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Abstract 
 

Background: Effectiveness of probiotics is conditioned by 

several factors. Scarce evidences currently available about the 

impact of the food in which or with probiotics are delivered on 

their beneficial features, like the adhesion to human gut. 

Adhesiveness plays an important role to colonize the gut, 

especially for specific stage of life. The aim of this work was to 

investigate whether the in vitro adhesiveness of lactobacilli and 

bifidobacteria, a mandatory prerequisite of probiotic strains, 

was enhanced after food matrices fermentation, focusing on 

weaning stage.  

 

Methods: Probiotics were firstly evaluated for their capacity to 

ferment some complementary food and then for their ability to 

adhere to human cell lines in culture (HT-29, HT29-MTX and 

Caco-2) in comparison with the same strains cultured in 

conventional laboratory medium.  

 

Results: Our results showed that the adhesiveness of selected 

probiotic strains resulted to be improved or decreased by 

specific weaning food, supporting the idea that probiotic strains 

applied to food fermentation can interact synergistically with 

the substrate.  

 

Conclusions: The adhesiveness of the selected probiotic strains 

improved or decreased with specific weaning foods, supporting 

the idea that probiotic strains applied to food fermentation can 

interact synergistically with the substrate and therefore 

weaning-specific fermented functional foods could be 

developed. 

 

Keywords: Adhesion; Caco-2; Fermentation; HT-29; HT29-

MTX; Probiotic; Weaning 

 

Introduction 
 

        Probiotics are defined as “live microorganisms that, when 

administered in adequate amounts, confer a health benefit on the 

host” [1]. According to the FAO/WHO Joint Committee, 

probiotics are classified as non-pathogenic strains that should 

survive gastric juices, resist bile, and colonize the gastrointestinal 

tract [2]. The use of probiotics has been demonstrated to exert 

beneficial effects in terms of host wellness, in contrast to 

pathogenic microbes, by the production of antimicrobial 

compounds [3], induction of immunomodulatory effects [4], 

stimulation of host signaling pathways, and regulation of 

intestinal homeostasis [5]. The ability of probiotics to adhere to 

the mucosa and colonize the intestine is probably the main 

mechanism impacting gut health [6]. Probiotics can be 

administered as food supplements or through fermented food, 

such as traditional dairy products. Fermented foods represent a 

natural source of health-promoting microorganisms, usually 

acting as important vehicles for the delivery of lactic acid bacteria 

[7]. Fermentation by probiotics, instead of microbial starters, 

confers some benefits and therapeutic effects to humans, mainly 

by improving the digestibility and bioavailability of nutrients. 

Fermented foods are thought to be enriched in metabolites, such 
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as vitamins, minerals, amino acids, and phytochemicals [8], that 

contribute to the health status of the consumer, stimulating the 

immune system, balancing the microbiota, and allowing nutrient 

absorption [9]. Probiotic microorganisms can increase the 

nutritional and functional value of food by promoting the amount 

and availability of nutrients and bioactive compounds originating 

from microbial metabolism, such as organic acids, 

exopolysaccharides, and conjugated linoleic acid [8, 10]. Reputed 

scientific institutions, including the International Scientific 

Association for Probiotics and Prebiotics (ISAPP), are currently 

investigating whether and how the food matrix and its 

components, after fermentation, affects probiotic activity in terms 

of benefits for the consumer [11]. In vitro studies reported that 

the food matrix may affect the strain's ability to contrast 

pathogens [12], and one clinical trial conducted by Saxelin et al. 

showed that fecal populations of propionic bacteria and 

bifidobacteria are influenced by fermented foods metabolized by 

different strains [13]. 

 

        FAO and WHO suggest that probiotics should survive the 

transit through the stomach and the gut in order to exert their 

beneficial effects [14]. Lipids, proteins, carbohydrates, and 

other components could influence probiotic viability. 

Therefore, food is strictly correlated to probiotic efficacy and it 

can be used as a deliver system to colonize the human intestine 

[15]. 

 

       The vehicle, intended as food, is crucial for the probiotic 

strain survival to ensure its effects. Different food matrices can 

be used as probiotic delivery systems. Usually, dairy products 

are the most commons due to their high fat contents which 

protect the strain during the digestion process [16]. Actually, 

the market is focusing the attention on other types of food, such 

as fruits and vegetables. Delivery of probiotics through new 

functional vegetable-based food represents a very interesting 

opportunity for producers and consumers. 

 

      The scientific community should focus more attention on 

the interaction between probiotics and how their efficacy could 

be influenced by food matrix [17]. The ability to colonize the 

intestine and to adhere to the intestinal tract is fundamental 

properties for probiotic efficacy. This requisite is very precious 

in certain stages of human life, e.g. early stages, in which a 

proper colonisation of the gut by the microbiota represents a 

critical phase. 

 

      Nutrition in early life is strongly linked to health in adult 

life. Weaning is a transition process characterized by a gradual 

shift from exclusive breastfeeding or formula to the adult solid 

diet. The European Food Safety Authority (EFSA) guidelines 

recommend breastfeeding during the first6 months of life, and 

weaning may begin at 4-6 months by gradually introducing 

complementary foods in accordance with the health status of 

the infant [17]. After birth, the development of the infant’s 

microbiota is influenced by several factors, including delivery 

mode, breastfeeding, and geography [18]. Eubacteria colonize 

the intestines of newborns and have the important role of 

digesting complementary foods and sustaining the development 

of the immune system [19]. Weaning has a decisive role in the 

predisposition for a healthy microbiota in the baby. Thus, 

during the weaning diet transition, most of the bacteria 

normally observed during breastfeeding decrease and 

biodiversity increases [20]. Experimental studies have 

investigated important clues regarding the association between 

nutritional challenges in early life and disease in adulthood 

[21]. Tanaka et al. showed that formation of the infant gut 

microbiota influences the adult intestinal ecosystem and the 

health status of the host. Alterations in the gut microbiota 

during childhood may have negative effects during adult life 

[18]. Thus, it is clear that the infant microbiota affects the 

accurate development of multiple body districts. Unbalanced 

colonization of the gut microbiota during infancy may have a 

significant impact on adult metabolic disorders, such as obesity 

[22], allergic diseases (e.g., atopic eczema and asthma) [23], 

inflammatory bowel disease (IBD), and irritable bowel 

syndrome (IBS) [23]. Moreover, the microbiota is involved in 

the appropriate maturation of the endocrine and neural systems 

[24], with life-long consequences in neuro-psychiatric 

disorders, such as autism [25], depression, anxiety, stress, and 

sociality [26]. 

