinal tissues was used to evaluate the effects of IeP, SP and WP on the 
adhesion capacity and intestinal microenvironment of LP45 in each in
testinal segment. The results showed that IeP significantly increased the 
number of LP45 adherent live bacteria in the duodenal segment, SP 
significantly increased the number of LP45 adherent live bacteria in the 
jejunal segment, and WP had less effect on the number of LP45 adherent 
live bacteria in each intestinal segment. The microenvironment of each 
intestinal segment was improved. Food-derived proteins also influenced 
the hydrophobicity, self-aggregation and copolymerization ability of 
LP45. The combined effect of food-derived proteins on probiotic pro- 
value-added and increased adhesion capacity was found. Strongly sug
gesting that food-derived proteins promote intestinal health, showing 
their potential as active proteins. 
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