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Schematic representation of the main effects
produced by Bifidobacterium bifidum in the human
gut.

Figure taken from: Turroni F, Duranti S, Bottacini

F, Guglielmetti S, Van Sinderen D and Ventura M
(2014) Bifidobacterium bifidum as an example

of a specialized human gut commensal. Front.
Microbiol. 5:437. doi: 10.3389/fmicb.2014.00437

Nowadays, most of Western consumers are aware that a targeted diet could be an
important tool for fighting ageing and diseases such as hypertension, diabetes, and
obesity. Microorganisms may be exploited for setting up novel foods that, beside their
nutritional value, may positively impact on consumers” health. Some microorganisms
may benefit host when ingested as viable cells carried by food and beverages. This
falls in the intriguing field of probiotics, recently brought forward by the numerous
probiotic claims rejected by the European Food Safety Authority. This research topic
includes research articles and reviews/perspectives that (i) contribute to understand
the mechanism underlying the health effects of probiotic microorganisms; (ii) show
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integrated approaches for selecting new probiotics; (iii) report about non-dairy food
items as novel carriers of probiotics; and (iv) deal with biologically active compounds
from microorganisms.
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The Editorial on the Research Topic

Microorganisms for Functional Food

Notwithstanding the European Food Safety Authority (EFSA) did not approve any health
claims for probiotic foods [including terms such as “probiotic,” “active bacteria’; European
Commission (EC), 2007], most of the research studies in the field of microorganisms used for
obtaining functional food deal with (putatively) probiotic bacteria. Probiotics may positively
affect human/animal health in several ways, such as by inhibiting gut pathogenic microorganisms
(Delgado et al.), modulating immune response, lowering concentration of cholesterol in
blood (Damodharan et al.), and exerting antioxidant activity. The mechanisms underlying
the health effects of probiotic bacteria raise great interest among researchers. Modulation
of the host gut microbiome represents an intriguing mechanism and is the subject of two
research articles (Yang et al; Senan et al) published in this Research Topic. In detail,
reutericyclin, a broad spectrum antimicrobial compound produced by Lactobacillus reuteri
during feed fermentation, increased the abundance of Dialister and Mitsuokella, two Firmicutes
genera that are gut commensals in weanling pigs (Yang et al.). Senan et al. reported that
differences in gut microbiome composition (especially for Lactobacillus, Clostridium, Eubacterium,
Blautia, Shigella, Escherichia, Burkholderia, and Campylobacter) affected the response of geriatric
individuals to Lassi, a fermented milk containing a cholesterol-lowering strain of Lactobacillus
helveticus.

Evaluation assays of probiotic potential are traditionally classified in two groups: “in vitro”
and “in vivo.” The use of omics approaches is going to flank the traditional assays,
thus probably speeding up research progress in the field of probiotics in the near future.
For instance, sequencing of genomes will allow to rapidly detect and discard candidate
probiotic microorganisms possessing genes coding for antibiotic resistance or virulence
factors (Papadimitriou et al.). In this regard, an excellent example is provided in this
Research Topic by Balzaretti et al. which performed comparative genome analysis of four
strains of Lactobacillus paracasei in order to select the two best probiotic strains for oral
usage. Anyway, in vivo approaches will keep on being unreplaceable, given the variability
of host response to probiotics as affected by genotype, age, diet, variations in human
environmental exposure, and composition of gut microbiome (Turnbaugh et al.,, 2009; Senan
et al.).

Besides the understanding of the mechanisms underlying probiotic activities and studies
dealing with interactions between probiotic microorganisms and gut microbiome, other
future perspectives about microorganisms for functional food are: (i) novel putative probiotic
bacteria, such as Akkermansia muciniphila and Faecalibacterium prausnitzii (Varankovich et al.);
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(ii) non-dairy food items (e.g., table olives) as carriers of probiotic
bacteria (Rodriguez-Gomez et al; Arroyo-Lopez et al.); (iii)
health effects of microbial metabolites (Yu et al.; Garrote et al.);
and (iv) probiotic interventions on livestock indirectly benefiting
human health (Yang et al.).
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INTRODUCTION

This work characterizes a set of lactobacilli strains isolated from the stomach of healthy
humans that might serve as probiotic cultures. Ten different strains were recognized
by rep-PCR and PFGE fingerprinting among 19 isolates from gastric biopsies and
stomach juice samples. These strains belonged to five species, Lactobacillus gasseri
(3), Lactobacillus reuteri (2), Lactobacillus vaginalis (2), Lactobacillus fermentum (2) and
Lactobacillus casei (1). All ten strains were subjected to a series of in vitro tests to assess
their functional and technological properties, including acid resistance, bile tolerance,
adhesion to epithelial gastric cells, production of antimicrobial compounds, inhibition of
Helicobacter pylori, antioxidative activity, antibiotic resistance, carbohydrate fermentation,
glycosidic activities, and ability to grow in milk. As expected, given their origin, all strains
showed good resistance to low pH (3.0), with small reductions in counts after 90 min
exposition to this pH. Species- and strain-specific differences were detected in terms of
the production of antimicrobials, antagonistic effects toward H. pylori, antioxidative activity
and adhesion to gastric epithelial cells. None of the strains showed atypical resistance to
a series of 16 antibiotics of clinical and veterinary importance. Two L. reuteri strains were
deemed as the most appropriate candidates to be used as potential probiotics against
microbial gastric disorders; these showed good survival under gastrointestinal conditions
reproduced in vitro, along with strong anti-Helicobacter and antioxidative activities. The
two L. reuteri strains further displayed appropriated technological traits for their inclusion
as adjunct functional cultures in fermented dairy products.

Keywords: stomach microbiota, gastric lactobacilli, specific probiotics, functional characterization, antioxidative
activity, anti-Helicobacter activity, fermentation capability

(Malfertheiner et al., 2007). To date, studies have focused on con-

Over recent decades, culture-independent techniques have
revealed the stomach to be home to a well-adapted, niche-
specific microbial community (Bik et al., 2006; Andersson et al.,
2008; Delgado et al., 2013). Gastric microbial communities are
of potential probiotic use in the treatment of several diseases,
but only a few studies have attempted to cultivate their mem-
bers (Adamson et al., 1999; Li et al., 2009; Delgado et al., 2013).
The isolation and characterization of stomach originated strains
could provide novel probiotic candidates with enhanced capac-
ities to counteract gastric pathogens such as Helicobacter pylori
(Cui et al., 2010). This Gram-negative, microaerophilic microor-
ganism infects over 50% of the population worldwide (Bruce and
Maaroos, 2008). Indeed, H. pylori is the most important aetio-
logical agent in chronic gastritis, peptic ulcers and gastric cancer
(Peek and Blaser, 2002). The eradication (efficiency 80-90%)
of H. pylori is possible using a combination of antibiotics and
antacids. However, side-effects are common. As an alternative or
complementary therapy, or indeed as a preventive strategy, use
might be made of probiotics for the management of this infection

ventional probiotic cultures from different origins. Among these,
Lactobacillus reuteri having anti H. pylori action is one promising
approach (Francavilla et al., 2008).

The aim of the present work was to examine in vitro the func-
tional and technological characteristics of Lactobacillus isolates
recovered from the stomach mucosa and gastric juice of healthy
individuals in a previous study (Delgado et al., 2013) for their
evaluation as probiotics in functional products against H. pylori
infection. Gastric candidate probiotic strains with potential appli-
cation in the prevention and treatment of gastric disorders and
dysbiosis were then selected.

MATERIALS AND METHODS

BACTERIAL ISOLATES AND GROWTH CONDITIONS

Nineteen Lactobacillus isolates belonging to five different species
were cultured from gastric biopsies and stomach juice sam-
ples provided by healthy subjects (see Delgado et al., 2013).
Unless otherwise indicated, all isolates were cultured in de Man,
Rogosa and Sharpe (MRS; Merck, Darmstadt, Germany) medium
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Gastric lactobacilli characterization

supplemented with 0.25% cysteine (Merck) (MRSC). Incubations
proceeded at 37°C for 24 h in an anaerobic chamber (Mac500,
Down Whitley Scientific, West Yorkshire, UK) containing an
anoxic atmosphere (10% H;, 10% CO;, 80% N>).

TYPING OF LACTOBACILLI

The isolates were genotyped by repetitive extragenic palindromic
(rep)-PCR and by pulsed-field gel electrophoresis (PFGE)
fingerprinting. For rep-PCR, total DNA from the isolates
was purified from overnight cultures using the GenElute™
Bacterial Genomic DNA Kit (Sigma-Aldrich, St. Louis,
MO, USA), following the manufacturer’s recommendations.
Amplifications were performed using the primer BoxA2-R
(5-ACGTGGTTTGAAGAGATTTTCG-3’), as reported by
Koeuth et al. (1995). For PFGE, genomic DNA was isolated
and digested at 30°C for 4h in agarose plugs containing 20 U
of the restriction endonuclease Smal (Boehringer Mannheim,
Mannheim, Germany). Electrophoresis was performed in 1%
FastLane agarose gels (FMC, Philadelphia, PA, USA) in 0.5X
TBE (Tris-borate-EDTA) for 20h at 14°C and at 6 V/cm, using
a CHEF-DRII apparatus (Bio-Rad, Richmond, CA, USA). Pulse
times ranged from 0.1 to 2s for 4 h, from 2 to 5s for 12h, and
from 5 to 10s for 4h. Low-range and bacteriophage lambda
ladder PFGE markers (both from New England BioLabs, Ipswich,
MA, USA) were included in the gels.

GASTROINTESTINAL TOLERANCE

Viability at low pH

The ability of the isolates to survive under acidic conditions was
assessed by exposing the cells to an acidic solution. HCl was added
to cell suspensions (108 cells/ml) in a sterile saline solution
(0.9%) to achieve pHs ranging from 2.0 to 6.5 (pH 7.0 was used
as a control). The cells were then incubated at 37°C for 90 min.
After incubation the pH of the medium was recorded again and
the viability of the strains assessed by plate counting on MRSC.

Resistance to bile

The tolerance of the strains to bovine bile (Ox-gall, Sigma-
Aldrich) was assayed following the procedure of Charteris et al.
(1998). Briefly, individual colonies from MRSC plates were sus-
pended in 2ml of sterile saline solution until a density corre-
sponding to McFarland standard 1 was obtained. Aliquots of this
suspension (10 pl) were spotted onto bile-containing agar plates.
The concentration of bile assayed ranged from 0.25 to 4% (w/v).

PRODUCTION OF ANTIMICROBIAL COMPOUNDS

Anti-Helicobacter pylori activity

H. pylori DSM 10242 was routinely grown in solid or liquid brain
heart infusion medium (BHI; Oxoid, Basingstoke, Hampshire,
UK), supplemented with either 5% (w/v) horse blood (Oxoid) or
10% (w/v) fetal bovine serum (Oxoid), respectively. Inoculated
cultures were then incubated at 37°C for 3-7 days under the
microaerophilic conditions generated by the CampyGen system
(Oxoid). Antagonistic activity of lactobacilli against H. pylori
was assessed by a broth inhibition assay after growing of the
test strains in Elliker broth (Scharlau, Barcelona, Spain), since
MRS medium inhibits the growth of this pathogen (Ryan et al.,

2008D). Inhibition assays were performed in 96-well, “U”-bottom
polystyrene microtitre plates. Supplemented BHI was inoculated
at 1.5 (v/v) with a concentrated H. pylori culture (ODgpp nm 1.0),
and the cell suspension was dispensed into the wells of a
microtitre plate. Then, 45l of the supernatant of each indi-
vidual lactobacilli strain were added to the wells. As a negative
control, aliquots of non-inoculated Elliker medium were also
tested. The multi-well plates were then incubated for 3 days
under the same conditions as above, and the ODggg nm recorded
using a microplate spectrophotometer (Benchmark; Bio-Rad
Laboratories, Hercules, CA, USA). Assays were also performed
with pH-neutralized supernatants (pH 6.6). All experiments were
repeated twice using independent cultures; all supernatants were
further assayed in triplicate.

Bacteriocins

Bacteriocin production was consecutively examined by an agar
spot test and a well-diffusion assay as previously described
(Delgado et al., 2007), using two well-recognized bacteriocin-
susceptible strains (Lactobacillus sakei CECT 906 and Lactococcus
lactis subsp. lactis IL1403) as indicators.

Hydrogen peroxide (H, 0,)

H,0, production was tested following the procedure described
by Song et al. (1999). MRSC agar plates supplemented with
0.25 mg/ml of tetramethylbenzidine (TMB, Sigma-Aldrich) and
0.01 mg/ml of horseradish peroxidase (HRP, Sigma-Aldrich) were
inoculated with the strains and incubated at 37°C under both
aerobic and anaerobic conditions. The presence of any blue pig-
ment in the H,O,—producing colonies was recorded after 2 days.
Lactobacillus jensenii CECT 4306 (Martin and Sudrez, 2010) was
used as positive control.

Reuterin

The presence of the gene coding for the large subunit of glyc-
erol dehydratase, which is essential in the production of reuterin
(3-hydroxypropionaldehyde) (Claisse and Lonvaud-Funel, 2001),
was checked for in the Lactobacillus reuteri strains via PCR.
L. reuteri CECT 925, a reuterin-producing strain (Martin et al.,
2005), was used as positive control.

ADHESION TO AN EPITHELIAL GASTRIC CELL LINE

The adhesion of the strains to the gastric mucosa was assessed
in vitro using the gastric cell line AGS (ECACC number 89090402,
Sigma-Aldrich), which is derived from a human gastric adenocar-
cinoma. The latter cells were cultured as per routine in Ham’s F12
medium (LabClinics, Barcelona, Spain) supplemented with 2 mM
of L-glutamine (PAA Laboratories GmbH, Paschina, Austria),
10% fetal bovine serum, plus 50 pg/ml of penicillin, 50 pg/ml of
streptomycin, 50 pug/ml of gentamicin, and 1.25 pg/ml ampho-
tericin B (Sigma-Aldrich). Monolayers of the cells were prepared
in 24-well tissue culture plates (Becton Dickinson, New Jersey,
USA) at a concentration of 10° cells/ml. After reaching conflu-
ence and differentiating (3 4 1 days), the strains were added at a
ratio 1:1. For this, bacterial cultures were harvested by centrifuga-
tion, washed with Dulbecco’s phosphate-buffered saline solution
(Sigma-Aldrich), and suspended in Ham’s F12 medium without
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antibiotics. After 1 h of co-incubation at 37°C in a 5% CO; atmo-
sphere, the monolayers were washed 3 times with a phosphate-
buffered saline solution to remove any non-attached bacteria.
The monolayers were then disrupted with a 0.25% trypsin-EDTA
solution (Sigma-Aldrich), and the attached bacteria enumerated
by standard dilution and plate counting on MRSC. Experiments
were carried out in triplicate and each strain tested in dupli-
cate. The adhesion capacity of the strains was compared to that
of the recognized probiotic strain Lactobacillus rhamnosus ATCC
53103 (strain GG). The results were expressed as the percentage
of adhered bacteria with respect to the initial number of bacteria
added.

ANTIOXIDATIVE ACTIVITY

The total antioxidative activity (TAA) of the gastric lactobacilli
was assessed using the linolenic acid (LA) test, which evaluates the
ability to inhibit lipid peroxidation. Bacterial cultures (24 h) were
centrifuged, washed twice in saline solution, and suspended in the
same solution to an ODggg nm of 1.0. Intact cells in the saline solu-
tion were examined, as were lysates obtained using a cell disruptor
(Constant Systems, Daventry, UK). Reactions were performed
according to the procedure described by Kullisaar et al. (2002),
using 45l samples (whole cells or lysate). The absorbance
at 534nm was measured using a UV-Vis Spectrophotometer
(Hitachi High-Technologies, Tokyo, Japan). Intact cells and cell
lysates were assayed in triplicate. The results were expressed as the
percentage of LA oxidation inhibition.

ANTIBIOTIC RESISTANCE

The resistance/susceptibility profiles of the different strains to 16
antibiotics were determined by microdilution using VetMIC™
plates for lactic acid bacteria (LAB) (National Veterinary Institute
of Sweden, Uppsala, Sweden). The strains were grown in LSM
(Klare et al., 2005) agar plates and then suspended in 2 ml of ster-
ile saline solution to obtain a density corresponding to McFarland
standard 1. The suspension was further diluted 1:1000 with LSM,
and 100 pl of this inoculum were added to each well. The min-
imum inhibitory concentration (MIC) was defined as the lowest
antibiotic concentration at which no visual growth was observed
after incubation at 37°C for 48 h.

TECHNOLOGICAL TRAITS

Fermentation capabilities

The carbohydrate fermentation profile of the strains was initially
determined using a miniaturized commercial system (Phene-
Plate, Stockholm, Sweden), following the manufacturer’s instruc-
tions. Growth in the presence of different substrates (lactose,
maltose, trehalose, melibiose and raffinose [all from Sigma-
Aldrich]) was further evaluated by recording the ODggp nm at 24
and 48 h. The strains were inoculated (1% v/v) into a basal fer-
mentation medium (MRS without glucose) supplemented with
2% (w/v) of the carbohydrate under test. All strains had been
previously adapted overnight in the corresponding fermentation
broth.

Glycosidic activity
Enzyme activities were initially measured using the semi-
quantitative API-ZYM system (bioMérieux, Marcy [IEtoile,

France), following the manufacturer’s instructions. Glycosidic
activities in cell-free extracts were confirmed and quantified by
enzyme assays using the p-nitrophenyl (p-NP) derivatives 4-
NP-B-D-glucopyranoside, 4-NP-a-D-glucopyranoside, 4-NP-f-
D-galactopyranoside and 4-NP-a-D-galactopyranoside (all from
Sigma-Aldrich) as substrates. Cells from 20 ml cultures in basal
fermentation medium with different inducing carbohydrates
were harvested by centrifugation, washed with 100 mM potas-
sium phosphate buffer pH 6.8, and the pellets suspended in 2 ml
of the same buffer. Cells were disrupted as above and centrifuged
to remove cell debris. The extracts were then assayed for glyco-
sidic activity. Reactions were performed using 800 pl of 40 mM
buffer acetate pH 5.5, 100 il of the different p-NP derivatives
at 10mM, and 100 pl of the cell-free extracts. Incubation pro-
ceeded for 30 min at 37°C and the reactions were then stopped by
adding 1 ml of cold 1 M sodium carbonate. After centrifugation,
the absorbance at 410 nm was recorded. The protein content of
cell-free extracts was determined using the BCA protein assay kit
(Pierce, Rockford, IL, USA). Activities were expressed as specific
activity in mU per mg of protein. One unit of activity (1 U) was
defined as the amount of protein that released 1 wmol of p-NP
per min.

Growth and acidification of milk

Overnight cultures, previously washed in a sterile saline solu-
tion, were used to inoculate UHT milk (CAPSA, Siero, Spain)
to provide an initial cell concentration of about 107 cfu/ml. After
incubation at 37°C in a 5% CO; atmosphere for 24 and 48 h, bac-
terial counts were performed on MRSC agar plates. The pH of
the inoculated and control milk samples was measured using a
Crison pH-meter (Crison Instruments, Barcelona, Spain) and via
titration with phenolphthalein according to FIL/IDF Standard 86.

RESULTS

TYPING OF GASTRIC LACTOBACILLI STRAINS

The 19 gastric lactobacilli isolates (9 Lactobacillus gasseri, 4
Lactobacillus reuteri, 3 Lactobacillus vaginalis, 2 Lactobacillus fer-
mentum and 1 Lactobacillus casei) were successively typed by
rep-PCR and PFGE (Supplementary Figure 1). The results of
these two techniques agreed well, and 10 different strains were
considered based on their distinct electrophoretic profiles pro-
vided by both methods. The ten selected strains included three
L. gasseri strains (LG52, LG102, and LG123) from two subjects,
two L. reuteri strains (LR32 and LR34) from a single subject, two
L. vaginalis strains (LV51 and LV121) from different subjects, two
genetically unrelated L. fermentum strains (LF1 and LF2) from a
single subject, and a single strain of L. casei (LC71).

FUNCTIONAL PROPERTIES

As a whole, high tolerance to acidity was detected; similar plate
counts were returned by control (pH 7) and treated samples
after exposure to pH 4.5 and above (data not shown). At pH
3 reductions in counts varied among strains but in less than
1 logarithmic unit in all cases (Figure 1). However, at pH 2,
reductions compared to controls counts were between 1 and 3
logarithmic units. The L. gasseri strains were among the most acid
tolerant.
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FIGURE 1 | Viability of the gastric Lactobacillus strains of this study to
acidic conditions after exposure to pH 3 and pH 2 for 90 min, as
compared to the control (pH 7.0).
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FIGURE 2 | Adhesion ability of gastric lactobacilli to the AGS human
epithelial gastric cell line.

Resistance of the strains to bile varied widely, depending
largely on the species. The L. gasseri strains were the most sus-
ceptible (MICs 0.25-1.5%), followed by those of L. fermentum
(MIC = 1%). The most resistant strains were those of L. reuteri,
L. vaginalis and L. casei, which grew in the presence of 4% bile.

The percentage of adhesion to gastric cells was strain-
dependent but <10% for all strains - even for L. rhamnosus GG
(Figure 2). The most adherent strain was L. casei LC71 (8.5%)
followed by L. reuteri LR32 and L. gasseri LG102.
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FIGURE 3 | Growth inhibition of Helicobacter pylori, as determined in
liquid with non-adjusted and pH-neutralized supernatants of the
Lactobacillus strains grown in Elliker medium.

Regarding the bacteriocin-mediated antagonism assays, some
gastric strains of the species L. reuteri, L. gasseri and L. fermentum
were able to slightly inhibit the growth of the indicators in the
agar spot test, although clear halos of inhibition using cell-free,
neutralized supernatants were only observed for L. gasseri LG52
(Supplementary Table 1). The proteinaceous nature of the antimi-
crobial bacteriocin-like substance produced by this strain was
confirmed after treatment of the cell-free supernatants with pro-
teinase K and pronase, both of which eliminated the antibacterial
effect.

On the other hand, the H. pylori inhibitory test revealed all
strains to have some antimicrobial activity against this pathogen,
except for those of L. gasseri (Figure 3). The highest inhibitory
values (~75%) were obtained for the two L. reuteri strains. When
the supernatants were neutralized, H. pylori growth was sup-
pressed only by the pH-adjusted supernatants pertaining to the
L. reuteri strains, suggesting that the inhibition observed for the
other strains was probably due to the production of organic acids.
Further, the presence of genes associated with reuterin production
(coding for the glycerol dehydratase unit) was revealed by PCR in
the two L. reuteri strains.

As concerns H,O, production, all L. gasseri strains showed
slight production under aerobic conditions, while the L. vaginalis
and L. reuteri strains clearly produced this substance under both
aerobic and anaerobic conditions (Supplementary Table 1).

Strain-specific differences were also observed with respect to
their TAA, as assessed by the LA test (Table 1). Comparable results
were obtained using either whole cells or cell lysates. Remarkable
activity (TAA >20%) was observed for L. reuteri LR32 and L. vagi-
nalis LV51, and moderate activity (around a 15% reduction of
lipid peroxidation) for L. casei LC71 and L. reuteri LR34. Neither
the L. fermentum strains, nor L. gasseri LG123 and L. vaginalis
LV121 showed any antioxidative activity under the experimental
conditions of this assay.

Atypical antibiotic resistance was not detected for any of the
strains (Table 2). The MICs of the different antibiotics were
always equal to or lower than the microbiological breakpoints
defined by the Panel on Additives and Products or Substances
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used in Animal Feed (FEEDAP) of the European Food Safety
Authority (EFSA, 2012). The exception was kanamycin, for which
a MIC value of 64 jug/ml was observed for the two L. fermentum
strains; the EFSA’s breakpoint established for this species is one
dilution lower.

TECHNOLOGICAL TRAITS

Differences were observed between the 10 strains in terms of their
utilization of carbohydrates (Supplementary Table 2). All strains
fermented maltose, and all but L. gasseri LG102 and LG123 fer-
mented sucrose. Lactose was fermented by the single L. casei,
the two L. reuteri, and the two L. fermentum strains. The growth
capacity of the strains in basal fermentation medium with lactose,
maltose, threhalose, melibiose and raffinose was further evaluated
by recording the optical density after 24 and 48 h (Figure 4). In
general, and in agreement with the previous results, the L. gasseri

Table 1 | Percentages of total antioxidative activity (TAA) determined
by the linolenic acid test in intact cells and lysates of the gastric

lactobacilli.
Species Strain TAA*
Whole cells (%) Cell extracts (%)

L. gasseri LG52 5+ 21 3+1
LG102 16+4 3+1
LG123 0 0

L. reuteri LR32 22+5 23+7
LR34 15 +3 14 +£3

L. vaginalis LVv51 32+8 21+ 4
V121 0 0

L. fermentum LF71 0 0
LF72 0 0

L. casei LC71 13+4 15+2

*Following the definition by Hiitt et al. (2006), the antioxidative effect was
consider significant if the TAA value was >20%.
'Data are expressed as the mean value of three assays + standard deviation.

strains showed a reduced fermentation capacity compared to
the others. Most of the gastric strains grew in the presence of
maltose and lactose as the sole carbon source. The ability to
grow in trehalose, however, was restricted to a few Lactobacillus
strains (Figure 4). The L. reuteri, L. vaginalis and L. fermentum
strains showed good growth rates in the presence of raffinose and
melibiose.

Nineteen enzymatic activities were tested with the API-ZYM
system. Moderate inter- and intra-species variability on the sub-
strates utilized was observed (Supplementary Table 3). Some
activities were shown by all or most strains and at high levels
(Cys-, Val-, and Leu- arylamidase peptidases, and a- and f-
galactohydrolase activities). In contrast, other activities (such as
those of lipase, trypsin, a-quimotrypsin, a-mamnosidase, and o-
fucosidase) were detected at low levels and only rarely. Glycosidic
activities were also examined in cell-free extracts after growth
of the strains in inducing carbohydrates. These activities may
have a prominent role in key probiotic properties, such as uti-
lization of prebiotics, colonization of the gastric epithelium, etc.
The results are summarized in Table 3. With the exception of
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FIGURE 4 | Optical density at 600 nm of the lactobacilli strains grown
in basal fermentation medium at 37°C for 48 h using different
carbohydrates: maltose, melibiose, raffinose, lactose and trehalose as
the carbon source (coefficient of variation <10%).

Table 2 | Minimum inhibitory concentration (MIC) values of 16 antibiotics to the gastric lactobacilli strains.

Species Strain Antibiotic* (MIC as pg/ml)
GEN KAN STP NEO TET ERY CLl CHL AMP PEN VAN VIR LIN TRM CIP RIF
L. gasseri LG52 1 32 4 4 4 0.25 1 0.5 0.12 0.06 1 0.5 4 8 64 0.25
LG102 4 32 4 16 2 0.12 0.5 4 0.5 0.12 1 0.5 2 4 64 1
LG123 0.5 32 4 4 2 0.016 05 1 0.12 0.06 1 0.25 1 16 16 1
L. reuteri LR32 1 64 16 4 4 0.12 0.03 4 1 0.12 >128 0.5 2 64 64 <0.12
LR34 0.5 16 8 0.5 8 0.5 0.12 4 2 0.5 >128 05 2 64 32 0.25
L. vaginalis LV51 1 4 2 0.5 1 0.25 0.03 4 0.12 0.12 =128 0.12 1 0.25 32 <0.12
V121 0.5 8 2 0.5 0.06 0.03 1 4 0.5 0.256 =128 0.12 2 0.25 64 0.25
L. fermentum  LF71 2 64 32 2 8 0.12 0.06 4 0.25 0.256 =128 0.25 2 1 8 1
LF72 4 64 32 2 8 0.25 0.06 4 0.25 0.5 >128 0.5 2 16 16 0.5
L. casei LP71 8 64 32 1 0.12 0.25 4 1 0.5 >128 1 2 0.5 4 1

*GEN, gentamicin; KAN, kanamycin; STR streptomycin; NEO, neomycin; TET, tetracycline; ERY, erythromycin;

CLI, clindamycin; CHL, chloramphenicol, AMP

ampicillin; PEN, penicillin;, VAN, vancomycin; VIR, virginiamycin; LIN, linezolid; TRM, trimethoprim; CIR ciprofloxacin; RIF, rifampicin.
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the L. gasseri strains (which did not grow in the presence of lac-
tose) all showed high B-galactosidase activity. The L. vaginalis
strains showed strong a-galactosidase activity, but so too did the
L. reuteri and L. fermentum strains. The L. casei strain returned
the highest a-glucosidase activity in presence of maltose.

Table 4 shows the strains’ ability to grow in and acidify
milk. After 24 h of incubation, the cell counts of all the strains
increased slightly, but the figures for most (particularly L. vagi-
nalis and L. fermentum) fell by 48 h. The exceptions were the
L. reuteri strains, which reached values of around 2 x 108 cfu/ml,
and the L. casei strain, which showed the highest viable count
(1 x 10° cfu/ml) and the lowest pH at both sampling points. As
expected, the titratable acidity followed an inverse trend with
respect to pH, increasing as the pH decreased. A titratable acidity
of around 81% of lactic acid equivalent after 48 h of incubation
was recorded for L. casei LC71.

DISCUSSION

The acidic environment of the gastric lumen limits the latter’s
microbial colonization to acidophilic and acid-resistant bacteria.
Among these, different LAB species belonging mainly to the gen-
era Lactobacillus and Streptococcus have been described (Adamson
et al., 1999; Ross et al., 2005; Ryan et al., 2008a; Delgado et al.,
2013). In this study, members of the genus Lactobacillus isolated
from the stomach of healthy humans (see Delgado et al., 2013)
were studied. Four out of the five Lactobacillus species exam-
ined (L. gasseri, L. fermentum, L. vaginalis and L. reuteri) have
also been isolated from human gastric biopsies by other authors
(Ryan et al., 2008a), which strongly suggests that they are com-
mon inhabitants of the gastric environment. Different strains
belonging to the same species in a single individual were detected
only occasionally. Based on the typing results, ten different strains
were considered; these were characterized for their technological
and probiotic properties. In general, they showed good tolerance
and survival at low pH, indicating their capacity to survive in the
human stomach. However, resistance to low pHs for longer peri-
ods of time (and colonization of the gastric epithelium) would be

required to ensure persistence in the human stomach. Resistance
to acidic conditions is a property of interest for the design and for-
mulation of probiotic cultures. Such an ability would allow not
only survival in the upper gastrointestinal tract, but also in fer-
mented products (the most common vehicle for probiotics). The
molecular mechanisms involved in such intrinsic resistance are
currently unknown. The contribution of urease activity to this
resistance however can be ruled out since all the present strains
proved to be urease-negative (data not shown).

Since duodenogastric biliary reflux occasionally occurs, strains
could also be resistant to bile. In fact, high resistance to bovine bile
in lactobacilli strains from the gastric ecosystem has already been
reported (Ryan et al., 2008a). Among the strains of this study,
the L. reuteri proved to be the most resistant to Ox-gall. In con-
trast, as described for intestinal L. gasseri isolates (Delgado et al.,
2007), the gastric strains of this species were rather susceptible
to bile.

Table 4 | Growth and acidification of UHT milk by gastric lactobacilli
strains.

Species Strains Cell counts pHJr Titratable
(cfu/mI)* acidity*

24h 48h  24h 48h 24h 48h

L. reuteri LR32 4.1 x107 21x10%8 6.02 575 215 24.0
LR34 3.1 x107 24x10%8 6.09 572 220 29.0

L. vaginalis LV51 25x107 1.6x107 649 6.45 19.0 20.0
V121 1.5x 107 25x10° 6.50 6.49 19.0 210

L. fermentum LF71 2.0x 107 99x10% 588 528 235 345
LF72 3.7x107 3.1x107 595 553 235 33.0

L. casei LC71 12x10% 1.3x10% 535 4.01 335 810

*Inoculum ~ 1 x 107 cfu/mi.

ToH of the uninoculated milk 6.57

*#The titratable acidity is expressed as % lactic acid; uninoculated milk 18% lactic
acid.

Table 3 | Glycosidic activities of the Lactobacillus strains determined in cell-free extracts using p-nitrophenyl derivatives.

Species Strain Activity (mU*/mg protein)
a-glucosidase o-glucosidase B-galactosidase «o-galactosidase «o-galactosidase
(maltose) (trehalose) (lactose) (melibiose) (raffinose)

L. gasseri LG52 - 36 - - -
LG102 - - - - -
LG123 <0.5 - - - -

L. reuteri LR32 <0.5 <0.5 865 63 8
LR34 <0.5 - 574 6 24

L. vaginalis LVv51 12 - 551 1368 109
V121 <0.5 - 248 170 106

L. fermentum LF71 <0.5 - 145 795 12
LF72 <0.5 - 318 2 96

L. casei LC71 33 <0.5 86 - -

*The enzymatic Unit was defined as the amount of protein that releases 1wmol of p-NP per min.

—OD 600nm less than 0.7; activity was, therefore, not determined.
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The strains were shown to adhere to gastric epithelial cells
just as well, or even better than, the well-recognized adher-
ent strain L. rhamnosus GG (Tuomola and Salminen, 1998).
However, comparison of the results with those reported on the
literature is difficult given the use of different cell lines (mostly
colorectal Caco-2 and HT-29) and different cell-to-bacteria ratios
employed.

Probiotics may be useful in the treatment of gastric dysbiosis,
such as those caused by H. pylori infections. In fact, several stud-
ies have reported an inhibitory effect of probiotic lactobacilli on
colonization and development of this pathogen (Johnson-Henry
et al., 2004; Sykora et al., 2005; Francavilla et al., 2008). H. pylori
colonizes the epithelium of the stomach and duodenum, occa-
sionally invading the cells. Colonization seems to reduce systemic
and cellular antioxidative defenses (Hiitt et al., 2009). The antiox-
idative potential of the strains was therefore tested, a property that
has already been reported for certain lactobacilli strains (Kullisaar
et al., 2002). According to Hiitt et al. (2006), total antioxidative
(TAA) values >20% are considered noteworthy. In the present
work, two strains, L. reuteri LR32 and L. vaginalis LV51, met this
criterion. This protective property may be useful as a defense
mechanism for the gastric mucosa, preserving the tissue from
oxidant-induced damage.

The gastric lactobacilli were also screened for their antimicro-
bial activities against Gram-positive and Gram-negative bacteria.
The production of bacteriocin-like inhibitory substances varies
widely among LAB species and strains (de Vuyst and Leroy,
2007). After successive solid and liquid medium assays, a single
L. gasseri strain (LG52) was consistently shown to be bacteriocin
producer. However, whether LG52 produces an active bacteriocin
under gastric conditions remains yet to be investigated. Another
potential source of inhibitory effects is H,O,, which in certain
environments might be more important than the production
of organic acids. The stomach is a microaerobic environment
and the production of H,O; might be greater under such con-
ditions than in anaerobiosis. This prompted us to evaluate the
production of H,O, under aerobic and anaerobic conditions. The
two L. reuteri strains and L. vaginalis LV51 were shown to pro-
duce this compound under both conditions. These strains must
have H,O; detoxification mechanisms that allow them to protect
themselves from its toxic effects. Superoxide dismutases, peroxi-
dases and dehydrogenases are all able to degrade H,O;,and have
been described in lactobacilli species (Kullisaar et al., 2002; Hiitt
et al., 2006; Martin and Sudrez, 2010). These enzymes contribute
toward the antioxidative cell defense system. In the present work,
the strains with the largest H,O, production capacity were those
with the greatest antioxidative activity.

The inhibition of H. pylori by the two L. reuteri strains was
probably due to the production of reuterin; certainly, a gene
essential for its production was detected. Reuterin is a potent
antimicrobial agent that inhibits both Gram-positive and Gram-
negative bacteria. L. reuteri also produces other potent antimi-
crobial compounds, such as reutericin 6 and reutericyclin, but
these have no effects on Gram-negative bacteria (Ginzle, 2004).
The inhibition of H. pylori by lactobacilli has already been
reported (Sgouras et al., 2004; Hiitt et al., 2006; Lopez-Brea et al.,
2008; Ryan et al., 2008b). However, most authors attribute the

observed inhibitory effects to live metabolizing cells. In contrast,
the present work provides evidence of the inhibitory effect of
L. reuteri culture supernatants against H. pylori. Wherever this
inhibitory activity comes from, the potential use of these human
stomach-derived L. reuteri strains as probiotics for protecting
against H. pylori infection should be considered.

While L. gasseri seems to be more prevalent in the gastric
ecosystem than L. reuteri, the strains of the latter species displayed
more probiotic-relevant properties and/or higher activity levels.
The antimicrobial—and especially anti-H. pylori—activity of the
L. reuteri strains, together with their antioxidative effects, might
allow them to protect the gastric mucosa from infection and dam-
age. The L. reuteri strains also showed some technological traits
that would allow their inclusion in fermented dairy products.
Strains of other species further showed desirable traits to be rec-
ommended as probiotic candidates. As an example, L. vaginalis
LV51 showed the strongest a-galactosidase activity. This would
be highly desirable in soy-derived products to hydrolyse the a-
galactosides (mainly raffinose and stachyose) capable of causing
gastrointestinal discomfort and flatulence (LeBlanc et al., 2008).

CONCLUSIONS

In summary, this work reports a genotypic, technological and
probiotic description and characterization of a group of lacto-
bacilli from the human stomach. In vitro, some of the gastric
strains (particularly the L. reuteri strains) showed a vast array
of desirable properties to be considered as promising probiotic
candidates. Additionally, they showed appropriate technological
traits to be included in dairy or other fermented functional foods
as adjunct cultures. The efficacy of such probiotics for the treat-
ment and/or prevention of gastric microbial dysbiosis should be
carefully evaluated in vivo through controlled clinical trials.
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A Commentary on

Probiotic and technological properties of Lactobacillus spp. strains from the human stomach
in the search for potential candidates against gastric microbial dysbiosis

by Delgado, S., Leite, A. M. O., Ruas-Madiedo, P., and Mayo, B. (2014). Front. Microbiol. 5:766. doi:
10.3389/fmicb.2014.00766

Helicobacter pylori, a curved-shaped, flagellated, microaerophilic, gram-negative bacillus is
naturally colonized bacteria in humans. This bacterium can be found in 25-50% of the population
in developed countries and in 70-90% in developing countries, probably, due to the poor hygiene
(Go, 2002). New epidemiological studies revealed that the prevalence of H. pylori is declining.
However, H. pylori-infected population develops various diseases including peptic ulcer, chronic
gastritis, and gastric mucosa-associated lymphoid tissue (MALT) lymphoma (Ruggiero, 2014).
It is the only bacterium that has been linked to the gastric cancer and ulcer disease, and thus
associated with significant morbidity and mortality worldwide. Moreover, till now there is no
universally effective therapeutic regimen and vaccine are available for the treatment of H. pylori
associated diseases. Although triple therapy (combining acid suppression with clarithromycin,
amoxicillin, or nitroimidazolic compounds) and antibiotics are being used against H. pylori
infection, prolongation of these therapeutic agents is declining worldwide because of their side
effects (such as vomiting, diarrhea, nausea, constipation, headache, etc.) (Yuan et al., 2013) and
prevalence of antimicrobial resistance. H. pylori eradication treatments are still remain a challenge.
Extensive research on H. pylori and associated diseases concluded that probiotics can be used
as an alternative or complementary therapy for the management of H. pylori infection (Emara
et al., 2014), since it does not cause side effects as triple therapy. Probiotics have potential
to maintain the disturbed gastroenterological conditions and also beneficial for the patients of
inflammatory bowel disease, ulcerative colitis, Crohn’s disease, antibiotic-, and rotavirus-associated
diarrhea, adenocarcinoma, colorectal cancer, etc. (Goossens et al., 2003). An improvement of H.
pylori associated gastric inflammation by the use of probiotics could be contributed by various
mechanisms (Emara et al., 2014). Accumulated evidences suggested that H. pylori could be
eradicated from the stomach by selective bacterial-bacterial cell interaction. Lactobacillus reuteri
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was identified as a highly specific binding antagonist to H.
pylori among Lactobacillus species. L. reuteri DSM17648 strain
co-aggregates with different H. pylori strains and serotypes.
However, it does not affect other intestinal and commensal oral
bacteria (Holz et al., 2015).

How L. reuteri acts against H. pylori is not completely
uncovered. However, it is reported that L. reuteri produces
a compound called reuterin, which work as an antimicrobial
agent. Other than reuterin, L. reuteri also produces some potent
antimicrobial compounds, such as reutericin 6 and reutericyclin,
but these have no effects on Gram-negative bacteria (Ganzle,
2004). L. reuteri also inhibits the binding of H. pylori to the
putative glycolipid receptors. Mukai et al. (2002) examined the
binding competition of L. reuteri strains, (JCM1081 and TM105)
and H. pylori to gangliotetraosylceramide (asialo-GM1) and
sulfatide. It was identified as a possible sulfatide-binding protein
of the L. reuteri strain.

L. reuteri helps to improve the eradication rate of H. pylori
induced by triple therapy (Table 1). In a recent clinical trial, it
was observed that triple therapy supplemented with L. reuteri
increased the eradication rate of H. pylori by 8.6%, as well as
reduced the side effects and improve the GSRS (Gastrointestinal
Symptom Rating Scale) score (Emara et al, 2014). A new
probiotic having two strains of L. reuteri (DSM 17938 and
ATCC PTA 6475) were also studied for the inhibitory effect

of H. pylori growth, gastritis and prevention of antibiotic-
associated side effects, when administered with triple therapy.
L. reuteri combination increased the eradication rate by 9.1%
(Francavilla et al, 2014). Sequential therapy with L. reuteri
supplementation was also reported in the eradication treatment
of H. pylori and the intensity of antibiotic-associated side
effects (Efrati et al., 2012). H. pylori infection was also defined
as positive gastric histopathology '>C urea breath test (3C-
UBT). Dore et al. (2014) have done an open label single
center study, where they found a significant reduction in urease
activity with a difference of mean of 38.8 vs. 25.4 assessed
before and 4-6 weeks post therapy. In another study, L.
reuteri DSMZ17648 was also reported to co-aggregates with
H. pylori in vitro and was shown to reduce '*C-UBT in vivo
(Mehling and Busjahn, 2013).

Antibiotic-associated  gastrointestinal side effects are
major drawbacks of all H. pylori therapies. One of them is
levofloxacin-based second-line therapy. The efficacy of L. reuteri
supplementation during a second-line levofloxacin triple therapy
for H. pylori eradication was reported by Ojetti et al. (2012).
In this study, The H. pylori eradication rate was significantly
increased (18%) and incidence of nausea and diarrhea was
significantly lowered due to the L. reuteri supplementation. The
therapeutic role of L. reuteri was also compared with a high
concentration of probiotics for H. pylori eradication, where

TABLE 1 | Selected clinical trials using Lactobacillus reuteri for H. pylori eradication treatment.

Treatment Probiotic(s)

Eradication rate

Probiotic efficacy References

Triple therapy, Omeprazole 20 mg,
amoxicillin 1 g, clarithromycin 500
mg, 14 d

Three-phase study; pre-eradication
(1-28 d), eradication (29-35 d),
follow-up (36-96 d), Triple therapy
Pantoprazole 20 mg, 8 weeks

Levofloxacin 500 mg, esomeprazole
20 mg, amoxicilin 1 g, 7 d

Omeprazole 1 mg/kg, amoxicillin
50 mg/kg, clarithromycin 15 mg/kg,
7d

Pantoprazole 20 mg, amoxicillin 1
g, clarithromycin 500 mg, Triple
therapy, 7 d Sequential regimen,
10d

Sequential therapy (Details not
describe)

Triple therapy (Details not describe)

No drug

Omeprazole 1 mg/kg, amoxicillin
50mg/kg, clarithromycin 15 mg/kg,
Sequential therapy, 10 d

L. reuteri ATCC PTA 6475, L. reuteri
DSM 17938, 14 d during therapy +
further 14 d, Control

L. reuteri ATCC PTA 6475, L. reuteri
DSM 17938 Control

L. reuteri, 8 weeks

L. reuteri, during therapy + further 7
d Control

L. plantarum, L. reuteri, L. casei
subsp. rhamnosus, B. infantis, and
B. longum, L. acidophilus, L.
salivarius, S. thermophilus, L.
sporogenes, during therapy Control
L. reuteri ATCC55730, during
therapy + further 7 or 10 d

L. reuteri ATCC55730, 8 weeks
Control

L. reuteri, 7 d Control

L. reuteri SD2112, 8 weeks

L. reuteri ATCC55730 (SD2112)
Control

74.3% (26/35)
65.7% (23/35)

75% (37/50)
65.9% (33/50)

14.2% (3/21)
80% (36/45)
62.2% (28/45)

82.2% (30/34)
76.4% (26/34)

63% (52/83
88% (73/83

33.8 + 15% (33)
35.8 + 15.5% (33
63% 53%

69.7 + 4% (33)
85% (17/20)
80% (16/20)

Significantly increase of eradication rate
with improved GSRS score and
reduction of side effects (taste disorder,
diarrhea)

Significantly increase of eradication rate
but no difference in GSRS score

Good tolerability with no side effects
Significantly increase of eradication rates
and reduction of side effects (Nausea,
diarrhea)

Non-significant increase of eradication
rates; significant reduction of side effects
(epigastric pain, nausea, vomiting,
diarrhea)

Significantly higher eradication rate and
reduction of side effects in Sequential
regimen

Significant decrease in Gastrointestinal
Symptom
Lowest incidence of side-effects

Significant reduction of 13C-UBT
Significant reduction of GSRS score

Emara et al., 2014

Francavilla et al.,
2014

Dore et al., 2014
Ojetti et al., 2012

Tolone et al., 2012

Efrati et al., 2012

Francavilla et al.,
2008

Scaccianoce
et al., 2008

Imase et al., 2007

Lionetti et al.,
2006

GSRS, Gastro intestinal Symptom Rating Scale; 13C-UBT, 13C Urea Breath Test.
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the incidence of side effects was lowest in 7-day therapy plus
L. reuteri (6%) treated group (Scaccianoce et al., 2008). These
studies show that L. reuteri can be used as a complementary
therapy for H. pylori infection. L. reuteri may compete directly
with H. pylori, possibly by interference with adherence or by the
production of antimicrobial molecules.