 

      The WHO recommends adequate nutrition for mothers, 

infants, and young children with the aim of reducing infant diets 

that are insufficient for appropriate development of organs and 

systems [27]. Complementary foods with prebiotic activity 

have been reported to promote the release of compounds that 

support gut barrier maturation and stimulate the immune system 

[28]. Functional foods can provide metabolites that can 

contribute to nutritional support and minimize the risk of certain 

diseases [29]. Furthermore, in some countries, such as 

Zimbabwe, fermented weaning foods are traditionally offered 

to infants [30]. 

 

      In light of this evidence, we aimed to investigate whether 

probiotic bacteria, when grown in weaning food matrices, change 

their in vitro gut adhesion in order to enhance their efficacy with 

improved colonization by beneficial microorganisms. We 

considered some conventional complementary foods, such as 

carrot, apple puree, rice cream, and oat porridge, to evaluate 

possible changes in terms of post-fermentation adhesiveness. 

Based on the hypothesis that probiotic strains applied to food 

fermentation can synergistically interact with the substrate, we 

selected newly isolated strains of Lactobacillus spp. and 

Bifidobacterium spp., which are able to take advantage of the 

interaction with their substrate and to express this synergism with 

improved beneficial features for the host, such as adhesiveness to 

the gut mucosa. Therefore, functional foods could be designed for 

specific requirements such as those characterizing the weaning 

period in order to minimize the impact of the transition from milk 

diet to solid foods on the human microbiota. 

 

Materials and Methods 
 

Bacterial Strains 

 

      Fourteen different strains of lactobacilli and bifidobacteria 

were used in this study. International Depositary Authority 

(IDA) strains were used as controls: Lactobacillus rhamnosus 
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ATCC 53103, L. paracasei ATCC 334, L. plantarum DSM 

9843 (299V), and Bifidobacterium animalis subsp. lactis DSM 

15954 (BB12). Tested strains had different origins: B. breve 

LMG S-30421, L. gasseri LMG S-30423, L. gasseri LMG S-

30420, L. rhamnosus LMG S-30426, and L. vaginalis LMG S-

30427 were isolated from feces of healthy babies [30], B. 

animalis subsp. lactis LMG S-28195 from infant feces, L. 

plantarum LMG S-28194 from fruit juice, and L. plantarum 

LMG S-29889, L. acidophilus LMG S-29890, and L. 

rhamnosus LMG S-29885 from wild weeds (Table 1). 

Lactobacilli were cultured in MRS broth (de Man Rogosa 

Sharpe, Difco, BD, Milan, Italy) for 24 h at 37°C and 

bifidobacteria in MRS broth supplemented with 0.5 g/l of L-

cysteine HCl (Sigma-Aldrich, Milan, Italy) for 48 h at 37°C 

under anaerobic conditions. 

 

Strains Bacteria species Origin 

LMG S-29885 L. rhamnosus Wild Weeds 

LMG S-30426 L. rhamnosus Infant Feces 

LMG S-29889 L. plantarum Wild Weeds 

LMG S-28194 L. plantarum Fruit Juice 

DSM 9843 L. plantarum Human Feces 

ATCC 334 L. paracasei Dairy Product 

LMG S-29890 L. acidophilus Wild Weeds 

ATCC 53103 L. rhamnosus Human Feces 

LMG S-30420 L. gasseri Infant Feces 

LMG S-30427 L. vaginalis Infant Feces 

LMG S-30423 L. gasseri Infant Feces 

DSM 15954 B. animalis lactis Human Feces 

LMG S-28195 B. animalis lactis Infant Feces 

LMG S-30421 B. breve Infant Feces 

 

Table 1: List of bacterial strains used. 

 

Production of Weaning Food Matrices 

 

       All food matrices were prepared separately due to their 

intrinsic characteristics. Raw materials were bought from local 

markets, kept at 4°C, and used in the experiments within their 

shelf life. 

 

Carrot Juice 

 

      After peeling, carrots were washed with tap water. 

Vegetables were squeezed into juice using domestic extractor. 

The juice was sterilized by autoclaving at 112°C for 30 minutes. 

The pH (6.8 ± 0.2) was optimal for the growth of tested strains 

and no adjustment was needed. 

 

Apple Puree 

 

       A commercial apple puree was chosen for the fermentation 

experiments. This specific food for weaning was composed of 

apple (99%) and vitamin C (15 mg/100 g). Apple puree 

naturally has a low pH (3.5-4), which is not suitable for 

probiotic growth; therefore, the pH was adjusted with NaOH 

(1M) to 7 ± 0.5. The apple puree was already pasteurized when 

purchased, but a sterility test was performed before carrying out 

the experiments. 

