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Abstract

Objectives The objective of this study was to

evaluate the ability of Lactobacillus curvatus

CRL705, CRL1532, and CRL1533 and Lactobacillus

sakei CRL1613 to survive under simulated gastroin-

testinal conditions. Moreover, a microencapsulation

approach was proposed to improve gastrointestinal

survival. Finally, experiments were performed to

demonstrate that Lactobacillus spp. can modulate the

ability of Listeria monocytogenes FBUNT to adhere to

and invade Caco-2 cells.

Results Lactobacillus strains were encapsulated in

alginate beads to enhance the survival of bacteria

under in vitro gastrointestinal conditions. All strains

hydrolyzed bile salts using chenodeoxycholic acid as a

substrate and adhered to Caco-2 cells. Cell-free

supernatants (CFSs) showed antimicrobial activity

against L. monocytogenes as demonstrated by agar

diffusion assays. The average percentages of L.

monocytogenes adhesion decreased from 67.74 to

41.75 and 38.7% in the presence of 50 and 90% (v/v),

respectively, for all CFSs tested. The highest concen-

trations of CFSs completely inhibited the L. monocy-

togenes invasion of Caco-2 cells.

Conclusions The studied Lactobacillus strains have

protective effects against the adhesion and invasion of

L. monocytogenes FBUNT. Alginate encapsulation of

these bacteria improved gastrointestinal tolerance

such that they could be further studied as potential

probiotics against intestinal pathogenic bacteria.

Keywords Adhesion � Invasion � L. monocytogenes �
Probiotic

Introduction

Listeria monocytogenes is primarily a foodborne

bacterium that causes a moderately low number of

infections per year (ca. 23,150 cases worldwide in

2010), but it is of major concern due to the high fatality

rate in such cases (20–30%). The disease, named

listeriosis, can manifest as a mild to severe gastroen-

teritis in most individuals, even with the ingestion of

heavily contaminated food (up to 109 bacterial cells).

However, in the cases of immunocompromised

patients, pregnant women, children and the elderly,

the ingestion of food even with a low number of
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bacteria (* 102 to 104 cells) can lead to bacterial

sepsis (Radoshevich and Cossart 2018). Controlling

Listeria monocytogenes is a challenge for the food

industry due to the bacterial arsenal of regulatory

factors that confer the ability to oscillate between

survival in the environment and survival in the human

host (Radoshevich and Cossart 2018). Lactic acid

bacteria (LAB) produce many antimicrobials with a

long tradition of use in food preservation (Ndahetuye

et al. 2012). Among the LAB-produced antimicro-

bials, there is great interest in bacteriocins, which are

ribosomally encoded peptides that selectively kill

phylogenetic relatives (Ndahetuye et al. 2012; Ghe-

quire and De Mot 2018). Interestingly, there are many

reports on bacteriocins produced by LAB with

antilisterial activity (Fontanta et al. 2015). Moreover,

many strains of Lactobacillus naturally colonize the

intestine and can be used as probiotics to develop

commercial products. Probiotics are defined as live

microorganisms that when administered in adequate

amounts, confer a health benefit to the host (FAO/

WHO 2001; Hill et al. 2014). The FAO/WHO (2002)

recommends the selection of probiotics by evaluating

(i) gastrointestinal resistance, (ii) ability to hydrolyze

bile salts, (iii) adhesion to intestinal epithelial cells,

(iv) inhibition of adhesion of pathogens and (v) an-

timicrobial activity toward pathogenic bacteria. It is

crucial to guarantee the viability of probiotic strains

during their gastrointestinal transit, and their encap-

sulation in hydrocolloid beads may protect them from

adverse conditions (Shah et al. 2016).