In a recent “Frontiers in Microbiology” paper by Delgado
et al. (2014), authors isolated 10 strains of different Lactobacillus
species from the gastric biopsies and stomach juice samples of
healthy humans. These all strains were tested for their functional
properties, like bile tolerance, acid resistance, adhesion to
epithelial gastric cells, production of antimicrobial compounds,
antioxidative activity, antibiotic resistance, carbohydrate
fermentation, glycosidic activities, and inhibition of H. pylori. In
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A Corrigendum on

Commentary: Probiotic and technological properties of Lactobacillus spp. strains from the
human stomach in the search for potential candidates against gastric microbial dysbiosis
by Tyagi, A. K., and Prasad, S. (2015). Front. Microbiol. 6:433. doi: 10.3389/fmicb.2015.00433

In the original article, there was error in Table 1 as published. The probiotic efficacy for Emara 2014
and Francavilla 2014 reported a significant increase instead of a non-significant increase.

Additionally, the reference for “Francavilla et al., 2008” in Table 1 was incorrectly written as
“Francavilla, R., Lionetti, E., and Cavallo, L. (2008). Sequential treatment for Helicobacter pylori
eradication in children. Gut 57:1178.” It should be “Francavilla, R., Lionetti, E., Castellaneta, S.
P., Magista, A. M., Maurogiovanni, G., Bucci, N., et al. (2008). Inhibition of Helicobacter pylori
infection in humans by Lactobacillus reuteri ATCC 55730 and effect on eradication therapy: a pilot
study. Helicobacter 13, 127-134. doi: 10.1111/j.1523-5378.2008.00593.x”.

The corrected Table 1 and Reference appear below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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TABLE 1 | Selected clinical trials using Lactobacillus reuteri for H. pylori eradication treatment.

Treatment

Probiotic(s)

Eradication rate

Probiotic efficacy References

Triple therapy, Omeprazole
20 mg, amoxicillin 1g,
clarithromycin 500 mg, 14 d

Three-phase study;
pre-eradication (1-28 d),
eradication (29-35 d),
follow-up (36-96 d), Triple
therapy

Pantoprazole 20 mg, 8
weeks

Levofloxacin 500 mg,
esomeprazole 20 mg,
amoxicillin 1g, 7.d

Omeprazole 1 mg/kg,
amoxicillin 50 mg/kg,
clarithromycin15 mg/kg, 7 d

Pantoprazole 20 mg,
amoxicillin 1g,
clarithromycin 500 mg,
Triple therapy, 7 d
Sequential regimen, 10 d

Sequential therapy (Details
not describe)

Triple therapy (Details not
describe)

No drug

Omeprazole 1 mg/kg,
amoxicillin 50 mg/kg,
clarithromycin15 mg/kg,
sequential therapy, 10 d

L. reuteri ATCC PTA 6475,
L. reuteri DSM 17938, 14 d
during therapy + further 14
d, Control

L. reuteri ATCC PTA 6475,
L. reuteri DSM 17938,
Control

L. reuteri, 8 weeks

L. reuteri, during therapy +
further 7 d Control

L. plantarum, L. reuteri, L.
casei subsp. rhamnosus, B.
infantis, and B. longum, L.
acidophilus, L. salivarius, S.
thermophilus, L.
sporogenes, during therapy
Control

L. reuteri ATCC55730,
during therapy + further 7
ori10d

L. reuteri ATCC55730, 8
weeks Control

L. reuteri, 7 d Control

L. reuteri SD2112, 8 weeks

L. reuteri ATCC55730
(SD2112) Control

74.3% (26/35)
65.7% (23/35)

75% (37/50)
65.9% (33/50)

14.2% (3/21)

80% (36/45)
62.2% (28/45)

82.2% (30/34)
76.4% (26/34)

63% (52/83)
88% (73/83)

33.8 + 15% (33)

35.8 + 15.5% (33)

63%
53%
69.7 + 4% (33)

85% (17/20)
80% (16/20)

Non-significant increase of eradication rate with
improved GSRS score and reduction of side effects
(taste disorder, diarrhea)

Emara et al., 2014

Non-significant increase of eradication rate but no
difference in GSRS score

Francavilla et al., 2014

Good tolerability with no side effects Dore et al., 2014

Significantly increase of eradication rates and
reduction of side effects (Nausea, diarrhea)

Ojetti et al., 2012

Non-significant increase of eradication rates;
significant reduction of side effects (epigastric pain,
nausea, vomiting, diarrhea)

Tolone et al., 2012

Significantly higher eradication rate and reduction of Efrati et al., 2012

side effects in sequential regimen

Significant decrease in Gastrointestinal Symptom Francavilla et al., 2008

Lowest incidence of side-effects Scaccianoce et al.,

2008
Imase et al., 2007
Lionetti et al., 2006

Significant reduction of 18C-UBT
Significant reduction of GSRS score

GSRS, Gastrointestinal Symptom Rating Scale; "3C-UBT; '5C Urea Breath Test.
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Biomodulation, College of Natural Science, Myongji University, Yongin, South Korea

The study was aimed to characterize the probiotic properties of a Pediococcus
pentosaceus strain, KID7, by in vitro and in vivo studies. The strain possessed tolerance
to oro-gastrointestinal transit, adherence to the Caco-2 cell line, and antimicrobial
activity. KID7 exhibited bile salt hydrolase activity and cholesterol-lowering activity,
in vitro. In vivo cholesterol-lowering activity of KID7 was studied using atherogenic
diet-fed hypercholesterolemic mice. The experimental animals (C57BL/6J mice) were
divided into 4 groups viz., normal diet-fed group (NCD), atherogenic diet-fed group
(HCD), atherogenic diet- and KID7-fed group (HCD-KID7), and atherogenic diet- and
Lactobacillus acidophilus ATCC 43121-fed group (HCD-L.ac) as positive control. Serum
total cholesterol (T-CHO) level was significantly decreased by 19.8% in the HCD-KID7
group (P < 0.05), but not in the HCD-L.ac group compared with the HCD group.
LDL cholesterol levels in both HCD-KID7 and HCD-L.ac groups were decreased by
35.5 and 38.7%, respectively, compared with HCD group (both, P < 0.05). Glutamy!
pyruvic transaminase (GPT) level was significantly lower in the HCD-KID7 and HCD-L.ac
groups compared to HCD group and was equivalent to that of the NCD group. Liver
T-CHO levels in the HCD-KID7 group were reduced significantly compared with the
HCD group (P < 0.05) but not in the HCD-L.ac group. Analysis of expression of
genes associated with lipid metabolism in liver showed that low-density lipoprotein
receptor (LDLR), cholesterol-7a-hydroxylase (CYP7A7) and apolipoprotein E (APOE)
mRBNA expression was significantly increase in the HCD-KID7 group compared to
the HCD group. Furthermore, KID7 exhibited desired viability under freeze-drying and
subsequent storage conditions with a combination of skim milk and galactomannan. P
pentosaceus KID7 could be a potential probiotic strain, which can be used to develop
cholesterol-lowering functional food after appropriate human clinical trials.

Keywords: Pediococcus, probiotic, oro-gastrointestinal transit, cholesterol-lowering, bile salt hydrolase,
LDL-receptor, cholesterol 7a-hydroxylase, storage viability
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Probiotic characterization of Pediococcus pentosaceus KID7

Introduction

High blood cholesterol (hypercholesterolemia) is a risk factor
for cardiovascular diseases, which remains one of the largest
causes of death worldwide (Ishimwe et al., 2015). It has been
shown that a 1% reduction in serum cholesterol is associated
with an estimated reduction of 2-3% in the risk of coronary
heart disease (CHD) (Ishimwe et al., 2015). Statin drugs are
predominantly prescribed for the reduction of serum cholesterol
level and in turn the risk of CHD. There is an increasing interest
in non-drug therapies for lowering serum cholesterol and the
risk of CHD due to several adverse side effects of statin drugs
reported in the literature and by patients (Sultan and Hynes,
2013). An alternative is probiotics with cholesterol-lowering
activity. Probiotics are defined as “live microorganisms that,
when administered in adequate amounts, confer a health benefit
on the host” (Hill et al., 2014). Recently, several studies have
shown that probiotics could be used as alternative supplements
to exert cholesterol-lowering effects in humans (Trautvetter
et al., 2012; Fuentes et al, 2013; Guardamagna et al.,, 2014).
Probiotics have been suggested to reduce cholesterol via various
mechanisms (Ishimwe et al., 2015). Available literature suggests
that probiotics with bile salt hydrolase (BSH) activity show
cholesterol-lowering activity in vivo (Kumar et al., 2011; Jones
et al., 2012, 2014; Pavlovic et al., 2012; Degirolamo et al., 2014).
Other mechanisms such as cholesterol adsorption to cell surface,
cholesterol assimilation into bacterial cell membrane (Liong and
Shah, 2005a) and co-precipitation with deconjugated bile acids
(Liong and Shah, 2005b) are also proposed/demonstrated in vitro
without evidence of their occurrence in vivo.

Several species and strains belonging to the orders
Lactobacillales and Bifidobacteriales are widely recognized,
approved and used as probiotics with some yeast and
Bacillus sp. as well. The beneficial effects of probiotics
include but are not limited to gastro-intestinal microbial
balance, suppression of pathogens, immunomodulatory
activity, hypocholesterolemic activity, and alleviation of certain
conditions such as diarrhea, allergy, lactose intolerance, irritable
bowel syndrome, inflammatory bowel disease (IBD), and
colon cancer (reviewed in Nagpal et al, 2012). However, a
single probiotic microbe cannot provide all of these beneficial
effects and efficacy and the activity of probiotic strains vary
considerably. For example, certain probiotic strains show efficacy
against antibiotic-associated diarrhea but there is less evidence
for their efficacy against IBD.

Since, the probiotic property of microbes differs from one
strain to another, new strains must be assessed for their putative
probiotic properties according to FAO/WHO guidelines (FAO-
WHO, 2002). The FAO/WHO guideline recommends certain
testing methods to establish the health benefits of a microbe to
be called probiotic. The testing methods include in vitro and
in vivo study of oro-gastrointestinal transit tolerance, production
of antimicrobial substances, beneficial probiotic characters such
as cholesterol-lowering activity, anti-hypertensive activity, anti-
diabetic activity etc., and adherence to human intestinal cells,
before testing the microbe in human clinical trials (FAO-WHO,
2002). The guidelines also insist on the characterization of a

putative probiotic microbe for its safety that the strain should
not possess any transferrable antibiotic resistance (FAO-WHO,
2002). Additionally, any probiotic microbe should maintain its
viability and probiotic activity during industrial manufacturing
practices such as drying, and storage in various products.

The objective of this study was to establish the various
probiotic properties and cholesterol-lowering activity of a
Pediococcus pentosaceus strain KID7, through in vitro and in vivo
studies and technological characterization of strain KID7 for its
ability to maintain desired viability during manufacturing and
storage condition.

Materials and Methods

Microorganisms and Culture Conditions

Strain KID7 was isolated from fermented finger millet (Eleusine
coracana) gruel obtained from a household in Yongin, Korea.
The gruel was serial-10-fold diluted and 10™* to 10~° dilutions
were plated on de Man Rogosa and Sharpe (MRS) agar medium
and incubated at 37°C for 24h to pick as single colony of
strain KID7. The probiotic strains Lactobacillus rhamnosus
GG andLactobacillus acidophilus ATCC 43121 were obtained
from American Type Culture Collection (ATCC, Manassas, VA,
USA) and the type strain Pediococcus pentosaceus KACC 12311
was obtained from the Korean Agricultural Culture Collection
(KACC), Republic of Korea. The strains were cultured in MRS
agar medium and incubated at 37°C for 24 h before being used
for experiments. The strains were stored as glycerol stocks (20%
glycerol in MRS broth) at —80°C. The probiotic strains and type
strain P. pentosaceus KACC 12311 were used as reference strains
for comparison of probiotic and biochemical characteristics,
respectively.

Pathogenic microbes used in this study were obtained from
the Korean Collection for Type Cultures (KCTC), KACC and
Korean Culture Center of Microorganisms (KCCM), Republic of
Korea. The pathogenic strains were routinely cultured in Luria-
Bertani (LB) agar medium and stored as glycerol stocks (20%
glycerol in LB broth, v/v) at —80°C.

Strain Identification and Biochemical Test

KID7 was identified by gram staining, microscopic examination
and the API 50 CHL kit (Biomerieux S.A., La Balme les
Grottes, France). In addition, the fermentation pattern of KID7
was identified using homo- and hetero-fermentation (HHD)
medium (Mcdonald et al., 1987). Enzyme activities such as p-
galactosidase, B-glucosidase and protease activity were studied
following previous reports (Vidhyasagar and Jeevaratnam, 2013;
Lee et al, 2014). KID7 was studied for its growth in the
presence of NaCl (1-10%, w/v) in MRS broth. Genomic DNA
of strain KID7 was isolated using a genomic DNA isolation kit
(GeneALL, Seoul, South Korea), following the manufacturer’s
protocol. PCR amplification of the 16S rRNA gene from KID7
was performed with the primers 27F and 1492R (Borges et al.,
2013) and sequencing of the PCR product was done with 27F
and 785F (5'-GGATTAGATACCCTGGTA-3') primers to get a
partial sequence of the 16S rRNA gene. Sequencing service
was provided by Solgent Co. Ltd. (Seoul, South Korea). The
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sequence was searched for similarities in the EzTaxon database
using the BLAST program. A phylogenetic tree was constructed
using the closely related sequences by multiple alignment
using Clustal X followed by neighbor-joining phylogenetic
tree construction using MEGA 6 software (Tamura et al,
2013).

In vitro Study of Probiotic Properties

Safety assessment

KID7 was subjected to safety assessment such as biogenic amine
production, hemolytic activity, and degradation of type III
mucin from porcine stomach (Sigma, St. Louis, MO, USA).
The biogenic amine production was tested according to the
procedure described by Bover-Cid and Holzapfel (1999) using
decarboxylase agar medium with or without amino acids
such as L-phenylalanine, L-lysine, L-tryptophan, L-tyrosine, L-
arginine, L-ornithine, or L-histidine. Hemolytic activity and
mucin degradation were tested by petri dish-based methods
described by Borges and Teixeira (2014) and Zhou et al. (2001),
respectively. The minimum inhibitory concentration (MIC) of
various antibiotics for strain KID7 was tested by 2-fold broth
microdilution method (Wiegand et al., 2008). Susceptibility of
the strain to a particular antibiotic was determined according to
the cut-off MIC values given by European Food Safety Authority
(EFSA, 2012).

Oro-gastrointestinal transit assay

Oro-gastrointestinal transit (OGT) tolerance assay was
performed according to the method described by Bove et al.
(2012) with modification. The assay mimic the physiological
conditions of oral, gastric and intestinal stress. The strain KID7
was subjected to oral stress for 10min in electrolyte solution
(sodium chloride, 6.2g; potassium chloride, 2.2g; calcium
chloride, 0.22g; sodium bicarbonate, 1.2g) (Marteau et al,
1997) with 150 mg/L lysozyme (Sigma). This was followed by
gastric stress for a 30-min incubation in electrolyte solution of
pH 3 + 0.3% pepsin (Sigma) and another 30-min incubation
in electrolyte solution of pH 2 + 0.3% pepsin. Finally, the cells
were subjected to a 120-min incubation in intestinal electrolyte
solution (sodium chloride, 5 g; potassium chloride, 0.6 g; calcium
chloride, 0.25 g; pH 7) (Marteau et al., 1997) with 0.3% bile oxgall
(BD) and 0.1% pancreatin (Sigma-Aldrich). The strains in PBS
without stress were used as control. The cells were separated
from the stress solution after each stress by centrifugation
at 5000rpm for 5min and either subjected to next stress or
used for viability analysis. The viability was calculated from
colony-forming units (cfu) of appropriate dilutions from the
control and stress-treated bacterial cells plated on MRS agar
medium incubated for 48 h at 37°C. The bacterial viability at the
end of each stress was also monitored using the LIVE/DEAD
BacLight bacterial viability kit (Invitrogen, Oregon, USA)
following the manufacturer’s protocol. The live and dead bacteria
were visualized as green and red fluorescent cells, respectively
under a fluorescence microscope (Olympus BX50, Tokyo, Japan)
and photomicrographs were captured using a digital camera
(Olympus DP70, Tokyo, Japan).

Caco-2 cell culture and adhesion assay

Caco-2 cell line was obtained from KCTC (Korea) and routinely
cultured in minimum essential medium (MEM) high-glucose
medium (Gibco) supplemented with 20% (v/v) inactivated fetal
bovine serum and 100 U of antibiotics penicillin-streptomycin.
The culture was incubated at 37°C with 5% CO,.For theadhesion
assay, the Caco-2 cell line was used between the 39th and 41st
passage, which phenotypically resembled the enterocytes and
expressed tight junction. The Caco-2 cells were seeded at the
concentration of 2 x 10° cfu/ml in 12-well cell culture plates
and incubated for 21 days to get polarized monolayer and 100%
confluence. The medium was changed every day.

The adhesion of lactic acid bacteria (LAB) strains to Caco-2
cells was determined by the method described by Lee et al. (2014)
with minor modification. Briefly, the Caco-2 cells were replaced
with non-antibiotic-supplemented MEM medium 2 h prior to the
adhesion assay. 0.5ml of 18-h bacterial suspension in PBS was
mixed with an equal volume of non-antibiotic-supplemented cell
culture medium. The final concentration of bacteria was 1 x 10®
cfu/ml, added to each well of the tissue culture plate containing
the Caco-2 monolayer, and incubated at 37°C in 5% CO, for
2h. After incubation, the number of adhered bacterial cells was
determined according to Lee et al. (2014).

Antimicrobial activity

The antimicrobial activity of strain KID7 was determined against
human, animal and food-borne pathogens listed in Table 2.
Strain KID7 was cultured in MRS broth for 48h at 37°C and
the culture filtrate was concentrated 10-fold by lyophilization.
One hundred microliter of concentrated crude culture filtrate
was loaded on to an 8-mm paper disc (ADVANTEC, Japan) and
dried. The disc was placed on the pathogen- spread LB agar
plate and incubated for 18h and the zone of inhibition was
measured. The entire assay was performed in triplicates to check
the reproducibility. Hydrogen peroxide production by the LAB
strains was determined according to the method of Saito et al.
(2007).

Bile salt hydrolase activity

Bile salt hydrolase activity of KID7 was detected by thin-layer
chromatography (TLC). The reaction mixtures were prepared
by a method described by Guo et al. (2011) with slight
modification. MRS reaction mixture was prepared with 5mM
taurodeoxycholic acid (TDCA), or 5 mM glycocholic acid (GCA),
or 5mM taurocholic acid (TCA) in sodium phosphate buffer
(pH 7.4). One milliliter of 18-h culture was mixed with an equal
volume of phosphate-buffered MRS + conjugated bile acid and
incubated for 36h at 37°C. After incubation, the mixture was
lyophilized, dissolved in 1ml of methanol and centrifuged to
remove precipitates. Three microliter of sample was spotted on
TLC (silica gel 60, 20 x 20cm) and developed using a mobile
phase of hexane:methylethlyketone:glacial acetic acid (56:36:8,
v/v/v) (Chavez and Krone, 1976). After development, the plates
were dried with hot air, sprayed with 10% sulfuric acid in distilled
water, and heated at 110°C for 10 min in a hot air oven to detect
the free cholic acid, deoxycholic acid, and conjugated bile acids.
The spots were visualized under UV illumination.
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Determination of cholesterol-lowering activity

The LAB strains were studied for cholesterol-lowering activity
in MRS liquid broth supplied with cholesterol. MRS broth
was initially prepared with 0.05% cysteine-HCl to create
microaerophilic condition and autoclaved, followed by addition
of cholesterol (CHO) dissolved in ethanol:Tween 80 (3:1, v/v) to
a final concentration of 500 pg/ml, w/v, in the MRS medium.
The ethanol concentration should not exceed 5%. The MRS-
CHO broth was inoculated with log phase bacterial culture (2%
v/v of Aggo = 0.5 OD culture) and incubated at 37°C37°C for
24 h. After the incubation, bacterial cells were pelleted out by
centrifugation at 1500 x g at 4°C4°C for 10 min. The cholesterol
concentration in spent medium was estimated by enzymatic
method using the BCS total cholesterol kit (Bioclinical System,
Seoul, South Korea) following the manufacturer’s protocol and
compared with uninoculated MRS-CHO broth as control and the
percentage cholesterol removal was calculated. The cholesterol-
lowering activity of LAB was also studied in the presence of
0.3 and 0.5% bile. Additionally, growth of the LAB strains was
also measured in MRS-CHO, and MRS-CHO-bile (0.3 and 0.5%)
broth.

In vivo Study of Cholesterol-Lowering Activity of KID7
Experimental animals

Male C57BL/6] mice (7-8 weeks-old) were purchased from
Orient Bio (Sung-Nam, South Korea). The mice were housed
under temperature (23 £ 3°C) and humidity-controlled
conditions (40 & 6%) with a 12-h light/dark cycle and were
given free access to water and food throughout the experiment.
After acclimatization, the mice were fed an atherogenic diet
(HCD, 40 kcal % fat, 1.25% cholesterol and 0.5% cholic acid,
Cat #101556; Research Diets, NJ, USA) for 4 weeks to induce
hypercholesterolemia before the oral administration of LAB. One
group was continued with a normal diet (NCD). After 4 weeks,
HCD-fed mice were assigned to one of the following three groups
for 4-5 weeks: HCD-control (Con); HCD administered with
3 x 10% cfu/ml of KID7 (HCD-KID7); or HCD administered
with 3 x 10® cfu/ml of L. acidophilus ATCC 43121 (HCD-
L.ac). KID7 and L. acidophilus ATCC 43121 were mixed with
distilled water and administered by oral gavage once daily for 32
days and the control NCD and HCD groups were administered
distilled water alone. The body weight was measured once per
week for 6 weeks. Food intake (g/mouse/day) was determined
by subtracting the remaining food weight from the initial food
weight of the previous feeding day, and dividing by the number of
mice housed in the cage. The experimental design was approved
by the Ethical Committee of the Myongji Bioeffeciency Research
Center in Myongji University (Yongin-Si, Gyeonggi-do, Republic
of Korea), and the mice were maintained in accordance with
standard guidelines.

Collection of tissues

At the end of the 32-days treatment period, the mice were
sacrificed by cervical dislocation, and the liver and white adipose
tissue (WAT) were excised immediately, rinsed, weighed, frozen
in liquid nitrogen, and stored at —80°C until analysis.

Serum biochemical analysis

For biochemical analyses of serum, blood samples were collected
from tail vein at 16-h-fasted state. Serum was obtained from
the blood by centrifugation (3000 rpm, 10 min, 4°C) and was
stored at —80°C until analysis. Serum total cholesterol (T-CHO),
triglyceride (TG), HDL-cholesterol, glucose, glutamyl oxaloacetic
transaminase (GOT) and glutamyl pyruvic transaminase (GPT)
levels were determined by using commercial assay kits (Asan
Pharm, Seoul, Korea). Low-density lipoprotein (LDL) cholesterol
was calculated using the Friedewald formula (Friedewald et al.,
1972).

Liver and fecal lipid contents

Lipids from the isolated liver and feces was extracted using the
Folch method (Folch et al.,, 1957). The extracted lipid fraction
was used to measure the T-CHO and TG levels using commercial
kit mentioned above. Fecal cholic acid content was measured
following the method of Kumar et al. (2011).

Total RNA isolation and gene expression analysis

Total RNA was extracted from liver using the RNeasy
mini kit (Qiagen Korea, Seoul, South Korea) according to
the manufacturer’s protocol. Total RNA (1pg) was reverse-
transcribed to cDNA with the PrimeScript RT reagent kit (Takara,
Shiga, Japan). The mRNA expression levels of cholesterol
metabolisms-related genes were evaluated by real-time PCR
using iQTM SYBR Green Supermix and the real-time PCR
iQTM5 system (Bio-Rad Laboratories, Hercules, CA, USA).
Relative gene expression levels were calculated by the difference
in Ct value after normalization with B-actin (ACTB) and were
expressed as the fold-change relative to the HCD control group.
The primers used in the experiments are listed in Table 1.

Technological Characterization

Viability of strain KID7 under freeze-drying and storage
conditions

KID7 was grown in MRS broth at 37°C for 30h (late log-
phase culture) and the cells were harvested by centrifugation at
3000 x g for 15min at 4°C. The cell pellet was washed and
resuspended in PBS (control) and additives to give a final cell
concentration of 1.8 x 10° cfu/ml. The additives used were
1% (w/v) skim milk, 1% (w/v) galactomannan (Sigma-Aldrich),
1% (w/v) wheat bran hydrolysate, 0.5% (w/v) skim milk +
0.5% (w/v) galactomannan, and 0.5% (w/v) galactomannan +
0.5% (w/v) wheat bran hydrolysate, prepared separately in sterile
distilled water. Wheat bran hydrolysate was prepared following
the method of Wang et al. (2009). The cell suspension in PBS
and additives were frozen at —80°C. The frozen suspensions
were subjected to freeze-drying using a lab-scale freeze dryer
(11Shin lab Co., 1td, Korea), pre-cooled to —80°C. The samples
were dried under reduced pressure (5 mbar) for 24h. The
freeze-dried samples were rehydrated using sterile distilled water
and serially diluted and plated on MRS agar to determine
the viable count. Alternatively, the freeze-dried samples were
stored at three different temperature viz., —20, 4, and 25°C
for up to 6 months. The viable cell count present in each
sample was determined as described above. The number of
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TABLE 1 | The primer sequences used for quantitative real-time PCR.

Gene name Forward (5’ — 3') Reverse (5’ — 3) Reference
SREBF2 GGCCTCTCCTTTAACCCCTT CACCATTTACCAGCCACAGG Ahn et al., 2013
LDLR GCGTATCTGTGGCTGACACC TGTCCACACCATTCAAACCC

HMGCR GGGACCAACCTTCTACCTC GCCATCACAGTGCCACATA Wang et al., 2014
CYP7A1 TCTCAACGATACACTCTCCACC CTTCAGAGGCTGCTTTCATTGC

APOE GAACCGCTTCTGGGATTACCT TCAGTGCCGTCAGTTCTTGTG Ding et al., 2012
ACTB TGTCCACCTTCCAGCAGATGT AGCTCAGTAACAGTCCGCCTAGA

ACTB, B-actin; SREBF2, sterol regulatory element binding protein 2; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; LDLR, Low-density lipoprotein receptor; CYP7A1, cytochrome
P450 family 7 subfamily A polypeptide 1 (cholesterol 7 a-hydroxylase); APOE, apolipoprotein E.

colonies on MRS agar was calculated and the total cfu was
calculated for each sample stored at various temperatures and
time points.

Statistical analysis

Data are expressed as means £ SEM. The differences among
treatment groups were analyzed by One-Way ANOVA, followed
by Duncan test, using Origin 7 Software (MicroCal Software,
Northampton, MA, USA). Values of P < 0.05 were considered
to indicate statistical significance.

Results

Identification of Strain KID7 Based on 16S rDNA
Sequence and Biochemical Test

BLAST search of the EzTaxon database showed that the
16S rDNA sequence of KID7 (Genbank accession number
KJ810576) (1508 bp) showed 99.3% (difference of 10/1499 bp)
similarity with P. pentosaceus type strain DSM 20336. All other
Pediococcus species showed less than 98.5%, which is the cut-
off value for species-level comparison studies (Stackebrandt,
2011). Phylogenetic analysis of the 16S rRNA gene sequence
of KID7 with that of various Pediococcus species confirmed
its close relatedness to P. pentosaceus DSM 20336 (Figure S1).
Hence, P. pentosaceus KACC 12311 (=DSM 20336) was used
for comparative biochemical test with KID7. The biochemical
tests of strain KID7 and the closely related strain P. pentosaceus
KACC 12311 are shown in Table S1. The strain KID7 possess
various enzymatic activities such as protease, B-galactosidase
and PB-glucosidase similar to that of P. pentosaceus KACC
12311. It showed difference in the carbohydrate utilization
pattern, which is considered as strain-level difference between
KID7 and P. pentosaceus KACC 12311. Strain KID7 grew
well in the presence of NaCl, however, a reduction in cell
growth was observed with increasing concentration of NaCl
(Figure S2).

In vitro Probiotic Properties of KID7

In vitro safety assessment of KID7

Strain KID7 was negative for hemolytic activity on blood agar
(Figure S3B), mucin degradation on mucin-supplied medium
(Figure S3C), and bioamine production on various amino acid-
supplied decarboxylase agar media (Figure S3A). The minimum
inhibitory concentration (MIC) of strain KID7 for selected
antibiotics was shown in Table 2. The strain KID7 was sensitive

to all antibiotics except kanamycin B sulfate and streptomycin
sulfate.

Survival of KID7 under simulated oro-gastrointestinal
transit condition

The strain KID7 showed good tolerance to oral, gastric and
intestinal stress based on the results of fluorescence microscopic
analysis for live and dead/damaged cells (Figure 1A) and plate
count obtained after each stress treatment (Figure 1B). We
observed a high amount of red fluorescent cells (indicating
dead/damaged cells) in the gastric stress (pH 2) and intestinal
stress in the fluorescence microscopic analysis (Figure 1A).
However, we observed that these were only damaged cells, as
they recovered during culture on MRS agar, which was evidenced
by the number of colony-forming units in the gastric stress and
intestinal stress (Figure 1B). Overall, a reduction of 1 log unit cfu
(P < 0.05) was observed at the end of the OGT assay compared
to the initial count (Figure 1B).

Adherence of KID7 to Caco-2 cell monolayer

The adherence of KID7, L. rhamnosus GG, and L. acidophilus
ATCC 43121 to Caco-2 cell monolayer was calculated as
the percentage of cells that remained attached to the Caco-2
monolayer after two washes compared to the initial amount
of LAB added (Figure 2). Plate count of the attached bacterial
cells revealed high adherence of KID7 cells (34.7%) (Figure 2)
compared to L. rhamnosus GG (14.2%) and L. acidophilus ATCC
43121 (5%) (Figure 2).

Antimicrobial activity of strain KID7

The concentrated culture filtrate from KID7 showed a broad-
spectrum antimicrobial activity against human, animal and food-
borne pathogens used in this study (Table 3). The antimicrobial
activity was observed against both gram-positive and gram-
negative pathogenic bacteria, whereas no antimicrobial activity
was observed against LAB strains tested. We observed that
KID7 (Figure S4A) and the reference strain P. pentosaceus
KACC 12311 (Figure S4B) did not produce H,0O;, whereas,
L. rhamnosus GG produces H,O,, which is observed as a
zone of blue color around the colony on Prussian blue agar
(Figure S4C).

Bile salt hydrolase and cholesterol-lowering activity of
KID7

The strain KID7 possessed bile salt hydrolase activity that
deconjugated TDCA, GCA and TCA (Figure3A). We
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FIGURE 1 | In vitro assessment of oro-gastrointestinal transit
tolerance of strain KID7 under simulated conditions. (A)
Fluorescence photomicrograph of KID7 cells after various stages of
simulated oro-gastrointestinal transit: (a) initial, (b) oral stress, (c) gastric
stress pH 3, (d) gastric stress pH 2, and () intestinal stress. The live,
and dead/damaged cells were identified by using the LIVE/DEAD
BaclLight bacterial viability kit after oral, gastric and intestinal stress
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treatment. Green color indicates viable bacteria; red color indicates
damaged or dead bacteria. (B) Viable count of KID7 after each stages
of simulated oro-gastrointestinal transit. The viable count of KID7 was
determined by plating the cells from each stage on MRS agar and
incubation at 37°C for 48h. Error bar represents standard error of
mean of three independent experiments. *** Significantly different from
initial count at P < 0.005.
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FIGURE 2 | Adherence of P. pentosaceus strain KID7, L. rhamnosus
GG, and L. acidophilus ATCC 43121 to Caco-2 cell monolayer. The error
bars indicate standard deviation of three independent experiments.

observed a 40% decrease in in vitro cholesterol concentration
in MRS-CHO broth after the growth of KID7 for 24h.
However, this reduction level was decreased in the presence
of bile oxgal—0.3% (33% cholesterol reduction) and—0.5%
(17% cholesterol reduction) (Figure3B). The percentage of
cholesterol reduction by KID7 was comparatively higher
than that of P. pentosaceus KACC 12311 (Figure 3B). The
reduction in cholesterol-lowering activity of KID7 and P.
pentosaceus KACC 12311 in the presence of 0.3 and 0.5%
bile oxgal may be due to reduced cell growth in the presence
of bile compared to bile- non-supplied MRS-CHO broth

TABLE 2 | Antibiotic susceptibility of P. pentosaceus KID7.

Antibiotics Minimum inhibitory concentration EFSA cut-off
(MIC) (mg/L) (MIC) (mg/L)
Chloramphenicol 1
Tetracyclin hydrochloride 4(S) 8
Erythromycin 0.25(S) 1
Streptomycin sulfate 256 (R) 64
Gentamycin C 8(S) 16
Clindamycin 0.5(S) 1
Ampicillin 19 4
Kanamycin B sulfate 1024 (R) 64

Bacterial susceptibility to antibiotic was determined according to the cut-off values given
by EFSA (2012). S, Susceptible; R, Resistant.

(Figure 3C). These observations suggest that cell concentration
is the key factor that affects cholesterol reduction in liquid
broth.

In vivo Cholesterol-Lowering Activity of KID7

Effects of KID7 and L. acidophilus on body weight gain,
food intake, and organ weight

The body weight gain, food intake, and organ weight are shown in
Table 4. Body weight gain was not significantly different among
all groups. Food intake of the NCD group was higher than that
of the HCD control group (P < 0.005), but there was no
significant difference in food intake among the HCD control and
HCD-LAB groups. WAT weight did not differ among all groups.
Liver weights in the NCD group were reduced vs. that of the
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TABLE 3 | Antimicrobial activity of culture filtrate of strain KID7.

Test strains Zone of inhibition (mm)*

GRAM POSITIVE PATHOGENS

Staphylococcus aureus KCCM 11335 15
Staphylococcus epidermidis KCTC 12
1917

Listeria monocytogenes KACC 10764 20
Staphylococcus aureus KCCM 40510 ih
(Methicillin- resistant)

Bacillus cereus KACC 11240 10
GRAM NEGATIVE PATHOGENS

Salmonella typhi KCTC 2514 12
Salmonella choleraesuis KCTC 2932 15
Pseudomonas aeruginosa KCCM 18
11802

Yersinia enterocolitica ssp. 20
enterocolitica KACC 15320

Salmonella gallinarum KCTC 2931 26
Shigella boydii KACC 10792 14
Escherichia coli 0138 KCTC 2615 11
E. coli O1 KCTC 2441 12

LACTIC ACID BACTERIA (GRAM POSITIVE)
Enterococcus durans KACC 10787 -

Lactobacillus fermentum KACC -
11441

Lactobacillus plantarum ssp. -
plantarum KACC 11451

Lactobacillus brevis KACC 11433 -
Lactobacillus paracasei KACC 12361 -

*Concentrated crude culture filtrate of strain KID7 was used for the antimicrobial assay. —,
Indicates no zone of inhibition.

HCD control group, but did not differ in the HCD control and
HCD-LAB groups.

Effects of KID7 and L. acidophilus on the serum
biochemical levels

As shown in Figure 4, T-CHO and LDL-CHO levels in the NCD
group were significantly lower compared to the HCD control
group (all, P < 0.005). T-CHO levels were significantly decreased
by 19.8% in the HCD-KID7 group (P < 0.05), but did not
in the HCD-L.ac group (Figure 4A). LDL-CHO levels in both
the HCD-KID7 and HCD-L.ac group were decreased by an
average of 35.5 and 38.7%, respectively, compared with the HCD
control group (both, P < 0.05) (Figure 4B). HDL-CHO and
TG level gain was not significantly different among all groups
(Figures 4C,D). GPT levels in the NCD, HCD-KID7, and HCD-
L.ac groups were reduced by 30, 30, and 28%, respectively, vs. the
HCD control group (all, P < 0.05) (Figure 4E). GOT levels in
the HCD-KID7 and HCD-L.ac groups showed the tendency to
reduce, but not statistically significant (Figure 4F).

Effects of KID7 and L. acidophilus on lipid content in
liver and feces

Liver T-CHO levels and TG in the NCD group were lower
than that of the HCD control group (P < 0.001 and P <

0.05, respectively) Figure 5. Liver T-CHO levels in the HCD-
KID7 group were reduced significantly compared with the HCD
control group (P < 0.05) (Figure 5A). Liver TG levels tended
to decrease in the HCD-KID7 group compared with the HCD
control group, but not statistically significant (Figure 5B). Fecal
T-CHO levels tended to increase in the HCD-KID7 group
compared with the HCD control group, but not statistically
significant (P = 0.056) (Figure 5C). A significant increase (P <
0.05) in fecal cholic acid content was observed in the HCD-
KID7 group compared to HCD group. In the HCD-L.ac group
no significant change in liver total cholesterol, liver triglyceride
content, fecal cholesterol and fecal cholic acid contents was noted
compared to the HCD control group (Figures 5A-D).

Effects of KID7 and L. acidophilus on expression levels of
genes associated with cholesterol metabolism in liver

We examined the expression levels of cholesterol metabolism-
related genes to understand the mechanism of action of
KID7 compared to L. acidophilus ATCC 43121 in improving
hypercholesterolemia (Figure 6). The NCD feeding was found to
significantly increase the SREBF2, HMGCR, LDLR, and APOE
gene expression levels compared to those of the HCD group.
SREBF2 gene expression level did not change in the HCD-
KID7 group, but significantly increased in the HCD-L.ac group
compared to the HCD group (Figure 6). LDLR expression level
was significantly increased in the HCD-KID7 and in the HCD-
L.ac group. Meanwhile, no significant difference was observed in
HMGCR expression in the HCD-KID7 compared to HCD group
(Figure 6). A significant increase in CYP7AI mRNA expression
level was observed in the HCD-KID7 but not in HCD-L.ac
group compared to HCD. APOE mRNA expression level was
significantly increased in the HCD-KID7 and HCD-L.ac groups
vs. that of the HCD group (Figure 6).

Technological Characteristic of KID7

Viability of KID7 under freeze-drying and storage
conditions

The viability of strain KID7 after freeze-drying condition in
the presence of various food grade additives was given in
Figure 7A. Among the tested additives, 0.5% skim milk +
0.5% galactomannan (SMG), protected the bacterial cells during
freeze-drying condition and the viability was retained at 99.79%,
which was better than in the presence of 1% skim milk alone
(viability = 99.6%) (Figure 7A). Further, we tested KID7 cells in
SMG combination for storage at different temperature conditions
in freeze-dried form for up to 6 months. The viability of KID7
cells in SMG combination was high at 4°C followed by —20°C
and 25°C (Figure 7B). After 6 months of storage, KID7 cells in
SMG matrix retained >90% viability at 4°C and =89% viability
at —20°C, which resulted in 1-log-order decrease in viable cells
(Figure 7B) whereas at 25°C the viability was reduced to 68%
with 2-log-order decrease in the viable cells (Figure 7B). These
results suggest that KID7 combined with SMG matrix could be
stored long term at 4°C in freeze-dried form and demonstrate
the technological properties of the strain.
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TABLE 4 | Effects of KID7 and L. acidophilus on body weight, food intake, and tissues weight in mice.

Parameters Dietary groups

NCD HCD HCD + KID7 HCD + L. acidophilus
BODY WEIGHT (g)
Initial 21.77+£0.48 22.24+0.49 20.89£0.52 21.08+£0.37
Final 23.24+£0.49 22.01+0.36 21.97 £0.50 22.64+£0.45
Gain 1.88+0.35 1.56+£0.39 1.68+0.40 1.8+0.70
Food intake rate (g/mouse/day) 3.24+0.18 2.50+0.23 2.54+0.21 2.42+017
TISSUES WEIGHT (g)
Liver 0.940.03" 1.2940.05 1.27 £0.04 1.2140.52
Epididymal fat 0.16£0.03 0.16+£0.019 0.17+£0.015 0.20+0.033

NCD, Normal diet; HCD, high-cholesterol diet; KID7, P pentosaceus KID7; L.ac, L. acidophilus. Data are expressed as means + SEM (n = 8/group). ™ Significantly different at P <

0.005 vs. the HCD group.

Discussion

P. pentosaceus has been approved as an animal feed additive in
the United States, European Union, China, Thailand, Australia,
and New Zealand (Lim and Tan, 2009). In recent years it has
received increased attention and has been characterized for its
possible utilization as probiotic in humans (Osmanagaoglu et al.,
2012; Zhao et al, 2012; Borges et al., 2013; Vidhyasagar and
Jeevaratnam, 2013; Borges and Teixeira, 2014; Garcia-Ruiz et al.,
2014; Lee et al., 2014).

Microbes used as probiotics should satisfy certain safety
criteria such as being negative for mucin degradation activity
(Abe et al, 2010), since microbes degrading mucin can

translocate from the intestinal lumen to other body parts and
cause bacteremia (Abe et al., 2010). Generally, members of LAB
does not possess hemolytic activity. However, Enterococcus and
Bacillus strains possess hemolytic potential and such strains
should be adequately tested and confirmed for non-hemolytic
activity (FAO-WHO, 2002). Testing for bioamine production
is an important safety test, since most of the LAB have the
ability to produce bioamines (Bover-Cid and Holzapfel, 1999).
These are toxic substances generated from the decarboxylation of
amino acids present in foods, the most important being diamines,
which are precursors of carcinogenic nitrosamines (Bover-Cid
and Holzapfel, 1999). Bover-Cid and Holzapfel (1999) observed
that pediococci do not show any ability to produce bioamines,
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SEM (n = 8/group). *, *** indicate significantly different (lower for A and
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which is in accordance with our observation that KID7 did
not produce bioamine on any of the amino acids tested in
this study (Figure S2). Antibiotic susceptibility is another key
requirement of a probiotic strain used for human or animal

consumption (FAO-WHO, 2002; EFSA, 2012). Ingestion of
probiotic bacteria with transmissible (plasmid or transposon-
borne) antibiotic-resistant genes may lead to generation of new
antibiotic-resistant pathogens in the host gut by horizontal gene
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transfer (EFSA, 2012). However, ingestion of probiotic bacteria
containing non-transmissible drug resistance genes pose a low
potential for horizontal transfer and generally may be used as
feed-additive (EFSA, 2012). The strain KID7 was resistant to
kanamycin and streptomycin. Pediococcus pentosaceus strains
were shown to have MICs of 256 to >256 and up to 192 pg/ml
for kanamycin and streptomycin, respectively (Danielsen et al.,
2007), which are higher than the EFSA recommended cut-off
values. Strains showing higher MIC than the EFSA cut-oft values
are considered resistant and must be studied for the genetic basis
of resistance and must be of non-transmissible nature; otherwise,
those strains should not be used as feed additives (EFSA,
2012). The aminoglycoside resistance gene aac(6')le-aph(2”)la
has been reported in some Pediococcus species (Ammor
et al., 2007), which codes for the bifunctional aminoglycoside-
modifying enzyme 69-N-aminoglycoside acetyltransferase-20-
O-aminoglycoside phosphotransferase (Tenorio et al., 2001).
The aac(6' )le-aph(2”)Ia gene confers high level of resistance
to gentamicin in addition to other aminoglycoside antibiotics
(Tenorio et al., 2001), however, KID7 was susceptible to
gentamicin. The genetic basis of streptomycin and kanamycin
resistance in strain KID7 is not known and needs further
study to assess the nature of resistance to these aminoglycoside
antibiotics.

Several previous reports on P. pentosaceus studied the acid
and bile tolerance separately (Jonganurakkun et al, 2008;
Osmanagaoglu et al.,, 2010; Vidhyasagar and Jeevaratnam, 2013;
Garcia-Ruiz et al., 2014; Lee et al., 2014); however, in real

situations, the consumed probiotic should pass through the
physiological events of ingestion and digestion of the human
gastrointestinal tract (GIT), which include passage through
the oral cavity, stomach and the small intestine (Bove et al,
2012). Tolerance to the GIT is one of the selection criterion
recommended by FAO-WHO (2002); hence, we studied the
tolerance of KID7 to progressive oral, gastric, and intestinal
stress (OGT assay) in order to mimic the physiological condition.
Tolerance of L. plantarum strains to oral and gastric stress up
to pH 3 was reported previously (Bove et al., 2012). However,
when the pH reduced from 3 to 2 a drastic drop of viability
was observed for all L. plantarum strains and L. acidophilus LA5
(Bove et al., 2012) and at the end of the OGT assay a tendency
to recover viability was noticed for bacterial samples (Bove et al.,
2012). In our study, we observed KID7 strain was able to recover
from cell damage caused by the OGT transit (Figure 1), which is
in accordance with Bove et al. (2012). Survival and tolerance of
the strains are essential to express the probiotic functions in the
intestine (Kumar et al., 2011).

Adherence and colonization of LAB strains in the intestine
can be studied using human intestinal epithelial cell models
such as Caco-2 and HT-29 cell lines, in vitro (Tuo et al., 2013).
KID7 showed higher adherence to Caco-2 cells as compared
to L. rhamnosus GG and L. acidophilus ATCC 43121. A good
adherence capacity can promote gut residence time of a probiotic
bacteria, aids in pathogen exclusion and interaction with host
cells for the protection of epithelial cells and immune modulation
(Lebeer et al., 2008). Several previous reports demonstrated that
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FIGURE 7 | Viability of strains KID7 under freeze-drying and storage
conditions. (A) Viability of strain KID7 after freeze-drying with various
combinations of food grade additives such as SM, skim milk (1%); G,
galactomannan (1%); WBH, wheat bran hydrolysate (1%); SMG, skim milk
(0.5%) + galactomannan (0.5%); WBHG, wheat bran hydrolysate (0.5%) +
galactomannan (0.5%); and Control, KID7 cells in PBS without food grade
additives. (B) Viability of strain KID7 combined with SMG, skim milk (0.5 %) +
galactomannan (0.5%) under different storage conditions such as —20°C (i,
W), 4°C %, a), and 25°C (4, »), up to 6 months. Histogram represents
percentage viability of KID7 under different storage condition. Line graph
represents relative logarithmic value of colony-forming units of KID7 under
different storage condition. Error bars represent standard error of mean of
three independent experiments. *P < 0.05 and ***P < 0.005 significantly
different at the P-values compared to initial count.

