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Abstract
Surface properties like hydrophobicity, aggregation ability, adhesion to mucosal surfaces and epithelial cells and transit time 
are key features for the characterization of probiotic strains. In this study, we used two Lactobacillus paracasei subsp. para-
casei strains (BGNJ1-64 and BGSJ2-8) strains which were previously described with very strong aggregation capacity. The 
aggregation promoting factor (AggLb) expressed in these strains showed high level of binding to collagen and fibronectin, 
components of extracellular matrix. The working hypothesis was that strains able to aggregate have an advantage to resist 
in intestinal tract. So, we assessed whether these strains and their derivatives (without aggLb gene) are able to bind or not to 
intestinal components and we compared the transit time of each strains in mice. In that purpose parental strains (BGNJ1-64 
and BGSJ2-8) and their aggregation negative derivatives (BGNJ1-641 and BGSJ2-83) were marked with double antibiotic 
resistance in order to be tracked in in vivo experiments in mice. Comparative analysis of binding ability of WT and aggrega-
tion negative strains to different human intestinal cell lines and mucin revealed no significant difference among them, exclud-
ing involvement of AggLb in interaction with surface of intestinal cells and mucin. In vivo experiments showed that surviving 
and transit time of marked strains in mice did not drastically depend on the presence of the AggLb aggregation factor.
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Introduction

Lactobacilli are used in the food industry for the production 
of an array of fermented products. Most lactobacilli present 
in human feces are clearly allochthonous members derived 
from fermented food, the oral cavity or proximal parts of the 
gastrointestinal tract (GIT) (Walter 2008). Given the role 
of lactobacilli in metabolic, nutritional, physiological and 
immunological processes in the human body, interest in the 
promotion of human health and prevention or treatment of 
several diseases by bacteria of the genus Lactobacillus has 
recently increased (Dar et al. 2018; Esmaeili et al. 2018; 
Gerritsen et al. 2011; Rajoka et al. 2018; Messaoudi et al. 
2013).

Cell surface proteins of microbes are in primary contact 
with gut environment, adapting to stress conditions and 
involved in cell protection and surface recognition (Vinu-
sha et al. 2018). Aggregation factors are important surface 
components (Lozo et al. 2007; Kojic et al. 2011; Miljko-
vic et al. 2015). Aggregation factors belong to the family 
of proteins called Snow-flake Forming Collagen Binding 
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Aggregation Factors (SFCBAF) and represent surface high 
molecular weight molecules, rich in threonine and lysine and 
are free of cysteine in all the aggregation factors described 
so far (Miljkovic et al. 2018). Little is known about specific 
biological role of aggregation factors in the environment of 
gut. Probiotic lactobacilli strains, Lactobacillus rhamnosus 
GR-1 and Lactobacillus reuteri RC-14 exhibited strong auto-
aggregation and co-aggregation phenotypes in the presence 
of Candida glabrata, which indicate that these lactobacilli 
strains may exert their probiotic effects through the forma-
tion of aggregates and, thus the consequent prevention of 
colonization by C. glabrata (Chew et al. 2015). One of the 
proposed mechanisms that could increase the potential of 
bacteria to survive and persist longer in the GIT is their 
ability to aggregate (Muthu Selvam et al. 2016; Waśko et al. 
2014; García-Cayuela et al. 2014). In addition, adhesion to 
intestinal cells seems mediated by aggregation factors pro-
viding successful colonization and leading to exclusion 
of pathogens and/or immunomodulation (McNaught and 
MacFie 2001; Kravtsov et al. 2008; Veljović et al. 2017). 
However, adhesion to epithelial cells or mucus layer does not 
necessarily give a selective advantage in the gut (Radziwill-
Bienkowska et al. 2017; Turpin et al. 2013) and a long transit 
time in the gut may not be sufficient to maximize the benefi-
cial effects of a given strain (Miquel et al. 2015).

We previously showed that aggregation factors from 
Lactobacillus paracasei subsp. paracasei BGNJ1-64 
and BGSJ2-8 possess the crucial role in cell aggregation, 
increase hydrophobicity and contribute to the specific 
binding of strains to immobilized collagen and fibronectin 
(Miljkovic et al. 2015, 2016). Since AggLb plays an impor-
tant role in the interaction between bacteria and binding to 
the different surfaces, simultaneously changing physico-
chemical characteristics on the surface, a main focus of this 
study was to determine the contribution of AggLb aggrega-
tion factor in interaction with intestinal mucosa.