Lactobacillus curvatus CRL705, isolated from

fermented artisanal sausage, produces lactocin 705

(a two-component peptide) and lactocin AL705 (an

anti-Listeria peptide), which are active against other

LAB, Brochothrix thermosphacta and different strains

of Listeria (Castellano et al. 2001, 2003). L. curvatus

CRL1532 and CRL1533 and L. sakei CRL1613 are

also meat isolates that produce antimicrobial peptides,

and these LAB survive at low temperatures and

tolerate high salt concentrations (Fontana et al. 2005).

The aim of this study was to encapsulate L. curvatus

CRL705, CRL1532, and CRL1533 and L. sakei

CRL1613 to enhance bacterial survival during gas-

trointestinal exposition and evaluate the probiotic

potential of these bacteriocinogenic strains, with a

focus on the mitigation of L. monocytogenes by

decreasing the bacterial adhesion to and invasion of

eukaryotic cells.

Methods

Bacterial strains

Lactobacillus curvatus CRL705, CRL1532, and

CRL1533 and Lactobacillus sakei CRL1613 were

isolated from fermented sausages and meat (Fontana

et al. 2005). Listeria monocytogenes FBUNT was

provided by the Facultad de Bioquı́mica Quı́mica y

Farmacia, UNT, Argentina.

Bacterial encapsulation

Lactobacillus curvatus CRL705, CRL1532, and

CRL1533 and L. sakei CRL1613 were encapsulated

using a mixture of calcium alginate solution and skim

milk (0.5% fat) according to Ross et al. (2008) with

minor modifications. Bacterial cultures grown in MRS

broth were centrifuged at 10009g for 10 min, washed

with sterile distilled water and resuspended in skim

milk. Then, equal volumes of 9 g sodium alginate l-1

and 200 g skim milk bacterial suspension l-1

(* 1 9 1010 cfu/ml) were gently mixed together.

This alginate mixture was introduced into a 5 ml

sterile syringe (Terumo�, Leuven, Belgium) and

extruded through a needle (27.5 G: 13 mm long 9

0.4 mm diameter, Terumo�). The alginate mixture

was aseptically dropped into a 0.1 M calcium chloride

solution (hardening solution) over 30 min. Calcium

alginate capsules were formed by the cross-linking of

sodium alginate in the presence of calcium ions.

Finally, calcium alginate capsules were rinsed twice

with distilled water, obtaining a mean diameter of

2 mm. The encapsulation yield (EY) was calculated

by dividing the viable count of disrupted capsules by

the initial cell load (DePrisco et al. 2015). Each

bacterial suspension in skim milk without an encap-

sulating medium served as a free cell control. The

bacterial population was evaluated by plating on an

MRS agar medium and incubating at 30 �C for 48 h.

Evaluation of free and encapsulated bacterial

resistance after simulated gastrointestinal (SGI)

transit

Bacterial viability after simulated gastric and intesti-

nal exposition was evaluated according to a modified

protocol by Abeijón Mukdsi et al. (2016). Briefly,

artificial gastric fluid, pH 3, was adjusted with HCl
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(100 mM). Gastric juice consisted of NaHCO3

(45 mM), KCl (7 mM), NaCl (125 mM), and 3 g

pepsin l-1 (Sigma-Aldrich). Simulated intestinal

solution, pH 8, was adjusted with NaOH (5 mM).

The intestinal juice composition was 3 g Oxgall l-1

(dehydrated fresh bile; Sigma-Aldrich) and 1 g pan-

creatin l-1 (ICN Biomedicals). In brief, 1 ml of

bacterial suspension (* 1 9 1010 cfu/ml) was trans-

ferred to simulated gastric juice (5 ml) and incubated

at 37 �C in a shaker (MaxQ 4450, ThermoFisher) for

2 h. Next, the cells were harvested by centrifugation

(65009g, 5 min), washed twice with sterilized saline

solution (9 g NaCl l-1) and re-incubated with agita-

tion at 37 �C in simulated intestinal juice for 2 h.