P. pentosaceus strains adhered to intestinal epithelial cells better
than Lactobacillus strains (Turpin et al., 2012; Thirabunyanon
and Hongwittayakorn, 2013; Garcia-Ruiz et al., 2014).

Antimicrobial activity of LAB against pathogens can be due to
the production of organic acids, hydrogen peroxide (H,0O;), and
bacteriocins (Vesterlund, 2009). KID7 does not produce H,0,
(Figure S5). The antimicrobial activity of culture filtrate from
KID7 against gram-positive and -negative pathogenic bacteria
and not against LAB strains suggest that the antimicrobial activity
could be due to the production of organic acids.

BSH enzymes deconjugate the conjugated bile acids into the
amino acids (glycine or taurine) and free bile acids (cholic acid
or deoxycholic acid) (Joyce et al., 2014). It has been reported that
high-level expression of BSH activity by gut microbiota resulted
in host weight reduction and cholesterol reduction (Joyce et al.,
2014). Hence, BSH activity is an important selection criterion
for probiotic microbes to be used for cholesterol reduction.

Furthermore, BSH activity is also among the selection criteria
recommended by FAO-WHO (2002) for screening potential
probiotic strains. Bile acids are synthesized in the liver using
cholesterol as precursor. BSH activity of probiotics in the gut
could modify the conjugated bile acids and excretion of the
free bile acids, which results in de novo synthesis of conjugated
bile acids from cholesterol to maintain hepatic bile acid pool
(Herrema et al.,, 2010; Degirolamo et al., 2014). Thus, bacterial
BSH activity in the gut acts as a sink for cholesterol (Joyce et al.,
2014).

Several LAB strains have been reported to possess
in vitro cholesterol assimilation/uptake activity. LAB exhibit
mechanisms, such as cholesterol adsorption to cell wall, and
cholesterol assimilation into cell membrane (Liong and Shah,
2005a) and co-precipitation with deconjugated bile acids (Liong
and Shah, 2005b) in in vitro assays. Cholesterol removal from
culture medium by KID7 could involve any of these mechanisms.
Previous reports on cholesterol reduction by Pediococcus strains
showed varying levels (58-73%) of cholesterol reduction in
liquid medium supplied with 100-200 pg/ml of cholesterol in
the presence of 0.3% bile (Vidhyasagar and Jeevaratnam, 2013).
In the present study, we observed a reduction in cholesterol-
lowering activity in the presence of 0.3 and 0.5% bile oxgall,
dose-dependently (Figure 3B). This reduction in the cholesterol
assimilation activity is due to reduction in cell growth of KID7
in 0.3 and 0.5% bile oxgall (Figure 3C). The reduction in cell
growth in the presence of oxgall was also reported for a L.
fermentum strain (Pereira et al., 2003), however, the cholesterol
assimilation activity increased despite low growth rate. In our
case, lower growth led to lower cholesterol assimilation by KID7
cells. Although, KID7 tolerated bile during brief exposure of
2h and showed good viability in the OGT assay, growth of
the strain was significantly affected during longer exposure
to bile as is the case with cholesterol-lowering activity in the
presence of bile. The type strain P. pentosaceus KACC 12311
also followed the same pattern as KID7; however, it showed
relatively lower growth and cholesterol assimilation activity in
the presence and absence of bile oxgall. The lower growth of the
KID7 and P. pentosaceus KACC 12311 in bile-supplied medium
could be due to bile salt-deconjugating activity of the strains,
which leads to accumulation of free bile acids that are more
toxic than conjugated bile (Pereira et al., 2003). However, these
in vitro assays do not reflect the true nature of probiotic strains
in cholesterol-lowering activity, since the conditions in vivo are
completely different. Hence, the probiotic activity of any strain
must be validated through in vivo studies.

We tested the strain KID7 in vivo to confirm the
cholesterol-lowering activity in atherogenic diet-induced
hypercholesterolemic mice in comparison with the previously
reported cholesterol-lowering probiotic strain L. acidophilus
ATCC 43121 as positive control. Supplementation of
hypercholesterolemic mice with strain KID7 significantly
lowered the serum total cholesterol level, LDL level and hepatic
total cholesterol level. Reduction in the serum LDL level and
cholesterol level correlated with our observation of increased
expression of genes related to cholesterol metabolism in liver
such as LDLR and ApoE (Figure 6). Increased expression of
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LDL-receptor will lead to increased absorption of LDL by
hepatocytes. The absorbed LDL is degraded and the cholesterol
is added to the cholesterol pool (Cohen, 2008). An increase
in cholesterol pool will down regulate HMG CoA-reductase
(HMGCR) and LDL receptor (LDLR) expression. In our study,
we did not observe any significant down regulation in HMGCR
expression in the HCD-KID7 group compared to HCD group,
whereas LDLR expression and APOE expression increased in
the HCD-KID7 group. This could be due to sinking cholesterol
level in cholesterol pool due to expression of CYP7A1 (Figure 6),
which codes for the enzyme cholesterol 7-a-hydroxylase, which
catalyzes a rate-limiting step in the de novo synthesis of bile
acids from cholesterol (Cohen, 2008). Bile salts are secreted into
bile duct at a rate of ~24 g/day, but their synthesis is only a
fraction of that rate, because most of the bile salts are recycled
to the liver from the ileum (Cohen, 2008). Reduction in bile salt
reabsorption due to bile salt hydrolase activity in the gut will
cause bile synthesis from cholesterol to maintain the bile salts
pool size. The increased expression of CYP7AI and a decrease
in hepatic cholesterol pool also correlated with an increase in
total cholic acid excretion in feces of the HCD-KID7 group
(Figure 5D). These results suggests that cholesterol-lowering
activity of KID7 in vivo could be due to its bile salt hydrolase
activity. We also observed a significant increase in the level of
hepatic LDL mRNA expression in the HCD-L.ac group, which is
consistent with Park et al. (2007). In addition to the LDLR gene,
we observed the expression of SREBF2, and APOE genes in the
HCD-L.ac group, which was not previously reported in studies
using L. acidophilus ATCC 43121.

A previous study (Moon et al., 2014) on lipid-lowering effect
of Pediococcus acidilactici strain M76 and P. acidilactici DSM
20284 reported a reduction in serum cholesterol level of 12 and
2.4%, respectively, and a reduction in total hepatic cholesterol
level of 30.5 and 14.9%, respectively for the two P. acidilactici
strains used in their study. Compared to those results, KID7
showed a 19.8% reduction in serum total cholesterol level,
a 35.5% reduction in LDL cholesterol level, and a reduction
in liver total cholesterol level of 19.7%. Our results indicated
that KID7 could be used as a potential cholesterol-lowering
probiotic that needs to be confirmed by clinical trials in
humans.
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In recent years, there has been a strong focus on beneficial foods with probiotic
microorganisms and functional organic substances. In this context, there is an
increasing interest in the commercial use of kefir, since it can be marketed as a
natural beverage that has health promoting bacteria. There are numerous commercially
available kefir based-products. Kefir may act as a matrix in the effective delivery of
probiotic microorganisms in different types of products. Also, the presence of kefir's
exopolysaccharides, known as kefiran, which has biological activity, certainly adds value
to products. Kefiran can also be used separately in other food products and as a
coating film for various food and pharmaceutical products. This article aims to update
the information about kefir and its microbiological composition, biological activity of the
kefir's microflora and the importance of kefiran as a beneficial health substance.

Keywords: kefir, biological activity, polysaccharides, kefiran, microbial composition

INTRODUCTION

Kefir is an acidic-alcoholic fermented milk product with little acidic taste and creamy consistency
that was originated in the Balkans, in Eastern Europe, and in the Caucasus (Fontdn et al., 2006;
Serafini et al., 2014). Kefir can be produced by fermenting milk with commercial freeze-dried kefir
starter cultures, traditional kefir grains, and the product that remains after the removal of kefir
grains (Bensmira et al., 2010). Kefir grains are a kind of yogurt starter, which are white to yellow -
white, gelatinous, and variable in size (varying from 0.3-3.5 cm in diameter) and are composed
by a microbial symbiotic mixture of lactic acid bacteria (108 CFU/g), yeast (10°~10” CFU/g), and
acetic acid bacteria (10° CFU/g) that stick to a polysaccharide matrix (Garrote et al., 2010; Chen
et al,, 2015). After successive fermentations, kefir grains can break up to new generation grains,
which have the same characteristics as the old ones (Gao et al., 2012).

Commercial kefir is produced by two methods: The “Russian method” and the pure cultures.
In the “Russian method” kefir is produced on a larger scale, using a series fermentation process,
beginning with the fermentation of the grains and using the percolate. The other method
employs pure cultures isolated from kefir grains or commercial cultures (Leite et al., 2013). Also,
the industrial or commercial process uses direct-to-vat inoculation (DVI) or direct-to-vat set
(DVS) kefir starter cultures. In addition, Bifidobacterium sp., Lactobacillus sp. and probiotic yeast
(Saccharomyces boulardii) may be used as adjunct cultures when blended with kefir grains or kefir
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DVI cultures (Wszolek et al., 2006). On the other hand, whey
may be a practical base for kefir culture production, and
fermented whey has shown to be a suitable cryoprotective
medium during freeze-drying. The freeze-dried culture retains
a high survival rate and shows good metabolic activity and
fermentation efficiency, indicating a good potential for its
use as a value-added starter culture in dairy technology.
All of these studies have shown promising perspectives
for the application of kefir grains in whey valorization
strategies (Bensmira et al, 2010; Cheirsilp and Radchabut,
2011).

Traditionally, kefir is manufactured using cow, ewe, goat, or
buffalo milk. However, in some countries, animal milk is scarce,
expensive, or minimally consumed due to dietary constraints,
preferences, or religious customs. Therefore, there have been
many attempts to produce kefir from a variety of food sources
such as soy milk (Botelho et al., 2014). Historically, kefir has
been linked with health, for example, in Soviet countries, kefir
has been recommended for consumption by healthy people to
restrain the risk of some diseases (Saloff-Coste, 1996; St-Onge
et al., 2002; Farnworth and Mainville, 2003). The consumption
of this fermented milk has been related to a variety of health
benefits (Vujicic et al., 1992; McCue and Shetty, 2005; Rodrigues
et al, 2005a) not only linked to its microflora, but also
due to the presence of some metabolic products as organic
acids (Garrote et al., 2001; Ismaiel et al., 2011). In addition,
kefir cultures have the ability to assimilate cholesterol in milk
(Yanping et al.,, 2009). On the other hand, there is a growing
commercial interest in using kefir as a suitable food matrix
for supplementation with health-promoting bacteria. Kefir may
not only be a natural probiotic beverage, but also acts as an
effective matrix for the delivery of probiotic microorganisms
(Vinderola et al., 2006; Medrano et al., 2008; Oliveira et al.,
2013).

In kefir grains the main polysaccharide is kefiran, which
is a heteropolysaccharide composed by equal proportions of
glucose and galactose and is mainly produced by Lactobacillus
kefiranofaciens (Zajsek et al., 2011). It has been demonstrated
that kefiran improves the viscosity and viscoelastic properties
of acid milk gels (Rimada and Abraham, 2006), and is able
to form gels that have interesting viscoelastic properties at
low temperatures, because of that, kefiran can also be used
as an additive in fermented products. Besides, kefiran can
enhance the rheological properties of chemically acidified skim
milk gels increasing their apparent viscosity (Zajsek et al,
2013).

Compared with other polysaccharides, kefiran has
outstanding advantages such as antitumor, antifungal,
antibacterial properties (Cevikbas et al., 1994; Wang et al,
2008) immunomodulation or epithelium protection (Serafini
et al., 2014), anti-inflammatory (Rodrigues et al., 2005b), healing
(Rodrigues et al., 2005a), and antioxidant activity (Chen et al.,
2015).

This review presents the most recent advances about kefir
and kefiran, their production and microbial cultures involved,
biological activities and potential applications in health and food
industries.

MICROBIAL COMPOSITION OF KEFIR
GRAINS AND KEFIR

Kefir grains have a complex composition of microbial species
such as the predominance of lactic acid bacteria, acetic bacteria,
yeasts, and fungi (Jianzhong et al., 2009; Pogaci¢ et al., 2013).
This microbial species are classified into four groups:
homofermentative and heterofermentative lactic acid bacteria
and lactose and non-lactose assimilating yeast (Cheirsilp and
Radchabut, 2011). In that way, Lactobacillus paracasei ssp.
paracasei, Lactobacillus acidophilus, Lactobacillus delbrueckii
ssp. bulgaricus, Lactobacillus plantarum, and L. kefiranofaciens
are predominant species. However, these species represent
only 20% of the Lactobacillus in the final fermented beverage,
with the remainder consisting of Lactobacillus kefiri (80%;
Yiiksekdag et al., 2004; Zanirati et al., 2015). Acetobacter aceti
and A. rasens have also been isolated, such as the fungus
Geotrichum candidum. More than 23 different yeast species
have been isolated from kefir grains and from fermented
beverages of different origins. However, the predominant species
are Saccharomyces cerevisiae, S. unisporus, Candida kefyr,
and Kluyveromyces marxianus ssp. marxianus (Witthuhn
et al, 2004; Diosma et al, 2014; Zanirati et al, 2015;
Table 1).

The microbial composition may vary according to kefir origin,
the substrate used in the fermentation process and the culture
maintenance methods. Tibetan kefir, which is used in China, is
composed of Lactobacillus, Lactococcus, and yeast. Additionally,
acetic acid bacteria have been identified in Tibetan kefir,
depending on the region in China from where it was obtained
(Gao et al., 2012), additionally, Tibetan kefir composition differs
from that of Russian kefir, Irish kefir, Taiwan kefir, Turkey
fermented beverage with kefir; however, it is known that
this microbial diversity is responsible for the physicochemical
features and biological activities of each kefir (Jianzhong et al.,
2009; Kabak and Dobson, 2011; Gao et al., 2012; Altay et al,,
2013).

Wang et al. (2012) examined a section of a whole kefir
grain and found in the outer layer of the grain, lactococci,
and yeasts, and, in the inner layer of the grain, the quantity
of lactobacilli were much higher and more yeasts cells were
found. There are little information about the mechanism of grain
formation, so the same authors, proposed a hypothesis to explain
that. “Initially, Lactobacillus kefiranofaciens and Saccharomyces
turicensis start to auto-aggregate and co-aggregated to small
granules.” The aggregation is enhanced when the pH drops. The
biofilm producers, Lactobacillus kefiri, Kluyveromyces marxianus
HY1, and Pichia fermentans HY3 then adhere to the surface of
these small granules due to their cell surface properties and their
strong aggregation ability, which gives rise to thin biofilms. After
biofilm formation, the kefir yeasts and Lactobacillus continue to
co-aggregated with the granule strains and associate with the
granule biofilm to become a three dimensional microcolony.
As the cell density due to the growth of kefir yeasts and
Lactobacillus increases, cells and milk components that are
present in the liquid phase accumulate on the granule surface
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TABLE 1 | Microbial compositions found in kefir and kefir grains of different origins.

Microorganism

Source - Country

Reference

Lactobacillus kefir, Lactobacillus kefiranofaciens, Lactobacillus paracasei,
Lactobacillus plantarum, Lactococcus lactis ssp. lactis, Kluyveromyces
marxianus, Lactobacillus parakefir, Saccharomyces cerevisiae,
Saccharomyces unisporus, Leuconostoc mesenteroides, Acetobacter sp.,
Saccharomyces sp., Lactococcus lactis ssp. lactis biovar diacetylactis,
Lactococcus lactis, Lactobacillus kefiri, Lactobacillus parakefiri

Lactobacillus kefiri, Lactobacillus kefiranofaciens, Leuconostoc mesenteroides,
Lactococcus lactis, Lactococcus lactis ssp. cremoris, Gluconobacter frateurii,
Acetobacter orientalis, Acetobacter lovaniensis, Kluyveromyces marxianus,
Naumovozyma sp., Kazachastania khefir

Lactobacillus kefiri, Lactobacillus kefiranofaciens, Leuconostoc mesenteroides,
Lactococcus lactis, Lactobacillus paracasei, Lactobacillus helveticus,
Gluconobacter japonicus, Lactobacillus uvarum, Acetobacter syzygii,
Lactobacillus satsumensis, Saccharomyces cerevisiae., Leuconostoc sp.,
Streptococcus sp., Acetobacter sp., Bifidobacterium sp., Halococcus sp.,
Lactobacillus amylovorus, Lactobacillus buchneri, Lactobacillus crispatus,
Lactobacillus kefiranofaciens ssp. kefiranofaciens, Lactobacillus kefiranofaciens
ssp. kefirgranum, Lactobacillus parakefiri

Lactobacillus brevis, Lactobacillus delbrueckii ssp. bulgaricus, Lactobacillus
helveticus, Streptococcus thermophilus, Lactobacillus casei ssp.
pseudoplantarum, Kluyveromyces marxianus var. lactis, Saccharomyces
cerevisiae, Candida inconspicua, Candida maris, Lactobacillus lactis ssp. lactis

Lactobacillus paracasei, Lactobacillus parabuchneri, Lactobacillus casei,
Lactobacillus kefiri, Lactococcus lactis, Acetobacter lovaniensis,
Kluyveromyces lactis, Kazachstania aerobia, Saccharomyces cerevisiage,
Lachancea meyersii

Lactobacillus kefiranofaciens, Leuconostoc mesenteroides, Lactococcus
lactis, Lactobacillus helveticus, Kluyveromyces marxianus, Saccharomyces
cerevisiae, Pseudomonas sp., Kazachstania unispora, Kazachstania exigua,
Lactobacillus kefiri, Lactobacillus casei, Bacillus subtilis, Pichia kudriavzevii,
Leuconostoc lactis, Lactobacillus plantarum, Acetobacter fabarum, Pichia
guilliermondlii, Lactococcus sp., Lactobacillus sp., Acetobacter sp.,
Shewanella sp., Leuconostoc sp., Streptococcus sp, Acinetobacter sp.,
Pelomonas sp., Dysgonomonas sp., Weissella sp., Shewanella sp.
Acetobacter acetic, Enterococcus faecalis, Enterococcus durans, Lactococcus
lactis ssp. cremoris, Leuconostoc pseudomesenteroides, Leuconostoc
paramesenteroides, Lactobacillus brevis, Lactobacillus acidophilus,
Saccharomyces sp., Brettanomyces sp., Candida sp., Saccharomycodes sp.,
Acetobacter rancens

Lactobacillaceae and Streptococcaceae

Lactobacillus kefiranofaciens, Dekkera anomala, Streptococcus thermophilus,
Lactococcus lactis, Acetobacter sp., Lactobacillus lactis, Enterococcus sp.,
Bacillus sp., Acetobacter fabarum, Acetobacter lovaniensis, Acetobacter
orientalis

Leuconostoc sp., Lactococcus sp., Lactobacillus sp., Lactobacillus plantarum,
Zygosaccharomyces sp., Candida sp., Candida lambica, Candida krusei,
Saccharomyces sp., Cryptococcus sp.

Lactobacillus sp., Leuconostoc sp., Lactococcus sp., Zygosaccharomyces
sp., Candida sp., Saccharomyces sp.

Lactobacillus kefiri, Lactobacillus kefiranofaciens, Leuconostoc mesenteroides,
Lactococcus lactis, Escherichia coli, Pseudomonas sp., Saccharomyces
turicensis,

Lactobacillus kefiri, Leuconostoc mesenteroides, Lactococcus lactis,
Streptococcus thermophilus, Lactobacillus kefiranofaciens, Lactobacillus
acidophilus

Lactobacillus helveticus, Lactobacillus buchneri, Lactobacillus kefiranofaciens,
Lactobacillus acidophilus, Lactobacillus helveticus, Streptococcus
thermophilus, Bifidobacterium bifidum, Kluyveromyces marxianus
Lactococcus cremoris, Lactococcus lactis, Streptococcus thermophilus,
Streptococcus durans

Kefir grains and beverage —
Argentina

Kefir grains and beverage -
Belgium

Kefir grains — Brazil

Kefir grains and beverage —
Bulgaria

Kefir beverage — Brazil

Kefir grains (Tibet)- China

Kefir beverage — China

Kefir grains and beverage —
Ireland

Kefir grains — Italy

Kefir grains and beverage —
South Africa

Kefir grains — South Africa

Kefir grains — Taiwan

Kefir grains and beverage —

Turkey

Kefir grains — Turkey

Kefir beverage — Turkey

Garrote et al., 2001; Londero
etal., 2012; Hamet et al., 2013;
Diosma et al., 2014.

Korsak et al., 2015

Miguel et al., 2010; Leite et al.,
2012; Zanirati et al., 2015

Simova et al., 2002

Magalhaes et al., 2011

Jianzhong et al., 2009; Gao et al.,
2012, 2013a

Yang et al., 2007

Dobson et al., 2011

Garofalo et al., 2015

Witthuhn et al., 2005

Witthuhn et al., 2004

Wyder et al., 1999; Chen et al.,
2008; Wang et al., 2012;

Guzel-Seydim et al., 2005;
Kesmen and Kacmaz, 2011

Kok-Tas et al., 2012; Nalbantoglu
etal, 2014

Yiksekdag et al., 2004
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TABLE 2 | Kefir microorganisms and their biological activities.

Organism of interest

Origin

Biological activity

Reference

Lactobacillus plantarum MA2
Lactobacillus plantarum Lp27
Lactobacillus plantarum CIDCA 83114

Lactobacillus kefir CIDCA 8348

Lactobacillus plantarum ST8KF

Lactobacillus kefiranofaciens K1

Lactobacillus kefiranofaciens M1

Tibetan kefir
Tibetan kefir
Kefir grains —
Argentina

Kefir grains —
Argentina

Kefir grains —
South Africa

Kefir grains —
Taiwanese milk
Kefir grains —
Taiwanese milk

Hypocholesterolemic effect

Inhibited cholesterol absorption

Inhibit the growth of Shigella sonnei in vitro and
also the cytotoxicity of C. difficile toxins on
eukaryotic cells

Inhibit the growth of Shigella sonnei in vitro and
also the cytotoxicity of C. difficile toxins on
eukaryotic cells

Bactericida effect against: Lactobacillus casei,
Lactobacillus salivarius, Lactobacillus curvatus,
Listeria innocua

Antiallergenic effect

Immunoregulatory effects — anticolitis effect

Inhibit the growth of Shigella sonnei in vitro and
also the cytotoxicity of Clostridium difficile
toxins on eukaryotic cells

Inhibit the growth of Shigella sonnei in vitro and
also the cytotoxicity of Clostridium difficile
toxins on eukaryotic cells

Inhibit the growth of Shigella sonnei in vitro and
also the cytotoxicity of Clostridium difficile

Yanping et al., 2009
Ying et al., 2013
Bolla et al., 2013

Bolla et al., 2013

Powell et al., 2007

Chen et al., 2008; Wei-Sheng et al., 2010

Hong et al., 2009; Chen et al., 2012

Bolla et al., 2013

Bolla et al., 2013

Bolla et al., 2013

toxins on eukaryotic cells

Lactobacillus lactis CIDCA 8221 Kefir grains —
Argentina

Kluyveromyces marxianus CIDCA 8154 Kefir grains —
Argentina

Saccharomyces cerevisiae CIDCA 8112 Kefir grains —
Argentina

Lactobacillus lactis ssp. cremoris Kefir grains —
India

Activity against food spoilage bacteria

Raja et al., 2009

Source: Soccol et al., 2014.

TABLE 3 | Biological activity of kefiran.

Exopolysaccharide Biological activity

Reference

Kefiran Reduction of blood pressure induced by hypertension
Favors the activity of peritoneal macrophages
Increase in peritoneal IgA

Antitumoral activity

Antimicrobial activity

Modulation of the intestinal immune system and protection of epithelial cells against

Bacillus cereus exocellular factors

Maeda et al., 2004

Duarte et al., 2006

Liu et al., 2002

Rodrigues et al., 2005a

Medrano et al., 2008; Piermaria et al., 2010

and the kefir grains are formed. There is a symbiotic relation
between the microorganisms present in kefir grains, wherein
the bacteria and yeast survive and share their bioproducts as
power sources and microbial growth factors. This microorganism
association is responsible for lactic and alcoholic fermentation
(Witthuhn et al, 2005; Wang et al, 2012; Hamet et al,
2013).

After receiving its actual/present denomination, some
of the microorganisms isolated and identified in kefir
cultures were classified using the product name, as in
Lactobacillus  kefiri, L. kefiranofaciens, L. kefirgranum,
Lactobacillus parakefir, and Candida kefyr (Wyder et al,
1999; Kwon et al, 2003; Yang et al, 2007; Kok-Tas et al,
2012). Table 1 demonstrates the microbial composition, which
has been isolated from kefir and kefir grains of different
origins.

BIOLOGICAL ACTIVITY OF KEFIR

Due to its composition, kefir is mainly considered a probiotic
resource (Nalbantoglu et al., 2014). “Probiotics are microbial cell
preparations or components of microbial cells with a beneficial
effect on the health of the host” (Lopitz et al., 2006). Some
studies suggest that probiotic bacteria in kefir consumers’ gut are
abundant and are correlated with health improvement (Ahmed
et al, 2013; Zheng et al., 2013); in that way, it had been
demonstrated that the cell-free fraction of kefir enhances the
ability to digest lactose relieving symptoms (Farnworth, 2005;
Rizk et al., 2009).

Another reason for the increased interest in probiotic strains
from kefir is its capacity to lower cholesterol levels. There are
different ways in which bacteria can alter serum cholesterol: (i)
through the binding to and absorption into the cell before it can
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FIGURE 1 | Kefiran structure.
be absorbed into the body; (ii) producing free and deconjugating  antimicrobial (Anselmo et al, 2010) immunoregulatory

bile acids; (iii) inhibiting the enzyme HMG-CoA reductase
(Yanping et al., 2009).

The microorganisms in the kefir grains produce lactic acid,
antibiotics and bactericides, which inhibit the development
of degrading and pathogenic microorganisms in kefir
milk (Liu et al, 2002). Kefir acts against the pathogenic
bacteria Salmonella, Helicobacter, Shigella, Staphylococcus,
Escherichia coli, Enterobacter aerogenes, Proteus vulgaris,
Bacillus subtilis, Micrococcus luteus, Listeria monocytogenes,
Streptococcus  pyrogenes, (Lopitz et al, 2006), Streptococcus
faecalis KR6, Fusarium graminearum CZ1 (Ismaiel et al.,
2011), and the fungus Candida albicans. On the other
hand, it has been demonstrated that a mixture of kefir
isolated bacteria and yeast is able to prevent diarrhea and
enterocolitis triggered by Clostridium difficile (Bolla et al.,
2013). Besides, kefir showed good efficacy in inhibiting spore
formation and aflatoxin B1 produced by the fungus Aspergillus
flavus, which is a toxic compound formed either in the
field or during food storage. Therefore, kefir appears as a
promising safe alternative natural food preservative offering
protection against intoxication with aflatoxin B1 (Ismaiel et al.,
2011).

It had been proved that many species of lactobacilli
present in kefir have S-layer proteins. Surface layers (S-
layers) can be aligned in unit cells on the outermost surface
of many prokaryotic microorganisms (Mobili et al., 2009).
It has been demonstrated that these S-layer proteins can
apply a protective action inhibiting the grown of Salmonella
enterica serovar Enteritidis in Caco-2 cells, and also have the
ability to antagonize the effects of toxins from Clostridium
difficile on eukaryotic/eukaryotic cells in vitro (Carasi et al,
2012).

However, there are other important bioactivities that have
been tested with kefir grains, the cell-free fraction of kefir or
acid lactic bacteria isolated from kefir, such as antitumoral
(Gao et al, 2013b), anti-inflammatory (Diniz et al, 2003),

(Hong et al., 2009), antiallergenic (Wei-Sheng et al., 2010),
wound healing (Huseini et al., 2012), antidiabetic (Young-In
et al., 2006) antimutagenic (Guzel-Seydim et al., 2006), and
antigenotoxic (Grishina et al., 2011). In that way, it had been
demonstrated that kefir cell-free fraction has antiproliferative
effects on human gastric cancer SGC7901 cells (Gao et al,
2013b), colon adenocarcinoma cells (Khoury et al, 2014),
HuT-102 malignant T lymphocytes, sarcoma 180 in mice,
Lewis lung carcinoma and human mammary cancer (Rizk
et al., 2009), and reduce oxidative stress (Punaro et al,
2014). Another study has shown that suspensions after 24 h
fermentation and mechanically disintegrated kefir grains cause
a significant inhibition of granuloma tissue formation and
a 43% inhibition of the inflammatory process (Diniz et al,
2003).

Nevertheless, there are other important studies performed
with some microorganisms isolated from different types of kefir.
Some microorganisms with their biological activities and origin
are shown in Table 2.

KEFIRAN, A POTENTIAL
EXOPOLYSACCHARIDE

The increased search for natural polysaccharides has been very
significant due to their use in the food, pharmaceutical, and
cosmetic industries as additives, bio-absorbents, metal removal
agents, bioflocculants, and medicine delivery agents, among other
functions (De Vuyst et al., 2001; Welman and Maddox, 2003;
Badel et al.,, 2011). Many microorganisms, such as bacteria, fungi,
and weeds, have the capacity/ability to synthesize and excrete
extracellular polysaccharides, and these polysaccharides can be
either soluble or insoluble (Wang et al., 2010; Badel et al., 2011).

The polysaccharides that are commonly used as food
additives are xanthan, dextran, gellan, and alginates, while
the exopolysaccharides (EPSs) produced by lactic acid bacteria
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TABLE 4 | Marketed kefir-based products and their information.

TABLE 4 | Continued

Companies Product General information Companies Product General information
Lifeway Low Fat Kefir All-natural Gluten-free
o United States 99% lactose-free 10 probiotic cultures
e Canada Non-Fat Kefir Gluten-free 90 calories per serving
o Great Britain 12 probiotic cultures 1 gof fat
Veggie Kefir High in protein and calcium Frozen Kefir Bars All-natural
Kefir Oats All-natural 99% lactose-free
99% lactose-free Gluten-free
Gluten-free 10 probiotic cultures
12 probiotic cultures 60 calories per serving
Oat fiber enriched 0.5 g of fat
High in protein and calcium BioKefir All-natural
Perfect 12 Kefir All-natural 20 Billion units of probiotics
99% lactose-free 12 probiotic cultures
Traditional Kefir Gluten-free 99% lactose-free
12 probiotic cultures Gluten-free
Greek Style Kefir No added sugar High in protein and calcium
High in protein and calcium Farmer Cheese 99% lactose-free
Low Fat Kefir (Organic) USDA Certified Organic Gluten-free
Oregon Tilth Certified Organic High in protein and calcium
99% lactose-free Evolve Kefir Evolve Kefir 11 probiotic cultures.

Whole Milk Kefir

(Organic)

Helios Kefir (Organic)

Green Kefir (Organic)

ProBugs (organic)

ProBugs Blast (Organic)

Frozen ProBugs
(Organic)

Frozen Kefir

Gluten-free
12 probiotic cultures
High in protein and calcium

USDA Certified Organic
Oregon Tilth Certified Organic
99% lactose-free

Gluten-free

12 probiotic cultures

No added sugar

USDA Certified Organic
Oregon Tilth Certified Organic
99% lactose-free

Gluten-free

Seven probiotic cultures
Contains Inulin

USDA Certified Organic
Oregon Tilth Certified Organic
99% lactose-free

Gluten-free

12 probiotic cultures
Phytoboost = 1 serving of
vegetables

USDA Certified Organic
Oregon Tilth Certified Organic
99% lactose-free

Gluten-free

12 probiotic cultures

No-spill pouch

USDA Certified Organic
Oregon Tilth Certified Organic
99% lactose-free

Gluten-free

12 probiotic cultures

High in protein and calcium

All-natural

99% lactose-free
Gluten-free

10 probiotic cultures

High in protein and calcium

All-natural
99% lactose-free

o United States

Wallaby
Organic

o Australia
CocoKefir

o United States

Lowfat Kefir

CocoKefir

App

le Cinnamon CocoKefir
Citrus CocoKefir

Natural fruit flavors.
Fiber.
Protein and calcium

12 different strains of Live and
Active Kefir cultures.

Dairy, gluten, soy, and fat free
Low calorie

Contains valuable nutrients
such as potassium,

(Continued)

CocoYo manganese, and magnesium.
Body Ecology Coconut Beneficial probiotic strains
Kefir

show good physicochemical characteristics for their use as food
additives. In addition to these characteristics, EPSs are obtained
from microorganisms classified as GRAS (generally recognized
as safe), such as lactic acid bacteria (Wang et al., 2008; Saija et al.,
2010; Badel et al., 2011).

Many reports have demonstrated that the quantity and
properties of EPSs depend on the microorganisms used in the
fermentation process and on the fermentation conditions and
the composition of the culture media (Kim et al., 2008). EPSs
have physicochemical and rheological properties that make them
suitable as additives, which can be used as stabilizers, emulsifiers,
gelling agents, and viscosity improvers. Additionally, EPSs
possess biological properties suggesting their use as antioxidants,
antitumor agents, antimicrobial agents, and immunomodulators,
among other roles (Suresh Kumar et al., 2008; Bensmira et al,,
2010; Piermaria et al., 2010).

The EPS kefiran is produced by Lactobacillus kefiranofaciens
(Kooiman, 1968; Wang et al., 2010) from kefir grains, which are
composed of proteins, polysaccharides, and a complex symbiotic
microbial mixture (Witthuhn et al., 2005; Jianzhong et al., 2009).
These microorganisms grow in kefiran, which is a polysaccharide
matrix consisting of glucose and galactose. Despite good kefiran
production by L. kefiranofaciens alone, it has been observed that
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the addition of Saccharomyces sp. to the culture improves the net
quantity of kefiran, illustrating the importance of the symbiosis
between the bacteria and yeast that are present in kefir (Cheirsilp
et al., 2003).

Lactic acid bacteria can synthesize homopolysaccharides or
heteropolysaccharides. The synthesized homopolysaccharides
are glucans or fructans, which are composed of only one type
of monosaccharide (glucose or fructose, respectively; Van Hijum
etal., 2006; Badel et al., 2011), whereas the heteropolysaccharides
contain different types of monosaccharides in different
proportions (mainly glucose, galactose, and rhamnose), (De
Vuyst and Degeest, 1999; Ruas-Madiedo et al., 2002).

Similarly to lactic acid bacteria, Lactobacillus sp. also
produces glucan and fructan. The homopolysaccharides show a
much higher performance compared with heteropolysaccharide
production (Welman and Maddox, 2003; Badel et al., 2011).

The heteropolysaccharides excreted by Lactobacillus
delbrueckii, Lactobacillus bulgaricus, Lactobacillus rhamnosus,
and Lactobacillus  helveticus contain galactose, glucose,
and rhamnose as the main monosaccharides, with other
monosaccharides being present in smaller concentrations. They
are also highly branched with different types of linkages, and
their denominations are complex and generally dependent on
the main monosaccharide (De Vuyst and Degeest, 1999; Badel
etal., 2011).

Lactobacillus plantarum isolated from Tibetan kefir excretes
EPS classified as heteropolysaccharides composed of galactose,
glucose, and mannose. This EPS has the capacity/ability to reduce
blood cholesterol and form a biofilm shape (Zhang et al., 2009;
Wang et al., 2010).

Kefiran is an EPS classified as a heteropolysaccharide
comprising glucose and galactose in high concentrations, and
it is classified as a water-soluble glucogalactan, which makes it
suitable to be used as an additive (Wang et al., 2008, 2010).
Kefiran has excellent rheological properties and can significantly
improve the viscosity of lacteous products by favoring and
maintaining gel properties and avoiding the loss of water during
storage (Rimada and Abraham, 2006). With respect to the
biological activity of kefiran, several studies have demonstrated
that this EPS can be used as a nutraceutical, as described in
Table 3.

The first study about kefiran structure was published by
Kooiman (1968), who proposed a structure composed of two
units: kefiran (polysaccharide) and kefirose (pentasaccharide).
Then, some authors analyzed the polysaccharide structure
with current techniques such chromatography and infrared
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Department of Food and Bioproduct Sciences, University of Saskatchewan, Saskatoon, SK, Canada

Probiotic bacteria offer a number of potential health benefits when administered in
sufficient amounts that in part include reducing the number of harmful organisms in
the intestine, producing antimicrobial substances and stimulating the body’s immune
response. However, precisely elucidating the probiotic effect of a specific bacterium
has been challenging due to the complexity of the gut’s microbial ecosystem and
a lack of definitive means for its characterization. This review provides an overview
of widely used and recently described probiotics, their impact on the human’s gut
microflora as a preventative treatment of disease, human/animal models being used
to help show efficacy, and discusses the potential use of probiotics in gastrointestinal
diseases associated with antibiotic administration.

Keywords: probiotic, human gut, gastrointestinal disorders, antibiotic resistance, gut microbiota

Microbial Ecology of the Human Gastrointestinal Tract

The human intestinal microbiota is a complex ecosystem with considerable impact on human
health and well-being, contributing to maturation of the immune system and providing a direct
barrier against pathogen colonization (Doré and Corthier, 2010). It consists of bacteria, archaea,
some protozoa, anaerobic fungi, and different bacteriophages and viruses, and it has been estimated
that more than 1000 species of microbes inhabit the human intestine (Tuohy et al., 2012). The
presence of a great number of microbes (up to 5 x 10%! bacterial cells per gram of intestinal
contents) suggests strong regulatory effects on the human host, and recent findings suggest that
gut microbiota can have a considerable impact on both our weight and mood (Duca et al,
2014; Naseribafrouei et al., 2014). The composition and function of human microbial populations
associated with various body sites have been studied with the help of metagenomic tools as
part of two recent initiatives — the NIH Human Microbiome Project (HMP) and the European
Metagenomics of the Human Intestine (metaHIT) project (NIH HMP Working Group et al., 2009;
Dusko Ehrlich and MetaHIT Consortium, 2011). These massive molecular approaches have already
revealed the presence of three different clusters, or enterotypes, which correspond to one of three
most abundant genera of human intestine — Bacteroides, Prevotella, and Ruminococcus (Arumugam
etal., 2013).

Bacteria that initially colonize the large gut of an infant are facultative anaerobes, such as
Escherichia coli and Streptococcus sp. These species metabolize oxygen in the gut, thereby creating
anaerobic conditions. Subsequent colonization largely depends on food profile and environmental
factors (i.e., sanitary conditions). After the full formation of the gastrointestinal microflora, its
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composition has been shown to include such genera as
Bacteroides,  Bifidobacterium,  Eubacterium,  Clostridium,
Lactobacillus, Fusobacterium, and various Gram-positive
cocci (Fooks et al., 1999; Wallace et al., 2011).

Within the gastrointestinal tract (GIT), the microbiota
provides various functions, such as digestion of essential
nutrients and maturation of intestinal epithelial cells. Studies on
mice have shown a number of significant effects of microbiota
on the host: in ex-germ-free reconventionalized mice, their
intestinal epithelium was thicker, kinetics of enterocytes - faster,
short-chain fatty acids were produced at significantly higher
concentrations, and there was a normal level of immunological
activity present, compared to germ-free animals (Aureli et al.,
2011). Microbes also have the ability to affect physiologic
parameters, providing systemic effects on blood lipids and
generally influencing the immune system, as well as inhibiting
harmful bacteria (Mikelsaar, 2011). Pathogen inhibition by
human intestinal microbiota may provide significant human
health benefits through protection against infection as a natural
barrier against pathogen exposure in the GIT (Wallace et al,
2011). Factors such as food contamination by pathogens, as
well as the high load of antibiotics in soil and animal feed,
can influence the microbial ecology of human GIT (Sapkota
et al., 2007). Using molecular genetic tools, it has been shown
that antibiotics could induce significant alterations in the
dominant colonic microbiota that are not detectable using
bacteriological (culture-based) techniques, with effects lasting
for up to 2 months (Mangin et al, 1999). Several more
specific disorders involve disruption of the human microflora
ecology: acute gastroenteritis, Clostridium difficile infection
(CDI), necrotising enterocolitis in neonates, irritable bowel
syndrome and Helicobacter pylori infection (Kotzampassi and
Giamarellos-Bourboulis, 2012). Probiotics are currently being
examined for their potential treatments of these aforementioned
disorders.

Probiotic Bacteria

According to the popularized definition by the Food and
Agriculture Organization/World Health Organization, and
as grammatically modified by Hill et al. (2014), probiotics
are defined as “Live microorganisms that, when administered
in adequate amounts, confer a health benefit on the host”
(FAO/WHO, 2001). The most common probiotics include
representatives of lactobacilli, enterococci, bifidobacteria,
and yeasts (Table 1). In addition, bacterial mixtures may be
used to achieve the complex beneficial effect of probiotics
(Caballero-Franco et al., 2007).

Presumed health benefits of probiotics include reducing
harmful organisms in the intestine, producing antimicrobial
factors, and stimulating the body’s immune response (Collado
et al, 2007; Foligné et al., 2010; Konieczna et al, 2013).
Some of the beneficial effects of probiotics (e.g., lowering of
cholesterol level) are yet to be substantiated by well-controlled
clinical trials. However, there are a growing number of studies
providing data on effects of probiotic bacteria on the human

immune system and on microflora of the GIT (Holzapfel
and Schillinger, 2002; Foligne et al., 2007; Verdu et al., 2009;
Wen et al., 2012). Increasingly, reports of the human/animal
microbiome playing a central role in other key aspects of
health functionality are emerging, including beneficial impacts
on the treatment of metabolic disorders, such as obesity and
type 2 diabetes, improvement of bowel function in patients
with colorectal cancer, potential cognitive, and mood-enhancing
benefits, antidepressant, and anxiolytic (antianxiety) activity
(Desbonnet et al., 2008; Bravo et al., 2011; DiBaise et al., 2012;
Leeetal., 2014a; Owen et al., 2014). The latter anxiolytic effect has
even led to the emergence of the new term, psychobiotic, coined
by Dinan et al. (2013) as a “live organism that, when ingested in
adequate amounts, produces a health benefit in patients suffering
from psychiatric illness.”

Products containing probiotic bacteria generally include
supplements and foods. Live probiotics are commonly available
in fermented dairy products and probiotic-fortified foods. These
bacteria are added into numerous foods and beverages, ranging
from yogurts to breakfast cereals. There are also tablets, capsules,
powders, and sachets containing probiotics in freeze-dried form.
Functional foods, defined as food preparations with various
health-related properties, often include bacterial strains with
declared probiotic properties (Turroni et al., 2011). The scientific
interest in probiotics is growing exponentially: the search for
published papers featuring the keyword “probiotic” in NIH
PubMed database revealed 7265 articles for the period from
2000 to 2010, with 953 of them being clinical trials. Within
the following 5 years (up to May 20th 2015), the frequency
of publications doubled with 7979 papers being published,
including 778 clinical trials.

Lactic Acid Bacteria

Lactic acid bacteria (LAB) are Gram-positive, non-spore forming
cocci, coccobacilli, or rods, which generally have non-respiratory
(fermentative) metabolism and lack true catalase. Unlike
bifidobacteria, which are active in lower parts of the colon,
lactobacilli are prevalent in the upper GIT (Turroni et al.,
2011). This group is also a normal member of the human
microflora, found in the oral cavity, the small intestine, and
the vaginal epithelium, where it is thought to play beneficial
roles (Gomes and Malcata, 1999). Among the beneficial effects,
lactobacilli can improve digestion, absorption, and availability of
nutrients (Wallace et al., 2011). Furthermore, LAB are capable of
hydrolyzing compounds that limit the bioavailability of minerals,
like tannin and phytate, due to tannin acylhydrolase and phytase
activities (Turpin et al., 2010). In addition, it was shown that some
lactobacilli strains could enhance mineral absorption in Caco-2
cells and improve the nutritional status of the host by producing
B-group vitamins. More recently, the role of lactobacilli in energy
homeostasis, particularly in obese patients, has been the object of
an increased interest (Guo et al., 2010; Mikelsaar, 2011). A further
potential positive impact of LAB is their ability to inhibit or kill
H. pylori, which is now regarded as the major cause of gastritis
and peptic ulcers and is a risk factor for gastric malignancy
(Hamilton-Miller, 2003). In addition, both Lactobacillus sp. and
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TABLE 1 | Microorganisms with reported probiotic potential.