 

 

Rice Cream and Oat Porridge 

   

      Rice cream baby food and oats were purchased from the 

market (Italy). The label reported the following composition: 

rice flour (59%) and hydrolyzed rice flour (40%) supplemented 

with vitamins C and B1. Solutions of 10% (w/v) rice flour or 

oats were autoclaved at 112°C for 30 minutes. After 

sterilization, the solutions were dispensed in 10 ml tubes. To 

easily check the growth of bacteria suspensions, bromocresol 

purple (BCP, Sigma-Aldrich, Milan, Italy) was added as an 

acidity indicator (0.17 g/L). The final pH of the rice cream and 

oat flakes was 6.8 ± 0.2 and 6.5 ± 0.4, respectively; therefore, 

no pH adjustment was required. 

 

Fermentation of Food Matrices 

 

       Lactobacillus genus was first cultured in MRS broth for 18-

24 h at 37°C and Bifidobacterium spp. in MRS-Cys for 48 h at 

37°C under anaerobic conditions. Bacterial pellets were rinsed 

twice with sterile water to eliminate any residual growth 

medium. The absorbance of the bacterial suspensionwas 

adjusted to 0.7 (optical density at 600 nm, OD600), 

corresponding to a theoretical value of 108 
CFU/ml. Bacteria 

were inoculated in 50 ml of food matrix media, with a final 

concentration in viable cells of 10
6 

CFU/ml. At the end of the 

fermentation tests, all strains were subculture in the different 
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food matrices (carrot juice, apple puree, rice cream, and oat 

porridge) four times before the adhesion assay was performed. 

 

Microbial Plate Counts 

 

       Lactobacillus spp. and Bifidobacterium spp. cultured in 

fermented food matrices were enumerated after 24 h and 48 h 

in order to evaluate the growth performance. Samples were 

analysed by means of serial dilution and subsequent plating. 

One milliliter of each fermented sample was diluted 10-fold in 

sterile Maximum Recovery Diluent (MRD, Sigma-Aldrich, 

Milan, Italy) and three dilutions plated on MRS for lactobacilli 

or MRS-Cys for bifidobacteria, before incubating under 

anaerobic conditions at 37°C for 72 h. After incubation, viable 

bacteria were counted and recorded as log10CFUs. The pH 

values of all food matrices fermented by probiotics were 

measured at the end of the fermentation process using the 

sensION™ HACH pH Meter (Ghiaroni & C, Milan, Italy). 

 

Preparation of Special Weaning Adaptation Media for 

Probiotic Enumeration 

 

       Special plates were prepared to progressively adapt the 

probiotics to food matrices prior to the adhesion assays. 

Conventional growth media (MRS, MRS-Cys) were used as 

controls. To isolate bacterial strains on solid medium, we 

prepared agar plates with solid media represented by food 

matrices after weaning food fermentation. Carrot juice, apple 

puree, rice cream, and oat porridge were prepared as described 

above. Successively, a solution of agar (30 g/L) was prepared 

and then mixed with the same volume of food, poured on Petri 

dishes, and then incubated for 72 h at 37°C under anaerobic 

conditions. 

 

Cell Lines 

 

       Three immortalized human cell lines, considered to be 

representatives of various portions of the human 

gastrointestinal tract, were used: Caco-2, HT-29, and HT29-

MTX. They were obtained from the European Collection of 

Authenticated Cell Cultures (ECACC) and cultured in an 

atmosphere enriched with 5% CO2 at 37°C in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% 

heat-inactivated (30 min, 56°C), fetal calf serum (FCS), 50 

µg/ml L-glutamine, and 40 μg/ml gentamycin following the 

supplier’s instructions (Euro Clone, Milan, Italy). 

 

Adhesion Assay 

 

      Adhesion assays were performed by adapting the protocol 

previously described by Letourneau et al. [31]. Briefly, 

bacterial strains and cell lines were prepared in parallel. HT-29, 

HT29-MTX, and Caco-2 cells were rinsed with Hank's 

Balanced Salt Solution (HBSS, Euro Clone, Milan, Italy), 

trypsinized, and counted. One milliliter of the cell suspension 

of HT-29, HT29-MTX, and Caco-2cells was seeded at a 

concentration of 2.5x10
5 

cells/ml in 24-well plates and 

incubated for 48 h (for HT-29 and HT29-MTX); Caco-2 cells 

were maintained for 14 days before performing the assay. For 

all tested conditions, three different wells were seeded with the 

eukaryotic cells. Three days prior to the test, all strains were 

streaked on both culture (MRS and MRS-Cys) and weaning 

food plates, prepared as indicated above, and incubated for 72 

h at 37°C under anaerobic conditions. Afterwards, probiotic 

bacteria were directly recovered from plates, washed in sterile 

distilled water, and centrifuged (3000 rpm, 10 min). The 

concentration of the bacterial cultures was adjusted to 

10
7

CFU/ml using a spectrophotometer (Beckman Coulter DU-

730 spectrophotometer, USA) at a wavelength of 600 nm 

(OD600=0.015). 

 

       The day of the analysis, the seeded wells were washed with 

HBSS and incubated for 1 h with 875 µl of DMEM + 1% FCS 

w/o antibiotics at 37°C in a 5% CO2 atmosphere. An extra well 

without eukaryotic cells was inoculated with 875 µl of DMEM 

medium, one for each strain-condition tested as a control. The 

multiplicity of infection (MOI) was 5:1 (bacteria: cells). Cells 

were incubated with 125 µl of the optically dosed bacterial 

suspension at 37°C with 5% CO2 for 1 h. After the incubation 

period, cells were washed three times with HBSS to remove 

unbound bacteria, inoculated with 100 µl of trypsin-EDTA 1X 

(10 min at 37°C) to break the cell monolayer’s, and then 

recovered with 900 µl of MRD. Cells with adhered bacteria 

were diluted by 10-fold serial dilutions in MRD and plated on 

MRS agar or MRS-Cys agar (lactobacilli and bifidobacteria, 

respectively). Bacterial cells were also incubated in wells not 

containing cell lines, corresponding to the T0 concentration in 

viable cells. Adhesiveness was determined as the ratio of viable 

probiotic cells adhering to cultured human cell lines and the 

number of viable bacterial cells considered at the beginning of 

the assay. All tested conditions were conducted in triplicate. 