Additionally, 30 capsules were placed in simulated

gastric juice and subsequently in intestinal solutions,

as described above. Viable bacteria after gastric and

gastrointestinal exposition were enumerated by deci-

mal dilution and plating on MRS agar, followed by

incubation at 30 �C for 48 h. All experiments were

performed at least twice, and colony counts were

expressed as the log10 of cfu/ml.

Bile salt hydrolase (BSH) activity

MRS agar plates supplemented with 5 g chenodeoxy-

cholic acid l-1 (Sigma-Aldrich) and 0.37 g CaCl2 l-1

(Vetec) were spotted with 10 ll of each overnight

culture of Lactobacillus and incubated at 37 �C for

72 h under anaerobiosis. The ability to hydrolyze bile

salts was evidenced by a precipitation zone around the

inoculation spots (Franz et al. 2001).

Anti-listeria activity of Lactobacillus cell-free

culture supernatant

To determine the antilisterial activity of L. curvatus

isolates (CRL705, CRL1532, CRL1533) and Lacto-

bacillus sakei CRL1613, the spot-on-lawn assay was

used. Briefly, overnight cultures of LAB in MRS broth

were centrifuged (65009g for 10 min), and the cell

free supernatants (CFSs) were heat treated (80 �C,

5 min); in addition, the pH was adjusted to 6.5 with

NaOH (4 N) and filtered sterilized. Serial two-fold

dilutions of supernatants (10 ll) were spotted onto

BHI plates (7 g agar l-1) previously inoculated with

50 ll of L. monocytogenes FBUNT. Cultures were

incubated at 30 �C for 48 h, and bacteriocin activity

was quantified based on Mayr-Harting et al. (1972) as

arbitrary units per milliliter (AU/ml), defined as the

reciprocal of the highest dilution that presented an

inhibition zone. Aliquots of the CFSs were reserved

for testing the ability of L. monocytogenes FBUNT to

adhere to and invade Caco-2 cells.

Epithelial cell line and adhesion assays

Caco-2 cells (ATCC HBT37) were obtained from the

Rio de Janeiro Cell Bank (UFRJ, Rio de Janeiro,

Brazil) and prepared according to Gomes et al. (2012).

The adhesion of LAB and L. monocytogenes to

epithelial cells was evaluated separately and in the

presence of CFSs. Briefly, overnight cultures of L.

curvatus CRL705, CRL1532, and CRL1533; L. sakei

CRL1613; and L. monocytogenes were harvested by

centrifugation at 65009g for 7 min and washed twice

with sterilized phosphate-buffered saline (PBS). The

pellets were resuspended in Dulbecco’s Modified

Eagle Medium (DMEM, Sigma-Aldrich) at final

concentrations of 1x108 cfu/ml for LAB and 107 cfu/

ml for L. monocytogenes. Caco-2 cells were expanded

in monolayers using 24-well plates with DMEM under

5% CO2 at 37 �C. LAB and Listeria monocytogenes

FBUNT cultures were inoculated on to the monolayers

(250 ll per well) for individual adhesion assays and

further incubation for 30 min. After incubation, non-

adherent bacterial cells were eliminated by washing

the eukaryotic cell monolayers twice with PBS. Cells

with adherent bacteria were harvested with trypsin,

centrifuged at 65009g for 5 min and resuspended in

PBS. Adherent LAB and L. monocytogenes cells were

enumerated on MRS and BHI agar plates, respec-

tively, and incubated for 24 h at 37 �C. Another set of

Caco-2 cell monolayers were inoculated with the

pathogen and DMEM in the presence of 50 and 90%

(v/v) of CFSs and treated as described above. The

adhesion capacity of LAB strains and Listeria mono-

cytogenes was expressed as the number of adherent

bacterial cells divided by the inoculum size (total

number of bacteria added) multiplied by 100. The

inhibition of adhesion of L. monocytogenes in the

presence of CFSs was expressed in percent and defined

as 100 (1 - T1/T2), where T1 and T2 correspond to

the numbers of adherent Listeria cells (cfu/well) in the

presence and absence of LAB CFSs, respectively

(Moroni et al. 2006).
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Influence of CFSs on Listeria monocytogenes