Probiotic Species Details of a representative study Reference
group
Bifidobacteria Bifidobacterium Fermented oat milk with B. animalis sp. lactis BB-12®; double-blind randomized Pitkala et al. (2007),
animalis placebo-controlled clinical trial; n = 209; 35% improvement in bowel movement. Jungersen et al. (2014)
B. breve B. breve M16-V powder with or without starch; F344/Du rat pups; n = 46; Shimakawa et al. (2003)
downregulation of the expression of inflammatory molecules.
B. adolescentis B. adolescentis ATCC 101; female germ-free rats; n = 30; significant modulation of Scharek et al. (2000)
both systemic and the intestinal immune response to Bacteroides thetaiotaomicron
DSMZ 2079.
B. longum B. longum, isolated from human GIT; double-blind randomized placebo-controlled Lee et al. (2014b)
clinical trial; n = 29; significant inhibitory effect on viral gastroenteritis symptoms.
B. infantis B. infantis 35624 was administered by gavage; C57BL/6 mice; n = 64; decrease in Konieczna et al. (2013)
the severity of dextran sulfate sodium-induced colitis, immunomodulation.
Lactobacilli L. acidophilus L. acidophilus — SDC, administered in capsules; double-blind randomized Sinn et al. (2008)
placebo-controlled clinical trial; n = 40; 23.6% reduction (compared to placebo) in
the severity (pain, discomfort) of Irritable Bowel Syndrome.
L. fermentum, Microencapsulated bacteria; double-blind randomized placebo controlled clinical Omar et al. (2013)
L. amylovorus trial; n = 28, obese adults; L. fermentum — 3% loss in total fat mass,
L. amylovorus — 4% loss in total fat mass, a significant reduction in the abundance
of Clostridial cluster IV.
L. rhamnosus L. rhamnosus GG powder; double-blind randomized clinical trial; n = 559; decrease Basu et al. (2009)
in frequency and duration of acute watery diarrhea.
L. paracasei L. paracasei ST11, lyophilized form; double-blind randomized placebo-controlled Sarker et al. (2005)
clinical trial; n = 230, male infants and young children; significant benefit in the
management of children with non-rotavirus-induced diarrhea.
L. johnsonii L. johnsonii La1 in dietary product; double-blind randomized placebo-controlled Cruchet et al. (2003)
clinical trial; n = 326, children, found positive for Helicobacter pylori; significant
decrease in 613CO, above baseline values (outcome of a test for H. pylori).
L. reuteri L. reuteri SD 2112; randomized controlled clinical tral; n = 40, infants and children; Shornikova et al. (1997)
significant decrease in diarrhea symptoms.
Pediococcus P, pentosaceus NB-17; mouse spleen cells were co-cultivated with heat-killed Jonganurakkun et al. (2008)
pentosaceus bacteria; in vitro investigation of the production of cytokines; effective stimulation of
immune activities and allergic inhibitory effects.
Oenococcus oeni O. oeni 9115; female BALB/c mice with 2, 4, 6-trinitrobenzene sulfonic Foligné et al. (2010)
acid-induced experimental colitis; n = 20; significant decrease in severity of colitis.
Several O. oeni strains were able to modulate the immune response of
immunocompetent cells in vitro.
Enterococci E. durans E. durans LAB18s; in vitro study; antimicrobial activity, antioxidant ability, evidenced Pieniz et al. (2014)
in both culture supernatants and intracellular extracts; resistance to acidic
conditions (pH 3) and bile salts.
E. faecium E. faecium MMRA; in vitro study; genes, coding enterocins A, B, P and X; high Rehaiem et al. (2014)
survival rates under stress caused by acidic pHs (2-5) or bile salts (0.3%), and a
high adhesive potential.
E. faecalis E. faecalis UGRA10; in vitro study; production of AS-48 enterocin; ability to form Cebrian et al. (2012)
biofilms and to adhere to Caco 2 and Hela 229 cells.
E. lactis E. lactis IITRHR1 was administered by gavage; male Wistar rats with Sharma et al. (2012)
acetaminophen-induced hepatotoxicity; n = 42; pretreatment with the bacterium
lowered the level of biomarkers of hepatotoxicity in serum; significant increase in the
level of antioxidants; modulation of key apoptotic/anti-apoptotic proteins
(cytochrome-c, Bcl2, Bax, expression of caspases).
Yeasts Saccharomyces Granulated S. boulardii; double-blind randomized placebo-controlled clinical trial; Kurugol and Koturoglu (2005),
boulardii n = 200, children with acute diarrhea; significant decrease in severity of symptoms Kelesidis and Pothoulakis

and duration of hospital stay.

(2012)

Bifidobacterium sp. strains can reduce the side effects of H. pylori
eradication therapy (Canducci et al., 2002).

Pediococci are also related to the LAB group and are utilized
in industrial fermentations of foods and silage (Raccach, 2014).
Pediocin-producing Pediococcus sp. strains are of potential

interest to food safety (Raccach, 2014), with three of them
potentially possessing probiotic properties - Pediococcus
pentosaceus, P. parvulus, and P. acidilactici. Osmanagaoglu
et al. (2010) comprehensively studied the potential of a
human P. pentosaceus isolate for probiotic use, and reported
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that the strain produced an anti-Listerial bacteriocin, had
excellent autoaggregation characteristics and was also able to
co-aggregate with Salmonella enterica serotype typhimurium
and enterotoxigenic Escherichia coli (Osmanagaoglu et al., 2010).
Antagonistic activity against Listeria monocytogenes was also
discovered in P. acidilactici (Guerra and Pastrana, 2002). Clinical
trials employing another strain of Pediococcus sp. revealed
that the administration of P. parvulus decreased the serum
cholesterol levels and increased counts of fecal Bifidobacterium
sp. (Martensson et al., 2005).

Another group of LAB promoted as probiotics are enterococci,
which reportedly help in the maintenance of normal intestinal
microflora and stimulate the immune system (Bhardwaj et al.,
2008). Studies of potential probiotic properties of E. faecium
showed its efficacy in reducing the recovery period of acute
diarrhea (Benyacoub et al., 2003). Another study by Pieniz et al.
(2014) showed that E. durans possessed antimicrobial activity
and antioxidant ability and was resistant to simulated gastric
juice and bile salts. Though enterococci have probiotic potential,
they are considered opportunistic pathogens for humans as they
might cause nosocomial infection and are also known to possess
resistance to vancomycin (Tambyah et al.,, 2004). Due to these
controversial properties, the use of enterococci as probiotics
remains under debate.

Bifidobacteria

Bifidobacteria are major constituents of the GIT microbiota
of animals and humans. They are Gram-positive, non-motile
anaerobic saccharolytic bacteria (Gomes and Malcata, 1999).
In the gut environment, bifidobacteria have a commensal
relationship with their hosts, and contribute to host nutrition
by utilizing complex carbohydrates, which are important sources
of carbon and energy, but are not degraded in the stomach
or intestine (Biavati, 1994). These substances include plant-
derived dietary fiber and diet-related carbohydrates, such as
starch, galactan, sucrose, amylopectin, and pullulan (Ventura
et al., 2007, 2012). The capacity of bifidobacteria to metabolize
non-digestible host dietary carbohydrates (prebiotics) can be
used for selective stimulation of certain strains colonizing
the intestinal tract. Bifidobacteria used as probiotics include
strains belonging to species of Bifidobacterium lactis, B.
bifidum, B. animalis, B. thermophilum, B. breve, B. longum,
B. infantis, and B. adolescentis (Table 1). These bacteria
have been shown to inhibit the adherence of enterotoxigenic
E. coli, enteropathogenic E. coli, and C. difficile to intestinal
epithelial cells, an important trait for use of these bacteria
as probiotics (Tsai et al., 2008). Additional beneficial effects
of bifidobacterial strains include the prevention or alleviation
of infectious diarrhea and the improvement of inflammatory
bowel disease symptoms (Sanz, 2007). Bifidobacteria have also
been shown to modulate the host’s immune response against
other indigenous microflora (e.g., B. adolescentis down-regulates
humoral immunity to Bacteroides thetaiotaomicron; Scharek
et al., 2000). Some bifidobacterial strains suppress H. pylori-
induced genes in human epithelial cells (Shirasawa et al., 2010)
while other Bifidobacterium sp. cells and culture supernatants
exerted inhibitory effects against Streptococcus mutans and

Streptococcus sobrinus, important etiological agents in human
dental caries (Lee et al., 2011).

Yeasts

Saccharomyces boulardii is one of the best-studied probiotic
species, with a long history of successful use in treatment of
multiple gastrointestinal disorders. The administration of this
probiotic in lyophilized form was found effective in cases of
diarrhea by decreasing the duration of the disease, regardless of
its cause (McFarland, 2007; Dinleyici et al., 2012; Shan et al,,
2013). It has also been reported that S. boulardii prevented
and treated relapses of inflammatory bowel disease, including
moderate cases of ulcerative colitis (Guslandi et al., 2000;
Guslandi et al., 2003; Choi et al, 2011). Interesting results
have also been reported by Lim et al. (2015), suggesting
that yeasts can enhance the growth of other probiotics under
acidic conditions: Saccharomyces cerevisiae EC-1118 was found
to significantly enhance the viability of the probiotic strain
Lactobacillus rhamnosus HNO001 at pH 2.5-4.0. The use of
S. boulardii in reduction of C. difficile infection relapse is still
under debate due to controversial results of clinical trials (Flatley
etal., 2015). Among other yeasts species, Torulaspora delbrueckii,
Debaromyces hansenii, Yarrowia lipolytica, Kluyveromyces lactis,
Kluyveromyces marxianus, and Kluyveromyces lodderae have
shown strong antagonistic effect against pathogenic bacteria
and high acid tolerance (Kumura et al, 2004; Psani and
Kotzekidou, 2006; Chen et al., 2010). Despite an excellent
record of safe use, yeasts may still be the cause of localized
infections in immunocompromised patients (Thygesen et al.,
2012).

Akkermansia muciniphila

Another recently described microorganism with possible
probiotic potential is Akkermansia muciniphila - a mucin-
degrading bacterium that resides within intestinal mucus layers
(Derrien et al., 2004). According to several studies, obese patients
have significantly lower amounts of this bacterium in their
GIT (Collado et al., 2008; Karlsson et al., 2012). The genome
sequence of A. muciniphila suggests the ability of this bacterium
to metabolize a variety of complex carbohydrates, as well as
synthesize multiple amino acids, vitamins, and cofactors (van
Passel et al., 2011). Its influence on metabolic processes in the
GIT is not fully investigated; however, it has already been shown
that this bacterium may be a potential treatment for type II
diabetes. Shin et al. (2014) have shown that oral administration
of A. muciniphila to mice induced Foxp3 regulatory T cells
in the visceral adipose tissue, which attenuated adipose tissue
inflammation. Based on these results it has been suggested
that pharmacological manipulation of the gut microbiota in
favor of A. muciniphila might be beneficial in the treatment of
diabetes.

Faecalibacterium prausnitzii and Other

Clostridia

Another bacterium that has been demonstrated to have a
considerable impact on human gastrointestinal microbiota is
Faecalibacterium prausnitzii of the Clostridium sp. cluster IV.
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This microorganism accounts for 5-15% of the total fecal
microbiota, making it one of the most abundant butyrate-
producing bacteria in the GIT (Hold et al,, 2003; Flint et al.,
2012). Since butyrate is a primary energy source for intestinal
epithelial cells, it is essential for maintenance of epithelial
barrier integrity. Multiple beneficial effects of butyrate for health
also include reduction of cancer progression, protection against
pathogens, and stimulation of the immune system (Macfarlane
and Macfarlane, 2011). The reduction of F. prausnitzii counts
in fecal and biopsy samples has been observed in multiple
studies of inflammatory bowel disease (especially, ileal Crohn’s
disease and ulcerative colitis), suggesting that the presence
of this species is important for normal GIT function (Wang
et al., 2007; Swidsinski et al., 2008; Andoh et al., 2012). The
first gnotobiotic rodent model with F. prausnitzii showed that
it could influence gut physiology through the production of
mucus O-glycans, thereby affecting the quality and quantity of
produced mucus (Wrzosek et al.,, 2013). Though F. prausnitzii
dysbiosis might be an important marker in the development
of disease, routine diagnostic tools have not been developed
mainly due to the extreme sensitivity of this species to
oxygen.

Other bacteria of the class Clostridia might also find use as
potential probiotics, since they are highly abundant in human
GIT microbiota and may play an important role in metabolism
and immune system function. Atarashi et al. (2013) have shown
that a mixture of 17 strains of Clostridium sp., belonging to
clusters IV, XIV, and XVIII, were able to suppress experimental
colitis in mice through induction of interleukin-10-producing
regulatory T cells. A similar mechanism of colitis suppression,
via IL-10 production by induced macrophages, was observed
using strain C. butyricum MIYAIRI 588 (Hayashi et al., 2013).
According to another recent study, when mixed with B. infantis,
C. butyricum was effective in treatment of experimentally-
induced antibiotic-associated diarrhea in mice, and the beneficial
effect of the mixture was superior to single strains (Ling et al,,
2015). However, though clostridia have potential for use as
probiotics, there is still not enough evidence to support their
medical efficacy and safety for humans.

Use of Probiotics in Prevention and
Treatment of Antibiotic-Associated
Diseases

Although most antibiotics are generally safe, some have the
potential to cause life-threatening side effects. Antimicrobial
side effects are adverse drug reactions involving one or
more organ systems. Moreover, even a short-term course of
antibiotics may have a long-term negative impact on the
normal human gut microbiota (Jernberg et al, 2010). The
most commonly used classes of antibiotics include penicillins,
cephalosporins, aminoglycosides, fluoroquinolones, macrolides,
and tetracyclines; each of these compounds can cause their own
specific side-effects (Cunha, 2001). In fact, most traditionally
used antibiotics are able to cause health problems in the
GIT, and are commonly related to disturbances in microflora

composition caused by survival and spread of resistant strains.
For instance, penicillins, which are known for having the
least-frequent and -severe side effects, may cause diarrhea,
and nausea, vomiting, and upset stomach. Fluoroquinolones
are also considered relatively safe, but may similarly induce
nausea, vomiting, diarrhea, and abdominal pain (Bertino and
Fish, 2000). Side-effects of macrolides include GIT-associated
nausea, vomiting, and diarrhea, whereas adverse effects of the
tetracyclines depend on the concentration of the antibiotic in
the affected organ. Their common side-effects include cramps
or burning of the stomach, diarrhea, sore mouth, or tongue
(Rubinstein, 2001). Research in this field is ongoing and
has already provided evidence for efficacy of probiotic use
for prevention of health problems emerging as a result of
antibiotic use. Examples of such diseases are antibiotic-associated
diarrhea (AAD) and C. difficile-associated diarrhea (CDAD;
pseudomembranous colitis).

Antibiotic-associated diarrhea is defined as “otherwise
unexplained diarrhea that occurs in association with the
administration of antibiotics” (Friedman, 2012). However, mild
cases of C. difficile infection are sometimes also considered as
the cause of AAD (Kelly et al., 1994). The disease comes as
one of the most frequent side effects of antibiotic use: 5-39%
of patients, depending on the type of antibiotic (e.g., certain
B-lactam antibiotics are more likely to cause diarrheal side-
effects than cephalosporins) and is associated with increased
length and cost of hospitalization (Videlock and Cremonini,
2012). There are several mechanisms of antibiotic effect on
humans that can result in AAD. These include osmotic diarrhea,
caused by suppression of anaerobic bacteria and a reduction
in carbohydrate metabolism, disruption of protective effect of
commensal bacteria and reduction of colonic mucosal resistance
to pathogenic opportunistic bacteria. Full restoration of the
normal gut microbiota may take several weeks or even months
(Friedman, 2012; Kaier, 2012).

Many studies have been conducted assessing the efficacy
of probiotics in the treatment of AAD and have provided
data supporting the usage of both single-strain and mixed-
probiotics for diarrhea treatment (Surawicz, 2003; Szajewska
et al, 2006; McFarland, 2009). A meta-analysis by Hempel
et al. (2012) revealed 82 studies that provided evidence of
probiotic efficiency in treatment of AAD. Microorganisms
used in these studies included the genera Lactobacillus,
Bifidobacterium, Saccharomyces, Streptococcus, Enterococcus, and
Bacillus. According to Friedman (2012), several mechanisms
of action of probiotics contribute to the prevention and
treatment of diarrhea: enhancing mucosal barrier function
by secreting mucins, increasing tight junctions in epithelial
cells, providing colonization resistance, producing bacteriocins,
increasing production of secretory IgA, producing balanced
T-helper cell response, increasing production of IL-10 and
transforming growth factor beta. Collectively, these factors
contribute to the restoration of a normal gastrointestinal
balance following damage by antibiotics (Friedman,
2012).

Clostridium  difficile-associated ~ diarrthea or  pseudo-
membranous colitisis is an inflammation of the intestine
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walls caused by toxins produced by C. difficile. CDAD is one of
the most common hospital-acquired infections and is a frequent
cause of morbidity and mortality among elderly hospitalized
patients. Complications include shock, need for colectomy, toxic
megacolon, and in severe cases, perforation of the colon wall.
C. difficile colonizes the GIT after the alteration of normal gut
flora by antibiotic therapy (Bergogne-Bérézin, 2000; Ndegwa
and Nkansah, 2008). Extremely high rates of CDAD have been
reported in Quebec from 2002 to 2005, totaling 14000 cases (a
4.5-fold increased incidence compared with 1991), with evidence
suggesting the emergence of a highly-virulent strain of C. difficile
(Pepin et al., 2004, 2005).

Several studies have shown that probiotics aid in prevention
and treatment of CDAD. Gao et al. (2010) reported lower risk
of disease occurrence after intake of a preparation based on two
Lactobacillus strains. S. boulardii has also been successfully used
for treatment of CDAD (McFarland et al., 1994). However, a
large multi-center study is needed to build sufficient evidence in
support of probiotic use as a treatment for C. difficile-associated
infections.

Problems Associated with Transfer of

Antibiotic Resistance Determinants

Many probiotic strains have naturally acquired resistance toward
one or several antimicrobial agents (Table 2). Though intrinsic
resistance of probiotic bacteria to certain antibiotics might offer

TABLE 2 | Intrinsic antibiotic resistance of several widely used probiotic
species.

Probiotic species Antibiotic resistance Reference

B. longum JDM301 Ciprofloxacin, amikacin,

gentamicin, streptomycin

Wei et al. (2012)

B. /ongum2 Kanamycin Temmerman et al. (2003)

B. lactis? Kanamycin Temmerman et al. (2003)

L. rhamnosus’

i

L. casei M Vancomycin, teicoplanin, Charteris et al. (1998),

L. paracasei . . ) . .
bacitracin, aminoglycosides ~ Danielsen and Wind (2003)

L. plantarum’!

L. acidophilus’

L. reuteri? Kanamycin, tetracycin, Temmerman et al. (2003)
penicillin, vancomycin

L. casei? Kanamycin, vancomycin Temmerman et al. (2003)

L. acidophilus?® Kanamycin Temmerman et al. (2003)

E. faecalis’ Beta-lactams Yamaguchi et al. (2013)
Vancomycin Werner et al. (2008)

B. adolescentis?

B. animalis? Kanamycin, neomycin,

A yon, NEOMYCIN, = o dir et al. (2004)
B. longum streptomycin, nalidixic acid
B. bifidum?

P, pentosaceus Vancomycin, teicoplanin Biavasco et al. (1997)

P, acidilactici Vancomycin Temmerman et al. (2003)

1 Antibiotic resistance is indicated for more than 50% of isolates/strains used in the
study, which were related to the species.

2 Antibiotic resistance is indiicated for 100% isolates/strains used in the study, which
were related to the species.

benefits for their use in the prevention and treatment of AAD,
the issue of possible transfer of resistance determinants has been
raised (Pflughoeft and Versalovic, 2012), particularly for strains
that carry plasmids.

Courvalin (2006) specified two distinct types of acquired
antibiotic resistance in bacteria: (i) initially non-transferred
resistance that occurred as a result of one or several mutations
in indigenous gene(s), and (ii) transferred resistance, acquired
from a different organism by horizontal gene transfer. Antibiotic
resistance (both intrinsic and acquired) can occur as a result
of three major mechanisms: (i) altering the outer- and/or inner
membrane permeability and transport activity, which leads to
lower accumulation of the antibiotic within the cell, (ii) using
enzymes to detoxify the antibiotic, and (iii) modifying the
antibiotic target site (Guardabassi and Courvalin, 2006). The
gene responsible for acquisition of antibiotic resistance often
resides on a plasmid or transposon, which might be easily
transferred (Bennett, 2008). In fact, transposon-mediated transfer
of genetic material between species was recently described
as the most frequent mechanism contributing to the spread
of antibiotic resistance in bacteria (Wozniak and Waldor,
2010).

Multiple studies have already shown that antibiotic resistance
can be transferred between different bacterial species that reside
in the human GIT. For instance, it has been reported that
both Lactobacillus lactis and Streptococcus thermophilus are
able to transfer erythromycin resistance [erm(B) gene, located
on a plasmid] to L. monocytogenes under in vitro conditions
(Toomey et al., 2009). Another study provided the evidence of
in vivo transfer of ampicillin resistance between two strains of
E. coli co-residing in human gut: it was demonstrated that a
plasmid carrying a B-lactamase gene had been transferred from
an ampicillin- resistant E. coli strain to an initially susceptible
strain (Karami et al., 2007). Devirgiliis et al. (2009) reported the
transfer of a tet(M) gene (tetracycline resistance; located on broad
host range Tn916 transposon) from L. paracasei to E. faecalis
in vitro. In another set of experiments, the erythromycin
resistance pLFE1 plasmid of L. plantarum strain M345 was
successfully transferred to five different species: L. rhamnosus,
Lc. lactis, Listeria innocua, E. faecalis, and L. monocytogenes
(Feld et al, 2009). These and other examples raise a safety
concern; strains to be used as probiotics should be carefully
selected, and only those free of transferrable antibiotic-resistance
determinants ought to be considered safe (Radulovic et al,
2012).

In Vitro and In Vivo Systems Used to
Study Probiotic Effects

Novel probiotic-based strategies for therapeutic and prophylactic
use against multiple GIT diseases are gaining popularity
worldwide. Their effectiveness has been predicted by numerous
animal model studies and proven by extensive research involving
humans. However, the initial step in confirming probiotic effects
is the extensive characterization of a bacterial strain to be
used as a probiotic, which is usually performed under in vitro
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conditions by studying bacterial acid resistance, bile resistance,
carbon source utilization, and aggregative properties, or ex vivo
for their ability to adhere to mammalian cells (Kotikalapudi
et al., 2010; Wood et al., 2012). Similarly, probiotic delivery
methods, such as lyophilization or encapsulation, are also tested
for their protective potential in vitro under simulated gastric
conditions (Klemmer et al., 2011; Wood et al., 2012; Khan et al.,
2013; Wang et al,, 2014, 2015a). The most popular materials
used for encapsulation of bacteria are alginate, carrageenans
and gums, since they are easy to process, resistant to low
pH and freezing, and are generally recognized as safe (Gbassi
and Vandamme, 2012). We have recently reported the efficient
delivery of B. adolescentis, encapsulated for this purpose in an
alginate-pea protein protective matrix, into the lower gut of rats
(Varankovich et al., 2015).

Apart from basic synthetic gastric juice solutions (low pH,
37°C), more complex systems have been developed, such
as SHIME (Simulator of the Human Intestinal Microbial
Ecosystem), designed to simulate different parts of the human
GIT (Cook et al., 2012). Probiotic strains and methods for their
delivery, preselected in vitro, are subsequently tested in animal
models.

Traditionally used animal models include mice and rats.
Larger animals like rabbits, dogs, and pigs are generally
considered to have more common features with the physiology
and microflora of the human GIT (Kararli, 1995). However,
rodents are cheap, standardized, and have short life-cycles;
thus, their extensive use in large-scale research. Investigation
of probiotic effects on animal microflora may be approached
by: (i) examining the quantitative and qualitative characteristics
of bacterial microflora in animals using cultivation and/or
molecular biology techniques, such as real-time polymerase
chain reaction (qPCR), next-generation sequencing (NGS),
and fluorescence in situ hybridization (FISH), or (ii) evaluating
treatment efficiency indirectly by using it to cure an artificially
induced disease.

Distribution of specific species of microorganisms is still
being studied in healthy humans and compared with those
of patients with various gastrointestinal diseases. Perturbations
of microbiota, even in case of alterations in numbers of a
single species (i.e., A. muciniphila), might be a cause (and
an indicator) of the development of disease (Karlsson et al,
2012). In this case, probiotic treatment might be useful
in restoring microbiota balance in the gut. An interesting
example of quantitative/qualitative analysis of animal gut
microbiota after probiotic administration can be found in the
study by Wang et al. (2015b): 454 pyrosequencing of fecal
bacterial 16S rRNA genes in obese vs. lean mice showed
that the probiotic strains shifted the overall structure of
the gut microbiota of obese animals toward that of lean
mice fed a normal diet, with significant changes observed
in 83 operational taxonomic units. Due to complicated
analyses required to understand specific mechanisms of disease
development, as well as the mode of action of a certain probiotic
microorganism, the use of disease models is generally more
widespread.

Rodent Models of GIT Diseases

Generally, in order to establish a disease model, mice are infected
with the pathogen or irritant either one time or continuously
(Pawlowski et al,, 2010; Bhinder et al., 2013). Subsequently,
animals are treated with probiotics with concomitant monitoring
of the disease symptoms and evaluation of changes in the gut
microflora. Following this approach, Verdu et al. (2008) infected
mice with H. pylori for 4-6 months to investigate the effect of
probiotic therapy on upper gastrointestinal dysfunction induced
by chronic H. pylori infection. The authors reported that with
probiotic treatment delayed gastric emptying in mice normalized
significantly faster post-eradication, compared to control groups,
where the dysfunction was observed during 2 months after
pathogen administration was ceased. Mice and rats have also
been used to evaluate the efficacy of probiotics for the treatment
of Salmonella and E. coli O157:H7 infections (Asahara et al,
2001, 2004), inflammatory bowel disease (Shiba et al., 2003) and
immune suppression (Lollo et al., 2012). Asahara et al. (2001)
showed that intestinal growth and subsequent extra-intestinal
translocation of orally-infected Salmonella typhimurium in mice
were inhibited during administration of probiotic B. breve.
Later, the same group reported B. breve was also effective in
protecting mice against Shiga toxic-producing E. coli 0157:H7
(Asahara et al., 2004). Extrapolation of results achieved in animal
studies and in vitro experiments to humans remains a difficult
challenge. Many factors, such as differences in physiology and
microflora composition of respective gastrointestinal systems,
must be considered before interpreting the outcome.

The majority of in vivo experiments investigating the effects
of probiotics on pathogenic bacterial populations use gnotobiotic
mice (usually with human microflora systems in their GIT;
Bernet-Camard et al., 1997; Aiba et al., 1998; Gill et al,, 2001;
Pawlowski et al., 2010). For instance, in a study by Shiba et al.
(2003), probiotic B. infantis 1222 was found to significantly
suppress the systemic antibody response raised by Bacteroides
vulgates, a representative pathogenic Bacteroides sp. species, in
a gnotobiotic mice model of inflammatory bowel disease. The
use of conventional mice as a model for investigating human
diseases is more problematic due to significant differences in
animal and human gut microflora. Nevertheless, it is possible
to use murine-specific organisms as models for the study of
human pathogens. For instance, Ge et al. (2001) used H. hepaticus
infection as an animal model for examining the pathogenesis
of gastrointestinal diseases in humans caused by H. pylori.
More recently, Bhinder et al. (2013) described the Citrobacter
rodentium mouse model for the study of pathogen and host
contributions during infectious colitis. C. rodentium is a murine-
specific bacterial pathogen, closely related to enteropathogenic
and enterohaemorrhagic strains of E. coli (Borenstein et al., 2008).
Several C. rodentium infection studies involving mice models
have shown probiotics to reduce the severity of symptoms and
prevent death caused by the pathogenic agent (Chen et al,
2005; Gareau et al., 2010; Mackos et al., 2013). Chen et al.
(2005) successfully treated C. rodentium-induced murine colitis
with probiotic L. acidophilus. Gareau et al. (2010) similarly
reported that L. rhamnosus, combined with L. helveticus, were
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effective in prevention and treatment of the same disease state
in mice. Later, another group showed that L. reuteri was able to
attenuate the severity of murine colitis caused by C. rodentium
(Mackos et al., 2013). Further investigation of host-pathogen and
probiotic-pathogen interactions will likely provide better insight
into treatment of C. rodentium infection in mice, and possibly
E. coli infections in humans. However, confirmation of probiotic

benefits and possible side effects will ultimately require human
trials.

Human Clinical Trials

Human studies generally take the form of randomized clinical
trials involving participants with some type of intestinal disorder.
After assessment of eligibility and recruitment, participants

TABLE 3 | Some of the major human trials of probiotics for the treatment of gastrointestinal diseases.

Probiotic strain Disease Number of Reported outcome Reference
participants
Lactobacillus H. pylori infection 60 Significant reduction (p = 0.04) of diarrhea, nausea and Armuzzi et al.
rhamnosus GG taste disturbances in the treatment group. (2001)
Antibiotic-associated 188 Significant reduction of the incidence of Vanderhoof et al.
diarrhea in children antibiotic-associated diarrhea in children treated with oral (1999)
antibiotics for common childhood infections.
167 The treatment effect on the incidence of diarrhea (95% Arvola et al. (1999)
confidence interval) was —11% (—21—-0%).
B. bifidum Irritable bowel 122 Overall responder rates (decrease in symptoms severity) Guglielmetti et al.
syndrome were 57% in the treatment group, but only 21% in the (2011)
placebo group (P = 0.0001).
B. infantis 362 The improvement in overall symptom assessment Whorwell et al.
exceeded the placebo by more than 20% (p < 0.02). (2006)
S. cerevisiae 179 The proportion of responders reporting improvement in Pineton de
abdominal pain/discomfort was significantly higher Chamburn et al.
(p = 0.04) in the treated group than the placebo group (2015)
(63% vs. 47%, OR = 1.88, 95%, Cl: 0.99-3.57).
VSL#3* Pouchitis 40 Three patients (15%) in the treatment group had relapses of Gionchetti et al.
the disease within the 9-months follow-up period, (2000)
compared with 20 (100%) in the placebo group (P < 0.001).
40 Two of the 20 patients (10%) in the treatment group had an Gionchetti et al.,
episode of acute pouchitis compared with 8 of the 20 2003
patients (40%) treated with placebo (log-rank test,
z=2273; P <0.05).
34 Treatment of patients with mild to moderate stages of Bibiloni et al.
disease, not responding to conventional therapy, with (2005)
probiotic resulted in a combined induction of
remission/response rate of 77% with no adverse events.
Ulcerative colitis 124 The efficacy of probiotic was significant (recurrence rate McFarland et al.
34.6%, compared with 64.7% on placebo; p = 0.04) in (1994)
patients with recurrent CDD, but not in patients with initial
CDD (recurrence rate 19.3% compared with 24.2% on
placebo; p = 0.86).
Saccharomyces Clostridium 168 A significant decrease in recurrence of CDD was observed Surawicz et al.
boulardii difficile-associated only in patients treated with high-dose vancomycin (2 g/day) (2000)
diarrhea (CDD) and probiotic (16.7%) compared with those who received
high-dose vancomycin and placebo (50%; p = 0.05).
211 The mean (+/—SD) duration of diarrhea was 1.69 days (0.6) Buydens and
in patients given probiotic, compared with 2.81 days (0.9) in Debeuckelaere
those given placebo. (1996)
Enterococcus faecium Antibiotic-associated 123 The probiotic was shown to be effective in reducing the Wunderlich et al.
SF68 diarrhea incidence of antibiotic-associated diarrhea (AAD) in (1989)
comparison with placebo (8.7% compared with 27.2%,
respectively).
Mixture of lactobacilli, Travelers’ diarrhea 94 Prophylaxis with the probiotic significantly decreased the Black et al. (1989)
bifidobacteria and frequency of diarrhea from 71 to 43% (p = 0.019).
streprococci
Mixture of B. infantis, Necrotizing enterocolitis 186 Enteral administration of the probiotic in neonatal intensive Samanta et al.
B. bifidum, B. longum in newborns care setup significantly reduced morbidity due to (2009)

and L. acidophilus

necrotising enterocolitis in very low birth weight newborn.

*A mixture of Lactobacillus casei, L. plantarum, L. acidophilus, L. delbrueckii subsp. bulgaricus, B. longum, B. breve, B. infantis, and Streptococcus salivarius sp.

Thermophiles.
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are given either probiotic treatment or a placebo as a control.
Results of these experiments have provided enough evidence
for considering probiotics an efficient treatment for multiple
GIT-associated diseases, such as acute gastroenteritis (Huang
et al., 2002), irritable bowel syndrome (Nikfar et al, 2008)
and necrotizing enterocolitis (Alfaleh and Anabrees, 2014).
Some trials showing the efficacy of bacteria of interest in
the treatment of specific gastrointestinal disorders are listed
in Table 3. In one recent trial aimed to assess the efficiency
of S. cerevisiae in treatment of irritable bowel syndrome,
179 adults, diagnosed with this condition, were randomized
to receive once-daily 500 mg of S. cerevisiae or placebo
for 8 weeks. Cardinal symptoms (abdominal pain/discomfort,
bloating/distension, bowel movement difficulty) were recorded
daily after a 2-week run-in period. The results showed that
abdominal pain/discomfort scores were significantly reduced
during probiotic intake (Pineton de Chamburn et al., 2015).
A major trial involving 362 participants was conducted by
Whorwell et al. (2006) in order to study the effect of B. infantis on
symptoms of irritable bowel syndrome: probiotic administration
lead to improvements in the majority of symptoms by more
than 20%, compared to placebo. Another human clinical
trial proved the efficacy of Lactobacillus GG in treatment of
H. pylori infection: daily administration of the probiotic led
to significant reduction in disease symptoms (diarrhea, nausea,
and taste disturbances; Armuzzi et al, 2001). In general, data
from multiple lines of research involving humans suggests
that probiotic bacteria suppress gastrointestinal pathogens by
simple competition by prevailing in numbers, and by producing
antibacterial factors (bacteriocins and small organic molecules,
such as fatty acids). Though more details into the mechanisms
of action of probiotics on gut microbiota are essential, the large
base of evidence already collected has proven the beneficial
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Lactobacillus reuteri is used as probiotic culture in food and feed applications; however,
strain specific properties of L. reuteri that mediate probiotic activity remain unknown.
This study aimed to determine effects of feed fermentation with exopolysaccharide and
reutericyclin producing L. reuteri on the transition of the gut microbiome of piglets after
weaning. The reutericyclin and reuteran producing L. reuteri TMW1.656 was compared
to the reutericyclin negative and levan producing L. reuteri LTH5794 and unfermented
controls. Both strains were fermented at conditions supporting exopolysaccharide
formation, or at conditions not supporting exopolysaccharide formation. Fecal microbiota
were characterized by partial sequencing of 16S rBNA genes, and by quantitative
PCR targeting clostridial toxins. The transition to solid food resulted in a transient
increase of Proteobacteria to 12% of total bacteria, and increased bacterial diversity
by increasing the abundance of anaerobic fiber fermenting Firmicutes. Three weeks
after weaning, Prevotella and Lactobacillus were among the dominant bacterial genera.
Feed fermentation with L. reuteri affected the abundance of few bacterial taxa and
particularly reduced the abundance of Enterobacteriaceae (P < 0.05) when compared
to unfermented controls. Reutericyclin producing L. reuteri increased the abundance of
Dialister spp. and Mitsuokella spp. (P < 0.05) but did not influence the abundance of
clostridial toxins in the feces. In conclusion, data on the contribution of specific metabolic
activities of L. reuteri to probiotic activity will facilitate the strain selection for probiotic
applications in food and feed.

Keywords: enterterotoxigenic Escherichia coli, ETEC, pigs, feed fermentation, reutericyclin, exopolysaccharides,
Lactobacillus reuteri, probiotic

Introduction

Lactobacillus reuteri is a host-specific intestinal symbiont of humans and vertebrate animals
(Walter, 2008; Frese et al., 2011). L. reuteri is commercially applied in cereal fermentations (Brandt,
2014) and as probiotic culture (Tuohy et al., 2003). Strain- or lineage specific metabolic traits of L.
reuteri mediate host-specific colonization (Frese et al., 2014; Wilson et al., 2014), and contribute
to its competitiveness in cereal fermentations and improved bread quality (Galle et al., 2012; Lin
and Ginzle, 2014; Zhao et al., 2015). Strain specific properties of L. reuteri that mediate probiotic
activity, however, remain unknown.
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Metabolic traits that were suggested to mediate probiotic
activity of L. reuteri include acid resistance (Teixeira et al,
2014), histamine decarboxylation (Spinler et al, 2014),
exopolysaccharide production (Chen et al, 2014), and
antimicrobial activity against pathogens (Ginzle, 2004; Rea
et al, 2014). Reuteran and levan from L. reuteri prevented
adhesion of enterotoxigenic Escherichia coli (ETEC) in vitro,
and reduced mucosa-adherent ETEC in a swine model (Wang
et al, 2010; Chen et al,, 2014). The production of reuterin
and reutericyclin by L. reuteri were proposed to provide
protection against Salmonella Typhimurium and Clostridium
difficile, respectively (Hurdle et al., 2011; De Weirdt et al.,
2012). However, only two studies performed in rodent models
demonstrate that antimicrobial compounds from lactic acid
bacteria are active in vivo. Bacteriocin production by probiotic
lactic acid bacteria reduced infection by Listeria monocytogenes
(Corr et al,, 2007), and reduced colonization by vancomycin
resistant enterococci (Millette et al., 2008). Evidence for activity
of antimicrobial metabolites of probiotics against autochtonous
microbiota is inconclusive. The bacteriocin producing L.
salivarius Abpl18 altered the gut microbiome of swine and
mice when compared to controls that did not receive probiotics.
Changes induced by the bacteriocin producing strain, however,
were not different from those induced by a bacteriocin-
negative derivative of the same strain (Riboulet-Bisson et al.,
2012).

Probiotic applications of L. reuteri and related organisms
specifically targeted piglets (Konstantinov et al., 2008).
Gut microbiota of pigs undergo a transition after weaning
(Konstantinov et al., 2006; Lalles et al., 2007). The microbiome
of suckling pigs is dominated by lactobacilli (Konstantinov
et al., 2006) while strict anaerobic Firmicutes and Bacteroidetes
dominate the microbiome of adult pigs (Lamendella et al., 2011;
Riboulet-Bisson et al., 2012). The abundance of lactobacilli
decreases after weaning (Konstantinov et al., 2006), providing
opportunity for overgrowth of pathogens. Probiotics may
decrease the abundance of pathogens (Zhang et al, 2010;
Bednorz et al, 2013). Supplementation with L. amylovorus
reduced levels of ETEC in the intestine but did not alter the
hindgut microbiome (Konstantinov et al, 2008; Su et al,
2008).

This study aimed to determine the effect of feed fermentation
with L. reuteri on the development of the gut microbiome in
weanling piglets. The experimental design aimed to determine
the contribution of viable L. reuteri, exopolysaccharide formation
by L. reuteri, and reutericyclin formation by L. reuteri on the
evolution of the gut microbiome in weanling piglets. The fecal
microbiome was characterized by high throughput sequencing
of 16S rRNA genes, and by quantitative PCR (qQPCR) specifically
targeting C. difficile, C. perfringens, and toxins produced by these
organisms.

Materials and Methods

Feed Fermentation and Diet Preparation
Wheat flour was provided by University of Alberta Swine
Research and Technology Centre, mixed with an equal amount of

tap water, and inoculated with approximately 10’ CFU g~! of the
levan-producing L. reuteri LTH5794 or the reuteran-producing
L. reuteri TMW1.656. A more detailed account of the feed
fermentation and the control experiments ensuring the identity
of fermentation microbiota with the inoculum is provided by
Yang et al. (2015). Feed fermentation was carried out with
addition of 10% (w/w flour) sucrose to support levan or reuteran
formation during fermentation, or addition of 5% (w/w flour)
glucose and 5% (w/w flour) fructose, which do not support
reuteran or levan formation by L. reuteri but result in a formation
of comparable levels of lactic and acetic acids. A chemically
acidified control was prepared with 5% (w/w flour) fructose, 5%
glucose (w/w flour), and addition of lactic acid (80%) and glacial
acidic acid in a ratio of 4:1 (v/v) to acidify the feed to a pH of
3.8 (Table 1). Basal diets were mixed with 20-50% fermented
or acidified wheat to produce the experimental feeds. Control
diet was obtained by a mixture of basal diet and unfermented
wheat. All diets were formulated to meet or exceed nutrient
recommendation of National Research Council Canada (NRC)
(2012) for 5-10kg pigs. Titanium dioxide (TiO,) was added to
each of the test diets as an indigestible marker.

Animals and Experimental Design

This animal trial was approved by the University of Alberta
Animal Care and Use Committee under the guidelines of the
Canadian Council on Animal Care and was conducted at the
University of Alberta Swine Research and Technology Centre,
Edmonton, AB, Canada. A total of 36 crossbred castrated
weaning male pigs (~21 d of age) were selected and housed in
a temperature-controlled room (28 £ 2.5°C). Pigs were divided
into six consecutive and similar blocks with six pigs per block
and one pig per pen (0.5 x 1.22 m). The experiment was designed
to indicate whether the bacterial metabolites lactic and acetic
acid, reuteran, levan, or reutericyclin influence the evolution of
gut microbiota (Table 1). One pig per block was assigned to one
of the six diets for a total of six observations per diet (Yang
et al,, 2015). Pigs were offered ad libitum food and water intake
allowing for adequate growth. Meals in mash form were provided
in equal amount twice daily (at 8a.m. and 4 p.m.). Fresh fecal
samples were collected from the pen floor in a sterile plastic bag
at weaning, and 1, 2, or 3 weeks after weaning. A total of 137
samples obtained were collected and stored at —20°C. Frozen

TABLE 1 | Experimental diets used in this study.

Components Control Chem. L. reuteri

acid

TMW1.656 LTH 5794

Sucrose Glu + Fru Sucrose Glu + Fru

Acids -

L. reuteri -

Reutericyclin -
Reuteran -

+ means component present in the diet, — means component not present in the diet.

Levan - - - -
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samples were thawed, mixed aseptically by spatula and 2-3¢g
subsamples were stored at —80°C.

DNA Extraction

Bacterial DNA was extracted from fecal samples using QI Aamp®
DNA stool Mini kit (50) (Qiagen, Inc., Valencia, CA, USA),
following the manufacturer’s instructions. Fecal DNA was
quantified by Nano-Drop spectrophotometer system ND-1000
(Thermo Fisher Scientific Inc., Wilmington, USA). DNA quality
was assessed by determining the ratio of absorbance at 260 and
280 nm. Only DNA samples that had 260:280 nm ratios higher
than 1.8 were used for further analysis.

PCR Primers and Probes

Primers and probes used in this study are listed in Table 2.
Sequences of genes coding for clostridial toxins (a-, -,
p2-, entero-, and t-toxin) collected from GeneBank (http://www.

ncbi.nlm.nih.gov/genbank). The sequence data were aligned with
CLUSTAL-W (Thompson et al,, 1994) to identify conserved
sequences. Primers and probes were designed to target
the conserved toxin sequences. The specificity of primer
sequences was checked by Basic Local Alignment Search Tool
(BLAST) (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). Primers
and probes were synthesized by Integrated DNA Technologies
(Coralville, IA, U.S.A.).

Quantification of Clostridia and their Toxins by
qPCR

Quantitative PCR (qPCR) was performed on a 7500 Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA)
using methodology described earlier (Metzler-Zebeli et al., 2010).
To obtain positive controls for primers and probes targeting
clostridial toxins, gBlocks® Gene Fragments were designed and

TABLE 2 | Oligonucleotide sequences of the primers and probes used in this study.

Target group/gene Primer/probe  Oligonucleotide sequence (5'-3' ) Ta Product References
(°c)2 size (bp)
Clostridium cluster | ClF GTGAAATGCGTAGAGATTAGGAA 58 665 Le Bourhis et al., 2005
CIR GATYYGCGATTACTAGYAACTC
Clostridium cluster XI CXIF ACGGTACTTGAGGAGGA 58 139 Schwab et al., 2011,
this study
CXIR GAGCCGTAGCCTTTCACT
Total bacteria HDAF ACTCCTACGGGAGGCAGCAGT 62 198 Walter et al., 2000
HDAR GTATTACCGCGGCTGCTGGCAC
C. perfringens « toxin (cpa) CPa F CTTGGAGAGGCTATGCACTATTT 60 90 This study
CPa P BFAM-CCATATCATCCTGCTAATGTTACTGCCGT-TAMRA
CPa R CTTAACATGTCCTGCGCTATCA
C. perfringens B toxin (cpb) CPB F TCAAACAACCCTGTATATGGAAATG 60 149 This study
CPg P B6FAM-ACGGAAGATATACTAATGTTCCTGCAACTG-TAMRA
CPB R GGAGCAGTTAGAACTACAGACAT
C. perfringens B-2 toxin (cpb2) CPB2 F TGCAACTTCAGGTTCAAGAGA 60 121 This study
CPp2 P B6FAM-ACCATTTGAGAAGCTTTAACATCATCTCCC-TAMRA
CPB2 R TTGTCTAGCAGAATCAGGGTTT
C. perfringens enterotoxin (coe)  CPe F AGCTGCTGCTACAGAAAGATTA 60 101 This study
CPe P B6FAM-CTGATGCATTAAACTCAAATCCAGCTGGT-TAMRA
CPe R GAGTCCAAGGGTATGAGTTAGAAG
C. perfringens \ toxin (iap) CPia F CGTGGAGGATATACCGCAAT 60 116 This study
CPia P B6FAM-TGGTCCTTTAAATAATCCTAATCCA-TAMRA
CPia R GGTGTGAGCTTTAATGCGTTT
C. perfringens ¢ toxin (etx) CPetx F AGC CCTAGGGATGGTTA 58 112 MesselhauBer et al., 2007
CPetxR AACTGCACTATAATTTCC CC
C. difficile toxin B (tcdB) CDtcdBF GAAAGTCCAAGTTTACGCTCAAT 56 176 van den Berg et al., 2006
CD tcdB P B6FAM-ACAGATGCAGCCAAAGTTGTTGAATT-TAMRA
CDtcdBR GCTGCACCTAAACTTACACCA
*Y =T/C. F, Forward; R, Reverse, R, Probe.
aAnnealing temperature.
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synthesized by Integrated DNA Technologies. Standard curves
for quantification of toxin genes were generated with 10-fold
serial dilutions of purified PCR amplicons, which were amplified
from gBlocks® Gene Fragments with the same primer pair and
probe. For quantification of eubacteria and Clostridium clusters,
standard curves were generated with amplicons that were
amplified from serial dilutions of fecal DNA. The concentration
of amplicons was determined by Nano-Drop spectrophotometer
system ND-1000.