Due to the spreading technique, the detection limit of the 

adhesion assay was 10
2 

CFU/ml. 

 

Statistical Analysis 

 

       Data are presented as mean ± SD. Significance was tested 

by two-way ANOVA, followed by Dunnett's multiple 

comparisons test to analyze the effects of both the fermentation 

process and strains. GraphPad Prism™ software version 8.2.1 

was used (GraphPad Software Inc., San Diego, California, 

USA). P<0.05 was considered significant. 

 

Results 
 

Weaning Foods are Actively Fermented by Probiotic 

bacteria 

 

       Table 2 summarizes the viable counts of probiotic bacteria 

and pH values after 24 h-incubation for lactobacilli and 48 h-

incubation for bifidobacteria. Carrot juice was fermented by all 

strains, with viable cell counts increasing up to 3 log10 CFUs, 

with the exception of L. acidophilus LMG S-29890, L. gasseri 

LMG S-30420, and L. vaginalis LMG S-30427, for which the 

data were under the detection limit of the method. L. rhamnosus 
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LMG S-30426 and L. rhamnosus ATCC 53103 had the best 

fermentation performance compared to the other strains, with 

growth values of 9.6 and 9.5 log10 CFUs, respectively. The final 

concentration of B. animalis lactis DSM 15954 and B. breve 

LMG S-30421 in viable cells increased up to 2 log10 CFUs. At 

the end of fermentation, carrot juice fermented by probiotic 

microorganisms was clearly acidified by lactobacilli (pH 3.8-

4.9) and moderately acidified by bifidobacteria (pH 5.2-5.6). 

 

 

Tested strains 

T0 Control 

(T24/48) 

Carrot juice 

(T24/48) 

Apple puree 

(T24/48) 

Rice cream 

(T24/48) 

Oat porridge 

(T24/48) 

log10 CFUs log10 

CFUs 

pH log10 

CFUs 

pH log10 

CFUs 

pH log10 

CFUs 

pH log10 

CFUs 

pH 

L. plantarum 

LMG S-29889 

6.6 10.12 3.89 9.27 4.17 7.9 5.56 8.4 4.17 9.49 3.68 

L. plantarum 

DSM 9843 

6.3 10.39 3.93 9.32 3.98 7.71 5.55 8.6 3.85 9.46 3.6 

L. plantarum 

LMG S-28194 

6.5 10.08 3.96 9.28 4.27 7.6 5.05 8.9 3.72 9.51 3.48 

L. acidophilus 

LMG S-29890 

6.1 9.86 4.63 / 4.86 / 5.56 / 4.25 8.88 3.68 

L. paracasei 

ATCC 334 

6.2 10.18 4.12 9.49 3.98 7.76 5.67 8.8 4.04 9.64 3.44 

L. rhamnosus 

ATCC 53103 

6.4 10.07 4.5 9.58 4.2 7.93 5.5 8.1 4.2 10.02 3.32 

L. rhamnosus 

LMG S-30426 

6.5 10.4 3.91 9.61 4.51 8.7 5.18 8.9 3.82 9.78 3.52 

L. rhamnosus 

LMG S-29885 

6.6 10.26 4.03 9.25 4.5 8.48 5.27 9.1 4.07 9.94 3.45 

L. gasseri  

LMG S-30423 

6.2 8.97 4.6 8.78 4.4 6.8 5.4 7.8 4.42 9.32 3.82 

L. gasseri  

LMG S-30420 

6.5 8.56 4.7 / 5.11 / 5.53 / 4.58 8.9 3.94 

L. vaginalis 

LMG S-30427 

5.8 8.96 4.9 / 6.35 6.13 5.93 8.7 5.47 8.53 6.03 

B. animalis 

lactis DSM 

15954 

6.1 8.12 5.2 7.42 5.98 6.66 5.57 7.7 5.12 / 5.45 

B. animalis 

lactis LMG S- 

28195 

6.4 8.23 5.45 7.24 6.22 / 6.42 7.2 5.03 7.7 5.66 

B. breve  

LMG S-30421 

6.4 8.22 5.6 8.21 5.68 7.14 6.41 7.8 5.58 / 5.93 

log10 CFUs: log-transformed values for weaning food fermentation. The final count was reported for each food matrix 

analysed. / indicates an inability of recover vital cells after the incubation period. Controls are MRS for lactobacilli and 

MRS-Cys for bifidobacteria. 

 

Table 2: Growth of probiotic bacteria (log10 CFUs) and pH values after fermentation of weaning foods at 24 h for lactobacilli and 48 h 

for bifidobacteria. 

 

       Apple puree was a less suitable substrate for probiotics; the 

increase in viable counts was up to 2 log10 CFUs compared to 

other complementary foods. 

 

      Rice cream was fermented by all examined strains, except 

for L. acidophilus LMG S-29890 and L. gasseri LMG S-30420. 

The mean growth ranged from 6 to 9 log10 CFUs. L. rhamnosus 

LMG S-29885, L. rhamnosus LMG S-30426, and L. plantarum 

LMG S-28194 had the best performance inrice cream with 9.1, 

8.9, and 8.9 log10 CFUs, respectively, compared to 7 log10 CFUs 

with L. gasseri LMG S-30423 and bifidobacteria.  