Material and methods

Bacterial strains and growth conditions

The strains and their derivatives used in this study are 
listed in Table 1. Lactobacillus strains were grown in De 
Man-Rogosa-Sharpe (MRS) (Merck GmbH, Darmstadt, 
Germany) medium at 30 °C. Agar plates were prepared by 
addition of agar (1.5% w/v) to MRS broth. For growth of 
the labelled strains (BGNJ1-64/SmrSpcrAgg+, BGNJ1-64/
SmrSpcrAgg−, BGSJ2-8/SmrSpcrAgg+ and BGSJ2-8/SmrSp-
crAgg−) the following antibiotic concentrations were used: 
streptomycin (Sm) 1000 μg/ml and spectinomycin (Spc) 
500 μg/ml (MRS Sm/Spc). All strains were stored in growth 
medium containing 15% glycerol at − 80 °C.

Adhesion test to Caco2, HT29 and HT29‑MTX cell 
lines

The colonocyte-like cell lines: Caco2 (from passages 47 
to 51), HT29 (from passages 62 to 65) and its mucus-
secreting derivative HT29-MTX (from passages 50 to 53) 
were used to determine the adhesion ability of the lacto-
bacilli strains. Cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Lonza, Switzerland) supple-
mented with heat-inactivated fetal bovine serum (FBS) 
(20% for Caco2; 10% for HT-29 and HT29-MTX cells) and 
1% l-glutamine at 37 °C with 10% of  CO2. Intestinal cells 
were seeded at a concentration of 8 × 106 for Caco-2 and 
1 × 107 for HT29 and HT29-MTX cells/well into 24-well 
plates and cultivated until confluent differentiated mon-
olayers were obtained. Twenty-four hours before bacterial 
co-culture the culture medium was changed to a medium 
with 5% heat-inactivated FBS and 1% glutamine.

Table 1  Strains and derivatives used in this study

r resistance, Agg+ aggregation positive, Agg− aggregation negative, Bac+ bacteriocin producer, Prt+ proteolytically active

Strains General characteristics Source or references

Lactobacillus paracasei subsp. paracasei
BGNJ1-64 Natural isolate BGNJ1-64;  Agg+ Miljkovic et al. (2015)
BGNJ1-641 Derivative of BGNJ1-64;  Agg− Miljkovic et al. (2015)
BGNJ1-64/SmrAgg+ Derivative of BGNJ1-64 resistant to streptomycin;  Agg+ This work
BGNJ1-64/SmrSpcrAgg+ Derivative of BGNJ1-64 resistant to streptomycin and spectinomycin;  Agg+ This work
BGNJ1-64/SmrSpcrAgg− Derivative of BGNJ1-64/SmrSpcrAgg+ obtained by plasmid curing experiments;  Agg− This work
BGSJ2-8 Natural isolate;  Agg+,  Prt+,  Bac+ Lozo et al. (2007)
BGSJ2-83 Derivative of BGSJ2-8;  Agg−,  Prt+,  Bac+ Lozo et al. (2007)
BGSJ2-8/SmrAgg+ Derivative of BGSJ2-8 resistant to streptomycin;  Agg+ This work
BGSJ2-8/SmrSpcrAgg+ Derivative of BGSJ2-8 resistant to streptomycin and spectinomycin;  Agg+ This work
BGSJ2-8/SmrSpcrAgg− Derivative of BGSJ2-8/SmrSpcrAgg+ obtained by plasmid curing experiments;  Agg− This work
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Overnight cultures of lactobacilli were washed twice with 
Dulbecco’s PBS solution (Sigma-Aldrich) and resuspended 
in the corresponding cell line media without antibiotics at a 
concentration of about  108 CFU/ml. Adhesion experiments 
were carried out for 2 h at 37 °C, 5%  CO2 and, afterwards, 
wells were gently washed (three times with 300 μl of PBS) 
to release unattached bacteria. The viable adherent bacte-
ria were scraped with 200 μl of 0.05% (v/v) Triton X-100 
(Sigma-Aldrich, St. Louis, MO, USA). Dilutions of samples, 
before and after adhesion, were made in PBS solution and 
bacteria counts were performed on MRS Sm/Spc agar plates. 
Adhesion was expressed as the percentage of adhered bacte-
ria with respect to number of added bacteria. Experiments 
were carried out in two replicated plates and in each plate 
three wells were used per sample.