Fecal DNA was diluted to a concentration of 100 mg/L
and analyzed in duplicate in a MicroAmp Fast Optical 96-
well reaction plate sealed with MicroAmp Optical Adhesive
Film (Applied Biosystems). Genes coding for 16S rRNA and
the e-toxin were amplified with the Quanti Fast SYBR Green
master mix (Applied Biosystems). Tagman Fast master mix
(Applied Biosystems) was used for detection of other toxins with
probes. qPCR reaction contained 12.5 WL master mix, 4 uL of
10 M primer solution in water, 2 nL of template DNA, and
6.5 WL nuclease-free water. Amplification of target sequences was
achieved in 40 PCR cycles with primer annealing temperatures
as shown in Table 2. Specific amplification of the target DNA
was verified by melting curve analysis where applicable and
by determination of the size of the amplicons by agarose gel
electrophoresis.

Sequencing of 16S rRNA Sequence Tags and
Sequence Data Analysis

High throughput sequencing of 16S rRNA sequence tags
was performed by the University of Minnesota Genomics
Center (Minneapolis, MN, USA) on a Illumina MiSeq.
The V1-V3 regions of the 16S rRNA gene was amplified
using primers Meta_V1_27F (TCGTCGGCAGCGTCAGATG
TGTATAAGAGACAG AGAGTTTGATCMTGGCTCAG) and
Meta_V3_534R (GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAG ATTACCGCGGCTGCTGG). The bold part of each
primer is complementary to the eukaryotic 16S sequences
while upstream sequences corresponded to Illumina adapters
that are required for sequencing and multiplexing. Paired-
end sequencing was performed according to the manufacturer’s
instructions.

The QIIME pipeline (MacQIIME 1.8.0 20140103 0OS10.6)
(Caporaso et al., 2010) was used to analyze the sequences of
16S rRNA genes. PANDAseq (Masella et al., 2012) was used for
quality filtering and assembly of the two ends of each read into
contigs. Pairs with miscalled or uncalled bases in the overlapping
region were discarded. Operational Taxonomic Units (OTUs)
were generated using the UPARSE workflow (Edgar, 2013).
Briefly, all sequences were merged into a single file, and the
library name was used for multiplexing. To minimize computing
time, sequences were dereplicated and sorted by abundance.
Unique sequences in the data set were discarded. Sequences
were clustered into OTUs by USEARCH (Edgar, 2010) using
the Greengenes reference database (release October 2013), and
a 97% similarity threshold. UCHIME (Edgar, 2010; Edgar et al.,
2011) was used for filtering of chimeric sequences. OTUs with
abundance below 0.005% of the total number of sequences were
discarded (Bokulich et al., 2013).

Downstream analyses including taxonomy assignments,
and alpha and beta diversity estimations were conducted
using the QIIME workflow core_diversity_analysis.py, with a
sampling depth of 7939 (Navas-Molina et al, 2013). This
analysis was conducted with default parameters: taxonomy was
assigned using Ribosomal Database Project (RDP) Classifier
V2 (Wang et al, 2007), alpha diversity was estimated by
Phylogenetic Diversity (PD) Whole Tree, Chao 1 and Observed
Species indices (Colwell et al, 2012), beta-diversity was
estimated through UniFrac distances (Vazquez-Baeza et al.,
2013).

Statistical Methods

Data analyses of relative abundance and qPCR results were
performed in SAS, (version 9.3, SAS Institute, 2012). The
gene copy numbers of Clostridium cluster I and XI were
converted into percentage of total bacteria gene counts for
analysis. Mixed Procedure (Proc MIXED) was used based on
randomized complete block design with repeated measurement.
In the model, diet and week and diet x week were considered
as fixed effects, while block was considered as random effect
and pigs were considered as experimental unit. Comparisons
of treatments were determined by contrast of target groups
(SAS version 9.3). For relative abundance analysis, data obtained
at weaning were used as covariate when comparing the
difference between combination groups to assess the effects
of L. reuteri and its metabolites exopolysaccharides and
reutericyclin.

To test hypotheses, p < 0.05 was considered significant, after
Bonferroni-adjustment. Normality of all variables was tested by
Kolmogorov-Smirnoff test (Young, 1977). Results are presented
as means =+ standard deviation. Alpha- and beta- diversity were
analyzed in MacQIIME v1.8.
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FIGURE 1 | Rarefaction curves indicating the effect of the number of
partial sequences of 16S rRNA genes that were analyzed on the
number of OUT’s in fecal microbiota of pigs. Rarefaction curves were
calculated in QIIME with the sample depth of 7939 sequences per sample
from 137 fecal samples obtained at weaning (week O, n = 29), or at week 1
(n = 36), week 2 (n = 36), and week 3 (n = 36) after weaning.
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FIGURE 2 | Principle coordinate analysis (PCA) of the bacterial
microbiota of piglets. The PCA plot was generated using the unweighted
UniFrac distance metric. Each dot represents an individual sample collected at
the start of weaning week 0 (n = 29) or after week 1 (n = 36), week 2 (n = 36),
and week 3 (n = 36) of weaning.

Results

Effects of Diet on Animal Health

All pigs remained healthy during the experiment period and
diarrhea or any clinical signs of disease were not observed. Prior
analyses of samples obtained in the same study reported the
strain-specific quantification of L. reuteri and ETEC but not
the overall composition of the hindgut microbiome (Yang et al.,
2015).

Diversity of the Fecal Microbiome of Piglets
During the feeding trial, 137 fecal samples were collected
and a total of 5,292,722 sequences with a minimum of 7939
sequences per sample were obtained. A total of 7434 OTUs
were identified, representing 6 phyla, 27 families, 42 genera,
and 49 species. Phyla in fecal samples and their abundance
included Bacteroidetes (40.8-45.8%), Firmicutes (35.8-45.1%),
Proteobacteria (0.9-12.9%), Tenericutes (0.7-5.2%), Spirochaetes
(1.4-3.1%), and Planctomycetes (0-1.3%).

Alpha and beta diversity analyses revealed that the effects
of treatments were small when compared to the differences
occurring over time. In Alpha diversity metrics (within sample
diversity), species richness of samples taken at week 3 was
significantly higher (p < 0.001) than the diversity of samples
taken earlier in the experiment (Figurel) but differences
between diets were not significant (p > 0.05). Beta diversity
(between sample diversity) also demonstrated that samples taken
at different times differed (p < 0.0001) (Figure 2). The distances
between samples within each week were always smaller than the
between week comparisons (Figure 2).
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FIGURE 3 | Composition of fecal microbiota at the phylum level at
weaning, and during the first 3 weeks after weaning. Data represent the
median proportions of each phylum as determined by the RDP (Ribosomal
Database Project) classifier. The phyla are represented by symbols as follows:
®, Bacteroidetes; A, Firmicutes; O, Proteobacteria; A, Spirochaetes; B,
Tenericutes; [, Planctomycetes; ¢, unassigned.

Transition of Bacteria over Time and Prevalent
Bacterial Genera

The fecal microbiome was characterized by analysis of the relative
abundance of bacterial taxa at the phylum level (Figure 3) and
at the genus level (Table 3). The proportion of Bacteriodetes and
Firmicutes remained unchanged over the study period. Major
shifts were observed in the Proteobacteria, Tenericutes, and
Planctomycetes (Figure 3). Proteobacteria peaked at week 1 and
2 and decreased again at week 3; Tenericutes and Planctomycetes
increased over time (Figure3). Within the Bacteroidetes,
Prevotella and the unassigned S24-7 genus increased while
Bacteroides and other unknown genera decreased (Table 3). The
overall increase of microbial diversity (Figure 1) was largely
attributed to increased abundance and diversity of bacterial
taxa in the Firmicutes. Changes in the Proteobacteria were
mainly attributable to Enterobacteriaceae (compare Table 3 and
Figure 3).

Clostridia Clusters and Toxins Quantified by
qPCR

To determine effects of feed fermentation on the Clostridium
cluster I and XI, these organisms and toxins produced by C.
difficile and C. perfringens were quantified using qPCR (Table 4
and data not shown). Both Clostridium clusters were relatively
abundant in fecal samples; changes over time or changes within
diets, however, were not significant (p > 0.05; data not shown).
The o- and B-2 toxins from C. perfringens were detected in
samples collected at week 0 and in a few samples from week
1 but not in samples taken at later times. Differences in the
abundance of toxins in samples from animals fed different
diets were not significant (p > 0.05). The abundance of
other clostridial toxins, namely the f-, entero-, t-, and e-
toxin of C. perfringens and the C. difficile toxin B, was below
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TABLE 3 | Relative abundance (%) of bacterial genera in fecal microbiota of pigs at weaning (week 0) and at week 1, 2, or 3 after weaning, determined by
Illlumina sequencing of 16S rRNA tags.

Genus Week 0 Week 1 Week 2 Week 3
BACTEROIDETES

Bacteroides 13+2.6 ND ND ND
Parabacteroides 224432 3.1+262 1.7+0.8°P 1.240.43P
Prevotella 8.1+0.712 9.6+1.130 14+£1.0P 20+2.8°
[F: $24-7] 394262 1045.5° 15+6.9° 15 £0.45°
CF231 ND ND ND 0.47 £0.39
[F: Paraprevotellaceae] ND 2.3+1.0% 0.6+0.07P 1.34+0.7°
Other (O: Bacteroidales) 11+£22 ND ND ND

[O: Bacteroidales] 1.7+£0.042 ND 1.7+£0.042 324150
[F: P-2534-18B5] 5.4+0.012 164320 144+100 3.943.12
FIRMICUTES

Lactobacillus 8.2+ 152 1241.38 15+£5.1P 11£1180
Other (O: Clostridiales) ND 1.14£0.28 ND 0.240.042
[O: Clostridiales] 4.043.6% 444112 1.8+1.7° 6.5+4.12
[F: Christensenellaceae] 2.04+0.142 294112 1.6+1.22 0.594+0.512
[F: Clostridiaceae] ND ND ND 0.46+0.02
Blautia ND ND ND 0.47+£0.08
Coprococcus ND 09+1.72 2.440.432 0.8640.572
Lachnospira ND ND 1.14+0.162 0.82+0.072
Roseburia 1.3+£1.72 ND 0.3+0.02° 1.140.322
Other (F: Lachnospiraceae) 2.64+0.322 ND 0.47 +£0° ND

[F: Lachnospiraceae] 3.8+1.62 46+3.78 224+1.6° 2.940.7430
Faecalibacterium ND ND 1.0+0.292 0.7 +0.09°
Oscillospira 1.440.892 ND 0.4140.12P 1.54£0.222
[F: Ruminococcaceae] 18+£7.02 6.7 +0.40 4934+2.7P 5.7+0.75P
Dialister ND ND ND 1.14£0.01
Megasphaera ND 0.840.042 2.6+0.01aP 3.7+0.03°
Mitsuokella ND ND ND 1.1+£0
Bulleidia ND ND 1.140.082 0.84+£0.112
Catenibacterium ND ND 0.52+08 0.46 +£0.062
Eubacterium 0.4840.282 ND ND 0.41£0.018
p-75-a5 2.0+£1.32 1.641.52 2.0+0.922 1.14+0.662
PLANCTOMYCETES

[F: Pirellulaceae] ND 1.4+0.28 ND 0.5+0.68°
PROTEOBACTERIA

Desulfovibrio 1.36£0.32 ND ND ND
Succinivibrio ND 3.1+0.272 ND 0.38+0.63°
[F: Enterobacteriaceae] 5.042.730 9.1+152 9+ 162 0.48+£0.03°
SPIROCHAETES

Treponema 2.140.85% 3.541.02 1.64+5.4P 1.940.520
TENERICUTES

[O: RF39] 1.1+£0.262 47+2.8° 2.3+1.48 5441.10
Unassigned ND 1.840.282 2.3+0.36% 40+2.6P
Total 97.96 99.61 99.6 100

Data are presented as means =+ standard deviation of 29 (week 0) or 36 (weeks 1, 2, and 3) observations.

Data in the same row that do not share a common superscript are significantly different (P < 0.05). ND, not detected.

Unassigned genera are presented with upper level of family (F) or order (O) in square brackets. “Unassigned” means a good hit to a particular sequence, but that sequence has a poorly
defined taxonomy itself at the genus level. “Other” means the assignment is ambiguous.
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TABLE 4 | Quantification of alpha and beta-2 toxins of C. perfringens in fecal samples collected at weaning (week 0) and at week 1, 2, 3 after weaning.

Diets o toxin log(copy number/g) B-2 toxin log(copy number/g)
Week 0 Week 1 Weeks 2 and 3 Week 0 Week 1 Weeks 2 and 3

Control 6.9 + 1.4 (6/6)2 4.2+ 0.5 (6/6) NDP 6.2+ 1.2 (6/6) 3.9+ 0.5(3/6) ND
Chem. Acid 6.3+ 0.8 (6/6) 3.8+ 0.2 (2/6) ND 5.6+ 0.8 (6/6) 3.6 (1/6) ND
TMW1.656 sucrose 6.6 + 1.1 (4/4) 4.2+ 0.3 (3/6) ND 5.8+ 0.9 (4/4) 3.7 £ 0.2 (3/6) ND
TMW1.656 Glu+Fru 6.7 £1.1(2/2) 3.9 £ 0.1 (4/6) ND 5.6 +£0.3(2/2) 3.6 (1/6) ND
LTH5794 sucrose 7.0 £ 0.4 (5/5) 4.2 +£ 0.3 (4/6) ND 6.3+ 0.3 (5/5) 3.8+ 0.1(2/6) ND
LTH5794 GluFru 6.6 £ 1.2 (5/5) 3.8 +£ 0.5 (4/6) ND 5.9+ 1.2 (5/5) 3.8 +£0(2/6) ND

Data are presented as log(copy number/g feces) and reported as means + standard deviation of positive samples.
@Data are reported as means + standard deviation of positive samples. The number in brackets indicates the (number of positive samples/number of samples analyzed).

b ND, not detected [below the detection limit of 3.6 log(copy number/g)].

the detection limit of 3.6 log(copy number/g) in all samples
(Table 4).

Effects of Treatments on Bacteria Species

Analysis of diet-induced changes accounted for the individual
differences between animals in the same group by using data
from each pig at week 0 as covariate (Table5). To analyse
the effect of specific feed components or metabolites that were
present in several diets, diets were grouped as follows: Diets
containing L. reuteri (groups 3, 4, 5, and 6) or not (group 1 and
2); diets containing reutericyclin (groups 3 and 4) or not (groups
1,2, 5, and 6), and diets containing exopolysaccharides (groups 3
and 5) or not (groups 1, 2, 4, and 6). Moreover, the impact of feed
fermented with L. reuteri TMW1.656 was compared to L. reuteri
LTH5794 (Table 5).

Significant differences between individual diets pertain to
few bacterial taxa in the phyla Bacteroidetes and Firmicutes
(Table 5). Any L. reuteri strain altered the abundance of 6
bacterial taxa when compared to the control diets (Table 5).
These changes particularly included a reduced number of
the family Enterobacteriacae. Diets containing reutericyclin
significantly changed the abundance of a Mitsuokella species and
a family in the phylum Bacteroidetes (Table 5); these differences
were also significant when the reutericyclin negative strain L.
reuteri LTH5794 was compared to the reutericyclin positive
L. reuteri TMW1.656 (Table5). The presence or absence of
exopolysaccharides had no significant (p > 0.05) influence on
any bacterial taxon.

Discussion

The study investigated the effect of L. reuteri fermented diets on
the development of intestinal microbiota of pigs after weaning.
The experimental design aimed to determine the contribution
of specific metabolites, i.e., reuteran, levan, and reutericyclin,
on the evolution of the intestinal microbiome. The present
study is the first employing high throughput sequencing to
document the transition of the microbiome of piglets. In contrast,
the development of the infant microbiota after birth is well
documented (Koenig et al,, 2011; La Rosa et al.,, 2014). The
infant microbiome is characterized by low diversity and stability.

Important determinants of the infant gut microbiome include
the mode of delivery, type of feeding, antibiotic use, and the
gestational age of the mother (Penders et al., 2006; Koenig et al.,
2011). From birth to weaning, both human infants and piglets
experience a succession of Lactobacillus spp. in the gut due to the
consumption of milk (Tannock et al., 1990; Roger et al., 2010).
The gradual adaptation of the diet in infants typically avoids
major problems that are associated with a shifting microbiome.
The sudden change of diet after weaning, however, often causes
dysbiosis and diarrheal diseases in piglets, and is thus a major
concern in pig production (Lalles et al., 2007).

Bacteroidetes and Firmicutes dominated the intestinal
microbiome in piglets, in keeping with past studies on the swine
microbiome (Leser et al., 2002; Lamendella et al., 2011; Riboulet-
Bisson et al., 2012). The present study additionally documents
that strict anaerobes such as Ruminococcaceae, Bacteroides, and
Prevotella were the dominant bacteria at weaning. After weaning,
Lactobacillus and Prevotella spp. replaced Ruminococcaceae
and Bacteroides as the most abundant bacterial genera. Dietary
changes modulate the gut microbiome of pigs (Lu et al., 2014).
Bacteria belonging to Bacteroides-Prevotella-Porphyromonas
play an important role in fiber degradation, and are stimulated
by fermentable non-starch polysaccharides in pig diets (Metzler-
Zebeli et al., 2010; Ivarsson et al.,, 2014). Human studies have
linked the diversity of different plant fibers in whole grains
to an increased diversity of the gut microbiome, particularly
in the genera Roseburia, Bifidobacterium, Eubacterium, and
Dialister (Martinez et al., 2013). Accordingly, low carbohydrate
diets resulted in a substantial and diet-dependent reduction
of Firmicutes (Duncan et al., 2008). The increase of bacterial
diversity after weaning was particularly attributable to an
increased diversity in the phylym Firmicutes and may thus be
linked to the presence of whole wheat in the piglets’ diet, which
accounted for 20% of the diet after weaning and for 50% diet
after week 1 (Yang et al., 2015).

The strains of L. reuteri used in the present study are
rodent-lineage allochthones to the pig intestine (Su et al,
2012; Frese et al., 2014). Major changes in the intestinal
microbiota were attributable to the presence of probiotic
L. reuteri and its metabolites. The most prominent change
attributable to the presence of L. reuteri was the reduced
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abundance of Enterobacteriaceae. This result conforms to prior
reports obtained with diverse probiotic cultures (De Angelis
et al,, 2007; Konstantinov et al., 2008; Bednorz et al.,, 2013;
Valdovska et al., 2014) and indicates that successful competition
with Enterobacteriaceae is not a specific property of L. reuteri.
Remarkably, this study also demonstrated that the abundance
of several members of the Firmicutes and Bacteroidetes was
influenced by L. reuteri.

Exopolysaccharides did not influence the composition of
gut microbiota. Levan and reuteran are not digested by
pancreatic digestive enzymes and selectively fermented by
hindgut microbiota (Korakli et al., 2002; van Bueren et al., 2015).
However, the exopolysaccharides levels in the feed used in this
study, 1-3 g/kg feed (Yang et al., 2015), are low when compared
to other studies reporting prebiotic intervention (Valdovska et al.,
2014). Fermented feed containing reuteran, however, specifically
reduced the abundance of enterotoxigenic E. coli (ETEC) in
weanling piglets (Yang et al., 2015). The lack of any effect of
reuteran on the overall composition of the gut microbiome (this
study) coupled to the specific reduction of ETEC colonization
(Yang et al., 2015) supports the hypothesis that effects of reuteran
are mediated by a specific reduction of ETEC adhesion rather
than a prebiotic effect (Chen et al., 2014).

Bioinformatic analyses of the metagenome of intestinal
microbiota suggested that the ecology of colonic microbiota is
shaped by competition for substrates rather than the production
of antimicrobial compounds (Walter and Ley, 2011; Zheng et al.,
2015). Accordingly, bacteriocin producing L. salivarius did not
induce significant changes in the gut microbiome of pigs when
compared to an isogenic bacteriocin-negative strain (Riboulet-
Bisson et al,, 2012). Medication of grower pigs with in feed
antibiotics (Chlortetracycline, sulfamethazine, and penicillin),
however, caused much more substantial changes of the colonic
microbiome than was observed in this study for reutericyclin
(Looft et al, 2014). Reutericyclin is a unique antimicrobial
compound with broad spectrum of activity against Gram-positive
bacteria (Génzle et al., 2000; Ginzle, 2004; Hurdle et al., 2011;
Lin et al., 2015). Reutericyclin is produced during growth
of L. reuteri in wheat sourdough (Génzle and Vogel, 2002),
suggesting that feed fermentation with L. reuteri TMW1.656
delivers active concentrations of reutericyclin to the swine gut.
We hypothesized that reutericyclin may reduce the abundance
of the Clostridium clusters I and XI. The pathogenic species
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C. perfringens (cluster I) and C. difficile (cluster XI), are
sensitive to reutericyclin (Hurdle et al., 2011; Hofstetter et al.,
2013). However, neither the abundance of Clostridium cluster
I and XI nor the abundance of genes coding for clostridial
toxins was influenced by reutericyclin-producing L. reuteri. The
abundance of Dialister and Mitsuokella increased upon feeding
of the reutericyclin producing L. reuteri TMW1.656, possibly
as a consequence of the inhibition of reutericyclin-sensitive
competitors.

In conclusion, the present study monitored the transition
of fecal microbiota of weanling piglets, and determined the
impact of L. reuteri and its metabolites on this transition
of intestinal microbiota. After weaning, bacterial diversity
increased, mainly due to an increase of bacterial taxa in
the phylum Firmicutes. Weaning was also associated by a
transient increase of Enterobacteriaceae, which corresponds to
the susceptibility of weanling piglets to infection by enteric
pathogens. The gut microbiome of weanling piglets was not
influenced by the inclusion of organic acids in the diet; however,
the presence of viable L. reuteri, reutericyclin, and reuteran all
affected the gut microbiome. Probiotic L. reuteri altered the
abundance of several bacterial taxa, notably Enterobacteriaceae
including E. coli. The reutericyclin producing strain significantly
increased the abundance of two strict anaerobic members
of the Firmicutes, while reuteran affected the colonization
with ETEC but none of the numerically dominant members
of fecal microbiota (Yang et al, 2015, this study). Data on
the contribution of specific metabolic activities of L. reuteri
to probiotic activity will facilitate the strain selection for
probiotic feed applications in animal production. The study
also novel opens novel avenues to reduce the incidence
of childhood diarrhea in developing countries (Thapar and
Sanderson, 2004) by application of probiotic cultures, or by food
fermentations with probiotic L. reuteri (Sekwati-Monang and
Ganzle, 2011).
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Scope: Probiotic interventions are known to have been shown to influence the
composition of the intestinal microbiota in geriatrics. The growing concern is the apparent
variation in response to identical strain dosage among human volunteers. One factor that
governs this variation is the host gut microbiome. In this study, we attempted to define a
core gut metagenome, which could act as a predisposition signature marker of inherent
bacterial community that can help predict the success of a probiotic intervention.

Methods and results: To characterize the geriatric gut microbiome, we designed primers
targeting the 16S rRNA hypervariable region V2-V3 followed by semiconductor sequenc-
ing using lon Torrent PGM. Among respondents and non-respondents, the chief genera
of phylum Firmicutes that showed significant differences are Lactobacillus, Clostridium,
Eubacterium, and Blautia (g <0.002), while in the genera of phylum Proteobacteria
included Shigella, Escherichia, Burkholderia and Camphylobacter (q < 0.002).

Conclusion: We have identified potential microbial biomarkers and taxonomic pat-
terns that correlate with a positive response to probiotic intervention in geriatric vol-
unteers. Future work with larger cohorts of geriatrics with diverse dietary influences
could reveal the potential of the signature patterns of microbiota for personalized
nutrition.

Keywords: geriatric, gut, metagenome, probiotics, MTCC 5463

Abbreviations: ], microliter; AAU, Anand Agricultural University; CFU, colony forming unit; dL, deciliter; ANTP, deoxynu-
cleotide; ICMR, Indian Council of Medical Research; ISAPP, International Scientific Association for Probiotics and Prebiotics;
mg, milligram; ml, milliliter; mM, millimolar; MTCC, microbial type culture collection; nt, nucleotide; PGM, Personal Genome
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Introduction

An integrative study of the host and its surrounding environment
is imperative to comprehend the complex biological system of the
human body. As a part of the environment, the human host more
than 100 trillion bacteria forming the “in-vironment” (de Wouters
etal., 2000) made up of millions of microbial genes in the intestine
(Lederberg, 2000). The indigenous microbial community plays an
integral role in regulating the host’s physiological, nutritional, and
immunological processes (Hooper et al., 2001). The study of the
diversity of the indigenous microbial community can explain the
host microbe interaction (Gerritsen et al., 2011). The gut micro-
biota composition changes with age due to physiological reasons
and increased use of medications (Bartosch et al., 2004; Mueller
etal., 2006; Mariat et al., 2009; Zwielehner et al., 2009). The micro-
biota of elderly people showed a higher Bacteroidetes/ Firmicutes
ratio along with a high inter-individual variation in microbiota
composition at the phylum level when compared with young
adults (Claesson et al., 2011). Studies of the geriatric gut have
shown a decline in the count and diversity among Bacteroidetes
(Hopkins and Macfarlane, 2002; Woodmansey et al., 2004; Guigoz
et al., 2008). Proteolytic bacteria increase on aging in the large
bowel, leading to putrefaction (Hopkins et al., 2001). Such changes
in intestinal microbiome cause prolonged intestinal transit time
and fecal retention among geriatrics (Tiihonen et al., 2009). An
understanding of the changes in the microbiome of the elderly has
led to the possibility of correcting the dysbiosis by administering
probiotics. Probiotics have been successful in increasing the levels
of health-promoting bacteria in the fecal microbiota of elderly
(Ahmed et al., 2007; Lahtinen et al., 2009; Matsumoto et al.,
2009), improving the frequency of bowel movements (Pitkala
et al., 2007), Clostridium difficile-associated diarrhea incidence
(Ouwehand et al,, 2009), and frequency of defecation (An et al.,
2010).

The translation of the above-mentioned benefits of probiotics
to the host cannot be guaranteed. This could be due to the
individual differences with respect to diet, the structure and
operations of the gut microbiota, nutrient and energy harvest,
variations in human environmental exposures, microbial ecology,
and genotype (Turnbaugh et al., 2009). In order to assure uniform
outcomes of therapy among subjects, the International Scientific
Association for Probiotics and Prebiotics (ISAPP) had come up
with recommendations for conducting a well-defined trial (Reid
etal., 2010). Briefly, they include (1) clearly define the end goal, (2)
design the study by identifying precise parameters and defining
the level of response that will be tested, (3) base the selection of the
intervention on scientific investigations, and (4) carefully select
the study cohort. Inter-individual diversity in responses toward
probiotics could also be due to core gut microbiome patterns.
Recently, role of microbial biomarkers for determining dietary
responsiveness were identified in obese individuals (Korpela et al.,
2014) and metabolic diseases (McOrist et al., 2011; Walker et al.,
2011; Louis, 2012; Lampe et al., 2013), paving the way for per-
sonalized nutrition. This study takes up the challenge to identify
the factors that differentiate a respondent from a non-respondent
and utilize the findings to define the precise dose and response
prognosis. This finding can help design probiotic supplements

catering to a niche market defined by age, location, or disease
state.

From an Indian perspective, gut metagenomics have been stud-
ied in malnourished children (Gupta et al., 2011), obese indi-
viduals (Patil et al., 2012), and children of varying nutritional
status (Ghosh et al., 2014). It was for the first time in India
that the present study was conducted to investigate the elderly
gut metagenome to identify microbial biomarkers determining
responsiveness of the host to a probiotic therapy. We hypothe-
sized that by studying the baseline gut microbiota diversity of
elderly subjects, we could identify a core gut microbiome sig-
nature pattern that is likely to positively influence the response
of an individual to the probiotic strain. The strain under study,
Lactobacillus helveticus MTCC 5463 is an indigenous potential
probiotic with in vitro, in vivo, and in silico studies providing sug-
gestive evidences of the strain’s robustness in the gut and transit,
adhesion, autoaggregation, colonization, antibacterial property,
hypocholesterolemic, and immunomodulatory properties (Senan
et al., 2015). The outcome of this study paves the way forward for
tailored probiotic therapy.

Materials and Methods

Origin and Maintenance of Bacterial Strains

The indigenous probiotic strain L. helveticus MTCC 5463 (Pra-
japati et al., 2011) and starter culture Streptococcus thermophilus
MTCC 5460 (Prajapati et al, 2013) were maintained by the
Department of Dairy Microbiology, Anand Agricultural Univer-
sity, India at —80°C as 15% glycerol stocks and were routinely
cultured in de Man, Rogosa, Sharpe (MRS) and M 17 medium,
respectively (HiMedia India Ltd., India).

Product Preparation

The test product was a fermented probiotic drink (Lassi) with
double toned milk fermented with culture containing S. ther-
mophilus MTCC 5460 and L. helveticus MTCC 5463. The cultures
were added at 0.1% each and incubated aerobically till an acidity
of 0.8-0.9% lactic acid was obtained. Both the test and placebo
products contained sugar and prebiotic honey in a standardized
ratio. The control product was made in a similar manner without
the addition of MTCC 5463. The shelf life of the fermented drink
was 28 days at 4°C, corresponding to the lower level (10° CFU/ml)
of strain MTCC 5463.

Participant Selection

Individuals ranging from 64 to 74 years were recruited. Initially,
112 subjects were enrolled in the trial, 36 had to withdraw because
of antibiotic consumption. Volunteers were asked to sign the
consent form before recruitment. Exclusion criteria included lac-
tose intolerance, recent antibiotic treatment, frequent gastroin-
testinal disorders, or metabolic diseases. Participants included in
the trial had no known allergies or intolerance to dairy foods.
The trial had 80% power at a 5% 2-sided significance level to
detect a >50% change in the primary outcome among subjects.
No antibiotics or laxatives were taken 2 months before or during
the study.
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Intervention

Sixteen participants showing diversity in lactobacilli count and
cholesterol levels were involved in the double-blind, crossover,
placebo-controlled, and randomized-feeding trial. The trial was
divided into five consecutive periods: a pre-feeding period
(2weeks), followed by a feeding period (4 weeks), a washout
period (4 weeks), a second-feeding period (4 weeks), and a final
washout period (2 weeks).

Collection and Analysis of the Blood Samples
Blood samples were taken from each volunteer immediately
before and after each treatment period using EDTA-containing
vacutainers. Total cholesterol (TC) was measured using enzyme-
spectrophotometry kits and IgG, IgM, TNF-alpha, INF-gamma,
and IL-2 by ELISA capture assay (Siemens Medical Solutions
Diagnostics Ltd., India). All the tests were done at the Central
Diagnostic Laboratory, Shri Krishna Medical College Karam-
sad, Anand, Gujarat, an NABL accredited and ISO 15189:2003
laboratory.

Selection of Respondents and Non-Respondents
A respondent was defined as a subject having an improvement
in the levels of L. helveticus MTCC 5463 strain count in feces
and a reduction in cholesterol levels. Similarly, a non-responder
was defined as a subject who displayed an absence of decrease
in cholesterol levels and increase in viability of the bacterial
strain. Based on these criteria, we identified eight subjects each
in respondents and non-respondents category.

Fecal Sample Collection

Single fecal samples were collected at the end of every 2 weeks.
Participants were given 60 ml sterile stool container with a sterile
plastic spoon (Polylab Plasticware, India) and were asked to fill the
tube to the 30 ml mark with feces from the midstream defecation
period. During the second-feeding period, there was a crossover
of the feeding design. For every collection, the stool samples were
immediately frozen at —20°C.

DNA Extraction from Stool Samples

DNA was extracted from feces using a QIAamp MiniPrep DNA
extraction kit following the manufacturer’s instructions. The DNA
was stored at —20°C. Quality and purity of the isolated genomic
DNA were confirmed by agarose gel electrophoresis and spec-
trophotometry on the NanoDrop 2000 device (Fisher Scientific,
Schwerte, Germany). DNA concentration was estimated with the
Qubit 2.0 instruments applying the Qubit dsDNA HS Assay (Life
Technologies, Invitrogen division, Darmstadt, Germany).

Quantification of Lactobacilli in Stool

The subjects voided their feces into a 60-ml sterile stool con-
tainer with a sterile plastic spoon (Polylab Plasticware, India)
from the midstream defecation period. Within an hour of sample
procurement, samples were diluted and homogenized to give a
10-fold dilution (wet weight/volume). Stool Lactobacilli content
was determined by plating aliquots (1 ml) of each dilution on
freshly prepared de Mann Rogosa Sharp agar (Himedia, India),
incubated for 24-48 h at 37°C under anaerobic conditions. Stool

L. helveticus MTCC 5463 content was determined by quantitative
PCR (qPCR) using StepOne Real-Time PCR System (ABI/Thermo
Fisher Scientific, Bangalore, India). Primers and 3’ minor groove
binder (MGB) probes for accurate detection and quantification
of L. helveticus MTCC 5463 in human fecal samples were devel-
oped with Primer Express v3.0 [Thermo Fisher Scientific (earlier
Applied Biosystems), Bangalore, India]. The temperature profile
of the qPCR consisted 2 min at 50°C, 10 min at 95°C, followed
by 45 cycles of 155 at 95°C, and 1 min at 60°C. Species specific
primers and probe targeted on the bile salt hydrolase gene of L. hel-
veticus MTCC 5463 (Accession number AEYL01000315; locus tag
AAULH_131112049 bp). BLAST! and EMBL? database were used
to ensure the specificity of the primers. Genomic DNA standards
prepared with six different serial dilutions (2.68 x 10, 2.68 x 10°,
2.68 x 10%,2.68 x 10°,2.68 x 10%,and 2.68 x 10) being equivalent
to ranges from 10° to 10" CFU/ml of target genome (MTCC 5463).
The cycle threshold (Cr) was evaluated to create the standard
curve. The amplification efficiencies were determined using the
formula E = [10(~1/slope) _ 1]

16S Primers and Amplicon Library Generation
PCR amplification of the 16S rRNA hypervariable region V2-V3
was performed with a pool of 32 degenerated forward and 1
degenerated reverse primer targeting bacteria as described by
Schmalenberger et al. (2001) with barcode sequences at the 5’
end of the primers. Primers were assessed for specificity using the
SILVA 108 SSU Reference 16S rRNA gene database and BLASTN
matches with corresponding 16S rRNA gene sequences. The addi-
tion of the barcodes to the primers resulted in an amplicon approx-
imately 430 nt in length. The primers were diluted and pooled to
equimolar quantities. For amplicon library preparation, 4 ng of
each genomic DNA, 5 mM dNTPs, 2 mM MgCl, (Roche Diagnos-
tics, USA), 1 U Platinum Taq DNA polymerase High Fidelity, and
10 pmol primer-mix were used per 25 ul amplification reaction.
The PCR conditions were as follows: 95°C for 5min, followed
by 30 cycles of 94°C for 155, 60°C for 455, 70°C for 30s, and
a final elongation step of 72°C for 10 min. Amplicon product
purification was performed via gel electrophoresis on a 1.5% Tris
Borat EDTA agarose gel-stained with ethidium bromide (EtBr)
(Life Technologies). All positive PCR reactions were electrophore-
sized in agarose gels and products with the expected size were cut
and purified with Qiagen Gel extraction kit (Qiagen, Diisseldorf,
Germany). The exact fragment sizes were determined using HT
DNA High Sensitivity LabChip Kit (Caliper Life Sciences GmbH,
Mainz, Germany). Amplicon library concentration was estimated
with the Qubit 2.0 instrument using the Qubit dsDNA HS assay
(Life Technologies).

Emulsion PCR and Sequencing

The emulsion PCR was carried out applying the Ion XPress Tem-
plate kit V2.0 (Life Technologies) as described in the appropri-
ate user Guide (Part No. 4469004 Rev. B 07/2011) provided by
the manufacturer. Quality and quantity of the enriched spheres
were checked on the Guava easyCyte5 system (Millipore GmbH,

'http://www.ncbi.nlm.nih.gov/blast/
*http://www.ebi.ac.uk/embl/
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Schwalbach am Taunus, Germany) as described in the appendix
of the Ion Xpress Template Kit User Guide (Part Number 4467389
Rev. B, 05/2011). Sequencing of the amplicon libraries was car-
ried out on the Ion Torrent Personal Genome Machine (PGM)
system using the Ion Sequencing 200 kit (all Life Technolo-
gies) following the corresponding protocol (Part No. 4471999
Rev B, October 13, 2011). Quality check passed libraries were
subjected to emulsion PCR using the Ion PGM 200 Xpress
Template Kit (Life Technologies). After bead enrichment, beads
were loaded onto Ion 316 chips and sequenced using an Ion
Torrent PGM.

Sequence Analysis

The sequence data sets obtained were uploaded to the
Metagenome Rapid Annotation using Subsystem Technology
(MG-RAST) server® and subsequently checked for low-quality
reads. The sequence reads that passed the quality filtering step
were then subjected to further analysis of the taxonomic annota-
tion of the fecal DNA sequences using QIIME pipeline (Caporaso
et al, 2010). To investigate the species diversity, we used
rarefaction curves, and richness estimators like Chaol in QIIME.
Statistic comparison of samples organized into respondents
and non-respondents for the deferentially abundant microbial
diversity was studied using an alignment platform, STAMP.*

Results

We conducted a comparative analysis of respondents and non-
respondents fecal microbiome to reveal differences and identified
biomarkers that differentiate them.

Quantification of Lactobacilli Count Using
Traditional Plating and qPCR

Traditional plate counts of lactobacilli at genus level on selective
medium ranged from a baseline reading of 8.6log CFU/g of wet
fecal matter, which rose to 9.3log CFU/g at the end of feeding
period and a gradual decrease to 8.7log CFU/g at the end of the
placebo feeding. The qQPCR primers targeted the bile salt hydrolase
gene of MTCC 5463, which made the gene copy count a fraction of
the plate count. On the other hand, the precise L. helveticus MTCC
5463 strain count from real-time PCR showed a complete absence
of the strain before feeding. At the end of 30days, the strain
appeared in the feces of all subjects in the treated group, reaching a
level as high as 8.32 to the lowest amount of 6.17 log gene copies/g
fecal matter at end of feeding period.

Summary of Sequence Processing Data

Primers targeting the 16S rRNA gene V2-V3 region (Schmalen-
berger et al., 2001) precisely generated amplicons from members
of the domain bacteria and did not hybridize to sequences of
the domains Archaea and Eucarya. By using the ARB SILVA 108
SSU database, a high match of 84.5% at a maximum number
of four mismatches was observed. The primer pair theoretically
targeted all 16S rRNA gene sequences of the gut microbiota bac-
terial orders and generated a single amplicon. All 32 amplicons

*http://metagenomics.nmpdr.org/
*http://kiwi.cs.dal.ca/Software/STAMP

from the pool of test and placebo groups were mixed together
at an equimolar ratio. After pooling and elution of the ampli-
cons from the gel, we got one band for the probiotic fed group
of 520 bp having a concentration of 1912.09 pg/ul and molarity
of 5562.5 pmol/l. The placebo fed group gave an amplicon of
513 bp having a concentration of 1435.87 pg/ul and 4237.7 pmol/l
molarity. The data sets for 16 subjects before probiotic feeding
had reads ranging from 13,061 to 980,628 with a read length
ranging from 201 to 251 bp and a total amount of 42,52,62,470
bases.

Inter-Individual Differences in Shifts in Phyla
Abundance (%) Before and After Probiotic
Feeding

The relative abundance of major genera in the elderly gut
metagenome and high-level of inter-individual variation is shown
in Figure 1. We presume that the inter-individual differences are
indicative of a highly personal fecal microbiota profile, which
determines the response of the host to probiotics. Host factors
probably play a major effect in shaping the intestinal micro-
bial ecosystem during an intervention. In the present study, we
attempted to understand the core microbiome of respondents and
non-respondents to probiotics.

Probiotic Feeding and Effect on Lipid Profile and
Immunologic Parameters

In addition to TC (primary outcome), in this study, we also
investigated the effect of probiotic intervention on lipid profile,
beta glucouronidase activity, and immunological parameters. The
mean B-glucuronidase activity was reduced in test group from
1.40 to 0.73 (microgram/min/mg of protein), while in case of
placebo group, no effect on enzyme activity was observed. A
significant immunomodulatory effect on the TNF-o and IL-2
levels in subjects among probiotic group compared to placebo
group was observed. There was however no significant ben-
eficiary effect found on IFN-y, IgG, or IgM levels. Paired t-
test showed that there were statistically significant differences in
serum cholesterol, VLDL, TC/HDL, LDL/HDL in placebo group
and in LDL, TC/HDL, and LDL/HDL in probiotic group. A signif-
icant (p = 0.01) decrease in the LDL value was seen in the probiotic
group at the end of 30 days of feeding (Table 1).

Participant Diversification into Respondents and
Non-Respondents

The primary outcome of this trial was a reduction in TC after
4weeks of feeding probiotic MTCC 5463. We defined non-
respondents as those subjects who experienced elevations in
TC of >2.509 mg/dL, whereas respondents were the ones who
showed no change in TC or <1.72mg/dL TC in response to
the probiotic intervention of 4 weeks. Among the 59 subjects
who could complete the study, we classified a total of 16 sub-
jects into respondents (n = 8) and non-respondents (n = 8) based
on cholesterol levels and lactobacilli counts (Figure 2). There
were no significant differences in the baseline characteristics of
the two groups. This eliminates the influence of gender, weight,
and age in influencing the response toward probiotic interven-
tion. The abundance of L. helveticus MTCC 5463 was significant
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Taxonomic shifts in genera among gut microbiota post feeding
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FIGURE 1 | Inter-individual variation in the geriatric gut microbiome pre- and post-probiotic feeding.

TABLE 1 | Effect of probiotic and placebo interventions on lipid profile in

geriatric subjects.

(p < 0.05) higher in the individuals with an increase in cholesterol
levels, as compared to those with a decrease. The decrease in
cholesterol levels among respondents was a maximum 14.19%

Variables Probiotic Placebo
(means+SD)  (means+SD)  Wwith a 23.66% increase in lactobacilli count in feces. Among
non-respondents, a maximum increase of 34.13% in cholesterol
Total cholesterol (TC) (mg/dL) with a 9.31% decrease in lactobacilli count was observed. The
Baseline 161.67£41.05 1743224999 4 rease in lactobacilli counts with a decrease in cholesterol in case
Post-intervention 168.09+42.63  167.09 £43.11 oo .
p-Value 0.12 <0.001 of respondents indicated that the observed hypocholesterolemic
. . effect of the strain was dependent on the number of lactobacilli in
Triglyceride (mg/dL) th t
Baseline 108.77£49.84 11638+ 71.01 e gut-
Post-intervention 104.00+56.43 108.58 £70.74
p-Value 0.96 0.03 Microbiome Diversity Estimates Associated with
High density lipoprotein (HDL) (mg/dL) Respondents and Non-Respondents
Baseline 4621+12.46 49671597  The alpha diversity of the respondent group before probiotic
Post-intervention 47.08£13.97  48.77+£12.98  feeding (30.8 £4.8) and after feeding (26.6 +3.6) was higher
p-Value 0.24 034 than non-respondents’ measures for before (25.6 4 4.5) and after
Low density lipoprotein (LDL) (mg/dL) probiotic feeding (24.6 £+ 5.8). This indicates that bacterial rich-
Baseline 98.48+£37.12  88.93+£38.37  pess is a factor that promotes responsiveness toward beneficial
Postintervention 9298£35.79  BAS6LILI3  giraing in the gut. To investigate differences in rarefaction mea-
p-Value 0.01 0.09 oS
sures, we rarified each sample at 33,000 reads and performed the
;9W|'°W density lipoprotein (mg/dL) 1204 282841420 two-sample ¢-test on the two groups. Respondents had signifi-
aseline 1. . . . . P . P
Post-intervention 13441197 217141412 cantly greater alpha diversity indices like phylogenetlc distance
p-Value 0.74 0.03 (p=0.022), Chaol (p =0.019), and Shannon index (p = 0.00058)
than the non-respondents (Figure 3). A non-significant increase
Total cholesterol/HDL (mg/dL) in observed ies in f non-r ndents (p = 0.27) could
Baseline 3914122 3774133 observed species In case of non-respondents (p=0.27) coulc
Post-intervention 3.7441.20 3.65 4+ 1.93 be due to presence of distinct commensals that reflect the host’s
p-Value <0.001 0.04 dietary and geographical differences. There was a non-significant
LDL/HDL (mg/dL) abundance of Clostrzflzm'ﬂ, Shzgella,. and Lz.ster?a among rural
Baseline 2374096 2934101 respondents. Poor sanitation and hygiene maintained in the rural
Post-intervention 2.214£0.91 2.134+0.96 households could have led to the distinct differences in gut
p-Value <0.001 0.04 microbiota.
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Bacterial Taxa Populations Associated with
Respondents and Non-Respondents

We performed a comparison of the microbiota between
respondents and non-respondents to find specialized
bacterial members within the abundant phyla Firmicutes
and Proteobacteria. Respondents carried a lower proportion of
Clostridium and a higher proportion of Eubacterium compared
to the non-respondents (Figure 4). Surprisingly, although the
non-respondents had a higher proportion of gut lactobacilli
(31%) compared to 28% in respondents, a favorable reduction in
cholesterol corresponding to the increase in strain MTCC 5463
was not observed. This could be due to competitive exclusion
by a higher proportion of Clostridium (24%) in the gut on
non-respondents compared to respondents (6%). The presence
of Listeria in the non-respondents further emphasizes the
need to investigate the association of gut microbiota, especially
pathobionts with probiotic strain. Comparing the abundance in
the genera of Proteobacteria group, it can be observed (Figure 5)
that respondents carried a higher amount of Burkholderia
(63%) and a lower amount of Shigella (7%) compared to non-
respondents, who harbored lower count of Burkholderia (36%)
and a higher amount of Shigella (31%), which must have affected
the colonization of the probiotic strain. Non-respondents carried
a higher amount of Escherichia and Brucella in the gut. Shigella
seemed to have a symbiont asymptomatic existence in the host,
showing no discomfort to the subjects. The higher amount of

Escherichia and Camphylobacter could be the deciding biomarkers
of non-responsiveness toward probiotic intervention.