      The oat porridge fermentation profiles of bacterial strains, 

in terms of viable counts and pH acidification, were also 

investigated. Lactobacillus spp. generally metabolized this 

matrix, whereas bifidobacteria were not able to use this 

substrate, with the exception of B. animalis subsp. lactis LMG 

S-28195 (7.7 log10 CFUs). All Lactobacillus strains tested were 

able to acidify oat porridge, except for L. vaginalis LMG S-

30427. The pH values of B. breve LMG S-30421 and B. 

animalis lactis were weakly lower than the initial condition of 

pH 6.5. Overall results confirmed that the interaction between 

probiotic strains and food substrates has to be intended as 
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strain-specific because distinct strains performed differently 

based on the type of food used as the substrate. 

 

Adhesiveness of Probiotics Grown in Food Matrices 

 

       As reported previously, the selected strains were grown, 

prior to the adhesion assay, for four generations on special agar 

plates made with the same food on which the subsequent assays 

were performed. This strategy allowed us to maximize the 

interaction between probiotics and their substrates and to avoid 

false-positive results. At the same time, conventional laboratory 

media were used as controls. 

   

      The adhesive ability of 14 bacterial strains to HT29-MTX, 

HT-29, and Caco-2 cells was investigated and compared (Table 

3). Our studies primarily focused on investigating the 

adhesiveness of lactobacilli and bifidobacteria derived from 

different origins and cultured in reference media. The most 

adhesive strain was L. rhamnosus LMG S-29885 (81.9% to 

Caco-2, 79.9% to HT-29, and77.5% to HT29-MTX), which was 

isolated from plants, whereas the lowest adhesion was found in 

L. vaginalis LMG S-30427 (69.6% to Caco-2, 52.5% to HT29-

MTX, and value under the detection limit to HT-29). Among 

the strains of plant origin, L. plantarum LMG S-29889 and L. 

acidophilus LMG S-29890 demonstrated significant adhesive 

properties. Conversely, strains isolated from human feces 

exhibited slightly lower adhesive properties, especially to the 

mucus-producing HT29-MTX cell line. In contrast, L. 

plantarum strains, L. gasseri strains, and L. rhamnosus LMG S-

30426 seemed to be more adhesive to Caco-2 enterocyte-like 

cells, and L. rhamnosus LMG S-29885 and ATCC 53103 

exhibited a similar trend of adhesion to the three cell lines. 

These results suggest that adhesion to human cultured cells is 

not strictly linked to the origin of the strain. 

 

Tested strain Cell line MRS Carrot 

juice 

Apple 

puree 

Rice 

cream 

Oat 

porridge 

 

L. plantarum LMG S-29889 

 

HT29-MTX 64.1±2.5 66±3.7 71.5±2.1 68.2±4.8 67.7±4.1 

HT-29 77.7±3.1 67.9±4.2 72.4±6.8 67.1±3.9 65.10±4.8 

Caco-2 75.8±3.8 76.1±2.9 66.9±5.4 58.1±3.6 75.7±3.8 

 

L. plantarum LMG S-28194 

 

HT29-MTX 71±4.2 73.9±3.3 69.6±3.2 66.6±4.1 89.3±5.1 

HT-29 69.7±3.2 80±4.5 71.1±5.7 64.9±5.4 78.8±3.01 

Caco-2 84.2±2.7 86.5±4.1 67.5±4.9 72.1±3.7 88.7±4.5 

 

L. plantarum DSM 9843 

 

HT29-MTX 70.8±2.3 76.7±5.2 74.2±3.9 70±2.1 71.1±3.8 

HT-29 64.9±2.8 72.5±5.4 66.8±3.6 67.3±4.8 61±2.8 

Caco-2 75.5±2.7 79.3±6.1 70.1±4.8 71.4±3.9 80.6±3.2 

 

L. paracasei ATCC 334 

 

HT29-MTX 68.6±3.6 65.4±4.2 68±4.3 47.7±4.5 67.5±3.5 

HT-29 67±2.5 64.8±3.5 58.1±2.5 48.6±5.2 63.1±3.2 

Caco-2 66.9±2.9 76.9±4.6 68±3.5 67±3.4 73.6±4.3 

 

L. rhamnosus ATCC 53103 

 

HT29-MTX 80.4±3.9 69.8±5.8 71.6±4.5 62.4±3.6 70.1±3.6 

HT-29 79.5±3.4 65.9±4.9 71.5±5.2 52.7±2.7 70.5±4.2 

Caco-2 79.3±3.1 74±4.2 73.3±6.1 65.4±3.9 74.7±2.5 

 

L. rhamnosus LMG S-30426 

 

HT29-MTX 62.3±2.6 75.±4.9 61±3.8 61.3±4.6 68.6±3.4 

HT-29 69.8±2.3 80.4±3.2 61.1±4.1 58.6±4.2 65.9±4.2 

Caco-2 75.2±3.8 74.8±4.0 67.1±4.8 65±3.7 66.7±3.6 

 

L. rhamnosus LMG S-29885 

 

HT29-MTX 77.5±2.4 83.7±3.1 78.9±3.1 77.6±3.3 72.4±5.2 

HT-29 79.9±3.8 76.3±2.5 79.4±5.2 73.2±6.1 67.1±4.6 

Caco-2 81.9±2.8 90.1±6.2 82.9±4.7 77.1±2.8 82.4±3.5 

 

L. gasseri LMG S-30423 

 

HT29-MTX 75.2±4.1 63.8±4.2 0 60.2±1.1 62.6±3.7 

HT-29 65.6±3.4 69.9±3.3 0 70.3±4.5 59.8±3 

Caco-2 80.2±2.6 59±3.7 0 58.1±2.9 73.7±5.7 

 

L. gasseri LMG S-30420 

 

HT29-MTX 65.9±2.3 / / / 61.7±4.6 

HT-29 68.3±3.6 / / / 55.5±3.2 

Caco-2 81.3±4.1 / / / 76.1±5.4 

 

L. acidophilus LMG S-29890 

 

HT29-MTX 73.6±3.5 / / / 69.4±2.9 

HT-29 75.7±2.2 / / / 72.3±3.1 

Caco-2 77±3.8 / / / 75.6±2.7 

 