invasion of epithelial cells

Listeria monocytogenes (107 cfu/ml) was inoculated in

Caco-2 cell cultures as described in the previous

section and incubated for 60 min at 37 �C in a 5% CO2

atmosphere in the presence and absence of CFSs from

the different lactobacilli (50 or 90%). To kill the

noninternalized bacteria, the cells were washed twice

with PBS and incubated (60 min, 37 �C under 5%

CO2) in 250 ml of DMEM with 250 mg of gentamicin

per ml. The Caco-2 cell monolayer was washed with

PBS and lysed with 0.1% (v/v) Triton X-100 (Sigma-

Aldrich). The cell lysates were serially diluted in PBS

and surface plated onto BHI agar (0.1 ml) to enumer-

ate intracellular bacteria. The invasion efficiency

(percentage) was calculated as the log of the number

of intracellular bacterial cells (log cfu) divided by the

log of the total number of bacteria inoculated,

multiplied by 100 (Gomes et al. 2012). The inhibition

of invasion was defined as 100 (1 - TC/TL), where TC

and TL are the numbers of invading Listeria cells (cfu/

well) in the presence and absence of CFSs, respec-

tively (Moroni et al. 2006).

Statistical analysis

The results are presented as the averages of three

independent experiments with intra-assay triplicates,

and data were subjected to an analysis of variance

(ANOVA). Tukey’s multiple comparisons test was

applied to evaluate significant differences with a level

of significance of 5%. Analyses were performed using

the software Graph Pad Prisma 5, USA.

Results and discussion

Survival of free and encapsulated Lactobacillus

spp. in SGI conditions

Figure 1 shows there was a significant difference

(p\ 0.05) between the free initial cell load and the

population after 2 h under SGI conditions. Ross et al.

(2008) showed that the viability of free probiotic acid

lactic bacteria decreased by approximately 5 log

cycles under SGI compared to that of the initial cell

load, and similar results were reported by De Prisco

et al. (2015) for free Lactobacillus reuteri DSM

17938.

In the present study, to minimize the loss of

viability after SGI treatment, microorganisms were

encapsulated into alginate beads. The encapsulation

yield (EY) ranged from 85.39 to 98.92% (data not

shown), and no significant differences were found

among the four strains tested. Similar EY values were

reported by Corbo et al. (2016) using 20 g alginate l-1

as the matrix for the encapsulation of lactic acid

bacteria (92.9–96.8%). The EY obtained for the four

LAB strains evaluated showed that the encapsulation

parameters used in this study were suitable and a

significant (p\ 0.05), and a the probiotic cells

achieved higher tolerance to the SGI conditions.

Figure 1 shows that after the exposure of LAB to

SGI conditions, the viable cell count from the capsules

for all strains was higher than 9.30 cfu/ml. Alginate

encapsulation allowed viable cells to reach an appro-

priate level for use as a probiotic, based on the usual

effective dosage of 107–109 cfu/ml (Chandramouli

et al. 2004). These results indicate that LAB encap-

sulation using alginate as a matrix makes lactobacilli

safe and effective for oral delivery, supporting data

obtained by other authors (Chandramouli et al. 2004;

Ross et al. 2008).

Bile salt hydrolysis

All strains were able to hydrolyze bile salts, deter-

mined qualitatively by visual observation of precipi-

tation zones around the inoculation spot (Fig. 2). This

property is associated with the presence of conjugated

bile salt hydrolase.