Statistical Analysis of Metagenomic Data

A remarkable significant difference among the chief genera of
Proteobacteria including Shigella, Escherichia, Burkholderia, and
Camphylobacter (q < 0.002) was observed. The chief genera of
Firmicutes that showed remarkable significant difference were
Lactobacillus, Clostridium, Eubacterium, and Blautia (g < 0.002)
(Figure 6). Although non-respondents carried a higher pro-
portion of Lactobacilli, a favorable physiological function may
not be translated to the host possibly due to an increase in
Clostidum, Shigella, and Eschericihia with a decrease in Blautia and
Burkholderia. We would like to add that the results of population
wide samples taken at one time point for a study might not be able
to display the entire variation that exists in that population over
time and place.

Discussion

A primary beneficial effect of consuming a bile-salt-hydrolyzing L.
helveticus MTCC 5463 strain is a reduction in serum cholesterol
levels. In the clinical trials carried out to prove the hypocholes-
terolemic effect of the strain (Ashar and Prajapati, 2001; Prajapati
etal., 2012) we could observe participants responding differently
to the same treatment. Similar cases of inter-individual variability
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1%
3%1%

|

Non-respondents

in response to probiotics (van Baarlen et al.,, 2011; Grzeskowiak
etal,, 2012; Arboleya et al., 2013) have been published. Previously,
subjects had been classified as respondents and non-respondents
based on a greater than or less than 10% change in cholesterol
(Cox et al,, 2014) but this classification was criticized as being
impractical (Ding and Schloss, 2014). Classification using a fecal
biomarker (Coen et al., 2009) or biomarkers of the host’s basic
metabolism (Naruszewicz et al., 2002; Herron et al., 2003; Ibrahim

etal., 2010) has been suggested. We conducted a comparative anal-
ysis of fecal microbiomes of respondents and non-respondents to
identify bacterial biomarkers. Results of such microbial profiling
may serve as a clinically useful biomarker in geriatric care (Kostic
etal, 2013).

Primer usage is one of the most critical factors affecting 16S
rDNA analysis (Armougom and Raoult, 2009). There exists a
possibility that amplification efficacy of the primers could have
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FIGURE 5 | Relative abundances of the dominant genera (Proteobacteria) in (A) respondents and (B) non-respondents.
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FIGURE 6 | Analysis of significance in abundance of (A) Firmicutes and (B) Proteobacteria among respondents and non-respondents using

led to the underestimation of bacterial richness, in this study. We
chose the Ion Torrent PGM platform due to its inherent low-cost
per sequencing run that allowed us to perform the next-generation
sequencing on site at the Veterinary faculty at AAU.

There were no significant differences in the age or weight of
respondents and non-respondents, though respondents had a ten-
dency to be older. An effect size of 0.8 among the groups further

eliminated the influence of gender, weight, and age toward the
expected response. Grouping of similar sequences as operational
taxonomic units (OTUs) and quantifying the number of OTUs
gave an approximation of species diversity in a sample (Sun et al.,
2009; Schloss et al., 2014). Species diversity has been reported
as a characteristic feature determining state of health or disease.
Reduced colonic microbial diversity of dysbiosis is reported in
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Crohn disease (Ott et al., 2004), ulcerative colitis (McLaughlin
et al., 2010), antibiotic-associated diarrhea (Chang et al., 2008),
and Clostridium difficile infection (Seto et al.,, 2014). A higher
alpha diversity of gut bacteria among respondents compared to
non-respondents seemed to support microbial integrity. Bacterial
richness and evenness play an integral role in the success of a
probiotic therapy as earlier observed in colitis (Kennedy et al.,
2000).

A higher Chao’s estimator and the Shannon index among
respondents indicate higher saturation and unevenness in taxa
abundance within samples. A non-significant increase in observed
species in case of non-respondents suggested the presence of
species that may have prevented the probiotic to establish and
exert the functionality. We could identify distinct microbial diver-
sity in rural subjects compared to the urban dwellers especially
in the presence of Clostridium, Shigella, and Listeria, similar to
Russian rural communities (Tyakht et al., 2013). Gram-negative
bacteria were more abundant than Gram-positive bacteria in
the rural population. Shigella and Escherichia were significantly
under-represented in rural African children than urban European
children (De Filippo et al., 2010). In the present study, we observed
Shigella and Escherichia higher in geriatric rural dwellers, which
reflected the age and geography-induced diversities in human gut
microbiome.

Phyla associated with a healthy state in Indian geriatrics as
suggested in this study are Firmicutes accounting for at least
50%, followed by Actinobacteria (20%) and Proteobacteria (10%).
At the phylum level, the majority of the intestinal bacteria are
known to belong to Bacteroidetes and Firmicutes (Eckburg et al.,
2005). Surprisingly, none of the sequences from the present study
were assigned to the Bacteroidetes. An under representation of
Bacteroidetes could be due to inter-subject variability (Ley et al.,
2006), variation due to adiposity (Frank et al., 2007; Wu et al,,
2011), or suppression due to inflammatory bowel disease (Lazare-
vic et al., 2009). We could not ignore the possibility of loss of this
phylum in fecal samples when stored for longer periods and MG-
RAST-based classifications’ sensitivity for Proteobacteria (Kor-
pela et al., 2014). Antibiotic usage in elderly can again cause a
decline in commensal anaerobes like Bacteroides, Lactobacillus,
and Bifidobacterium (Macfarlane, 2014).

Responses of the host to individual bacterial strains are
influenced by the baseline composition of the gut microbiota
(Rajili¢-Stojanovi¢ et al., 2015). The respondents showed a lower
percentage of Firmicutes and non-respondents showed a com-
parative lower amount of Proteobacteria. Among Firmicutes,
Clostridia were higher in case of non-respondents (24% compared
to 6% in respondents). Although the volunteers were not consum-
ing antibiotics during the trial, prior usage of antibiotics could
have diminished the population of total and commensal bacte-
ria (Biagi et al., 2010) leading to an overgrowth of Clostridium
(Round and Mazmanian, 2009) in non-respondents. Antibiotics
are readily available over the counter at pharmacies in India and
inconsistent hospital standards toward antibiotic usage could have
led to higher proportion of Clostridia in the gut. Respondents
carried a higher proportion of Eubacterium (28% compared to
12% in non-respondents), which reflected a healthy state. An
increased diversity of Eubacteria has been observed in the elderly

(Hopkins and Macfarlane, 2002). Decrease in Eubacterium lead
to decreased levels of SCFA, facilitating easier entry of Enterobac-
teriaceae into the intestinal mucosa due to an impaired secretion
of mucins by the intestinal epithelial cells (Garrett et al., 2010).
The outgrowth of anaerobic Enterobacteriaceae must have led to a
competitive exclusion of aerotolerant MTCC 55463 strains in the
host intestine.

Proteobacteria, recently defined as “pathobionts” (Morgan
et al, 2004) are considered to be minor and opportunistic
components of the human gut ecosystem. The majority of the
sequences assigned to the Proteobacteria were Burkholderiales.
A higher proportion of Burkholderia is a signature of good
health as earlier observed in the healthy Indian child data set
(Schultz et al., 2004). Non-respondents had a higher proportion of
Proteobacteria, especially Escherichia/Shigella (indistinguishable
as a 16S-based phylotype), previously implicated in intestinal
inflammation (Guslandi et al., 2004). Although the volunteers
were seemingly healthy with no complaints of gastrointestinal
disturbances, a core structural and functional dysbiosis caused
by an overgrowth of Escherichia/Shigella (Malchow, 1997) could
have led to a lack of translation of functionality of MTCC 5463
to the host in spite of being present at a higher proportion in the
non-respondents gut.

In this study, it was shown that consumption of probiotic
yogurt did not significantly reduce TC levels, the intervention
significantly reduced serum levels of LDL, TC/HDL ratio, and
LDL/HDL ratio in geriatric volunteers. Many studies in literature
support the beneficiary effect of probiotics on lipid profiles of
subjects. There also exist some contradictory reports where eating
probiotic yogurt did not change lipid profiles (Hatakka et al., 2008;
Sadrzadeh-Yeganeh et al., 2010). This indicates that apart from the
probiotic strain, the host gut microbiome has a big role to play on
the response of the host to the probiotic strain.

STAMP analysis revealed proportions of distinct microbial
biomarkers like Shigella, Escherichia, Burkholderia, Camphylobac-
ter, Lactobacillus, Clostridium, Eubacterium, and Blautia that can
help tailor a probiotic therapy to a niche population. The authors
would like to strike an analogy to feeding probiotics to a host
with imbalanced consortia in the gut to the likes of pouring
water to a filled pitcher. Like the water flows out, the probiotic
strains are lost in the feces and fail to colonize and translate
the functionality to the host. Metatranscriptomic studies could
furnish further information for comprehending the molecular
basis of responsiveness toward a probiotic therapy because gene
expression profiles are more individualized than DNA-level pro-
files and less variable than microbial composition. Geriatric care
is critical in the aging global population and the role of gut
metagenomics cannot be overstated in understanding its role in
health and disease for the future development of personalized
nutrition.

Conclusion

Globally today, the elderly populations are looking for natural
means of sustaining digestive health. Compared to the grow-
ing awareness and market penetration of probiotics, there is
a dearth of scientific evidence on how probiotics affect the
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composition of gut microbiota. The well-documented probiotic L.
helveticus MTCC 5463 was administered to geriatrics in a clinical
trial, and a deep sequencing technology was employed to study the
changes in the resident microbes over the duration of probiotic
consumption. We could find that chiefly Shigella, Escherichia,
Burkholderia, Camphylobacter, Lactobacillus, Clostridium, Eubac-
terium, and Blautia define the response of the host to the probiotic
strain. Moreover, we observed a shift in the gut profile of the
non-respondents towards a respondent’s signature gut profile after
consuming the probiotic, which proves the importance of precise
personalized selection of dosage for an effective tailored probiotic
therapy.
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GENERAL FEATURES OF THE GENUS Bifidobacterium

The genus Bifidobacterium, a member of the Bifidobacteriaceae
family, belongs to the Actinobacteria phylum (Stackebrandt and
Tindall, 2000). Bifidobacteria are Gram-positive microorganisms
with a high G4+C DNA content, which were first isolated from
feces of a breast-fed infant by Tissier in 1899, and then named
Bacillus bifidus (Tissier, 1900). However, because of their mor-
phological and physiological features, which are similar to those
of lactobacilli, they were classified as members of the genus Lac-
tobacillus for most of the 20th century and only starting from
1974 have been recognized as a separate genus (Buchanan, 2009).
Currently, the genus Bifidobacterium is comprised of 48 different
taxa, 40 of which have been isolated from the gastro-intestinal
tract (GIT) contents of mammals, birds, or insects, while the
remaining eight from sewage and fermented milk (Ventura etal.,
2007a, 2009b, 2014). In addition, two bifidobacterial taxa, i.e.,
Bifidobacterium crudilactis and Bifidobacterium mongoliense, were
isolated from raw milk cheeses (St Marcellin, Vercors area, France)
(Delcenserie etal., 2013). Taking their different ecological niches
into account and combining this information with a compara-
tive analysis of their 16S rRNA sequences, as well as with other
housekeeping genes (clpC, dna], xfp, dnaB, rpoC, and purF),
the various Bifidobacterium taxa can be clustered into six dif-
ferent phylogenetic groups, designated as the Bifidobacterium
adolescentis-, Bifidobacterium asteroides-, Bifidobacterium boum-,
Bifidobacterium longum-, Bifidobacterium pullorum-, and Bifi-
dobacterium pseudolongum-phylogenetic groups (Ventura etal.,
2007a). In this context, the B. bifidum species was shown
not to fit in any of the above mentioned phylogenetic groups,
thus suggesting the existence of unique and specific genetic
features.

Bifidobacteria are considered dominant and for this reason key members of the human
gut microbiota, particularly during the first one to two years following birth. A substantial
proportion of the bifidobacterial population in the intestine of infants belong to the
Bifidobacterium bifidum taxon, whose members have been shown to display remarkable
physiological and genetic features involving adhesion to epithelia, as well as utilization of
host-derived glycans. Here, we reviewed the current knowledge on the genetic features
and associated adaptations of B. bifidum to the human gut.

Keywords: Bifidobacterium bifidum, bifidobacteria, probiotics, genomics, microbiota

BIFIDOBACTERIAL ECOLOGY

Bifidobacteria have been isolated from six different ecological
niches. Bifidobacteria are widely distributed among animals whose
offspring enjoy parental care, such as mammals, birds, social
insects. Therefore, the reason for their ecological distribution
may be due to direct transmission of bifidobacterial cells from
mother/carer to offspring. Though bifidobacteria are commonly
found in the animal gut, these microorganisms have also been
found in three other ecological niches: (iv) human blood (Bifi-
dobacterium scardovii), (v) sewage (e.g., Bifidobacterium minimum
and Bifidobacterium thermacidophilum), and (vi) food products
(e.g., Bifidobacterium animalis subsp. lactis). These atypical eco-
logical niches are rather different from that of the GIT, and it is
plausible that the identification of bifidobacteria in these environ-
ments is the consequence of contaminations from GIT (Ventura
etal., 2007b).

Notably, bifidobacteria that belong to the species Bifidobac-
terium animalis, Bifidobacterium adolescentis, Bifidobacterium
dentium, and Bifidobacterium catenulatum display a more cos-
mopolitan lifestyle (Lamendella etal., 2008).

Bifidobacterium bifidum, Bifidobacterium breve, and Bifidobac-
terium longum are specifically identified in the human gutand have
been shown to represent part of the dominant bacterial members
of the gut microbiota of breast-fed infants (Turroni etal., 2009a,
2012).

BIFIDOBACTERIAL POPULATION IN THE HUMAN GUT

Bifidobacteria quickly colonize the intestine of infants during the
first weeks of life due to selection by breast or formula milk, as
confirmed by metagenomic analyses (Roger etal., 2010; Koenig
etal.,,2011). In breast-fed infants, B. breve is the dominant species,
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followed by B. bifidum and B. longum subsp. infantis (Turroni
etal., 2012; Milani etal., 2013).

The fecal microbiota of infants is characterized by high lev-
els of bifidobacteria (Harmsen etal., 2000; Turroni etal., 2012).
The level of abundance of bifidobacteria within the human gut
decreases with age, although ecological analyses based on FISH
and metagenomic studies have estimated that their presence in
the adult colon is around 4.3 % 4.4% of fecal microbes (Eckburg
etal., 2005; Mueller etal., 2006). In adult feces, B. adolescentis
and B. catenulatum species are commonly detected, followed by
B. longum. Recently, a study involving the isolation of bifidobac-
teria from human intestinal mucosal samples and fecal samples
on selective media (i.e., by a culture-dependent method), fol-
lowed by the sequencing of the 16S rRNA internal transcribed
spacer (ITS) regions of individual isolates allowed a description
of the biodiversity of the bifidobacterial population present in the
human gut (Turroni etal.,, 2009a). This study identified the most
abundant bifidobacterial species present in the human gut, being
represented by B. longum, B. pseudolongum, B. animalis subsp. lac-
tis, B. adolescentis, B. bifidum, B. pseudocatenulatum, and B. breve.
Furthermore, this analysis highlighted that the distribution of bifi-
dobacteria present in various human subjects underline both an
inter-subject, and an intra-subject variability, as also confirmed
through real-time quantitative polymerase chain reaction (QPCR)
analyses of fecal samples from healthy adults (Guglielmetti etal.,
2013).

Turroni etal. (2009b) evaluated the bifidobacterial composi-
tion of the human intestine by a microbiomic approach, through
the analyses of five colonic mucosal samples from healthy adults.
This work showed how each subject possesses a specific pop-
ulation of colonic bifidobacteria that is in agreement with the
large inter-variability of the whole intestinal microbiota previously
described (Eckburg etal., 2005; Palmer etal., 2007). These sam-
ples were dominated by 16S rRNA gene sequences closely related
to the B. pseudolongum phylogenetic groups (74.5%), followed by
members of the B. longum (17%) and B. adolescentis (8.5%) phy-
logenetic groups. Moreover, this culture-independent approach
led to the identification of many novel bifidobacterial 16S rRNA
gene sequences, which are presumed to represent as yet undefined
novel bifidobacterial species.

As mentioned above, B. bifidum is among the first colonizers
of the human gut, reaching high numbers in the infant gut, but
also detected at low levels in adults (Turroni etal., 2012). Par-
ticularly, the analyses by qPCR of fecal specimens from healthy
adults revealed the presence of B. bifidum in 76% of the ana-
lyzed samples (n = 82), with a mean log(10) number of cells
per g of feces (£SD) of 6.5 £ 1.4, whereas the mean concen-
tration of total bifidobacteria in the same samples was 8.6 £ 1.2
(Guglielmetti etal., 2013). Therefore, B. bifidum species is a fre-
quent member of the intestinal bifidobacterial population in
healthy adults.

GENOMICS INSIGHTS INTO THE B. bifidum TAXON

Due to the availability of novel whole-genome sequencing
approaches, research in molecular microbiology, in particular that
related to pathogens, has undergone dramatic changes during
the last decade. In recent times, genome-decoding efforts have

also been directed towards gut commensals and probiotic bacte-
ria such as members of the genus Bifidobacterium (Schell etal.,
2002; Lee etal., 2008; Sela etal., 2008; Barrangou etal., 2009;
Turroni etal., 2010; Bottacini et al., 2011, 2012; O’Connell Moth-
erway etal., 2011). In 2009, a genomics-based discipline, named
probiogenomics, was established, which aims to provide insights
into the diversity and evolution of beneficial gut commensals,
and to reveal the molecular basis for their adaptation and inter-
action with the mammalian gut (Ventura etal., 2009a). Thanks
to these probiogenomics efforts, we have significantly expanded
our understanding of the biology of gut microorganisms, such
as bifidobacteria, and we have generated a large amount of data
on metabolic capabilities, genetics, and phylogeny of these bac-
teria. Within the genus Bifidobacterium, just eight members of
the B. bifidum species have had their genome sequenced out of
23 currently publicly available complete bifidobacterial genome
sequences (NCBI source). Notably, of these eight, only three
genome sequences are complete, while the remaining five B.
bifidum genome sequences are still fragmented in multiple con-
tigs. The genome size of a B. bifidum taxon ranges from 2.14
to 2.28 Mb, whereas such a genome displays a GC content of
about 62%, which is in line with the average values described
for genomes of members of the genus Bifidobacterium (Ventura
etal., 2007b, 2012; Turroni etal., 2013b). The currently NCBI-
deposited reference genome of the B. bifidum species belongs
to the infant stool isolate PRL2010 (Turroni etal., 2010), which
was sequenced and published in 2010. The B. bifidum PRL2010
genome is also similar (89% identity at nucleotide level) to that
of B. longum subsp. infantis ATCC15697 (Sela etal., 2008), even
though they belong to two distinct bifidobacterial phylogenetic
clusters, perhaps reflecting the fact that they share a common
ecological niche (Ventura etal., 2007a). A functional classifica-
tion of the genes present in the B. bifidum genomes according to
the Cluster of Orthologous Genes (COG) families allowed the
identification of a large proportion (>10%) of genes assigned
to the COG family of carbohydrate metabolism and transport,
including genes predicted to be involved in mucin metabolism
(see below).

In silico analyses of the B. bifidum PRL2010 chromosome
identified candidate genes displaying a deviant G+C content
and for this reason possibly acquired through Horizontal Gene
Transfer (HGT), collectively referred to as the mobilome. The
predicted PRL2010 mobilome includes a prophage-like element
Bbif-1 (Ventura etal., 2010) and two loci encompassing type I
Restriction/Modification (R/M) systems as well as a type III R/M
system (Turroni etal., 2010). Moreover, the predicted mobilome
encompasses a 19 kb DNA region, which appears to represent an
integrated plasmid.

The evaluation of genome variability within members of the B.
bifidum species was assayed by Comparative Genomic Hybridiza-
tion (CGH) experiments and the use of B. bifidum PRL2010-based
microarrays (Turroni etal., 2010). In this way genes from the
sequenced B. bifidum PRL2010 strain were assessed for their pres-
ence or absence in the genomes of a set of seven B. bifidum
strains, which included isolates from various infant fecal sam-
ples as well as the neotype of B. bifidum species. Interestingly,
among the variable regions of the CGH map there are those
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predicted as the mobilome of PRL2010 as well as other genes
predicted to be involved in bacterium—environment interaction,
such as the genes specifying sortase-dependent pili (Turroni etal.,
2010). In addition, analysis of the B. bifidum PRL2010 chromo-
some revealed novel insights into the metabolic strategies followed
by this strain to degrade host-derived glycans, and in particular
mucin-associated carbohydrates.

THE GENOMICS OF MUCIN BREAKDOWN IN B. bifidum
Mucin represents the main component of the mucus gel layer
that is covering the epithelial surface of the GIT (Podolsky, 1985).
The main carbohydrate monomers found in mucin include N-
acetylglucosamine, N-acetylgalactosamine, fucose, and galactose,
which are sometimes linked to sialic acid and sulfate groups
(Forstner etal., 1995). In addition, mucin contains salts, lipids,
and many proteins, such as growth factors, lysozyme, defensins,
immunoglobulins, trefoil factors, and several intestinal proteins
(Johansson etal., 2008).

Among members of the genus Bifidobacterium, the ability to
degrade mucin is a peculiar property of the B. bifidum species,
which can hydrolyse the glycosydic bonds of mucin (Turroni etal.,
2010, 2011) and utilize it as the sole carbon source (Guglielmetti
etal., 2009).

Insilicoanalyses of the genome sequences of PRL2010 revealed a
relatively small set of genes dedicated to carbohydrate metabolism,
which predominantly specified glycosyl hydrolases (GH), com-
pared to other bifidobacteria (Turroni etal., 2011). Remarkably,
about 60% of the identified GH-encoding enzymes from B.
bifidum PRL2010 are predicted to be involved in the degradation
of mucin-derived oligosaccharides, most of which are uniquely
present in the B. bifidum chromosome relative to other currently
available bifidobacterial genomes. Furthermore, according to the
Carbohydrate Active Enzymes (CAZy) system (Cantarel etal.,
2009), the B. bifidum PRL2010 genome is predicted to encode
members of two carbohydrate-binding module (CBM) families,
CBM32 and CBM51, that are suggested to bind to carbohydrate
residues encountered in the mucin core structure. Notably, in
bifidobacteria the genetic information corresponding to predicted
CBM32 and CBM51 members were only detected in the genomes
of B. bifidum (Turroni etal., 2011).

Additional insights into the behavior of B. bifidum PRL2010
to utilize mucin were obtained from functional genomics
approaches, such as whole proteome profiling as well as tran-
scriptomic investigations (Turroni etal., 2010). Several of the
enzymes encoded by B. bifidum PRL2010 involved in mucin
metabolism encompass extracellular enzymes, such as putative
exo-a-sialidases, as well as a predicted 1,2-a-L-fucosidase and
1,3/4-a-1-fucosidase, and a putative cell wall-anchored endo-a-N-
acetylgalactosaminidase (Ashida etal., 2008, 2009; Kiyohara etal.,
2012). Additional PRL2010 encoded enzymes that are believed
to be involved in mucin breakdown include four N-acetyl-B-
hexosaminidases, and four B-galactosidases. The mucin-catabolic
phenotype of PRL2010 is further facilitated by the presence of
carbohydrate transporters belonging to various families, such
as the ATP-binding cassette (ABC-type), phosphoenolpyruvate
phosphotransferase system (PEP-PTS) and major facilitator super-
family (MES).

The genome of B. bifidum PRL2010 encompasses a DNA
region spanning eight genes, which encode enzymes for the
breakdown of galacto-N-biose that forms one of the core struc-
tures of mucin-oligosaccharides. In this context it is believed
that B. bifidum PRL2010 accesses mucin-derived galacto-N-biose
by the action of extracellular enzymes like the exo-a-sialidases
and 1,2-a-L-/a-1,3/4-fucosidases, which perform de-sialidation
and de-fucosylation, respectively, of mucin-derived oligosac-
charides to facilitate further breakdown by the action of other
enzymes encoded by PRL2010 such as the lacto-N-biosidase and
endo-a- N-acetylgalactosaminidase.

Comparative genomics analyses involving all other currently
available B. bifidum genomes revealed a high conservation of
the predicted genetic arsenal involved in mucin breakdown
(Turroni etal., 2011). Thus, it is tempting to conclude that mucin
metabolism in PRL2010 is a genetic feature of most if not all mem-
bers of the B. bifidum species rather than of a unique strain. Mucin
degradation, which is expected to reduce the mucin layer and
consequently reduce the protective barrier covering the intestinal
mucosa, is generally considered as an undesirable event. How-
ever, one may also consider breakdown as an evolved “host-settler
mechanism.” In fact, mucin production in the GIT normally ini-
tiates only several months after birth and reaches its mature level
at about 12 months (Hooper etal., 1999). Interestingly, mucin
breakdown activity as operated by B. bifidum could trigger the
secretion of additional colonic mucin, thus increasing the thick-
ness of the total amount of mucus layer covering the gut and so
reinforcing the epithelial barrier function, which constitutes an
important feature especially in those subjects affected by irrita-
ble bowel syndrome (Caballero-Franco etal., 2007). The capacity
to efficiently use mucus is a typical feature also of Akkermansia
muciniphila, a human intestinal species that has been associated
with healthy intestines and disease prevention (Guglielmetti et al.,
2008b).

PILI PRODUCTION BY B. bifidum AS KEY HOST-MICROBE
EFFECTOR MOLECULES

Non-flagellar appendages decorating the microbial cell surface
were identified in bacteria in the early 1950s and since then the
molecular data about their assembly, composition, and func-
tion has greatly expanded, especially for pathogens (Telford etal.,
2006). In this context, these extracellular structures are considered
crucial in the initial establishment of pathogens inside the host
and are consequently considered key effector molecules in patho-
genesis. However, their identification in bifidobacteria was only
very recently established (Foroni etal., 2011; O’Connell Mother-
way etal., 2011). It has been shown that bifidobacterial genomes
belonging to B. bifidum, B. longum subsp. longum, B. adolescen-
tis, B. dentium, B. animalis subsp. Lactis, and B. breve contain
one to seven predicted sortase-dependent pilus gene loci, each
of which are predicted to encode one major pilin subunit (rep-
resented by FimApgri2010 or FimPpri2010 for the pil2pRL2()10 and
pil3pRri2010 clusters, respectively) plus a minor pilin subunit (rep-
resented by FimBpri2010 and FimQpgr12010 for the PilzPRLZOIO and
pil3priao1o clusters, respectively), as well as a so-called sortase,
a protein specifically dedicated to covalently assemble these pilin
subunits (Foroni etal., 2011).

www.frontiersin.org

August 2014 | Volume 5 | Article 437 |


http://www.frontiersin.org/
http://www.frontiersin.org/Food_Microbiology/archive

Turroni etal.

Bifidobacterium bifidum and the human host

Very recently, the four B. bifidum genome sequences that
are currently publicly available have been screened for sortase-
dependent pili leading to the identification of three loci (Turroni
etal., 2013a). Of these three identified loci, only two were shown
to be genetically intact whereas the third appeared to be non-
functional due to a frameshift within the coding region of the
gene encoding major pilus subunit (Turroni etal., 2013a). When
FimApRri2010 was compared to FimA homologs encoded by other
B. bifidum strains, their amino acid sequences were shown to dis-
play much higher variability compared to the FimP homologs
(Turroni etal., 2013a). Furthermore, FimApgri2010 includes a
CnaB-type domain that is known to serve as a stalk in binding to
components of the Extra Cellular Matrix proteins of the host, such
as fibronectin, collagen types I to XV, and laminin (Deivanayagam
etal., 2000).

Transcriptomic investigations performed on B. bifidum
PRL2010 upon colonization of mice as well as upon contact
with human cell lines, demonstrated a clear transcriptional up-
regulation of those genes encompassing two sortase-dependent
pili, named pil2 and pil3 (Turroni etal., 2013a). Heterologous
expression of the pilus-encoding genes corresponding to Pil2
and Pil3 in the non-piliated, Gram-positive host Lactococcus lac-
tis showed that both types of pili are modulating the adhesion
to human enterocytes through extracellular matrix (ECM) pro-
teins and bacterial aggregation. ECM deglycosylation provoked
a dramatic reduction in PRL2010 pili-mediated binding ability
compared to untreated ECM (Turroni etal., 2013a), pointing that
N- and/or O-linked glycoproteins are involved in adhesion of
PRL2010 pili to ECM. Furthermore, carbohydrate binding com-
petition experiments demonstrated that mannose and fucose act
as potential receptors for Pil2 of B. bifidum PRL2010 in a fashion
that is reminiscent of that previously described for other enteric
bacteria (Farfan etal., 2011), whereas the putative binding part-
ners for Pil3 appear to encompass a larger set of carbohydrates
(Turroni et al., 2013a).

Recombinant piliated L. lactis cells were also shown to evoke
a higher tumor necrosis factor alpha (TNFa) response during
murine colonization compared to their non-piliated parent, indi-
cating that B. bifidum PRL2010 sortase-dependent pili not only
contribute to adhesion but also display immunomodulatory activ-
ity (Turroni etal., 2013a). Triggering TNFa production by pili
synthetized by B. bifidum PRL2010 may represent an intriguing
feature of this species as one of the first colonizers of the human
gut (Turroni etal.,, 2012). In this context, it is worth mentioning
that cytokines belonging to the TNFa superfamily are not only
linked to the occurrence of inflammatory diseases (Yasutake etal.,
1999), but also exert a major role in the rejection of tumors and
the response to infections (Wajant et al., 2003; Lebeer etal., 2010).
Furthermore, the induction of TNFa may be crucial for the ini-
tiation of cross-talk among immune cells without provoking any
inflammation or detrimental effects (Galdeano etal., 2007).

OTHER HOST RESPONSE EFFECTOR MOLECULES ENCODED
BY B. bifidum

Recently, the murine lytic enzyme TgaA encoded by B. bifidum
MIMBb75 has been molecularly characterized (Guglielmetti
etal., 2014b). This peptidoglycan-degrading enzyme contains

two active domains, i.e., a lytic murine transglycosylase and a
cysteine histidine-dependent amidohydrolase/peptidase (CHAP)
domain and was demonstrated to exert immunomodulatory
effects (Guglielmetti etal., 2014a). The TgA-encoding gene does
not appear to be widely distributed among the currently avail-
able B. bifidum genomes and thus represents an example of a
strain-dependent gene (Guglielmetti etal., 2014b).

Other B. bifidum proteins involved in host interaction are rep-
resented by the surface lipoprotein BopA, which was originally
described to be involved in adhesion to intestinal epithelium
(Guglielmettietal., 2008b; Gleinser et al., 2012). However, recently
the role of BopA in the adhesion of B. bifidum was reassessed and,
in contrast to what was published earlier, the strong adhesion
of B. bifidum to epithelial cell lines is mainly BopA-independent
(Kainulainen etal., 2013).

Within the surface proteins encoded by B. bifidum strains
responsible of adhesion to the human intestine, the transaldolase
Tal of B. bifidum A8 has been also proposed (Gonzalez-Rodriguez
etal,, 2012). Notably, such protein has been shown in modulating
the adhesion to mucin as well as to promote bacterial aggrega-
tion, thus could act as a key colonization factor in driving the
establishment of B. bifidum cells in the human gut.

IMMUNE RESPONSE OF B. bifidum STRAINS

Members of the B. bifidum species have been claimed to exert
an important role in the evolution and maturation of the
immune system of the host, which is still undeveloped at birth
(Lopez etal., 2011). The interaction of B. bifidum with the host
immune system has been assayed by investigating the impact of
B. bifidum Z9 in combination with a second human gut commen-
sal, Lactobacillus acidophilus, on the transcriptome of dendritic
cells (DCs) (Weiss etal., 2010). This study highlighted that B.
bifidum 79 down-regulates the expression of genes involved to
the adaptive immune system in murine DCs. Such findings cor-
roborated other studies based on in vitro assays and involving
various strains belonging to different Bifidobacterium species,
which display a clear and distinct induction of cytokine profile
by bifidobacteria. In particular, it was shown that B. bifidum
strains, in contrast to representatives of other bifidobacterial
species, provoked a significantly increased production of the
IL-17 cytokine (Turroni etal., 2010; Lopez etal., 2011). The
observation that B. bifidum strains induce an immune response
affecting Treg/TH17 plasticity (Turroni etal., 2010; Lopez etal.,
2011) leads to hypothesize that such commensal bacteria have a
key role in mucosal tolerance, as also suggested by the demon-
stration that B. bifidum, differently from several other species
of the genus, possesses the ability to induce IL-2 secretion by
DCs (Guglielmetti etal., 2014a). In particular, it was demon-
strated that the cell-surface-exposed molecule Tga of B. bifidum
MIMBDb75 is capable alone through its C-terminal CHAP domain
of inducing DCs activation and IL-2 production (Guglielmetti
etal., 2014b).

Recently, the host response triggered by the presence of
B. bifidum PRL2010 cells was investigated thanks to a high-
throughput gene expression technology and by utilizing both an
in vitro cell line model as well as a murine model (Turroni etal.,
2014a). Notably, the overall host-response scenario driven by B.
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bifidum PRL2010 cells can be described as a pro-inflammatory
response priming the immune system, yet at the same time atten-
uating the pro-inflammatory response by down-regulation of
certain chemokines, heat shock proteins (HSP) as well as stim-
ulating the up-regulation of defensin and tight junction genes.
In addition, results from ELISA experiments displayed that expo-
sure to B. bifidum PRL2010 triggers the synthesis of IL-6 and IL-8
cytokines, presumably through NF-kb activation (Turroni etal.,
2014a).

Other in vivo observations involving B. bifidum strains have
been performed under chemically-induced diseases such as col-
itis. In this context, administration of B. bifidum strain S17 to
mice with colitis was shown to suppress intestinal inflammation
with a significant reduction in histology scores and the levels of
pro-inflammatory cytokines interleukin IL-18, IL-6, keratinocyte-
derived chemokine and the inflammatory markers cyclooxygenase
and myeloperoxidase (Philippe etal., 2011).

B. bifidum STRAINS AS POTENTIAL HEALTH-PROMOTING
CANDIDATES

Various strains of the B. bifidum species have been reported to exert
health benefits to their human host, including antibacterial activi-
ties against pathogens such as Helicobacter pylori (Shirasawa et al.,
2010; Chenoll etal., 2011), reduction of apoptosis in the intesti-
nal epithelium of infants suffering from necrotizing enterocolitis

(Khailova etal., 2010), modulation of the host-immune system
(Fu etal., 2010; Philippe etal., 2011), and alleviation of anti-
inflammatory activities associated with certain chronic large bowel
dysfunctions (Mouni etal., 2009; Guglielmetti etal., 2011). In
addition, B. bifidum together with other bifidobacterial species like
B. breve and B. longum subsp. infantis are considered important
for the establishment of a well-balanced, autochthonous intesti-
nal microbiota in newborns (Tabbers etal., 2011). However, in
order to exert a potential health-promoting activity in the human
gut, bacteria need to reach this compartment in a viable form,
while they should also be able to persist within the intestine. In
this context, many B. bifidum strains have been shown to pos-
sess a strong adhesion phenotype to human epithelial intestinal
cell monolayers (Caco-2 and HT29) (Guglielmetti etal., 2009;
Serafini etal., 2013) and in a few cases, such as for B. bifidum
PRL2010 and MIMBb75, were demonstrated to survive under
gastrointestinal challenges (Serafini etal., 2013) and colonize the
intestine impacting on the resident microbial communities at
various intestinal loci (Singh etal., 2013). Another interesting
phenotype displayed by probiotic bacteria is their displacement
and competition against pathogens. Interestingly, in vitro trials
based on HT29 monolayer involving B. bifidum PRL2010 cells
displayed a clear inhibition of adhesion of pathogenic bacteria
such as Escherichia coli and Cronobacter sakazakii (Serafini et al.,
2013).

Adhesion to epithelial cells

IL-8
IL-6

Activation of innate immunity

FIGURE 1 | Schematic representation of the main effects produced by Bifidobacterium bifidum in the human gut.
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A health-promoting microorganism needs to be administered
to its human host within a specific matrix in order to assure
survival and biological functionality of its cells (e.g., producing
probiotic molecules). Recently, kefir and kefiran were shown to
affect the transcriptome of B. bifidum PRL2010 causing increased
transcription of genes involved in the metabolism of dietary gly-
cans as well as genes acting as host-microbe effector molecules
such as pili (Serafini etal., 2014). Thus, the use of kefir and perhaps
other (fermented) food products may be considered as a valuable
means for the administration of B. bifidum cells to humans and
may represent an effective food matrix to pre-adapt bifidobacterial
cells to the host in order to enhance probiotic efficacy.

INDUSTRIAL USE OF B. bifidum

Due to their health-promoting activities, much effort has been
invested in the incorporation of bifidobacteria into probiotic food,
supplements, and pharmaceutical preparations. By regulatory def-
inition, microbial cells must be alive in a sufficient number in
order to define a product as probiotic. In this perspective, the
commercial use of B. bifidum as a probiotic has been limited by
the fact that members of this species are particularly sensitive to
stresses such as acidity and, in particular, oxygen (Jayamanne
and Adams, 2006). Strategies to preserve probiotic cell viabil-
ity are available and involve, for instance, microencapsulation
(Zhang etal., 2013), and the addition of prebiotic molecules
to the formulation (Guglielmetti etal., 2008a). However, these
strategies do not overcome the problem of the limited biomass
yields generally obtained in industrial fermentations due to the
intrinsic stress sensitivity of B. bifidum, resulting in a strong
increase of production costs. In this context, an aspect of par-
ticular importance is represented by strain “domestication.” In
fact, once a bifidobacterial strain is isolated from its natural envi-
ronment, its intrinsic sensitivity to oxygen decreases slowly and
progressively during the numerous subcultivations under labo-
ratory conditions. In this direction, an example is represented
by strain B. bifidum MIMBb75, which was isolated about twelve
years ago from a fecal sample of a healthy adult. Although orig-
inally very recalcitrant to laboratory cultivation, after hundreds
of subculturings in aerobic atmosphere followed by incubation in
a gas-pack with Anaerocult A, this strain drastically improved its
ability to resist oxidative and other laboratory stresses (Gugliel-
metti S., personal communication). Thus, the selective pressure
of a laboratory environment induced physiological changes that
allowed the employment of strain B. bifidum MIMBb75 at indus-
trial level; this strain, in fact, is now commercially available in a
pharmaceutical probiotic product consisting of an encapsulated
formulation, in which MIMBb75 cells can maintain a viability
of at least 10° CFU per capsule during the entire shelf-life of
the product (Guglielmetti etal., 2011; Guglielmetti S., personal
communication).

CONCLUSION

During the last 5-10 years research in bifidobacteria has blos-
somed (Ventura etal., 2012, 2014; Turroni etal., 2014b). In this
context, genomic investigations of bifidobacteria have revealed
genetic repertoires that are considered crucial for conveying the
typical saccharolytic phenotype of these bacteria, and which

are worthy of detailed investigation for their potential roles in
colonization of the human gut and their dependence on our
diet. However, the discovery of the specific functional con-
tribution to the host by each member of the bifidobacterial
population in the human gut is still at its infancy. Further-
more, very little is known about the cross-talk that is believed to
occur between individual members of the bifidobacterial micro-
biota (Egan etal, 2014) and with other members of the gut
microbiota (Sonnenburg etal., 2006). The genetic data retrieved
from the genome analysis of B. bifidum suggests the existence
of various molecules that are responsible for specific health-
promoting activities exerted by members of this bifidobacterial
taxon (Figure 1). Future work needs to be carried out in order
to better understand how these genetic features are exploited in
the human gut through the use of high throughput metagenomic
and post-genomic approaches. Nonetheless, currently available
experimental data already supports the notion that B. bifidum rep-
resents a highly interesting bacterial species that is able to benefit
human health in the prevention and treatment of gastrointestinal
dysfunctions.
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INTRODUCTION

Over the past decades the food industry has been revolutionized toward the production of
functional foods due to an increasing awareness of the consumers on the positive role of
food in wellbeing and health. By definition probiotic foods must contain live microorganisms
in adequate amounts so as to be beneficial for the consumer’s health. There are numerous
probiotic foods marketed today and many probiotic strains are commercially available.
However, the question that arises is how to determine the real probiotic potential of
microorganisms. This is becoming increasingly important, as even a superficial search of the
relevant literature reveals that the number of proclaimed probiotics is growing fast. While
the vast majority of probiotic microorganisms are food-related or commensal bacteria that
are often regarded as safe, probiotics from other sources are increasingly being reported
raising possible regulatory and safety issues. Potential probiotics are selected after in vitro
or in vivo assays by evaluating simple traits such as resistance to the acidic conditions of
the stomach or bile resistance, or by assessing their impact on complicated host functions
such as immune development, metabolic function or gut-brain interaction. While final
human clinical trials are considered mandatory for communicating health benefits, rather
few strains with positive studies have been able to convince legal authorities with these
health claims. Consequently, concern has been raised about the validity of the workflows
currently used to characterize probiotics. In this review we will present an overview of
the most common assays employed in screening for probiotics, highlighting the potential
strengths and limitations of these approaches. Furthermore, we will focus on how the
advent of omics technologies has reshaped our understanding of the biology of probiotics,
allowing the exploration of novel routes for screening and studying such microorganisms.

Keywords: probiotics, screening, mechanism, in vitro model, in vivo model, omics, molecular marker, health claim

the role of dietary bioactive proteins and peptides in autism spec-

Probiotic research faces new challenges. Currently, there is an
increased legislative pressure, in both the EU and the USA, to
strictly limit the health communications of probiotics. While a
more strict regulation is of course not a major problem as such,
it may considerably hamper the release of new probiotic strains
and applications. This is especially worrisome, as the boost of
the metagenomics research efforts starts to pay off by creating
numerous new and interesting working hypothesis for microbiota
manipulation in maintaining and restoring health. Results of this
research, for the first time, allow to avoid the tedious screening of
large numbers of strains and to identify potential new health pro-
moting bacteria from the comparison of population with different
health status (lean versus obese, allergic versus non-allergic, etc.).
Several new applications have been suggested already either via a
supplemented diet or via a pharmaceutical approach. Improving
Faecalibacterium prausnitzii levels has been suggested as benefi-
cial for inflammatory bowel disease (IBD) patients (Miquel etal.,
2013), the use of Akkermansia muciniphila has recently been
patented for treating metabolic disorders (Cani etal., 2014) and

trum disorders may also result in new probiotic strains in the
market (Siniscalco and Antonucci, 2013). The legislative frame-
work today is not ready to cope with these new applications.
Approval will require a full analysis of the mechanism of action.
A full inventory of the risks will have to be determined in dif-
ferent populations, at different doses and using different delivery
modes and matrices. The research approaches presented in this
review aim to assist in this process. While many of the in vitro
models described here may seem outdated, they are still used
for cost and ethical reasons. The use of new molecular omics-
based technologies is increasing fast and it will most probably
replace traditional screening methods. Omics technologies may
also turn out to be very effective in the follow-up analysis of
probiotic candidate strains resulting from in vitro and/or in vivo
screening with current methodologies. Genome sequencing, as an
example, will allow to quickly detect and eliminate strains that
pose a potential risk, through the presence of antibiotic resis-
tance or virulence genes. The new research approaches will also
facilitate the analysis and description of functional mechanisms,

www.frontiersin.org 91

February 2015 | Volume 6 | Article 58 |


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/Journal/10.3389/fmicb.2015.00058/abstract
http://community.frontiersin.org/people/u/167553
http://community.frontiersin.org/people/u/198157
http://community.frontiersin.org/people/u/197836
http://community.frontiersin.org/people/u/198034
http://community.frontiersin.org/people/u/198032
http://community.frontiersin.org/people/u/198026
http://community.frontiersin.org/people/u/109945
mailto:kpapadimitriou@aua.gr
http://www.frontiersin.org/
http://www.frontiersin.org/Food_Microbiology/archive

Papadimitriou etal.

Screening for novel probiotic strains

facilitating the construction of health claim or pharmaceutical
dossiers. Another consequence of this focus on mechanisms might
be that live microorganisms will no longer be necessary, but they
will be replaced by the active ingredients or metabolites identified
as the active compound. This might cause a shift for certain appli-
cations from the food to the pharma area. However, it remains
to be shown if this shift will also result in active ingredients that
have no side effects, as it is currently expected from probiotics.
The use of the models and research strategies described in this
review, alone or in combination, may help to answer that type of
questions.

DOCUMENTING PROBIOTICS WITH IN VITRO ASSAYS
SURVIVING STRESS WITHIN THE HOST

Since the early days of probiotics research, in vitro screening of
probiotics was a preferable choice due to the simplicity and the
low cost of such approaches (Table 1). Even though some of these
tests may seem outdated they are still in use and they can be found
in recent reports. Perhaps the most important advantage of in vitro
assays is their ability to screen multiple strains simultaneously.

According to current definitions, probiotics should be viable,
even though sometimes dead microbial cells can also exert health
benefits (Salminen etal., 1999). It is also recommended that pro-
biotics must be able to reach the desired body niches alive. An
initial screening of strains based on various stress tolerance assays
is of utmost importance (Upadrasta etal., 2011), especially for
non-encapsulated strains directly used in food. Hence, appropri-
ate in vitro tests have been adopted to select strains based on their
ability to survive transit through the different compartments of
the gastrointestinal tract (GIT; Joint FAO/WHO Working Group,
2002).