L. vaginalis LMG S-30427 

 

HT29-MTX 52.5±3.4 / 0 60.6±3.2 58.6±3.2 

HT-29 0 / 0 0 57.5±3.7 

Caco-2 69.6±5.2 / 0 50.6±3.2 64.4±5.8 
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B. animalis lactis  

DSM 15954 

HT29-MTX 71.6±2.6 63.7±3.8 0 63.4±4.2 / 

HT-29 71.1±3.8 63.3±5.6 0 49.7±2.5 / 

Caco-2 72.7±4.8 72.9±4.6 0 71.4±5.6 / 

 

B. animalis lactis  

LMG S-28195 

HT29-MTX 73.2±3.2 73.2±4.8 0 69.6±2.8 72.2±6.1 

HT-29 63.1±3.8 69.9±3.6 0 50.6±2.9 65±5.2 

Caco-2 72.6±4.8 81.4±4.9 0 76.5±3.5 75.1±4.2 

 

B. breve LMG S-30421 

HT29-MTX 64.3±3.3 78.8±2.7 60.2±4.9 0 / 

HT-29 75.3±4.6 50.9±3.1 65.3±5.1 0 / 

Caco-2 74.5±2.6 71.6±3.2 73.3±4.6 0 / 

Values are expressed as mean ± standard deviation. / indicates the inability of the tested strain to ferment the food matrix. 

Values of 0 indicate that adhesion was under the detection limit. 

 

Table 3:  Adhesion of Lactobacillus spp. and Bifidobacterium spp. to HT29-MTX, HT-29, and Caco-2 cells in reference media and 

after fermentation of weaning foods. 

       

       We then investigated the effect of complementary foods on 

the adhesion properties of each bacterial strain. The trend of 

results for carrot juice indicated no loss of adhesion; in general, 

the percentages of adhesion wavered only a few points with 

respect to the reference media for the three cell lines. L. 

rhamnosus LMG S-30426 and B. breve LMG S-30421 

improved their adhesion to HT29-MTX (+12.7% and +14.6%, 

respectively). L. gasseri LMG S-30423 recorded an evident 

decrease of 11.4% for HT29-MTX, decrease of 21.2% for 

Caco-2, and no changes for HT-29. A different strain-specific 

behaviour was identified with B. animalis subsp. lactis DSM 

15954 and LMG S-28195; the first reduced its adhesiveness to 

HT-29 (63%), whereas the second enhanced its adhesion 

(69.9%). 

 

      The results obtained for rice cream (Figure 1C) showed a 

perturbation of adhesiveness; human origin L. rhamnosus 

ATCC 53103 and LMG S-30426 revealed a 26.8% and 11.2% 

reduction in their adhesion to epithelial cells, respectively, 

whereas L. rhamnosus LMG S-29885 from plants exhibited a 

small reduction of 6.7%. The L. plantarum strains behaved 

differently following rice cream fermentation. L. plantarum 

LMG S-29889 demonstrated enhanced HT29-MTX adhesion 

(68.2% vs. control 64.1%) and reduced HT-29 and Caco-2 

adhesion (67.1% vs. control 77.7% and 58.1% vs. control 

75.8%, respectively), L. plantarum LMG S-28194 decreased its 

adhesion to the three cell lines, especially enterocyte-like Caco-

2 cells (72.1% vs. control 84.2%), L. plantarum DSM 9843 

maintained invariant HT29-MTX adhesion but increased 

adhesion to HT-29 (+2.4%) and reduced Caco-2 adhesiveness 

(-4.1%). For bifidobacteria, B. breve LMG S-30421 seemed to 

lose its adhesiveness to the cells, but the value was under the 

detection limit, whereas a loss with HT-29 cells emerged for B. 

animalis lactis DSM 15954 and LMG S-28195 (49.7% vs. 

71.1% and 50.6% vs. 63.1%, respectively). 

 

      The effects of incubation of Lactobacillus spp. and 

Bifidobacterium spp. with apple puree showed binding abilities 

under the detection limit for L. gasseri LMG S-30423, L. 

vaginalis LMG S-30427, B. animalis subsp. lactis DSM 15954, 

and LMG S-28195 to the three cell lines. L. plantarum strains 

exhibited reduced modification of adhesiveness to Caco-2 cells, 

whereas human origin L. rhamnosus spp. demonstrated a deficit 

of adhesion compared to L. rhamnosus LMG S-29885 isolated 

from plants (Figure 1B).  

 

      Furthermore, oat porridge affected adhesion properties 

(Table 3).  L. plantarum strains LMG S-29889 and DSM 9843 

did not have an altered ability to adhere to the tested cells, in 

contrast to L. plantarum LMG S-28194, which had increased 

adhesiveness (Figure 1D). L. gasseri LMG S-30423 and LMG 

S-30420 exhibited significant increase in adhesiveness, 

particularly to HT-29 (59.8% vs. control 65.6% and 55.5% vs. 

68.3%).  

 

      In general, our results indicate that food matrices affect 

adhesion for certain probiotic species depending on their origin. 

For example, the adhesion capacity of L. rhamnosus strains was 

highly affected by the origin; L. rhamnosus LMG S-29885 from 

plants exhibited no loss of adhesiveness independent of the 

tested food, whereas L. rhamnosus strains of human origin 

exhibited reduced adhesion following the fermentation of food. 

This highlights that the adhesion of probiotic strains is 

influenced by both the strain and the matrix (Table 3). 