Immunomodulation

HT-29 cells were cultured in the same manner by the proto-
col described above. On co-culture day, bacteria were added 
at a multiplicity of infection (MOI) of 1:40 in 50 μl DMEM, 
in a total volume of 500 μl. Cells were stimulated simultane-
ously with recombinant human TNF-α (5 ng/ml, Peprotech, 
USA) for 6 h at 37 °C in 5%  CO2. After co-incubation, cell 
supernatants were collected and frozen at − 80 °C until fur-
ther analysis of IL-8 concentrations by ELISA (Biolegend, 
USA) (Kechaou et al. 2013).

Binding to mucin

Type III mucin from porcine stomach (PGM) (Sigma-
Aldrich, St. Louis, MO, USA) was suspended/solubilized 
in PBS (10 mg/ml). This solution was left 90 min at 4 °C 
and 100 µl of mixture was immobilized into polystyrene 
microtiter plate wells (Thermo Fisher Scientific, Nunc A/S, 
Waltham, MA, USA), which were then incubated 1 h at 
37 °C followed by overnight incubation at 4 °C. Bacterial 
overnight cultures were centrifuged (5000×g for 10 min) and 
washed twice with PBS, and the absorbance  (A600nm) was 
adjusted to 0.1 ± 0.01 to standardize the number of bacte-
ria (approximately 1.5 × 108 CFU/ml). After immobiliza-
tion, wells were washed twice with 200 µl PBS and then 
bacterial cultures were added (100 µl) and incubated 2 h at 
37 °C. Non-adherent bacterial cells were removed by care-
fully washing the wells three times with 200 μl of PBS. The 
viable adherent bacteria were scraped with 0.05% (v/v) Tri-
ton X-100 (Sigma-Aldrich, St. Louis, MO, USA). Dilutions 
of samples, before and after adhesion, were made in PBS 
solution and bacteria counts were performed on MRS Sm/
Spc agar plates. Adhesion was expressed as the percentage 
of adhered bacteria with respect to number of added bac-
teria. Three independent experiments were carried out in 
triplicates.

In vivo approach

This study was carried out by using the antibiotic (Sm and 
Spc) labelled derivatives of two wild type strains (with the 
strong aggregation ability: BGNJ1-64 and BGSJ2-8) and 
their derivatives without aggregation ability (BGNJ1-641 
and BGSJ2-83).

Construction of derivatives

Lactobacilli strains used for in vivo study were selected for 
double antibiotic resistance: streptomycin (Sm) 1000 μg/
ml and spectinomycin (Spc) 500 μg/ml to distinguish them 
from indigenous microbiota. This selection was performed 
as follows: (i)  108 colony forming units (CFU) from an 
overnight culture of BGNJ1-64 and BGSJ2-8 (in parallel 
for both strains) were plates on MRS agar supplemented 
with Sm (1000 μg/ml). Spontaneous  Smr mutants, named 
BGNJ1-64/SmrAgg+ and BGSJ2-8/SmrAgg+ (Table  1) 
were visible after 2 or 3 days of incubation at 30 °C; (ii) 
 108 CFU from an overnight culture of BGNJ1-64/SmrAgg+ 
and BGSJ2-8/SmrAgg+ were plated on MRS agar supple-
mented with Sm (1000 μg/ml) and Spc (500 μg/ml). Spon-
taneous mutants were visible after 2 or 3 days of incubation 
at 30 °C. The obtained derivatives, BGNJ1-64/SmrSpcrAgg+ 
and BGSJ2-8/SmrSpcrAgg+ (Table 1) were used for fur-
ther experiments; (iii) to obtain derivatives of BGNJ1-64/
SmrSpcrAgg+ and BGSJ2-8/SmrSpcrAgg+, which had lost 
the ability to aggregate, plasmid curing experiments were 
performed as described previously (Kojic et al. 2005). Loss 
of the aggLb gene was confirmed by PCR according to the 
protocol specified by Miljkovic et al. (2015). Selected aggre-
gation deficient derivatives were named BGNJ1-64/SmrSp-
crAgg− and BGSJ2-8/SmrSpcrAgg− (Table 1) and used for 
in vivo experiments. Clonality of selected derivatives was 
confirmed by pulse-field gel electrophoresis (PFGE) as 
described previously by Kojic et al. (2006).