Survival of potential probiotic bacteria under simulated GIT
conditions has been extensively studied over the last decades and
strain-specific differences are marked throughout the literature.
Following ingestion, probiotics first encounter the harsh condi-
tions of the stomach and they must be able to survive under
the extreme acidic conditions and the activities of the digestive
enzymes. The pH of the stomach is known to fluctuate from
1-2 up to 4-5 after food consumption but most in vitro assays
have been developed to select strains that withstand extreme low
pH values. Most conventional methodologies include experiments
studying the survival of strains in buffers with no nutrients like
PBS or modified growth media, all adjusted to low pH. Simi-
lar experiments have not been reported for high values of pH,
mimicking the slightly alkaline conditions of the small intestine,
perhaps reflecting the notion that most probiotic strains are resis-
tant to alkaline conditions. Acid tolerance tests are among the
simplest tests that can be performed, allowing the routine screen-
ing of large numbers of strains. However, given the unrealistic
harsh pH conditions employed during these tests, they may result
in the loss of relatively acid sensitive probiotic candidates. For
example, acid sensitive strains could be protected from the acid
challenge of the stomach due to the buffering properties of food
vehicles or specific food ingredients. Furthermore, the strains are
most often challenged as pure cultures in either log or stationary
phase, while in reality, probiotics are delivered to the host already
stressed due to extended fermentation periods, food processing

conditions, and storage. This pre-stressed state of probiotics may
lead either to enhanced or diminished stress resistance during pas-
sage through the host, a property that may be species or even strain
dependent.

Except for these simplified survival tests, artificial gastric as
well as pancreatic juices have been developed to better represent
the in vivo conditions (Charteris et al., 1998). The survival in true
gastric juice obtained from human individuals has been reported
(Conway etal., 1987). Generally, synthetic gastric and pancreatic
juices include the enzymes pepsin and pancreatin, respectively,
and controlled incubation of strains in these juices have been
investigated to mimic the time spent by probiotics in the upper
and the lower GIT (Lavermicocca etal., 2008). Bile secreted in
the small intestine reduces the survival of bacteria by disrupting
the cell membrane, by inducing protein misfolding and denat-
uration and by damaging DNA. Bile salt hydrolase (BSH) is an
enzyme that hydrolyses the amino acids of conjugated bile salts
(glycine or taurine), reducing their toxicity. Tolerance to bile salt
concentrations between 0.15 and 0.5% has been recommended
for probiotics, which is in the range of the physiological con-
centrations met in the GIT (Gorbach and Goldin, 1992). Again,
bile tolerance assays may be easy to perform, but they may not
particularly facilitate the reliable selection of probiotics, for sev-
eral reasons. For example, in most cases strains are separately
studied for acid or bile tolerance, despite the fact that these two
stresses are actually sequential during passage through the GIT,
increasing the stress pressure. The use of non-human bile may
also raise some questions, as bovine or porcine bile do not have
the same impact on microorganisms as human bile (Begley et al,,
2005).

The need for more elaborate in vitro assays for testing the
fate of probiotic strains in the GIT led to the development of
several GIT simulators. More precisely, a multi-compartmental
dynamic computer-controlled model simulating the stomach
and the small intestine (Minekus etal., 1999) has been used
to quantify the survival of lactic acid bacteria (LAB) and the
data obtained correlated well with those obtained from human
subjects (Marteau etal., 1997). In other cases, in vitro systems
reproduce not only the conditions of the stomach and the small
intestine but also those occurring in the oral cavity using an
oro-gastric-intestinal (OGI) system (Bove etal., 2012). The sim-
ulator of the human intestinal microbial ecosystem (SHIME) was
developed by inoculating human fecal material in a fermenter-
based simulator to establish a GIT-like microbial population
(Molly etal., 1994). Experiments with SHIME revealed sim-
ilar survival rates of microorganisms to those obtained with
in vivo tests (Cook etal., 2012). A modification of the SHIME
system involved the incorporation of a mucosal environment
in the SHIME model, resulting in a more representative col-
onization ability for the test strains (Van den Abbeele etal,
2012). Another system that relied on two separate fermenters
was designed to better simulate the physiological events of inges-
tion and digestion in the upper GIT. Using this system, it was
possible to investigate the survival of probiotics through more
realistic pH values, i.e., those that prevail prior, during and
after a meal (Mainville etal., 2005). Obviously, GIT simulators
offer many advantages over independent in vitro tests and the
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selection of probiotic strains using these systems may be more
reliable. However, such simulators do not allow rapid screening of
multiple strains and they may be relatively expensive to maintain
and operate. Today advancements in encapsulation technology
allow the targeted delivery of probiotic strains to different com-
partments of the GIT in an active state irrespectively of their stress
robustness.

SAFETY ASSAYS

Another important aspect in selecting probiotic strains is their
safety status. While in Europe QPS regulation has identified the
microorganisms that can be safely used in foods, there might be
some safety aspects that may need to be evaluated before commer-
cial probiotic cultures are put on the market (Joint FAO/WHO
Working Group, 2002). Laboratory tests applied for the safety
evaluation of probiotic cultures include in vitro assays examining
different intrinsic properties of the strains. Initially, the min-
imum inhibitory concentrations (MICs) for the most relevant
antibiotics is usually determined and evaluated using protocols
given by EFSA (2008). The microdilution-broth test performed
on 96-well microplates (Argyri etal., 2013), the disk-diffusing
method (Pisano etal., 2014) and ready-to-use commercial kits
(Delgado etal., 2007) have been applied to specify MIC values of
known antibiotics for potential probiotic strains in many cases.
Hemolytic activity is also examined (Joint FAO/WHO Working
Group, 2002). Clear zones of hydrolysis, partial hydrolysis or no
reaction around the streaking of strains on blood agar plates indi-
cate the hemolytic ability of probiotics (Pisano etal., 2014). In vitro
tests of pathogenic traits concern the ability of bacteria to bind
to mammalian cells such as platelets, which is coupled with their
binding to fibronectin, fibrinogen and collagen (Harty et al., 1994).
The production of certain enzymes (e.g., glycosidases, proteases
and gelatinases) is also perceived as a potential pathogenicity trait
(Oakey etal., 1995; Bernardeau etal., 2006). Strains should be
tested with appropriate in vitro assays for the production of known
human toxins (e.g., cytolysins; Tan etal., 2013). Biogenic amines
are usually generated by decarboxylation of the corresponding
amino acids through substrate-specific decarboxylases of bacte-
ria. Assays performed on solid media are based on the pH change
of the medium after bacterial growth, corresponding to positive
decarboxylase activity (Bover-Cid and Holzapfel, 1999). Quan-
titative analysis of biogenic amines is generally accomplished by
chromatography using amino acid analyzers (Haldsz etal., 1994).
In vitro safety tests are generally very useful to identify and exclude
clean-cut cases of pathogenic strains from being used as probi-
otics. For example, a hemolytic or a toxin producing strain can be
easily identified and excluded from further analysis. The problem
with the in vitro safety assays concerns the identification of false
negative strains. A virulence trait may be simply non-active under
the specific conditions of the assay and thus remain undetectable
(e.g., a toxin that may be down-regulated in vitro). Virulence is a
complex phenomenon that sometimes needs an active interaction
with the host to be triggered and for this reason in vivo models
may be more appropriate. The screening of the bacterial genome
for the presence of virulence and resistance genes (see below) is
also a way to predict the possibility of non-expressed safety risk
factors.

COLONIZATION OF THE HOST AS A PREREQUISITE TO EXERT CERTAIN
HEALTH BENEFITS

Although research in the probiotic area has considerably pro-
gressed the last decades, the correlation of specific cultures with
specific health claims is still ambiguous. In a relatively limited
number of cases specific in vitro assays have been devised to inves-
tigate the protective or therapeutic role of probiotic candidates
against certain diseases. The simplest application is the competi-
tion of the probiotics with potential pathogens for resources and
space in the GIT. Adherence to mucus and epithelial cells is still
considered a controversial topic in probiotics research. On the
one hand it is a desirable probiotic trait, as it facilitates coloniza-
tion of the host and antagonism against pathogens, but on the
other hand it is considered as a risk for translocation. The latter
might be especially important in highly sensitive populations of
immune depressed patients where probiotic applications are often
considered (Sanders etal., 2010).

The hydrophobicity phenotype of bacterial cell surface is
related to their adhesive capacity and colonization of the gut
(Ouwehand etal., 1999). Generally, cell surface hydrophobic-
ity is determined according to the capacity of the bacteria to
partition into hydrocarbons (i.e., hexadecane, xylene, toluene;
Kaushik etal., 2009; Jena etal., 2013), thus, reflecting the non-
specific adhesion capability related to cell surface characteristics
(Garcia-Cayuela etal., 2014). Controversial results of hydropho-
bicity studies show that this feature might be questionable (Vin-
derola etal., 2004). In general, assessing the adhesive capacity
of probiotic strains based on surface hydrophobicity is rather
outdated.

Adhesion tests of probiotics to human intestinal mucus
obtained from infants or healthy human feces have been per-
formed (Kirjavainen etal., 1998; Ferreira etal., 2011). Moreover,
high-throughput screening methods based on immobilized com-
mercially available mucin have also been reported (Laparra and
Sanz, 2009). Mucins are large glycoproteins that fortify intesti-
nal mucosal surfaces forming a protective shield for the epithelial
cells against harmful environmental conditions. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expressed on the bacterial
cell surface aid binding to human colonic mucin and the evaluation
of this enzymatic activity has been reported as a simple screening
method (Kinoshita etal., 2013). Alternatively, other studies have
focused on the ability of probiotic bacteria to form cellular aggre-
gates via self-aggregation (auto-aggregation; Del Re etal., 2000)
by measuring absorbance of bacterial suspensions that are left
standing for certain time intervals (Collado etal., 2008). Auto-
aggregation capacity of LAB is correlated to their adhesion to
different kind of host cells (Malik et al., 2013), and it is considered
as a desirable characteristic for preliminary probiotic screening
(Bao etal., 2010; Botta etal., 2014). Intestinal epithelial cell (IEC)
lines are often presumed to better represent conditions in the tis-
sues of the GIT (i.e., adhesion ability and colonization of probiotic
strains). Several studies have been conducted using human epithe-
lial cell lines (like HT-29, HT-29MTX, and Caco-2) to screen the
adhesion of probiotic strains (Muller etal., 2009). In general, the
in vitro testing of the adhesion potential is considered experimen-
tally difficult. Reproducibility issues have been observed among
laboratories due to the use of different variants of a given cell line
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and of high background levels (Kirjavainen etal., 1998). These
tests can only yield rough indications of a strain’s potential to
adhere in vivo. Additionally, resected intestinal tissue fragments
have been used unprocessed or immobilized on microtitre plates
for adhesion assays (Vesterlund et al., 2005). Finally, the whole tis-
sue models consisting of the epithelial tissue with the mucus layer
in the presence of commensal microbiota may allow the assess-
ment of more complex adhesive interactions between probiotics
and the host (Tassell and Miller, 2011).

Several molecules that are actively aiding the binding to host’s
cells have been identified. The problem with the in vitro assays
is their inability to recapture the actual conditions prevailing in
the GIT. In most cases adhesion is studied for single strains thus
in the absence of any additional microbiota that would mimic
the gut microbiome. This is a very important drawback for most
assays, since there is fierce competition for adhesion sites among
the different microbes in vivo. The use of cancer cells is also a bit
controversial since their extracellular matrix and surface proper-
ties may differ significantly from that of healthy IECs. Nevertheless,
strains shown to adhere with high efficiency to human cells in vitro
usually behaves in a similar manner in vivo.

ANTIMICROBIAL ASSAYS

Another desired attribute is the production of antimicrobial
compounds by probiotics. Perturbation of the GIT microbiome
plays an important role in the pathophysiology of common gas-
trointestinal infectious diseases. Researchers have proposed that
probiotics may prevent gastrointestinal disorders by maintaining
homeostasis of the gut microbiome or by competitively inhibiting
the growth of pathogens (Hickson, 2011). Selection of probiotic
bacteria active against infectious diarrhea attributed to viruses
(e.g., rotavirus and norovirus; Al Kassaa etal., 2014) or bacte-
ria (e.g., Escherichia coli, Salmonella and Campylobacter sp.) or
to Clostridium difficile infection (Parkes etal., 2009), is usually
based on antimicrobial properties of probiotic strains. This is
also the case for antibiotic-associated diarrhea (Cresci et al., 2013)
and Helicobacter pylori infection (Chenoll etal., 2011), as well as
for infections related to sites of the human body other than the
GIT, such as the oral cavity (Haukioja, 2010), the upper respira-
tory tract (Kechaou etal., 2013), and the urogenital system (Strus
etal., 2005). In addition to the production of known antimicro-
bial metabolites such as organic acids, probiotic bacteria may also
produce specialized inhibitory agents, like bacteriocins. Target
strains commonly include both Gram positive and Gram nega-
tive bacteria, as well as fungal strains, comprising of not only
pathogenic bacteria but also strains representative of the predom-
inant human GIT microbiota (Gagnon etal.,, 2011). In general,
antagonistic activity is evaluated in vitro using simple inhibition
tests performed on solid media. More precisely, the agar spot test
(Jacobsen etal., 1999), the paper-disk diffusion assay (Guo etal.,
2010), and the well diffusion assay (Tagg and McGiven, 1971)
have been extensively used as methods for evaluating antimicrobial
activity. Moreover, inhibitory effects of probiotic culture filtrates
assessed by an automated turbidometric assay that monitors the
ability of the indicator bacteria to grow has also been reported
(Lahteinen etal., 2010). In some cases, bioluminescent indica-
tor strains were also used to investigate the possible production

of antimicrobial compounds from probiotic bacteria (Lahtinen
etal., 2007). Assays as the cross-streak and the radial streak meth-
ods are comparatively more efficient in terms of examining the
inhibitory properties of intact probiotic cells and not only prop-
erties attributed to their producing metabolites (Coman etal.,
2014).

Antimicrobial ability of probiotics refers not only to the pro-
duction of antimicrobial compounds or acids that affect luminal
pH (Suardi etal., 2013), but also the competitive exclusion of
pathogens. Probiotics may compete with pathogens for bind-
ing sites on the surface of the GIT. The in vitro adhesion assays
mentioned earlier can be used to assess the binding competition
between probiotic and pathogenic strains. In this context, bacte-
rial aggregation between genetically distinct cells (co-aggregation)
is of considerable importance. Thus, protective properties of pro-
biotics against pathogen infections can also be evaluated through
co-aggregation assays based not only on simple absorbance mea-
surements but also on radiolabelling and fluorescence detection
(Collado etal., 2007).

Antimicrobial properties of probiotics are also correlated with
the enhancement of the intestinal barrier function (Mennigen and
Bruewer, 2009). Barrier properties can be investigated by measur-
ing trans-epithelial electrical resistance (TEER) before and after
apical exposure of IEC lines to bacteria (Zyrek etal., 2007). Pro-
motion of tight junction integrity is known to block paracellular
transport of pathogenic bacteria. Alterations of tight junction
proteins are examined in vitro either by immunofluorescence
using specific antibodies (Ewaschuk etal., 2008), or by evalu-
ating the capacity of probiotics to alter tight junctional protein
phosphorylation (Resta-Lenert and Barrett, 2003).

Once more, the in vitro production of antimicrobial substances
alone cannot provide us with important information about the
probiotics application in vivo. We cannot know if the selected
strain will be able to be incorporated in the microbiome and
whether the conditions prevailing in the GIT will allow it to
produce its antimicrobial(s) compounds at sufficient amounts to
have an effect. Usually, probiotic strains produce more than one
antimicrobial substance that may act synergistically, increasing
the spectrum of targeted microorganisms. This property may be
desirable as long as this antimicrobial spectrum is restricted to
pathogenic microorganisms but it cannot be excluded that it will
not affect the normal microbiota of the gut as well. Similarly to
other tests, antimicrobial assays may lead to false negatives, i.e.,
strains that are capable of biosynthesizing antimicrobial(s) but
they do not produce it under the in vitro conditions employed.
In addition, antimicrobials of probiotics are generally perceived
as safe and in most cases the toxicity to host’s cells is rarely
investigated. There is a clear need for more elaborate assays
that would better represent the complex interactions between
the probiotics and the host microbiome to understand the con-
sequences of the in situ production of antimicrobials by the
former.

IMMUNOMODULATION

Modulation of host immunity is one of the most commonly pro-
posed health benefits attributed to the consumption of probiotics.
Probiotic selection that is correlated to the protection against
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microbial pathogens has been associated with the stimulation of
antibody secretion, as well as cell-mediated immune responses
(Cross, 2002). Evaluation of the bacterial translocation in the
GIT can be used to screen potential probiotic strains, consid-
ering that some strains may be capable of triggering dendritic
cells (DCs) or M cells from the Peyer’s patches and thereby man-
age to cross the epithelium (Corthesy etal., 2007). In most of
the in vitro experiments, researchers have attempted to reconcile
the mechanisms underlying the complex and dynamic immune
interactions of the gut by using co-culture models (Cencic and
Langerholc, 2010) or 3D models (Borchers et al., 2009). The use of
three component models (epithelia, immune cells and microbiota)
closely mimics the in vivo situation (Fontana etal., 2013). In addi-
tion, several reports highlight the complex interaction between the
host immune system and different bacterial compounds, includ-
ing chromosomal DNA, cell wall components such as lipoteichoic
acids and peptidoglycan, as well as soluble metabolites (Corthesy
etal., 2007). In these assays, cytokines like IL-5, IL-10, IL-12b, IL-
17a, IFN-y, TNF-a, and TGF-p, as well as the levels of the secretory
immunoglobulin type A (sIgA) are used to assess stimulation of the
immune response and the inflammation status (Miettinen etal.,
1998; Steinberg etal., 2014).

IBD covers a family of chronic diseases affecting the GIT, hav-
ing as most common forms Crohn’s disease (CD) and ulcerative
colitis (UC). Propitious functions of the probiotics for allevia-
tion of IBD symptoms involve the ability to restore biodiversity
within the microbiota, the antagonism against pathogens, the
improvement of mucus production, the stimulation of epithelial
proliferation, the modulation of intestinal permeability and the
mediation of pro-inflammatory effects (Scaldaferri etal., 2013).
In vitro models for probiotic selection in IBD research are alike to
those mentioned previously. Specifically, assays that investigate the
antimicrobial activity against microbes that help alter microbial
biodiversity within the gut, the regulation of epithelial tight junc-
tions and the induction of an anti-inflammatory cytokine profile
(high IL-10/IL-12 ratio) from immune cells, are commonly used
(McKay etal., 1997; Foligne et al., 2007).

Allergy is a complex immune response to environmental or
food antigenic stimuli and it is mostly correlated with the hyper-
sensitivity reaction mediated by the interaction of immune cells
coated with allergen-specific IgE that requires the involvement
of T-cells with a Th2-skewed cytokine profile (Furrie, 2005).
Th2-skewed immune cells have extensively been studied to select
probiotic strains that exert certain immune-stimulating proper-
ties for further in vivo use (Fujiwara etal., 2004). Alleviation of
allergic symptoms has also been correlated to the induction of the
immunosuppressive cytokines IL-10 and TGF-f or the reduction
of T-cell proliferation (Smits etal., 2005). The B-hexosaminidase
release assay helps to identify potential anti-allergic probiotics,
since the secretion of this molecule corresponds to a hallmark of
allergic reactions resulting from exposure of mast cells to antigens
(Kim etal., 2013).

Disturbance in the balance of the normal microbiome in differ-
ent body niches can lead to inflammation. Probiotics known for
their anti-inflammatory cytokine profile from immune cells can
be efficacious in moderating this inflammation as in the case of
caries and periodontal disease or of functional digestive disorders

such as the irritable bowel syndrome (IBS; Krasse et al., 2006; Gill
etal., 2009).

While we found the measurement of cytokine levels produced
by peripheral blood mononuclear cells (PBMCs) upon stimula-
tion with probiotics to be a reliable and reproducible technique
to identify strains with potential pro- or anti-inflammatory prop-
erties, the in vivo relevance can be questioned as the test involves
only one type of immune cells and ignores the complexity of the
in vivo communication between different cell types. The model is
also blind for the differences between the innate and the adaptive
immune system. Moreover, the model does not reflect differ-
ences of the immune system in relation to certain pathologies.
Despite these limitations, experiments with PBMCs are of major
interest, as they will allow to quantitatively classify strains and
select strains with opposite profiles, e.g., for further mechanistic
investigation.

CARDIOVASCULAR DISEASES (CVDs)

Several reports have demonstrated that manipulating the gut
microbiome with probiotics may affect host metabolism and ulti-
mately reduce the risk for CVDs. Increased bacterial BSH activity
in probiotic strains can result in decreased body weight gain, lower
levels of plasma cholesterol, and liver triglycerides (Cani and Van
Hul, 2015). Bile salt hydrolyzing activity can be evaluated qual-
itatively by the plate assay method using taurodeoxycholic acid
(TDCA) sodium salt (Dashkevicz and Feighner, 1989), and quan-
titatively by high-performance liquid chromatography (Smetet al.,
1994). The deconjugation of bile salts can lead to secretion of
cholesterol and lipids via the fecal route (Zheng etal., 2013). An
in vitro assay for the conversion of cholesterol to coprostanol
by the action of bacterial cholesterol reductase has also been
described (Lye etal., 2010). In relation to cholesterol, coprostanol
is less absorbed in the intestine and it can be easier removed
with feces. Furthermore, the assimilation of cholesterol present
in the growth media by probiotic strains has been tested in vitro
(Tomaro-Duchesneau etal., 2014).

Probiotic strains and metabolic by-products potentially con-
fer benefits to the heart by the prevention and therapy of heart
syndromes, as well as by lowering serum cholesterol (Ebel etal.,
2014). The ACE enzyme has a key role in the rennin—angiotensin
system which controls the arterial blood pressure and the equilib-
rium of water and salt in the body. The hydrolysis of angiotensin
I to angiotensin II, which is a strong vasoconstrictor agent from
the ACE enzyme, can lead to an increase in blood pressure. Dur-
ing proteolysis of extracellular proteins like casein, peptides are
being released that may inhibit ACE-I activity which is used as a
screening tool (Papadimitriou etal., 2007).

There are several lines of evidence that support the positive
implication of probiotics to the prevention of cardiovascular dis-
eases (Ebel et al., 2014). However, the actual mechanisms involved
are not well understood and thus the in vitro assays available for
this type of health claims are relatively restricted. Improving the
barrier is generally considered an effective way to decrease basic
physiological inflammation of e.g., adipose tissue, contributing to
a reduced risk for the development of overweight and metabolic
syndrome and therefore positively affecting CVD risks. A general
comment can be made regarding the currently available assays for
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cholesterol absorption or its conversion to coprostanol. The length
of these in vitro test protocols (often more than 20 h) may not
match the in vivo time window for the absorption of cholesterol
in the intestine after emulsification.

ANTICANCER

The gut microbiota is considered to be related to the risk of can-
cer and it has been suggested that consumption of probiotics may
decrease this risk. The important role of probiotics in retarding
carcinogenesis is attributed to their ability to influence metabolic,
immunologic, and protective functions in the body (Wollowski
etal.,2001). Antimutagenic activities of probiotics have been eval-
uated by the Ames test (Burns and Rowland, 2004). Probiotics also
exerted an antigenotoxic activity related to decreased DNA damage
of colon cells treated with carcinogens as evaluated by the “comet
assay” (Pool-Zobel etal., 1996). The nitrosamine degrading assay
(Duangjitcharoen etal., 2014) and the evaluation of the antioxi-
dant properties of bacterial samples, i.e., intact cells and cell-free
culture supernatants, are used for the detection of potential pro-
biotics against cancer (Amaretti etal., 2013). Bacterial cell-free
culture supernatants of probiotic strains have also been tested for
preventing colon cancer cell invasion in vitro (Choi etal., 2006).
Strains showing in vitro inhibitory activity on tumor cell prolif-
eration, induction of apoptotic cell death, and ability of cellular
sphingolipidic metabolism, have been recognized as promising
candidates for cancer prevention (Castro etal., 2010). Moreover,
a possible mechanism of anti-carcinogenic properties of probi-
otic strains involves the physical binding by the bacterial cell of
the mutagenic compounds, such as heterocyclic amines (HCAs).
Specifically, bacterial strains that are able to sequester HCAs could
decrease their absorption by the human intestine via their elimina-
tion through feces carryover (Faridnia etal., 2010). Furthermore,
in vitroremoval of toxins and toxic metals present in aqueous solu-
tions or in drinking water has been studied for selected probiotics
(Halttunen etal., 2007; Nybom etal., 2008). Also, luminal short
chain fatty acids (SCFAs), produced in the colonic lumen during
bacterial fermentation, are known anti-carcinogenic agents within
the gut (Commane etal., 2005). In the past, the influence of pro-
biotic bacteria on the production of SCFAs by fecal bacteria was
studied in vitro using batch-culture and continuous-culture tech-
niques (Sakata et al., 2003). In vitro GIT models as described above
can also be used.

The aforementioned in vitro assays for anticancer properties
of probiotic bacteria provide minimal information about the
actual in vivo efficacy. On one hand, probiotic bacteria showing
antimutagenic and/or antigenotoxic activities may exert general-
ized prophylaxis against gut related cancers. On the other hand,
probiotics producing SCFAs may have a more direct effect by selec-
tively killing cancer cells as it has been demonstrated for propionic
acid bacteria (Cousin etal., 2012) or by assisting in the renewal of
the colonic epithelia by butyric acid (Mariadason etal., 1999) or
its effect on histone deacytelase (Boffa etal., 1992).

Generally, the existing in vitro assays are not sufficient to truly
screen probiotics for anticancer properties and thus in vivo assays
will be necessary. In any case, the idea of using bacteria (some
of which are known probiotics, like bifidobacteria) in the treat-
ment of cancer is gaining momentum (Chong, 2014). As the

mechanisms of cancer prevention and therapy become clearer,
new and more elaborate in vitro assays may be developed in the
future.

ADDITIONAL HEALTH BENEFITS

There are several additional health benefits that have been
attributed to probiotics. Lactose intolerance, attributed to an
insufficient amount of lactase in the small intestine to early
hydrolyze lactose, is an important problem when consuming milk
or lactose containing foods (Kim and Gilliland, 1983; Céspedes
etal., 2013). Dairy products containing probiotic bacteria could
aid the digestion of lactose by their p-galactosidase enzyme when
crossing or colonizing the gut. Screening for p-galactosidase activ-
ity in potential probiotics is assessed through the hydrolysis of the
o-nitrophenol-B-galactopyranoside (Hughes and Hoover, 1995).

Other nutritional effects of probiotics relate to the production
of vitamins. They play a major role in helping humans to meet their
needs for these essential nutrients (Eck and Friel, 2013). In vitro
studies have documented the capacity of some probiotic strains
to synthesize vitamin K, folic acid, vitamin B2, and B12 (Pompei
etal., 2007).

Probiotics may also have a protective role against oxidative
stress in the host (Songisepp et al., 2005). Oxidative stress has many
physiological consequences to the host including aging, carcino-
genesis, etc. Evaluation of the antioxidative activity of probiotics is
usually assessed by the linolenic acid test (LA-test; Kullisaar etal.,
2002).

Furthermore, the role of oxalate-degrading bacteria in the treat-
ment of kidney stone disease is of particular interest (Abratt and
Reid, 2010). Identification of potential probiotic strains through
the evaluation of oxalate degradation by pure cultures has been
reported (Campieri etal., 2001).

Lastly, volatile sulfur compounds (VSCs) produced by oral bac-
teria can cause halitosis. An in vitro test was developed by Kang
etal. (2006) in which the influence of LAB on VSC production by
Fusobacterium nucleatum could be assessed. Interestingly, inhibi-
tion of VSC production was related to co-aggregation of the LAB
strains with F. nucleatum as well as the production of H,O, by the
former.

FUTURE PERSPECTIVES FOR THE USE OF /N VITRO TESTS IN PROBIOTIC
RESEARCH

There are several in vitro assays that are being employed in an
attempt to predetermine or document probiotic properties in rela-
tion to health claims. Even though such assays are useful to screen
probiotic candidates they exhibit variable effectiveness. Regula-
tory authorities have attempted the standardization of the in vitro
assays by publishing detailed protocols and directives. Unfortu-
nately, even a superficial examination of the literature reveals that
invitrotests are being performed in a rather arbitrary manner. This
makes it difficult to compare findings between different studies.
Reproducibility issues have also been reported, making it difficult
to rely solely on the outcomes of in vitro tests for the selection of
probiotic strains. Apparently, in vivo assays may be more appro-
priate but in most cases they cannot be used for high throughput
screening due to the increased cost and for ethical reasons. There-
fore, in vitro screening is and will be an indispensable part of the
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discovery of new probiotics. More research is needed to improve
and standardize the available experimental protocols aiming at
improving reproducibility and decreasing the percentages of false
positively or negatively identified strains with probiotic potential.
Additionally, novel methods might need to be developed that will
extend the health-promoting properties currently assessed with
in vitro tests.

DISCOVERING PROBIOTIC MICROORGANISMS: IN VIVO
APPROACHES

THE RIGHT MODEL FOR THE RIGHT PURPOSE

The use of in vivo approaches to explore probiotic potential
resulted in the description of a huge diversity of biological mod-
els of various complexity, ranging from simple multicellular
organisms such as worms and invertebrates over sophisticated
knock-out (KO) models in rodents to human clinical trials in dif-
ferent types of the population (Figure 1; Table 2). While all these
models can teach us something, they also represent certain dis-
advantages and integrating results from different models remains
difficult. Therefore, while final assessment of probiotic function-
ality should ideally be performed directly in the target population
(general population or a subgroup with a given condition; Rijkers
etal., 2010), the pre-selection of strains to be included in these
expensive clinical trials might need to be made using appropriate
in vivo models.

Indeed, while rudimentary models such as Caenorhabditis ele-
gans, or Drosophila exhibit obvious benefits for (large) screening
purposes, they are also not devoid of relevance in deciphering
more universal signaling pathways, even related to mammalian
innate immunity, as shown by the work of the Nobel prize winner
Hoffmann and his team (Vogel, 2012). C. elegans was successfully
applied to establish the anti-infective, antioxidative and lifespan
extending impact of lactobacilli (Wang etal., 2011; Grompone
etal., 2012). The prototype worm is currently proposed to screen

probiotics (Park etal., 2014), or to establish antitumor activ-
ity (Fasseas etal., 2013). In a similar way, the fly is useful to
explore metabolic, immune and antioxidant effects of the Lac-
tobacillus-host mutualism (Jones etal., 2013; Matos and Leulier,
2014).

Quite recently, the zebrafish (Danio rerio) has garnered intense
interest as a human disease model (Lieschke and Currie, 2007)
due to its many advantages as an experimental vertebrate. It now
appears that the zebrafish can be used for high-throughput screen-
ing (e.g., of drug libraries) in the discovery process of promising
new therapeutics (Lessman, 2011). The latter was successfully
developed for probiotics, showing that probiotic administration
may enhance the zebrafish welfare by modulating the innate
immune response and improving hepatic stress tolerance, involv-
ing stress and apoptosis genes, and genes from the innate immune
system (Gioacchinietal.,2014; Rieuet al.,2014). Of note, zebrafish
can also partly mimic characteristics of IBDs when larvae are sub-
jected to chemicals such as trinitrobenzene sulfonic acid (TNBS;
Fleming etal., 2010) or when encountering unfavorable condi-
tions, including dysbiosis of the intestinal microbiota (He etal.,
2013). Modifications include colitis susceptibility genes like NODI
and NOD2 (Oehlers etal., 2011), enabling the routine evaluation
of anti-inflammatory compounds.

RODENTS AS THE NECESSARY COMPROMISE
The small animal models mentioned above clearly meet the needs
for cost effective and public-acceptable screening but are still
far away from an integrated mammalian physiology. Therefore
more pertinent experimental models are required for the evalua-
tion of probiotic functionality, allowing to study various dynamic
states and when addressing specific diseases with multifactorial
origins.

Accuracy of the results of animal models is not always in per-
fect accordance with human outcomes and may sometimes appear
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Table 2 | Advantages of using small animals/rodent models for probiotic research support.

Functionality

Possible intervention/improvement

Representative references

Physiological relevance for humans

(Immune system, neuroendocrinological system)
Closely related innate and adaptive immunity
(PRRs and signaling cascades, secretory Ig, T and B
cells, DCs, etc.)

Sharing of similar immune response types
(Th1,Th2,Th17 Treg cells and cytokine responses)

Hosting complex microbiota (gut, vagina, lung, skin)

Responsiveness to many infectious, immune and other

disorders

Transgenic mice (knock-out/ knock-in)

Tissue-specific knock-out

Conditional knock-out

Humanized mice

Axenic mice

Monocolonized mice

Microbiota transplantation

Co-housing

Selective antibiotic treatment

Allergy, inflammation (asthma, COPD, IBD, etc.)

Bacteria, virus, fungi and parasites pathogens

Neurologic disorders (EAE, visceral pain)

Stress, cognitive functions

Helm and Burks (2002)

Sodhi etal. (2012)

Sodhi etal. (2012)

Martin etal. (2008)

Verdu and Collins (2004)

Eaton etal. (2011)

Le Roy etal. (2013)

Henao-Mejia etal. (2012)

Ichinohe etal. (2011), Viaud etal. (2013)
Kim etal. (2014)

Alak etal. (1997), Villena etal. (2011),
Collins etal. (2014), Kikuchi etal. (2014)
Eutamene etal. (2007), Rousseaux
etal. (2007), Kwon etal. (2013)

Gilbert etal. (2013), Hsiao etal. (2013)

problematic as it was for example recently stated: “Inflammatory
findings on species extrapolations: humans are definitely no 70-kg
mice” (Leist and Hartung, 2013; Seok etal., 2013). Whether ani-
mals can be used to predict human response to drugs, chemicals
or foods (including probiotics) is apparently a contentious issue.
While some will promote a ban on animal experimentation which
lacks scientific evidence for human predictivity (Knight, 2007), the
relevance of e.g., mice disease models for humans has been judged
rather positively during a dedicated European Commission work-
shop held in the UK'. However, a certain level of criticism on the
relevance of animal models does apply. Shanks etal. (2009) illus-
trate with numerous examples their importance, or lack thereof, in
the different steps of the complete research process. They discuss,
as an example, the bioavailability differences between primates,
rodents, and dogs. When specifically considering probiotic inter-
actions with the host microbiota, a deeper comprehension of the
symbiosis between animals and bacteria is key to understanding
the complex biology of environmental, genetic and microbiome
interactions in relation to human health and disease evolution.
Kostic etal. (2013) reviewed how model systems are influenc-
ing the current understanding of host-microbiota interactions by
exploring recent human microbiome studies. They conclude that
experimental model systems, including mice, fish, insects, and the
Hawaiian bobtail squid, continue to provide critical insight into
how host—microbiota homeostasis is constructed and maintained.
Taking also into account the dynamics of the human microbiome
through human life stages, predictive value of simple models may

Uhttp://ec.europa.eu/research/health/pdf/summary-report-25082010_en.pdf

indeed have its limits, but their use may be crucial in under-
standing mechanisms of interactions and regulation of metabolic,
physiological, and immunological activities.

Effective use of rodent models will depend on extreme stan-
dardization, including the microbiota composition. Relevance for
the human situation needs to be considered at any time, as e.g.,
many bacterial species which are commensal for humans can be
pathogenic in mice and vice versa (Baker, 1998; Pan etal., 2014).
Despite all these possible drawbacks, small animals such as rats and
mice will inevitably be continued to be used as models to address
numerous research questions related to probiotics, including the
evaluation of immune and metabolic responsiveness, regula-
tory processes or neuro-endocrinological and nutritional aspects,
which all play important roles in the complex microbiota—host
relationships. Moreover, small animals permit to mimic specific
diseases, e.g., by using genetically modified specimens (conditional
and tissues-specific knock-in/knock-out mutants, Table 2) or spe-
cific chemicals (e.g., TNBS to induce intestinal inflammation) and
infectious challenges, while manipulation of the microbiota allows
to question the role of (a) specific microorganism(s) (Table 2).

FITTING ETHICS AND LEGISLATION

Controversy on animal experimentation has always been high.
Researchers in need of animal models have to cope with ethical
and legal considerations, as well as with a public opinion that
often is not fully aware of the economic and societal importance
of the research envisaged, nor of the regulatory context which also
limits the unethical use of animal suffering. Researchers are also
actively required to ensure that animal models (i) are scientifically
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(and statistically) validated (ii) cannot be replaced by in vitro
alternatives and (iii) minimize animal suffering by limiting the
number of animals and the length of the experimentation to what
is statistically required. Research strategies and methods should be
challenged continuously and reviewed objectively with respect to
the 3Rs rule established more than 50 years ago, i.e., use oppor-
tunities to replace, reduce and refine (Russel and Burch, 1959).
In addition to the proper management of pain by analgesia and
anesthesia, welfare accommodations improved tremendously fol-
lowing the most recent US and EU animal housing guidelines.
Mice and rats should be allowed sufficient space of adequate com-
plexity, allowing to express a wide range of normal behaviors, and
providing enrichment possibilities to promote physical exercise,
foraging, manipulative and cognitive activities, whenever possible
(Richmond, 2000).

In this review we do not focus on the use of large mam-
mals (pigs, dogs, or monkeys) as these are not widely available
and ethical considerations are considerable. Non-invasive dietary
interventions with pigs, however, may have an interest as the GIT
of pigs resembles very well the human GIT.

MODELING DISEASES TO SUBSTANTIATE HEALTH EFFECTS

Probiotic activity is situated on three main levels (Rijkers etal.,
2010): (i) influence on the growth or survival of pathogenic
microorganisms in the gut lumen (level 1), (ii) improvement of the
mucosal barrier function and the mucosal immune system (level
2) and, (iii) beyond the gut, effects on the systemic immune system,
remote organs and systems such as the liver and the brain (level
3). Correspondingly, in vivo approaches intended to substantiate
probiotic effects might consider these three levels through gas-
trointestinal infection models, mucosal immune disorder models
and models dealing with dedicated experimental neuro-metabolic
pathologies respectively.

Maintaining or improving overall “health” is difficult to demon-
strate in humans and a fortiori in animals. Health claim evidence
for probiotics obviously starts by proving innocuousness of the
probiotic strain and its matrix and by clearly establishing its safety,
using adapted procedures (Vankerckhoven etal., 2008; Sanders
etal,, 2010). In a second step, the model must fit the purpose of
showing convincingly the projected functionality of the probiotic
strain, either in a prophylactic or therapeutic way, or demon-
strating a reduction of risk activity. This functionality must be
illustrated either using read-outs that are relevant for the human
situation, in appropriate terms of expected changes in metabolism,
physiology, immunology, etc. or by a measurable limitation of the
severity or frequency of disease. Discriminating, relevant physio-
pathological markers are crucial and should reflect the targeted
probiotic functionality. Clearly, the anti-infectious impact of pro-
biotics, depicted for example by the survival rate of a defined
pathogen, can only be considered for that particular pathogen and
should not be extended to other infections. Consequently, opti-
mal read-outs have to be selected as clear markers of pathology. In
the case of inflammation, various pathological as well as beneficial
changes may take place. For instance, we routinely determine IL-10
production in inflamed tissues and observed increased amounts
of this anti-inflammatory cytokine in the colon of mice following
TNBS or dextran sodium sulfate (DSS) treatment, as compared

to healthy mice. While IL-10 is a “regenerating” mediator, rapidly
induced by injured tissues in response to damage (Barada etal,,
2007), it is not an appropriate marker for efficacy in inflamed
situations, where IL-10 is to be considered a marker of inflam-
mation. However, in the context of a healthy mucosa, probiotics
and other prophylactic anti-inflammatory drugs may be able to
substantially increase baseline levels of IL-10 and TGF-a, and thus
prevent further injuries.

INTESTINAL MODELS FOR INFLAMMATION AND INFECTION

For the evaluation of the anti-inflammatory activity of bacteria,
several colitis models can currently be used. In many cases the
reduction of chemically induced inflammation, e.g., induced by
TNBS or DSS, is measured (see Claes etal., 2011 for a complete
review). These models are mostly acute models, while chronic
ones are less common. They obviously only mimic symptoms of
IBD such as UC and CD but do not cause the real disease. There-
fore, each model has its own specificity and some interventions
may have opposite effects in different models. TNBS evokes an
inflammatory process involving T cells while the acute DSS model
is more likely to induce epithelial barrier disturbances (Foligne
etal., 2010a).

The IL-10 KO mouse model may also be used to study probi-
otics, but the spontaneous colitis that progressively will occur is not
homogenous, difficult to control in time and highly dependent on
animal facility conditions. Sometimes additional treatments such
as Helicobacter infections or small amounts of DSS are required to
trigger the onset of inflammation. Clearly, the choice of a model
will depend on the putative mode of action of the probiotic used.
The IL-10 KO mouse model abolishes a key regulatory cytokine
and may thus exclude a virtually protective probiotic if the main
mechanism is IL-10 dependent. Similarly, while nod1/nod2 KO
mice are good models for CD, the fact that they lack the cellular
receptor for peptidoglycan and derived anti-inflammatory prod-
ucts (i.e., certain muramidyl di- or tri-peptides), will at the same
time exclude the efficient study of bacteria that execute their anti-
inflammatory effect in this way (Macho Fernandez etal., 2011). In
general, KO mice models, especially those deficient for key recep-
tors such as TLRs, are appropriate for case-by-case studies, often
aiming at confirming specific mechanisms of action, but are less
suitable for broader screening purposes.

Finally, some other models of colitis involve adoptive transfer
of specific T cells (CD4TCD45rb) in immune-deficient animals
(SCID, Rag~/~) allowing to explore the impact of probiotics on
adaptive immunity. Citrobacter rodentium is a murine pathogen
that induces, depending on the genetic background of the mice,
variable degrees of infectious and inflammatory responses, rang-
ing from infectious colitis to severe and fast lethal inflammation.
It shares several pathogenic mechanisms with enteropathogenic
E. coli (EPEC) and enterohaemorrhagic E. coli (EHEC), two clini-
cally important human gastrointestinal pathogens, showing severe
adhesion-based virulence in the intestinal mucosa. The models
also display crypt hyperplasia, demonstrating similarities with
pre-carcinogenic states. Some probiotics have been shown to pos-
itively alleviate C. rodentium-induced colitis as demonstrated for
lactobacilli, bifidobacteria, propionibacteria, yeasts and spores of
Bacillus subtillis (Chen et al., 2005; Johnson-Henry et al., 2005; Wu
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etal., 2008; Foligne etal., 2010b; Collins etal., 2014). This model,
when appropriately used, can be considered a model of choice
to investigate overall probiotic functionality (Borenshtein etal.,
2008) as it reveals information on the anti-infectious as well as the
anti-inflammatory potential of the strains tested.

Clostridium difficile can be the causative agent of primary and
recurrent antibiotic-associated diarrhea and colitis in hospitalized
patients. Mice models to mimic this type of infection exist but
require the administration of a broad range of antibiotics that are
not always compatible with the planned probiotic interventions
(Chen etal., 2008; Sun etal., 2011). Therefore, the preferential use
of yeasts such Saccharomyces boulardii has been suggested (Barc
etal., 2008), or the window of intervention is to be kept quite
short to demonstrate substantial effects (Kaur etal., 2010). Par-
tial efficacy has been shown on inflammation or stool consistency
parameters, although the infection was not completely cured (Fitz-
patrick etal., 2011). Further efforts are needed to optimize the
model for more detailed study of promising probiotic strains.

Similarly to Clostridium difficile, a Salmonella typhimurium
infection in mice requires the administration of antibiotics dur-
ing the colonization (Hapfelmeier and Hardt, 2005), limiting also
the readouts of the model. However, infectious challenges with
S. enterica can be useful to study mortality and translocation
(Zoumpopoulou et al., 2008; de LeBlanc Ade etal., 2010; Zacarias
etal.,2014), focusing on indirect anti-inflammatory effects and on
the impact of the probiotics on the intestinal barrier.

Finally, listeriosis is not spontaneously modeled in mice and
infectivity would require genetically modified humanized animals
having the necessary receptor to allow the pathogen to attach
and disseminate within the host. When established, it might
allow to explore anti-infective probiotic potentials against Listeria
(Archambaud etal., 2012).

CANCER MODELS

While animal models exist for chemopreventive and chemother-
apeutical drugs for e.g., mammary and ovary cancer, bladder,
and prostate cancer, esophagus and colon cancer, lung and pan-
creas cancer, skin head and neck cancer, most studies involving
probiotics focused on colorectal cancer (CRC), as it represents
the most common malignancy of the GIT and has been linked
to dietary habits and a Western lifestyle. Many indications have
indeed pointed toward the importance of the microbiota in the
increased risk for CRC development. Several possible mechanisms
for reducing the risk for CRC development have been suggested,
each supported by in vitro and in vivo models (Uccello etal.,
2012). Probiotic intervention intends to alter the metabolism of
the microbiota by reducing intestinal enzymes that promote the
production of potential carcinogenic substances: B-glucuronidase
that produces aglycons, or nitroreductase and azoreductase, which
produce free amines from aromatic nitroso compounds and azo
dyes respectively (Goldin and Gorbach, 1984).

A second mechanism includes the direct inactivation of poten-
tial carcinogenic compounds, such as mutagenic derivatives of
heterocyclic aromatic amines. Commensal bacteria have been
found to bind or metabolize these compounds, resulting in
reduced mutagenicity in HCA exposure models (Kumar etal.,
2010), reduced bioavailability of other mutagens in the GIT and

tissues in mice (Orrhage etal., 2002) or increased detoxification in
rats (Challa et al., 1997). Another way to study probiotic efficiency
in reducing the prevalence of CRC is the IL-10 KO mice model
(O’Mahony etal., 2001), leading to spontaneous colitis and colon
cancer development.

Improving the host’s immune response by activation of
antigen-presenting cells, natural killer cells or subsets of T and B
cells is another way to promote antitumor activity in mice (Sekine
etal., 1985) and may explain some of the observations in syngeneic
mice and guinea pigs on Lewis lung carcinoma and line-10 hep-
atoma (Matsuzaki et al., 1985), as well as in bladder cancer in man
(Aso etal., 1995). The same probiotic strain was also shown to
have a positive effect on transplantable tumor cells and to sup-
press chemically-induced carcinogenesis in rodents (Matsuzaki
etal., 1988). A component of the polysaccharide peptidoglycan
complex was shown to improve colitis-associated cancer in mice
(Matsumoto et al.,2009). Measuring survival rates of mice injected
with tumor cells is another model that can be used to test or com-
pare the potential of different probiotic strains to increase cellular
immunity (Lee etal., 2004).