Adhesion of lactobacilli strains to Caco-2 cells

All Lactobacillus strains presented intermediate

aggregative characteristics, showing an adhesion

range from 63.6 to 68.6% (Table 1). Consistent with

these results, other Lactobacillus strains reported in

the literature adhered to cell lines, such as Caco-2,

HT29 and HeLa 229 (Aazami et al. 2014). Cell

adherence is directly related to the aggregation

phenotype, which allows lactobacilli species to act

as barriers to prevent the colonization of the intestine

by pathogenic bacteria. The lactobacilli used in this

study were previously shown to present intermediate

aggregative characteristics based on the
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autoaggregation percentages, and they showed a

biofilmogenic phenotype that was expressed under

the shelter of mucus to confer epithelial cell protection

(Pérez Ibarreche et al. 2014).

Anti-listeria activity of CFSs

The anti-listeria activities of the CFSs of L. curvatus

CRL705, CRL1532, CRL1533 and 1613 in MRS broth

were 3200, 1600, 800 and 800 AU/ml, respectively.

CFSs were neutralized to rule out the effects of organic

acids, indicating the presence of bacteriocin-like

inhibitory substances as responsible for the antiliste-

rial activity detected. Moreover, it was previously

reported that L. curvatus CRL1532 and CRL1533 and

L. sakei CRL1613 carried the sppA, sppQ and sapA

structural genes, encoding for sakacin P, sakacin Q

and curvacin A, respectively (Fontana et al. 2015).

Additionally, for L. curvatus CRL705, a draft genome

sequence revealed genes involved in bacteriocin

production, including lactocin 705, sakacin P, sakacin

Q, sakacin X, and sakacin T (Hebert et al. 2012).

Fig. 2 Image of an agar plate showing the results of the bile salt

hydrolysis test for L. curvatus CRL705, CRL1532, and

CRL1533 and L. sakei CRL1613. MRS agar was used with

0.5% of chenodeoxycholic acid and 0.37 g CaCl2 l-1. Bile acid

precipitates around the colonies (opaque halo) or the formation

of opaque granular white colonies with a silvery shine were

considered to indicate BSH activity
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Fig. 1 Survival of (black

filled square) free and (grey

filled square) encapsulated

Lactobacillus strains under

SGI conditions. Each bar

represents the average of

triplicate counts from three

independent trials, and error

bars indicate the standard

deviations of the three

replicates. a L. curvatus

CRL705, b L. curvatus

CRL1532, c L. curvatus
CRL1533 and d L. sakei

CRL1613
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Inhibition of L. monocytogenes adhesion

to and invasion of Caco-2 cells

All CFSs were active against L. monocytogenes

FBUNT at both concentrations tested (90 and 50%),

corresponding to 2880 and 1600 AU/ml for L.

curvatus CRL705; 1440 and 800 AU/ml for L.

curvatus CRL1532; and 720 and 400 AU/ml for L.

curvatus CRL1533 and L. sakei CRL1613, respec-

tively. A small decrease in L. monocytogenes adhesion

to Caco-2 cells at the highest concentration of all CFSs

from the four lactobacilli strains was observed as

illustrated in Fig. 3. Similarly, the bacteriocinogenic

meat-derived strain L. sakei CTC494 counteracted the

adhesion of L. monocytogenes to HT29 in competition

experiments (Aazami et al. 2014). The anti-invasive

effect of the CFSs from the four Lactobacillus strains

tested on Caco-2 cells against L. monocytogenes

FBUNT showed that all CFSs had a protective role

against invasion by the pathogen (Fig. 4). L. monocy-

togenes was unable to invade Caco-2 cells when 90%

CFSs from L. curvatus CRL705 and CRL1532 were

added to the cultures (p\ 0.05). The presence of the

CFSs of L. curvatus CRL1533 and L. sakei CRL1613

significantly reduced the invasive capacity of the

pathogen, with an invasion percentage of 19.42 and

19.61%, respectively. The CFSs at 50% from L.

curvatus CRL1532 and CRL1533 showed a similar

protective activity against invasion by the pathogen,

whereas those of L. curvatus CRL705 and L. sakei

CRL1613 were the most effective. L. monocytogenes

FBUNT invasion of Caco-2 cells (36.25% ± 1.90)

was comparable to the results reported by Gomes et al.