In vivo experiment

Conventional C57Bl/6 mice (males, 6 weeks of age; Janvier 
Labs, Le Genest Saint Isle, France) were maintained under 
normal husbandry conditions in the animal facilities of the 
INRA IERP Unit (Jouy-en-Josas, France). A total of 25 mice 
were housed in 5 cages (5 mice per cage) and fed with auto-
claved food and water ad libitum. All animal experiments 
began after 1-week acclimatization and next 3 days a dose 
of 1.4 mg/day of clindamycin was administered subcuta-
neously. One day later,  109 CFU of each strain in 0.1 ml 
of 0.9% saline solution were administered by gavage using 
a feeding tube. Stool samples were collected before anti-
biotic treatment (day 0), after antibiotic treatment (day 3; 
immediately before gavage) and after bacterial inoculation 
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(days 4, 5, 6 and 8). Indigenous/ total lactobacilli were 
monitored by plating on MRS plates, while the inoculated 
strains were monitored by plating onto MRS supplemented 
with Sm (1000 μg/ml) and Spc (500 μg/ml) (necessary for 
elimination of  Smr and  Spcr microbiota present in faeces 
and permissive for the BGNJ1-64/SmSpcAgg+, BGNJ1-
64/SmSpcAgg−, BGSJ2-8/SmSpcAgg+ and BGSJ2-8/
SmSpcAgg− strains). Comparison of kinetics of Lactoba-
cillus derivatives was performed at each time point to assess 
difference by Mann–Whitney test (Graph Pad prism).

Scanning electron microscopy analyses

Bacterial suspensions of selected strains with aggregation 
factors expressed on the cell surface (BGSJ2-8) and with-
out aggregation ability (BGSJ2-83) immersed in a fixative 
solution (2.5% glutaraldehyde in 0.2 M sodium cacodylate 
buffer, pH 7.4) were deposited on sterile cover-glasses discs 
(Marienfeld, VWR, France) and stored 1 h at room tem-
perature and overnight at 4 °C. The fixative solution was 
removed, and samples were rinsed three times for 10 min 
in the sodium cacodylate solution (pH 7.4). The samples 
underwent progressive dehydration by soaking in gradually 
increased concentrations of ethanol (50 to 100%) before crit-
ical-point drying under  CO2. Samples were mounted on alu-
minium stubs (10 mm diameter) with carbon adhesive discs 
(Agar Scientific, Oxford Instruments SAS, GOMETZ-LA-
VILLE, France) and sputter coated with platinum (Polaron 
SC7640, Elexience, Verrières-le-buisson, France) for 200 s 
at 10 mA. Samples were visualized by field emission gun 
scanning electron microscopy. They were viewed as second-
ary electron images (2 kV) with a Hitachi S4500 instrument 
(Elexience, Verrières-le-buisson, France). Scanning Electron 
Microscopy analyses were performed at the Microscopy and 
Imaging Platform MIMA2 (INRA, Jouy-en-Josas, France).

Images containing almost the same number of bacteria 
(precisely 1470 were measured) were used at the same mag-
nification for each strain. The length of bacteria was meas-
ured using the imaging software Fiji.

Results

Characterisation of adhesion between bacteria 
and human intestinal cell lines

To estimate the role of the aggregation factor AggLr in the 
adhesion ability of aggregating strains, we performed com-
parative analysis of strains BGSJ2-8 and BGNJ1-64 and the 
corresponding non-aggregating derivatives BGSJ2-83 and 
BGNJ1-641  (Agg−) using Caco2, HT29 and HT29-MTX 
cell lines that express different molecules on their cell sur-
face with the latter characterized by mucus production.