 

       As HT29-MTX cells contain goblet cells that release 

mucins into the mucus layer, we chose to report the impact of 

the tested complementary foods and strains on the adhesion to 

HT29-MTX (Figure 1). Carrot juice (Figure 1A) and oat 

porridge (Figure 1B) contributed to significant enhancement of 

the adhesion properties of the tested strains; carrot juice 

significantly increased HT29-MTX adhesion of L. rhamnosus 

LMG S-30426 and B. breve LMG S-30421 but decreased 

adhesion of L. gasseri LMG S-30423, and oat porridge 

enhanced the adhesiveness of L. plantarum LMG S-28194. 
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Figure 1: Impact of weaning foods on Lactobacillus spp. and Bifidobacterium spp. adhesion to HT29- MTX. (A) Cultured in carrot 

juice, (B) apple puree, (C) rice cream, (D) oat porridge. / indicates the inability to ferment the tested food matrix; ° indicates an adhesion 

value under the detection limit. Experiments were conducted in triplicate and expressed as mean ± S.D. Data were analysed using a two-

way ANOVA followed by Dunnett's multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, between tested strains grown in 

weaning foods and the reference media (MRS and MRS- Cys).

        

Discussion 
 

       Weaning is an important stage of life, characterized by a 

progressive transition from liquid milk to solid food. Weaning 

foods must be rich in calories and good-quality proteins, 

adequate fat content, vitamins, and minerals, free from anti-

nutritional factors and low in indigestible fibre content [33, 34]. 

During this crucial phase, there are important changes in both 

the intestinal anatomy [35] and microbiota composition [36]. 

Consequently, weaning foods influence the health and correct 

development of infants [20]. Vegetables and fruits are the first 

food sources used by babies to achieve the correct intake of 

vitamins and minerals. Moreover, probiotics are usually 

administered to babies as food supplements in different 

pharmaceutical formulations to promote and support the 

transition of gut microbiota during the weaning phase. 

However, probiotics could also be administered with weaning 

foods, but this opportunity has always been neglected, 

especially because very poor information is available about the 

impact of the synergistic interaction between probiotics and 

food. 

      The aim of this study was to evaluate the capacity to ferment 

weaning foods with probiotic strains and their ability to adhere 

to three lines of gastrointestinal cells when cultured in reference 

media. We also investigated the impact of food matrices used 

as fermentation substrates for probiotics on their beneficial 

features, mainly their adhesive properties to different types of 

human gut cells. 

 

      The weaning foods included in our study were selected by 

considering national and international paediatric and nutritional 

guidelines [37]. We tested weaning foods without any 

supplementation in order to ascertain the real capacity of the 

tested matrix to support single strains. In agreement with 

previous studies, carrot juice, apple puree, rice cream, and oat 

porridge were fermented by lactobacilli and bifidobacteria [38-

40]. Our results show good growth performances for most of 

the tested strains, except for L. gasseri LMG S-30420 and L. 

acidophilus LMG S-29890 that were able to ferment and 

survive only in oat porridge. The capacity to ferment food 

matrices seemed to be independent of the origin of the strains; 

L. plantarum LMG S-29889, LMG S-28194, and DSM 9843, 
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which were isolated from different sources, exhibited the same 

ability to grow in the same substrate. Similar trends were 

recorded for L. rhamnosus LMG S-29885, LMG S-30426, and 

ATCC 53103 that showed comparable behavior even if isolated 

from different environments. The ability to ferment weaning 

foods did not correlate with the species; L. gasseri LMG S-

30423 and L. gasseri LMG S-30420 isolated from the same 

source exhibited different performances in tested food matrices, 

except oats. This phenomenon suggested that the capacity to 

ferment food matrices was strain-specific, supporting the idea 

that each strain, even those of the same species, presented 

certain characteristics that made them different from other 

strains [1]. In particular, the capacity to ferment food matrices 

can be a property of bacterial strains, but Marteau also showed 

that microbial strains from the same species can be dissimilar 

in their genotype, phenotype, and properties [41]. Moreover, 

ISAPP recently considered that some beneficial properties can 

be clustered as genus-, species-, and strain-specific. Aspects 

related to clinical efficacy are recognized as being peculiar of 

single strains, whereas other aspects are considered widespread 

[1]. 

 

      Adhesion of probiotic strains to the mucosal surface has been 

considered one of the initial event sin successful colonization of 

the host gastrointestinal tract. Adhesion mechanisms can be due 

to weak (van der Waals forces, hydrophobicity, and ionic bounds) 

[42] and covalent interactions (cell wall-anchored proteins such 

as adhesins, pili (fimbriae), and others) [43]. Adhesion abilities 

are intrinsic to the single bacterial strain [44], and biological 

markers such as cell surface proteins, exopolysaccharides, and 

lipoteichoic acid have been associated with this phenomenon [42-

44]. Evidence indicates that L. gasseri, L. plantarum, L. 

paracasei, L. rhamnosus, L. acidophilus, L. vaginalis, B. breve, 

and B. animalis lactis are able to adhere to the gastrointestinal 

cells via different mechanisms [45-48]. Probiotics can exert their 

positive effects both transiently, not colonizing the intestine or 

long-term by adhering to the intestine. The three cell lines (HT-

29, HT29-MTX, and Caco-2) in this study are derived from the 

epithelial colorectal adenocarcinoma, the most representative for 

in vitro models of adhesion [49]. Although some studies have 

been published regarding fermented food and the adhesive 

properties of probiotic strains, there has been a lack of 

investigation about how food matrices could influence the 

adhesiveness of microorganisms. Strains grown in the reference 

media had good performance adhering to the three cell lines. For 

the normal growth media, the percentage of adhesion of strains to 

enterocyte-like Caco-2 cells was higher than adhesion to the 

mucus-secreting HT29-MTX intestinal cells. The only value 

under the detection limit was recorded for L. vaginalis LMG S-

30427 to HT-29. Little has been published about the adhesive 

capacity of L. vaginalis strains on HT-29, even if Martin et al. 

recorded a good percentage of adhesion [46]. Unfortunately, it is 

difficult to compare our data with other research due to the 

diverse adhesion assay approaches influenced by many factors, 

including medium growth, pH, and bacterial concentration [50]. 