(2012), who detected an invasion capacity of 37.91%

of L. monocytogenes ATCC19115 in a similar in vitro

model.

Table 1 Adhesion of lactobacilli strains to Caco-2 cells

Strain Initial cell load (log cfu/ml) Bacteria adhered (log cfu/ml) Adhesion (%)

L. curvatus CRL705 8.00 ± 0.20a 5.29 ± 0.26a 66.1a

L. curvatus CRL1532 8.30 ± 0.22a 5.60 ± 0.25a 67.5a

L. curvatus CRL1533 8.89 ± 0.25b 5.65 ± 0.16a 63.6b

L. sakei CRL1613 8.20 ± 0.19a 5.63 ± 0.09a 68.6a

Mean values and standard deviations of three replicates are presented. Percentage of adhesion: log cfu/ml bacteria adhered/log cfu/ml

initial cell load 9 100. Values with different letters within the same row differ significantly (p\ 0.05)

bc
cd cd

b

d

a a

b b

0

10

20

30

40

50

60

70

80

    Control CFS
(CRL705)

CFS
(CRL1532)

CFS
(CRL1533)

CFS
(CRL1613)

In
va

si
on

 o
f L

. m
on

oc
yt

og
en

es
 (%

)

Fig. 4 Protective effect of CFSs from L. curvatus CRL705

(CRL705), L. curvatus CRL1532 (CRL1532), L. curvatus

CRL1533 (CRL1533) and L. sakei CRL1613 (CRL1613)

against the invasion of Caco-2 cells by L. monocytogenes. Each

bar represents the average of triplicate counts from three

independent trials, and error bars are the standard deviations of
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Fig. 3 Protective effect of CFSs from L. curvatus CRL705

(CRL705), L. curvatus CRL1532 (CRL1532), L. curvatus

CRL1533 (CRL1533) and L. sakei CRL1613 (CRL1613)

against the adhesion of L. monocytogenes to Caco-2 cells. Each

bar represents the average of triplicate counts from three

independent trials, and error bars are the standard deviations of

three replicates. (black filled square) 50 and (grey filled square)

90% of CFSs. (open square) Control (without CFSs)
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A significant reduction of infection caused by L.

monocytogenes FBUNT on epithelial cells was

observed when the cell monolayers were pre-coated

with CFSs from L. curvatus CRL705, CRL1532, and

CRL1533 and L. sakei CRL1613 for 1 h. CFSs from

each Lactobacillus strain were responsible for reduc-

ing invasion of the pathogen strain. Although no

experiments were performed in this study to specif-

ically evaluate the anti-infective effects of bacteri-

ocins, it is hypothesized that the antilisterial

compounds present in CFSs induce the permeabiliza-

tion of the pathogen cell membrane and affect its

adhesion and subsequent listerial infection (Montville

and Bruno 1994). In fact, it was recently demonstrated

in a germ-free mice model that selected lactobacilli

strains were able to attenuate infection by L. mono-

cytogenes (Radoshevich and Cossart 2018).

The results of this study showed that the four

lactobacilli isolates from meat and fermented sausage

possess various in vitro probiotic properties. All

strains hydrolyzed bile salts and adhered to Caco-2

cells. Moreover, all strains presented anti-listerial

activity and protective activity against L. monocyto-

genes FBUNT, as shown by adhesion and invasion

assays. L. curvatus CRL705, CRL1532, CRL1533 and

L. sakei CRL1613 encapsulated in alginate showed a

high tolerance to low pH. The encapsulation process

used in this study significantly protected the strains

against SGI conditions, demonstrating that the cal-

cium alginate matrix acted as a barrier against gastric

juice and intestinal conditions. In conclusion, the

meat-isolated bacteriocinogenic LAB present biopre-

serving capacity and may be beneficial to consumer

health due to their potential probiotic characteristics.
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