Results of BGNJ1-64, BGNJ1-641 and BGSJ2-8 bind-
ing to the intestinal cell lines showed a low (~ 3%) binding 
ratio. No difference in binding ability was observed between 
BGNJ1-64 and BGNJ1-641 with the three cell lines. On the 
contrary, the binding ratio of strain BGSJ2-83 was slightly 
higher between twofold and fourfold (Fig. 1). Literature data 
reported that other probiotic strains showed similar bind-
ing ability to Caco2 cells (Tuomola and Salminen 1998; 
Bogovic-Matijasevic et al. 2003). The results suggest that 
the binding ability of the non-aggregating BGSJ2-83-deriv-
ative correlate with mucin production, but it is not in relation 
with the presence of AggLb protein, even on the contrary.

We also determined the contribution of aggregation in 
the modulation of IL-8 secretion by HT29 cells stimulated 
with TNF-α. Differences/variations in IL-8 production 
between analysed strains BGNJ1-64 and BGNJ1-641 as well 

Fig. 1  Adhesion to cell lines. Adhesion of analyzed lactobacilli 
strains to A Caco2; B HT-29 and C HT29-MTX cell lines. Efficiency 
of adhesion was expressed as % of adhered viable bacterial cells. 
Error bars show standard deviations of three independent assays
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as BGSJ2-8 and BGSJ2-83 were not observed. This result 
indicates that the presence of AggLb on the bacterial cell 
surface does not contribute to the IL-8 production/immu-
nomodulatory effect.

Adhesion to mucin

We next analyzed the role of lactobacilli aggregation fac-
tor in interaction of the bacterial cells to mucin - the most 
prevalent ECM component, in comparative binding test of 
aggregating (BGSJ2-8 and BGNJ1-64) and non-aggregating 
(BGSJ2-83 and BGNJ1-641) strains. All strains showed very 
low level of binding to mucin, although non-aggregating 
derivative BGSJ2-83 showed a higher degree of binding to 
mucin compared to the other strains (Fig. 2). This result is in 
line with the higher binding of BGSJ2-83 to HT29-MTX cell 
line producing mucus. Based on results obtained in adhe-
sion assay, we can conclude that the AggLb aggregation 
factor is not involved in the interaction with mucin; cells 
expressing AggLb do not exhibit increased binding, on the 
contrary in the BGSJ2-83 strain, a slight increase of binding 
was observed in the absence of AggLb.

In vivo experiments

To evaluate the colonization potential of aggregating and 
non-aggregating strains, each strain was inoculated to anti-
biotic-treated mice (Fig. 3A). The level of total lactobacilli 
was not different between the four groups of mice (Fig. 3B). 
The results of the enumeration of the inoculated strains on 
selective media showed that the number of tested strains 

decreased over time, reaching level between  103 cfu/g of fae-
ces and below the detection level  (102 cfu/g of faeces) eighth 
days after inoculation (Fig. 3C). A comparison of carriage 

Fig. 2  Mucin binding assay. Graphical presentation of binding capa-
bility of analyzed lactobacilli strains to immobilized mucin. Results 
were expressed as % of adhesion to mucin. Error bars show standard 
deviations of three independent analyses

Fig. 3  In vivo approach. A Schematic representation of in  vivo 
experiment; B results of enumeration of endogenous/total lactoba-
cilli in feces and C survive/retention of ingested tested lactobacilli 
strains in GIT of mice during period of 8  days. Error bars present 
standard deviation obtained by enumeration of lactobacilli in feces of 
five identically treated animals. For details see Materials and meth-
ods. Statistical analysis was based on Mann Whitney test, ** for p 
value = 0.0079 at D4 and D5 between mice inoculated with BGNJ1-
64 Agg + and with BGNJ1-64  Agg−
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at each time points was performed and revealed no signifi-
cant differences between aggregating and non-aggregating 
strains, with the exception of BGNJ1-64 strain at day 4 and 
at day 5 (p = 0.0079). With four out of five mice still colo-
nized, BGNJ1-8/SmrSpcrAgg− derivative showed the high-
est persistence in comparison to other strains. To a lesser 

extent, 3 out of 5 mice were still colonized with BGNJ1-
64/SmrSpcrAgg−. These results support the longer transit 
time and/or colonization potential of the non-aggregating 
strains, indicating that the AggLb aggregation factor does 
not contribute to the increase in retention of lactobacilli in 
the gastrointestinal tract.