Nevertheless, our data suggest that adhesion properties are strain-

dependent and not species-dependent because probiotic bacteria 

have different strategies to adhere to the gastrointestinal cells 

[51]. L. rhamnosus LMG S-30426 and L. rhamnosus LMG S-

29885 had incomparable percentages of adhesion to the three cell 

lines we used, even though they belonged to the same species. In 

addition, L. plantarum spp. exhibited different behaviours when 

incubated with the gastrointestinal cells. The data indicated 

patterns of adhesion different for each strain, probably due to the 

different expression of ligands on the cell surfaces of HT-29, 

HT29-MTX, and Caco-2cells [52]. The ecological origin of the 

strains seemed not to influence the adhesive properties when 

cultured in reference media. L. rhamnosus LMG S-30426 and L. 

rhamnosus LMG S-29885, derived from humans and plants, 

respectively, demonstrated relatively good adhesive properties 

with behaviour particular to each cell line, regardless of the 

origin. This event suggests that the origin may affect their 

capacity for adhesion [53], but the provenience of the strain is not 

a limit for adhesiveness to cells. L. rhamnosus LMG S-29885 had 

higher percentages of adhesion than L. rhamnosus LMG S-

30426. These data support the hypothesis that mechanisms of 

probiotic adhesion are influenced mainly by strain-specificity, 

but also by the selected in vitro cell models. Moreover, different 

strain origins seemed not to influence the adhesiveness to human 

cells. 

 

      The second step was to evaluate the effects of weaning 

foods on strain adhesiveness. With regards to apple puree, our 

data show that the adhesion of several Lactobacillus spp. was 

affected, especially those of human origin (L. gasseri LMG S-

30423 and LMG S-30420, L. vaginalis LMG S-30427, and 

bifidobacteria). For L. rhamnosus spp., we observed a decrease 

in adhesiveness; the human origin strains L. rhamnosus LMG 

S-30426 and ATCC 53103 reduced adhesion, whereas the plant 

origin L. rhamnosus LMG S-29885 seemed to not be affected. 

In addition, all tested L. plantarum strains slightly increased 

their adhesiveness despite their source. In agreement with our 

data, Sredkova et al. found that lactobacilli pre-treated with 

pectin, a typical compound in apples influenced their 

mechanisms of adhesion, exhibiting a loss of adhesive 

properties [54]. 

 

      Tamminen et al. reported that in vitro adhesion of L. 

rhamnosus ATCC 53103 to human colon mucus decreased after 

fermentation in carrot juice [55]. Our results suggest that 

increased adhesion can be attributable not to physical bonds, 

but to other interactions, such as those between the strain and 

intestinal cells. In addition, rice cream reduced the adhesion 

capacity of most of the tested strains, whereas the oat-based 

medium had positive effects on L. plantarum adhesion to the 

three cell lines. 

 

      Several reviews have indicated that the composition of the 

growth medium changes the adhesion of probiotics [56, 57]. For 

example, Ranadheera et al. observed that the adhesion of each 

probiotic strain to Caco-2 cells is dependent on the type of 

yogurt used in the assay compared to the normal condition used 

in their experiments [58]. A bacterial strain can produce 

exopolysaccharide with different rheological properties, 

exploiting the different carbon sources present in the medium 

[59]. Furthermore, stress conditions can alter cell surface 

properties. For example, L. rhamnosus ATCC 53103 down 

regulates the exopolysaccharide gene in response to bile [59]. 
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Both the manufacturing process and food matrix influence 

probiotic adhesion properties and the exclusion of pathogens 

[12]. These changes could be due to alterations in the bacterial 

surface, including hydrophobic characteristics, or depend on 

various factors, such as culture media, growth phase, 

temperature, and pH [60]. In line with our results, Aissi et al. 

reported that the adhesion of bifidobacteria to intestinal mucosa 

could be influenced by environmental factors [48]. However, 

few studies have focused only on the effects of food matrices in 

sustaining strain growth during fermentation and protecting it 

during digestion in vitro [61], regardless of the adhesion 

properties. Thus, a specific strain could be associated with a 

food matrix, not only for its delivery and survival during 

gastrointestinal transit, but also to foster intestinal colonization.  

In light of the evidence, food matrix could modulate different 

events exerted by the strain on the host, finally resulting in 

mechanisms of synergy. Our findings also suggest that the 

effect of food matrix on the adhesiveness is strain-specific, and 

some vegetable food could positively or negatively affect the 

adhesive properties. In particular, the fermentation of weaning 

foods resulted in a synergistic effect on the adhesion of L. 

rhamnosus LMG S-30426 and B. breve LMG S-30421. During 

fermentation, bacterial strains produce a wide range of 

metabolites, some of which are bio available and bioactive with 

healthy properties, that can be absorbed by the gastrointestinal 

cells and exert their effect at the systemic level [62]. A 

metabolomic study conducted by Tomita et al. provided 

information on the different functional and nutritional 

properties of fermented food in the presence of several 

Lactobacillus spp. in terms of metabolites [63]. In order to 

investigate these unique interactions between food and 

probiotic strains in more detail, we decided to move towards a 

metabolomic approach to identify peculiar bioactive 

metabolites generated by the probiotic fermentation of weaning 

foods. 

 

Conclusion 
 

      The mechanism of the interactions between complementary 

food and probiotics can be speculated. Beneficial bacteria could 

be a valid support for the transient phase of gut colonization 

during the weaning stage in order to improve the synergistic 

effect on the host. Accurate selection of specific strains 

combined with food matrices could promote acid and bile 

tolerance during digestion, and affect their adhesiveness to the 

gut mucosa.
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