Fig. 4  The aggregation fac-
tor on cell surface influences 
the length of bacterial cells. 
A Representative images of 
BGSJ2-83  (Agg−) and BGSJ2-8 
 (Agg+) strains acquired by 
scanning electron microscope; 
B the number of cells of differ-
ent size measured within each 
group -1470 cells; C graphical 
presentation of the length of the 
cells and frequency
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Cells of aggregating positive BGSJ2‑8 strain are 
longer

The size and morphology of cells possessing the ability to 
aggregate was compared with those that loss the aggrega-
tion ability. Using scanning electron microscopy the lengths 
of the bacterial cells of BGSJ2-8 strain (expressing aggrega-
tion ability) and its derivative BGSJ2-83 (without ability to 
aggregate) were compared. On the same magnification, at first 
glance, it was noticed that the aggregating cells were longer 
and more compact (Fig. 4A). After measurement of 1470 cells 
for both strains, it was found that cells of aggregating strain 
BGSJ2-8 were significantly longer compared to cells of non-
aggregating derivative BGSJ2-83 (Fig. 4B, C). The presence 
of the AggLb aggregation factor on the cell surface in some 
way influences the cell size and probably their behaviour.

Discussion

Lactobacilli play an important role in the life and health 
of humans and animals. While some resident lactobacilli 
permanently inhabit distinct mucosal cavities, others are pro-
vided by food and may transiently occupy the gastrointesti-
nal tract. Lactobacilli have also been detected in substantial 
amounts in the different tracts although the actual numbers 
are subject to huge variations depending on individuals and 
their health status (George et al. 2018). Aggregation fac-
tors expressed on the surface of some strains of lactic acid 
bacteria present important surface component that could be 
involved in interaction with bacterial cells of other bacterial 
species and host. The goal of this study was to evaluate the 
role of AggLb aggregation factor (belonging to SFCBAF 
type) in interaction with human intestinal cell lines, matrix 
components such as the mucin, as well as the contribution 
to retention of lactobacilli in the gastrointestinal tract. The 
results of this study show that AggLb is not involved in any 
of the tested functions. It is interesting that one nonselective 
phenotype encoded by plasmid-located gene can persist in 
bacterial population (Miljkovic et al. 2015). Aggregation is 
very characteristic phenotype of bacterial population that 
change surface characteristic and behaviour. Only bacte-
rial cells that express AggLb aggregate together indicating 
that interaction between cells occurs rather between AggLb 
domains than between AggLb and other cell surface com-
ponents (Miljkovic et al. 2016). The presence of aggrega-
tion molecule of high molecular mass on cell surface could 
influence the expression of other phenotypes like protein-
ase activity most probably by reducing the availability of 
the enzyme substrate interaction and modifying the surface 
hydrophobicity (Lozo et al. 2007; Miljkovic et al. 2015). 
Similarly, binding of BGSJ2-83  Agg−strain to mucin and 
human intestinal cell lines could be explained by a better 

access of other bacterial cell wall components for binding 
to mucin or other components of host cells. Furthermore, 
AggLb does not significantly influence transit time of lacto-
bacilli through the gastrointestinal tract of mice. Retention 
time of 8 days after administration is usual for probiotic 
strains administered at once (Van Zyl et al. 2018), and was 
little prolonged for Agg negative derivatives. Faster shed-
ding of Agg plus strains could be explained by a more effi-
cient removal of bacterial aggregates than individual bacte-
rial cells by intestinal peristalsis rather than by a reduced 
interaction with epithelial cells. (Lukic et al. 2012, 2014). 
In addition, we observed that AggLb expressing cells are 
significantly longer than their Agg- minus derivatives. Inter-
estingly, increased cell size and overall surface would pro-
tect from phagocytosis and facilitate enhanced attachment 
to host surfaces as well as would increase fitness and survive 
stationary phase (Yang et al. 2016), but in contrast Agg-
minus derivatives could benefit from being longer in GIT.

Conclusion

To summarise this study indicates that AggLb aggrega-
tion factor is not involved in interaction with mucin and 
human intestinal cell lines. In vivo experiments strongly 
support conclusions obtained by in vitro confirming no 
involvement of AggLb in transit time of lactobacilli in 
gastrointestinal tract.
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