Anti-proliferative effects by regulation of apoptosis and cell
differentiation have been described in response to the carcino-
gen azoxymethane (AOM; Le Leu etal., 2005), which may be
linked to reduced levels of ornithine decarboxylase involved in
polyamine biosynthesis (Moorehead etal., 1987). Butyrate also
enhances cellular differentiation and reduces proliferation (Top-
ping and Clifton, 2001). Butyrate may be used as an energy source
by the colonocytes and together with other SCFAs they may reduce
the colonic pH and the concentration of secondary bile salts. In
addition, conjugated linoleic acids (CLAs) were also shown to have
anti-inflammatory and anti-carcinogenic effects (Kim and Park,
2003; Ewaschuk etal., 2006; Evans etal., 2010), possibly through
the activation of PPARY.

Besides for CRC, the Apc™" mouse model can also be used
in the case of mammary tumorigenesis (Moser etal., 1995). Chen
etal. (2009) used this model to examine the quantitative and mech-
anistic effects of probiotic yeast on the induction of intestinal
tumors. Clearly a large number of models exist for the investiga-
tion of probiotic activities on cancer, reflecting the many possible
mechanisms of probiotic activity, as well as the intense cancer
research activity.

MODELS LOOKING INTO METABOLIC DISORDERS

Metabolic syndrome (MS) is a complex multifactorial disorder
involving genetic predisposition, life style, diet, and environmen-
tal factors and is almost always accompanied by an increased risk
of cardiovascular diseases and type 2 diabetes, and possibly also
non-alcoholic fatty liver disease (NAFLD) and hypertension. Obe-
sity is the most important precursor for MS, especially on a longer
term. Pro- and prebiotics can play a role in weight management, as
obesity was found to be linked to a dysbalance of the microbiota,
both in mice and man (Ley etal., 2005). Turnbaugh etal. (2008)
investigated the inter-relationship between diet, microbial ecology
of the gut and energy balance using a Western diet-induced obesity
model in mice. This diet induced a dominance of the Firmicutes
in the distal gut microbiota which could be reversed by subse-
quent dietary manipulations to limit weight gain. Interestingly
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the transplantation to germ-free lean mice of the microbiota from
mice with diet-induced obesity, increased significantly more the
adiposity in the recipient mice than transplants from lean donor
mice. Possible mechanisms include a change in intestinal perme-
ability, leading to decreased translocation of lipopolysaccharides
in the microbiota of lean mice and therefore to decreased inflam-
mation and abdominal adiposity (Cani etal., 2008). Also the
importance of A. muciniphila in this process has recently been
illustrated (Everard etal., 2013). Overall these observations have
fuelled the idea of using probiotics and prebiotics in dietary strate-
gies for weight management (Nicholson etal., 2005; Cani etal,,
2009). Again, several mechanisms, and thus several models, can
be considered to improve gut microbial balance: CLA production
(Lee etal., 2006), polyphenol supplementation, low amounts of
probiotics (Rastmanesh, 2011), prebiotic intake, decreased food
intake, increased satiety, increased barrier function or ways to
decreased abdominal adiposity or total cholesterol levels (Yadav
etal.,2008). Since it is impossible to describe all MS related animal
models here, it is important to note that the cause/consequence
relationship is not clear when only considering the composition
change of the microbiota related to obesity, as many of the models
involve high-fat diets, also directly affecting the microbial compo-
sition (Hildebrandt etal., 2009). The use of germ-free mice with
standardized nutrition might help to study the direct impact of a
particular microbiota composition on MS. The observed shifts in
the microbiota composition may have an impact on the barrier
function, but they have also been linked to functional shifts (e.g.,
production of SCFAs) in the microbiota which can contribute to
an obese phenotype (Turnbaugh etal., 2006). Important to notice
as well, is the observation that the situation in humans seems to be
different from mice, since bacteroidetes-related taxa were either
reported to increase, to remain unchanged, or to decrease after
weight loss (Duncan etal., 2008; Nadal etal., 2009). The detec-
tion of the ob and db genes in mice led to the development of
several animal models to study obesity effects (Ingalls etal., 1950;
Hummel etal., 1966; Comuzzie and Allison, 1998). The ob gene,
located on chromosome 6, encodes the hormone leptin and ren-
ders ob/ob mice massively obese, with marked hyperphagia and
mild transient diabetes, while the db gene, located on chromo-
some 4, codes for the leptin receptor and renders the db/db mice
markedly obese with hyperphagia, but with severe, life-shortening
diabetes.

One can conclude that the complex interplay between genetics,
environment, diet, the microbiota and its metabolism or the bar-
rier and immune function of the host, make it difficult to develop
all-round animal models. Partial mechanisms may need to be put
forward for independent evaluation, with the total picture being
obtained through the combination of different in vitro and in vivo
models. Translation from animal to man may also prove to be
difficult, because of this complexity.

MODELS FOR AUTO-IMMUNE DISEASES

Similarly to MS, auto-immune disease (AID) covers a broad range
of possible diseases (type 1 diabetes, multiple sclerosis, rheumatoid
arthritis, pemphigus vulgaris, scleroderma, Sjogren’s syndrome,
etc.) involving, besides genetic factors, also an aberrant intesti-
nal microbiota, a disturbed mucosal barrier and altered intestinal

immune responsiveness. All these factors share functional links
and will therefore determine the models to be considered for
more in depth study of probiotic mechanisms or for comparing
different strains. Since probiotics have the potential to inter-
fere with all three factors, one will need to try and find strains
that have the capacity to change in a positive direction any, or
any combination, of these factors. As for the intestinal immune
responsiveness, interest will be in anti-inflammatory probiotics,
as chronic inflammation underlies many AIDs and is often at
the start of its development, as in rheumatoid arthritis. It is also
not clear if the AID is caused by inflammation, or the other way
around.

Animal models such as the non-obese diabetic mice will spon-
taneously develop diabetes resembling human insulin-dependent
diabetes mellitus (Gepts and Lecompte, 1981; Kataoka et al., 1983).
The fact that in these mice a progressive lymphocytic infiltra-
tion of autoreactive CD8" T cells into the islets of Langerhans
will cause insulitis positioned the model as a model of AID. In
another model, considered a good model of rheumatoid arthri-
tis in humans, a probiotic strain prevented the onset of type
II collagen-induced arthritis in DBA/1 mice (Kato etal., 1998).
Results suggest that the probiotic was able to modify the systemic
humoral and cellular immunity and could elicit alterations of the
immune state in this model. In general there are many conflicting
data on the effect of probiotics in AID. In part this uncertainty
comes from the diversity of the strains evaluated, while the differ-
ent genetic backgrounds of the host might also be an important
reason.

FUTURE PERSPECTIVES FOR THE USE OF /N VIVO TESTS IN PROBIOTIC
RESEARCH

To increase the accuracy of animal models, multi-humanized mice
can be considered, carrying functional human genes, cells, tissues,
or organs. Immune-deficient mice are often used as recipients for
human cells or tissues, because they can relatively easily accept
heterologous cells due to lack of host immunity. Traditionally,
nude mice and severe combined immunodeficiency (SCID) mice
have been used for this purpose, but many other models have been
shown to engraft human cells and tissues even more efficiently (Ito
etal., 2008). These humanized mouse models may assist to model
the human immune system in various scenarios of health and
disease, and may enable the evaluation of therapeutic candidates
in an in vivo setting more close to human physiology. While those
specific humanized mice are commonly used in biological and
medical research for human therapeutics, they do not frequently
appear in probiotic research yet.

Given the importance of the microbiota for many immune and
metabolic functionalities of the host, the development and use
of mice models with an artificially composed microbiota, e.g., a
human microbiota, might help to better mimic the human con-
dition. The use of axenic or monoxenic mice may help to unravel
the “egg or the chicken” question mentioned above. The impact
of a dietary intervention with or without a microbiota can learn
interesting things about the direct influence of the administered
probiotic versus e.g., an indirect metabolic or microbiological
effect or can show the direct impact on the immune system of
any planned intervention.
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As for the ethical problem of using animal models, interest-
ing developments such as seen at the Wageningen University in
The Netherlands, may bring some solution in the future. In sil-
ico solutions may try to represent the interactions of the pig gut,
the nutrients and other feed/food components with the residing
microbes and with epithelial cells. All elements are considered as
nodes in a mathematical model, together with their mutual, quan-
titative dependencies®. Using these model interactions, a number
of higher level processes related to intestinal immunity, tolerance
and barrier functions can possibly be simulated, and conditions as
gut homeostasis could possibly be better understood. On a longer
term, the model may even evolve into a dynamic and predictive
one, allowing to test hypotheses.

DISCOVERING PROBIOTICS WITH GENETICS AND OMICS
STRESS RESPONSES

Over the past two decades several attempts have been made to iden-
tify molecular markers that would facilitate the rapid selection of
probiotic strains (Table 3). To elucidate the complex adaptation
mechanisms of probiotic microorganisms under stress conditions,
several genetic and omics studies have been conducted in an
attempt to identify gene expression and/or protein production
patterns related to stress. The exposure of cells to gastric acid-
ity causes reduction of intracellular pH, which adversely affects
numerous cell wall and transmembrane-based processes and dam-
ages proteins, nucleic acids and other cellular macromolecules. To
resist acid stress, microorganisms employ mechanisms aiming at
the maintenance of the intracellular pH homeostasis, the repair of
macromolecular structures like the cell envelope or ribosomes and
other damaged molecules (Lebeer et al., 2008). Heat shock proteins
are molecular chaperones involved in the repair of acid-damaged
proteins. Many studies have demonstrated that several heat shock
proteins, e.g., DnaK, GroES, GroEL, GrpE are induced by acid
stress, but their induction varies among different species/strains
(Hamon etal., 2014). In parallel, the Clp proteases (e.g., ClpP,
CIpE, ClpL) are also induced under acid stress targeting denatured
proteins to re-fold them to the appropriate structure or to degrade
them if they are beyond repair (Ferreira etal., 2013; Hamon etal.,
2014). Genes implicated in DNA repair were also found to be up-
regulated under acidic stress (e.g., uvrB, uvrDI, vsr; Jinetal., 2012).
Furthermore, an essential component in the response against low
pH is the up-regulation of the F;Fy-ATPase (Sanchez etal., 2008;
Jin etal., 2012; Koponen etal., 2012). The various subunits of this
multimeric enzyme are being encoded by eight genes found on
the atp acid inducible operon. The F;Fy-ATPase lowers the cyto-
plasmic concentration of protons by virtually extruding them to
the extracellular environment at the expense of ATP which can
ultimately lead to energy depletion and growth arrest. The com-
position of the cell envelope is also altered upon exposure to acidic
conditions to decrease its permeability to protons. Genes and pro-
teins involved in peptidoglycan biosynthesis (e.g., manB, glmU,
dapA, glycosyltransferases), in D-alanylation of lipoteichoic acids
(e.g., dit operon), in fatty acid (e.g., fab genes) and exopolysaccha-
ride (EPS; e.g., Etk-like tyrosine kinase) biosynthesis were induced

Zhttp://www.wageningenur.nl/en/project/Models-of-dietary-effects-on-immune-
responses-in-pigs-6.htm

to ameliorate the cells’ resistance to acid stress (Perea Velez et al.,
2007; Jin etal., 2012; Koponen etal., 2012). In addition proteins
involved in cell envelope biogenesis (e.g., FabF, RfbB, RfbC) were
shown to have a strain-specific role in acid tolerance (Hamon
etal,, 2014). The gene luxS exhibited enhanced expression under
acidic conditions in several probiotics, implicating quorum sens-
ing (QS) in acid stress resistance (Moslehi-Jenabian etal., 2009;
Koponen etal., 2012).

As discussed above, having survived the hostile environment
of the stomach, probiotics next have to face bile in the duode-
num. Many transcriptomics and proteomics studies have been
performed to determine bile resistance factors in probiotic strains.
Interestingly, several of the pathways that are activated during acid
stress in the stomach seem to be involved in the ability of probi-
otics to adapt to bile, as well. Responses against bile include the
increased expression of molecular chaperones (e.g., GroEL, GroES,
HSP20, DnaK), proteases (e.g., Clps, DegQ), DNA repair proteins
(e.g., helicase) and of the F;Fy-ATPase (Wu etal., 2010; Hamon
etal., 2011; Ruiz etal., 2012; Ferreira etal., 2013; An etal., 2014).
Genes involved in EPS (e.g., eps, welG) or fatty acid biosynthe-
sis (e.g., acc, fab) have been found down-regulated (Koskenniemi
etal.,, 2011; An etal, 2014). In contrast the dit operon was up-
regulated (Koskenniemi etal., 2011). It is generally accepted that
cells attempt to protect the integrity of the cell envelope by appro-
priately regulating cell wall and cell membrane processes (Lebeer
etal., 2008). Apart from these generic mechanisms that may also
be induced by other stresses, there are some that are obviously
specific for bile stress. The BSHs encoding genes were found to
be up-regulated under bile stress in many studies (Hamon etal.,
2011; Koskenniemi etal., 2011; An etal., 2014). However, this
is not always the case indicating differences in the regulation of
BSH among probiotic strains (Sanchez etal., 2007). Bile export
from the cell is another mechanism to counterbalance bile toxi-
city. Permeases of the major facilitator superfamily (MFS) have
been found to be up-regulated and could play a similar role
with the bile-inducible efflux transporter BetA. Also ABC (ATP-
binding cassette) transporters could play a role in bile expulsion
(Koskenniemi etal., 2011; Ruiz etal., 2012; An etal., 2014). Pro-
biotic microorganisms also use multidrug resistance (MDR) bile
efflux transporters to actively pump bile salts out of the cyto-
plasm. Several MDR genes (e.g., betA, ctr) have been reported to
be induced under bile stress (Price etal., 2006; Gueimonde et al.,
2009).

The molecular basis of the stress physiology of LAB and other
probiotics has advanced rapidly over the past years (Bron etal,,
2011; Upadrasta etal., 2011). As our understanding of the stress
response mechanisms have increased, a plethora of genes could
have been selected as molecular markers for identifying robust
probiotic strains. However, this approach has not been followed
yet for a number of reasons. A closer look at the lists of genes
involved in stress resistance reveals that many of them are well
conserved and thus their presence does not reveal anything for the
strain under investigation (e.g., heat shock proteins, F; Fy-ATPase,
etc.). In fact, several of them are housekeeping genes involved in
central cellular processes and thus it is unlikely that they will be
missing from the bacterial genome. In such cases it is the enzymatic
activity of the relevant protein or protein complex that is
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decisive and it needs to be experimentally confirmed. For example
a bile-resistant mutant of Bifidobacterium lactis subsp. animalis
overexpessing the F; Fo-ATPase resisted acid stress better than the
parental strain (Sanchez etal., 2006). Finally, at this stage, very
few genes could be directly related to the robustness to a specific
stress. The presence of BSHs genes as an example, is indicative for
resistance to bile stress. However, this information on its own is
not sufficient to provide us with the overall behavior of a strain
under the multitude of probiotic stresses. The identification of
more sequences, linked to their respective specific phenotypes,
may lead to the construction of databases with a more predictive
value.

ADHESION TO THE HOST

As discussed above, adhesion to the host’s cells could be a signifi-
cant characteristic of probiotics. Temporary colonization may be
necessary for the probiotic to exert its properties e.g., the compet-
itive exclusion of pathogens and the modulation of the immune
system. A potential mechanism for adhesion to the host implicates
the binding of molecules exposed on the surface of microbial cells
to the mucus layer of the host’s intestine. Mucus-binding proteins
(Mubs) hold an important role in the process of probiotics’ adher-
ence to the host. Mubs are cell-surface proteins, characterized by
the presence of a C-terminal cell wall anchoring motif (LPXTG)
and multiple Mub repeats, homologous to the MucBP domains
(Boekhorst et al., 2006) which bind to mucins and glycans. Several
mub genes and Mub proteins have been determined in probiotic
strains (Azcarate-Peril etal., 2008; Mackenzie etal., 2010; Weiss
and Jespersen, 2010; Turpin etal., 2012). Surface (S-) layer pro-
teins also play a pivotal role in the adhesion of probiotics. The
slpA gene encoding the surface-layer protein A (SlpA) has been
shown to be involved strongly in adhesion capacity (Ashida etal.,
2011; Beganovic etal., 2011; Turpin et al., 2012) and has been also
identified in the genome of probiotic propionibacteria (Falentin
etal.,, 2010). Some probiotic strains which are devoid of S-layer
proteins, encode the aggregation promoting factor (Apf) which
shares several features with the S-layer proteins (Ventura etal.,
2002; Turpin et al., 2012). Additionally, sortase-dependent surface
proteins may also play an important role concerning the adhe-
sion to the host. It has been demonstrated that disruption of the
housekeeping sortase gene srtA led to reduced bacterial adhesion
to epithelial cells (Munoz-Provencio etal., 2012). A major target
for bacterial adhesins is fibronectin, an extracellular matrix glyco-
protein. A transcriptomics study revealed that the gene encoding
a fibronectin-binding protein was significantly up-regulated dur-
ing incubation in duodenal juice and bile (Weiss and Jespersen,
2010). Genome analysis of a probiotic strain showed that the
presence of FbpA protein may be responsible for adhesion to the
extracellular matrix of epithelial cells (Azcarate-Peril etal., 2008).
In a recent study, Vastano etal. (2014) demonstrated that the
moonlighting protein E1 B-subunit of the pyruvate dehydrogenase
complex, which is encoded by the pdhB gene, is an element related
to fibronectin-binding. Some probiotic strains are equipped with
proteinaceous surface appendages, such as pili or fimbriae, which
facilitate their adhesion to human gut cells. In Gram positive bac-
teria the assembly of pili relies mostly upon a sortase-dependent
mechanism (Mandlik etal., 2008). Gene clusters responsible for

the biosynthesis of pili have been identified in the genomes of pro-
biotic lactobacilli (e.g., spaCBA, spaFED; Kankainen etal., 2009;
Douillard etal., 2013) and bifidobacteria (e.g., pil2, pil3, fiml,
fim2, fim3; Gilad etal., 2011; Westermann etal., 2012; Turroni
etal., 2013). Moreover, genetic analysis of several probiotic bifi-
dobacteria strains revealed the existence of pilus gene clusters in
their genome. Each cluster was organized in an operon and con-
tained the major pilin subunit-encoding gene (firmA or fimP) along
with one or two minor pilin subunit-encoding genes (firB and/or
fimQ) and a gene encoding a sortase enzyme (strA; Foroni etal.,
2011). Genes involved in the assembly of the tide adherence (Tad)
pilus found in bifidobacteria has also been reported (Westermann
etal., 2012). Proteomic and genomic analyses have shown that
moonlighting proteins (e.g., ENO, GAPDH, EF-Tu) and proteins
related to stress response (e.g., DnaK, GrpE, GroEL, GroES) pro-
mote the adhesion of probiotics (Sanchez etal., 2005; Candela
etal., 2009; Izquierdo etal., 2009; Gilad etal., 2011; Turpin etal.,
2012; Le Marechal etal., 2014).

In contrast to stress related genes, genes involved in adhesion
may be more informative about the properties of a strain. The
presence of genes encoding adhesive molecules is still considered
beneficial for selecting a probiotic strain as it might increase its
interaction with the host. The adhesion biology of bacteria (both
probiotics and pathogens) is a field evolving fast and detailed
molecular mechanisms are being elucidated. These developments
are expected to significantly improve the selection of probiotic
strains. For example in silico analysis of these molecules may help
to determine the nature of the adhesion sites (e.g., binding to
fibronectin, mucin, etc.). Validation of the predicted adhesive
potential of a strain is relatively straightforward with in vitro and
in vivo assays as described earlier.

HUMAN MILK OLIGOSACCHARIDES AND MUCUS DEGRADATION
Mucins can modulate bacterial colonization as a direct energy
source (Derrien etal., 2010). The gene pool of bifidobacteria con-
tains several genes involved in the metabolism of human milk
oligosaccharides (HMOs) and host-derived carbohydrates, like
mucins. These genes allow the adaptation of these bacteria to
the human GIT (Pokusaeva etal., 2011; De Bruyn etal., 2013).
Genomic analysis of several bifidobacterial strains has given use-
ful insights about the molecular mechanisms supporting these
processes.

The genome sequence of B. longum subsp. infantis ATCC
15697 was found to contain a novel 43 kbp gene cluster encod-
ing genes predicted to be involved in the catabolism of HMOs
(Sela etal., 2008) as well as a great number of solute binding pro-
teins (F1SBPs). The latter are part of ABC transporters and they
are associated with the import of oligosaccharides. Furthermore,
the expression of specific binding proteins related to HMO iso-
mers import was induced under growth on HMO (Garrido etal.,
2011). It was also shown that this probiotic bacterium uses two
different B-galactosidases for the degradations of type-1 and type-
2 HMOs (Yoshida etal., 2012; De Bruyn et al., 2013). Furthermore,
in the genome sequence of B. animalis subsp. lactis ADO11, several
glycosylases were identified which are associated with the degrada-
tion of HMOs (Kim et al., 2009). Proteomic analysis of B. bifidum
PRL2010 showed that among the mucin induced proteins were
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a variety of glycosyl hydrolases, while transcriptional profiling
led to the identification of several mucin-induced genes encod-
ing for different components (e.g., exo-a-sialidases, fucosidases,
PTS systems, ABC-type carriers, specific permeases; Turroni etal.,
2010a, 2011). Two B. bifidum strains containing engBF and afcA
genes, encoding for endo-a-N-acetylgalactosaminidase and 1,2-
a-L-fucosidase respectively, were able to degrade high-molecular
weight porcine mucin in vitro. The expression of both genes was
highly induced in the presence of mucin (Ruas-Madiedo etal.,
2008). Moreover, two novel a-N-acetylgalactosaminidases from
B. bifidum JCM 1254 have been identified, NagBb (Kiyohara
etal,, 2012) and AgnB (Shimada etal., 2014). These enzymes
exhibit activity against the core structures in mucin O-glycans.
Concerning the probiotic lactobacilli, proteomic analysis of Lac-
tobacillus fermentum 15007 after exposure to jejunal environment
in vivo, disclosed the induction of a glycoside hydrolase, a mucin
degrading enzyme (Yang etal., 2007).

In addition, mucins play a crucial role in the protection of the
intestinal barrier function. Mucin degradation by intestinal bacte-
ria and its use as a carbon source stimulate goblet cells to increase
mucus production. Probiotics may also influence the production
of mucin directly during adhesion or through other mechanisms.
A mutant of the probiotic L. plantarum 299v strain lacking the
adhesion gene (adh), lost the potential to induce mucin secretion
(Mack etal., 2003). A recent study demonstrated that the soluble
protein p40 from the probiotic strain L. rhamnosus GG, stimulates
the activation of epidermal growth factor receptor (EGFR), which
promotes the up-regulation of mucin production in goblet cells.
Therefore p40 may contribute to the protective mechanism of the
intestinal epithelium from injury and inflammation (Wang etal.,
2014).

The ability of probiotics to degrade hosts glycans and use host
oligosaccharides as an energy source is a very important property.
The presence of genes whose products are involved in these pro-
cesses in the genome of a strain is a clear indication about the
adaptation of this particular strain to the GIT. Such strains may
have a competitive advantage over other strains in prevailing and
colonizing the GIT. The stimulation of mucin production by pro-
biotics is also very interesting as it can facilitate increased binding
sites for probiotics and improved gut barrier functions.

MODULATION OF THE IMMUNE SYSTEM

Probiotic bacteria can modulate the response of the host’simmune
system, interacting with IECs and DCs. It was demonstrated that
the p40 and p75 proteins, purified from L. rhamnosus GG, stimu-
late activation of protein kinase B (Akt), promote cell growth, and
inhibit TNF-a (Yan etal., 2007). Homologues of these proteins
have been also found in several L. casei strains (Yan etal., 2007;
Bauerl etal., 2010). The study on the extracellular proteome of B.
animalis subsp. lactis BB-12 revealed six proteins with potential
immunogenic effect (e.g., ClpB and Rpf; Gilad etal., 2011). In L.
plantarum strains, six genetic loci were determined with poten-
tial impact on the production of the cytokines IL-10 and IL-12
by PBMC:s. These loci included genes which might induce anti- or
pro-inflammatory immune responses in the intestine (van Hemert
etal,,2010). Genetic loci that might regulate the immune response
of DCs were also identified in L. plantarum WCES1 (Meijerink

etal,, 2010). SIpA has been shown to induce IL-10 production in
DCs (Konstantinov etal., 2008) and to intensify immune protec-
tion by conferring resistance to infection by Salmonella enterica
serovar Typhimurium FP1 (Beganovic etal., 2011). Moreover,
proteomic analysis of the surface proteins of Propionibacterium
freudenreichii ITG P20 strain revealed that several SLPs (e.g., InlA,
LspA, SIpE, SlpA, SlpB) are contributing factors in the induction
of the IL-10 and IL-6 regulatory cytokines (Le Marechal etal.,
2014).

Serine protease inhibitor (serpin)-encoding genes (ser) are
found in several bifidobacteria and they are involved in the inhibi-
tion of elastases, components related to intestinal inflammation
(Turroni etal., 2010b). It has also been shown that B. breve
UCC2003 produces a cell surface-associated EPS, encoded by each
half of a bidirectional gene cluster, which evokes a weak adap-
tive immune response and it provides protection against the gut
pathogen Citrobacter rodentium (Fanning etal., 2012).

Defensins are inducible antimicrobial peptides of the innate
immune system, which play an important role in host defenses
(Ganz, 2003). It has been demonstrated that the protein flag-
ellin, produced by the probiotic strain E. coli Nissle 1917, induces
the expression of human B-defensin 2 (hBD-2) by the intesti-
nal epithelium (Schlee etal., 2007). Mutants devoid of the gene
responsible for the production of flagellin, presented decreased
ability to induce hBD-2.

Our understanding of the mechanisms involved in the mod-
ulation of the host’s immune responses by probiotics is far from
complete. Even though several genetic and omics studies have
shed some light on the relevant mechanisms there is much ground
to be covered. Novel developments in meta-transcriptomics and
meta-proteomics are expected to speed up research in this field
since they will allow the direct study of the interactions between
microorganisms and the cell of the host. Currently, it is very diffi-
cultto determine a prioriwhether a strain could modulate immune
responses (beneficial or not), based solely on sequence data. This
is the main reason making it necessary to assess immunomodula-
tory properties during screening for probiotics with in vitroand/or
in vivo tests.

PRODUCTION OF ANTIMICROBIAL COMPOUNDS

Probiotic strains often produce an array of antimicrobial com-
pounds. Several of these, like organic acids (e.g., lactic acid)
are primary metabolites. In most of these cases, the molecu-
lar players of these metabolic pathways for those molecules have
been well studied. Other antimicrobial compounds are secondary
metabolites, like bacteriocins. The biosynthetic regulons of many
bacteriocins have been described and their mode of action has
been elucidated. The beneficial effect of bacteriocin-producing
probiotic strains against invasive enteropathogens has been well
established in vivo. It has been demonstrated that the bacteriocin
Abp118, produced by L. salivarius UCC118, was active against
Listeria monocytogenes in mice (Corr etal., 2007). High through-
putsequencing of bacterial genomes allows the rapid identification
of genetic loci related to bacteriocin production and/or immunity.
However, bacteriocins should not strictly be considered as antimi-
crobials. For example it has been demonstrated that six genes of L.
plantarum WCFS]1 associated with the plantaricin biosynthesis and
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secretion, regulated the production of pro- and anti-inflammatory
cytokines of DCs (Meijerink etal., 2010).

QUORUM SENSING

QS is a communication mechanism among bacterial cells which
allows the orchestrated expression of genes within bacterial pop-
ulations. Its function relies on signaling molecules known as
autoinducers. In Gram negative bacteria QS signaling relies on N-
acylhomoserine lactones (AHL), while in Gram positive bacteria
this procedure is dependent upon small cyclic and linear peptides
(Waters and Bassler, 2005).

In L. plantarum WCES1 genome an agr-like two component
regulatory system, encoded by the lamBDCA operon, was identi-
fied. This operon contained four genes encoding an autoinducing
signaling peptide (AIP) modification protein (lamB), an AIP
(lamD), a membrane-located histidine protein kinase (lamC) and
a cytoplasmic response regulator (lamA). This system encodes for
a cyclic thiolactone autoinducing peptide (CVGIW) which reg-
ulates the adhesion capability of the strain (Sturme etal., 2005).
The same strain was shown to carry a second agr-like QS sys-
tem encoded by the lamKR operon, which was similar to the
lamBDCA operon, suggesting analogous function (Fujii etal.,
2008). The probiotic strain E. coli Nissle 1917 was shown to
produce AI-2 molecules (e.g., furanosyl borate diester), involv-
ing the /uxS (autoinducer) gene expression. These molecules were
found to influence the induction of anti-inflammatory cytokines
in a mouse model of acute colitis (Jacobi etal., 2012). In L. aci-
dophilus NCFM, the transcription of the [uxS gene was notably
increased after co-cultivation with live Listeria monocytogenes
cells, indicating the important role of signaling molecules to
the adhesion and the competitive exclusion of pathogens in the
GIT (Buck etal., 2009; Moslehi-Jenabian etal., 2011). B. ani-
malis subsp. lactis BB-12 produces a QS system related peptide
(CHWPR). It has been demonstrated that this peptide enhances
the expression of two genes in somatic cells, the gene c-myc, the
deregulation of which has been associated with several forms
of cancer, and IL-6, an anti- and pro-inflammatory cytokine
(Mitsuma etal., 2008). The role of AI-2 signaling molecule to
the adhesive potential of probiotic lactobacilli has also been
addressed. It has been established that the disruption of the luxS
gene reduced significantly the adherence to IECs (Buck etal,
2009).

QS is a very important aspect that may dramatically affect the
efficacy of probiotics in vivo. Probiotics are entering an already
established microbiome, including established biofilms, in which
they need to be incorporated. In such an ecological system inter-
and intra-species communication is vital to secure temporary col-
onization of the host, release of antimicrobial compounds and
competitive exclusion of pathogens. Evidently, there is an ongoing
communication between the microbiome (including any probi-
otic strain present) and the cells of the host, perhaps beyond
immunomodulation. Detailed knowledge about these phenomena
may allow us to optimize the probiotic effect.

PRODUCTION OF NUTRIENTS AND OTHER BENEFICIAL PROCESSES
Production of nutrients in the GIT by probiotic bacteria is an
essential process for both the host and the microbiome. In silico

genome analysis of two L. reuteri strains revealed genes responsi-
ble for the production of vitamins, essential amino acids, lactate
and SCFA (Saulnier etal., 2011). It was shown that both strains
hold complete biosynthetic pathways for folate and vitamin B12
and that one of the strains carried also a pathway for the produc-
tion of vitamin B1. Analysis of the P. freudenreichii CIRM-BIA1T
genome revealed genes associated with the production of SCFAs
and the precursor of menaquinone (vitamin K2), a bifidogenic
compound (Falentin etal., 2010). The fos gene cluster of B. ani-
malis subsp. lactis ADO11 is another bifidogenic agent, since it is
implicated in the processing of health-promoting fructooligosac-
charides (Kim etal., 2009). This cluster was shown to have high
similarity to the relevant operon described for B. breve UCC2003
(Ryan etal., 2005). Furthermore, probiotic bacteria appear to
hold a significant role in the modulation of nutrient absorp-
tion and in the regulation of the host’s energy balance. Several
bifidobacteria possess genes encoding for ABC carbohydrate trans-
porters. The latter contribute to the high consumption rate of
specific carbohydrates resulting in high production of acetate, a
metabolite which confers protection from enteropathogenic infec-
tion (Fukuda etal., 2012). Furthermore, genetic and proteomic
analysis of L. acidophilus A4 revealed that the catabolite con-
trol protein A (ccpA) is probably involved in the reduction of
total serum cholesterol by influencing the expression of several
membrane associated proteins. These proteins may play a role in
the adhesion of the cholesterol to the bacterial cells and conse-
quently, in the process of lowering blood cholesterol (Lee etal.,
2010).

FUTURE PERSPECTIVES FOR THE USE OF OMICS IN PROBIOTIC
RESEARCH

Several aspects of the molecular mechanisms that underpin pro-
biotic properties have been elucidated. Original studies relied
on molecular analysis of single genes and proteins. Over the
last decade the advent of omics technologies have allowed the
study of probiotic organisms at the whole genome level (Guei-
monde and Collado, 2012). Today, metagenomics methodologies
are revealing the composition of complex ecosystems and their
biology (Qin etal., 2010; Upadrasta etal., 2011). All niches of
the human body carry microbiomes that diverge according to the
specific compartment, the age and the dietary habits of the indi-
vidual and many other factors (Ravel etal., 2014). Meta-omics
offer for the first time the proper tools for understanding the
in vivo behavior of probiotics in contrast to simulated condi-
tions involving pure or only a handful of microbial cultures. As
omics technologies become cheaper the genome sequencing of
microorganisms will become a routine practice. Incorporation
of novel functional data through high throughput transcrip-
tomics and proteomics into databases will ultimately facilitate
the in silico assessment of the probiotic potential of candidate
microorganisms. It is too early to speculate whether in silico anal-
ysis will totally abolish experimental approaches. It is certain
though that as our understanding of the molecular biology of
probiotic properties improves, we will be able to design more effi-
cient and more sophisticated in vitro and in vivo tests. Finally
the cataloging of the human microbiome has already opened
up the door for considering new categories of microorganisms
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as potential probiotics beyond the usual suspects (i.e., LAB and
bifidobacteria).

CONCLUSION

In this review we presented a detailed overview of the differ-
ent methodologies employed for the discovery of new probiotic
strains. The diversity of screening assays is considerable and their
efficacy variable. Some assays are more applicable for screen-
ing high numbers of strains while others are more appropriate
for validating the probiotic properties of a handful of strains.
There is no bulletproof procedure or workflow for selecting pro-
biotics than perhaps the actual testing of candidate strains on
the target population (Rijkers etal., 2010). However, consid-
ering the limitations of human trials, traditional in vitro and
in vivo assays along with novel omics approaches will remain
important. To take full advantage of probiotics for the health
of humans a methodological evolution is needed. For exam-
ple, new “humanized” animal models may be necessary to study
host-microbe interactions. Such developments need to go hand
in hand with improvements in legislation, ethics, if we want
to meet the scientific and technological challenges of probiotic
research.

Today, in most parts of the Western world, the acceptance of
health claim dossiers is very difficult. In Europe the use of the
term “probiotic” has been banned in communications toward the
consumer. In the food area, except for a health claim on lac-
tose tolerance for yogurt, none of the 300 bundled health claim
dossiers have been approved. It can be hoped that a more profound
study of the mechanisms of action and a better understanding of
the microbiome functioning and its dynamics with the host, will
provide the health claim evaluation panels with the necessary evi-
dence to consider a wider legal acceptance of health claims. While
some of the technological evolutions mentioned in this review
have the potential to contribute significantly to this, the willing-
ness to consider new types of probiotics, such as F. prausnitzii or
A. muciniphila, currently not yet available on the market, will be
crucial.

Not treated in this review is the importance of the production
process. With these new, highly anaerobic organisms such as F.
prausnitzii or A. muciniphila in mind, it will be important for pro-
biotic producers to come up with new production processes and
modified preservation and administration strategies to guarantee
the delivery of active strains to the consumer or patient. As several
papers have shown (van Baarlen etal., 2009; Lebeer etal., 2011,
2012; Bron etal., 2012; van Bokhorst-van de Veen etal., 2012)
the (industrial) processing of a probiotic preparation has a fun-
damental impact on the functionality in the host. Viability, the
presence or absence of pili, the cell wall condition, the matrix
or the growth stage of the probiotic, they all seem to have an
important influence on its performance and its interaction with
the host. Defining the mechanism of action of a probiotic might
therefore also include some critical parameters of the production
process.

Without any doubt, the continued development of omics tech-
nologies will assist in alleviating the shortages currently faced
with the traditional in vitro and in vivo models. Although it may
take a while before we can predict probiotic functionality directly

from genomic and metagenomic information, the use of omics
approaches to follow up on interesting in vitro or in vivo observa-
tions is very likely going to speed up research progress in the field
of probiotics in the near future.
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Bacterial vaginosis is one of the most common urogenital diseases affecting women
in reproductive age. The administration of probiotics as vaginal suppository has been
proposed as a strategy to cure this condition and reduce its recurrence. Nonetheless,
also oral consumption of probiotics, which is a more practical route of administration,
proved to be an efficient strategy. In this perspective, we studied Lactobacillus paracasei
LPC-S01 (DSM 26760), a human vaginal isolate included in commercial probiotic
preparations for topical use, in order to assess if this bacterium can also perform
as gastrointestinal probiotic. Comparative genomics revealed the presence of several
accessory genes suggesting that LPC-S01 is a niche-generalist member of its species.
According to a procedure conventionally used to predict the probiotic potential, we
demonstrated that the probiotic properties of strain LPC-S01, with respect to those
of the well-known probiotic references L. paracasei Shirota and DG, are equal for the
bile tolerance and the reduction of NF-kB activation in Caco-2 cells, or superior for
the tolerance to gastric juice and the adhesion to Caco-2 epithelial cells. We then
demonstrated that LPC-S01 is susceptible to antibiotics indicated by EFSA and does
not produce biogenic amines. Finally, a double-blind cross-over pilot intervention trial
on healthy human volunteers showed that, after a 7-days oral consumption of capsules
containing about 24 billion live cells, the fecal cell concentrations of strains LPC-S01
and DG (evaluated by gPCR) were not dissimilar. Specifically, both probiotics’ cell
concentrations were above the detection limit for an average of 5 days from the end of
the treatment, corresponding to a mean number of evacuations of 7 4 2. Taken together,
these data demonstrate that the vaginal isolate L. paracasei LPC-S01 possesses safety
and functional properties that may support its use as probiotic to be administered per os
for potential intestinal as well as vaginal applications.

Keywords: lactobacilli, probiotic, Caco-2 adhesion, NF-kB, in vivo trial, gastrointestinal persistence
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Introduction

The genus Lactobacillus is a taxonomically broad and
heterogeneous group of Gram positive bacteria, which has
important industrial applications as fermented food starter and
probiotic adjuncts. Particularly, lactobacilli are the bacteria most
frequently employed as probiotics, i.e., “live microorganisms
which when administered in adequate amounts confer a health
benefit on the host” (FAO/WHO, 2002). Inside the Lactobacillus
genus, the L. casei group of species (i.e., L. casei, L. paracasei,
and L. rhamnosus) includes some of the most conventional
and well-characterized probiotic strains, such as L. paracasei
Shirota (considered the first probiotic ever; Nanno et al,
2011), and L. rhamnosus GG (Szajewska and Chmielewska,
2013).

Strains of the L. paracasei species have been isolated from
several diverse ecological niches such as raw milk, plants,
fermented artisanal products (fermented milk, cheese, sourdough
bread starter, and fermented vegetables), and the intestinal
tracts and reproductive systems of humans and animals (Cai
et al, 2007). The remarkable ecological adaptability of L.
paracasei to diverse habitats can be plausibly explained by very
frequent accumulation of indels and genome rearrangements,
which originated a high level of genotypic and phenotypic
diversity in the species (Cai et al, 2007; Smokvina et al,
2013). Given that most effects of probiotics are strain-specific
(Azais-Braesco et al., 2010), the intrinsic high heterogeneity
existing among L. paracasei strains makes this species an
optimal source for the selection of novel candidate probiotic
strains possessing unique technological and health-promoting
traits.

So far, lactobacilli have been predominantly investigated and
explicitly proposed as probiotics for their potential beneficial
roles on the gastrointestinal tract and its microbiota (Guglielmetti
et al,, 2011; Ferrario et al., 2014). Nevertheless, the interest
for the application of lactobacilli beyond the gut is constantly
increasing, leading to the development of new categories of
probiotic products that target oral cavity (Guglielmetti et al,
2010a,b; Taverniti et al., 2012; Wescombe et al., 2012), skin
(Krutmann, 2009), stomach (Johnson-Henry et al., 2004), urinary
tract (Borchert et al., 2008), and vaginal mucosa (Borges et al.,
2014).

Interestingly, it was demonstrated that orally administered
lactobacilli can be re-isolated from the vagina, presumably as
a consequence of the migration from the rectum via perineum
(Vasquez et al, 2005). Consistently, bacteria colonizing the
vaginal mucosa (both commensals and vaginosis-associated
microbes) have been isolated from the rectum and the mouth,
suggesting that gut and oral cavity act as extravaginal reservoirs
of vaginal microbiota bacteria (van de Wijgert et al., 2014).
Therefore, it appears plausible that the oral administration
of probiotic bacteria may potentially influence the vaginal
microbiota through two possible mechanisms: (i) modification
of the intestinal microbiota (e.g., by reducing potentially
harmful bacteria and increasing endogenous lactobacilli); (ii)
direct migration to the vaginal mucosa via the gastrointestinal
route. Furthermore, the possibility to benefit vaginal health

by administering vaginal probiotics per os has the additional
advantage of favoring the accomplishment of long-term
treatments. However, in order to make this strategy effective,
selected bacteria must possess properties supporting their
survival and activities both in the gastro-intestinal tract and
vaginal mucosa. In this perspective, we assessed if L. paracasei
LPC-S01 (DSM 26760) (a strain originally isolated from the
vaginal mucosa of a healthy woman and included in probiotic
preparations for vaginal use marketed in Europe) can also
perform as a conventional gastrointestinal probiotic. To this aim,
we generated a draft genome of strain LPC-S01 and performed
a comparative genomic analysis against other L. paracasei
reference strains. In addition, we included LPC-S01 in several
in vitro tests conventionally employed to establish the intestinal
probiotic potential of microbial strains. Finally, we carried out
a double-blind cross-over pilot intervention trial in comparison
with the well-known intestinal probiotic strain L. paracasei DG
(Ferrario et al., 2014) in order to assess the ability of LPC-S01
to transiently persist in the gastrointestinal tract of healthy
adults.

Materials and Methods

Bacterial Strains and Culture Conditions

Unless differently specified, lactobacilli were grown at 37°C in
De Man-Rogosa-Sharpe (MRS) broth (Difco Laboratories Inc.,
Detroit, MI) for 24 h. L. paracasei LPC-S01 and DG were isolated
from the commercial products PreGyn® and Enterolactis®
Plus (Sofar S.p.A.), respectively; L. paracasei strain Shirota was
isolated from Yakult fermented milk; strain FMBr3 was isolated
from Raschera artisanal Italian cheese.

Genome Sequencing, Sequence Annotation, and
Comparative Analysis

The draft genome sequences of L. paracasei LPC-S01, DG,
and FMBr3 were obtained through Ion Torrent PGM (Life
Technologies, Germany) according to a previously described
protocol (Milani et al, 2013) by GenProbio Ltd. The raw
sequence data were assembled using MIRA v.3.9 (http://www.
chevreux.org/projects_mira.html), applying default parameters
recommended for Ion Torrent data processing. Initial automated
annotation of the L. paracasei genomes was performed using
RAST, combined with BLASTX. Results of the gene-finder
program were combined manually with data from BLASTP
analysis against a non-redundant protein database provided by
the National Center for Biotechnology Information (NCBI).
LPC-S01 draft genome sequence was compared with other L.
paracasei genome sequences by means of BLAST Ring Image
Generator (BRIG; Alikhan et al., 2011). The DNA sequences
presented in this study have been deposited in the EMBL database
under the accession numbers LN846896 (putative phospho-f-
galactosidase operon), LN846897 (putative taurine ABC-type
transport and metabolization operon), LN846898 (putative ABC-
type Fe3+ transport system), LN846899 (putative nucleotide
transport and metabolism operon), LN846900 (putative EPS2
region), and LN846901 (multi-transport region for the uptake of
sugars and other small molecules).
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Bacterial Resistance to Simulated Gastric Juices
and Bile

One hundred microliters of L. paracasei culture containing 108-
10° CFU/ml were transferred to 6 ml of simulated gastric juice at
pH 2 (1 g/l DIFCO peptone, 100 mM KCl, 500 U/ml pepsin) or
simulated gastric juice at pH 3 (125 mM NaCl, 45 mM NaHCO3,
7mM KCl, 500 U/ml pepsin). Cells in 0.1 M phosphate buffer
pH 7 were used as control. After 90 min of incubation at 37°C,
viability was monitored by plating on MRS agar. Afterwards,
cell suspension was neutralized by adding 1 M phosphate buffer
pH 8 and centrifuged at 10,000 x g for 12 min. Bacterial cell
pellet was then suspended in 5ml bile solution (1 g/l peptone,
0.3% Difco Oxgall in 0.1 M phosphate buffer at pH 6.5). Cells in
0.1 M phosphate buffer pH 6.5 in the presence of 1 g/l peptone
were used as control. The number of viable cells was determined
after 3h of incubation at 37°C by plating on MRS agar. Plates
were incubated under anaerobic conditions and colonies were
counted after 48 h. The ability to grow in presence of bile was also
investigated by inoculating bacteria in MRS broth supplemented
with increasing concentrations of Oxgall (from 0.0625 to 9.6%).
Growth was assessed by measuring the optical density at 600 nm.

Bacterial Adhesion to Caco-2 Cell Line

The adhesion of L. paracasei strains to Caco-2 (ATCC HTB-
37) cell layer was assessed as previously described (Guglielmetti
et al., 2008). In brief, Caco-2 cells were grown in Dulbecco’s
Modified Eagle’s Medium (MEM) supplemented with 10% (v/v)
heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 mg/ml
streptomycin, 0.1 mM non-essential amino acids, 2mM L-
glutamine and incubated at 37°C in an atmosphere of 95% air and
5% carbon dioxide. For adhesion experiments, fully differentiated
Caco-2 were used (i.e., 15 days after confluence). Approximately
2 % 108 cells for each bacterial strain (determined microscopically
with Neubauer Improved counting chamber; Marienfeld GmbH,
Lauda-Konigshofen, Germany) were incubated with a monolayer
of Caco-2 cells for 1h at 37°C. Monolayers were washed three
times with phosphate-buffered saline pH 7.3 (PBS) to release
unbound bacteria and incubated with 3 ml of methanol for 8 min
at room temperature to fix cells. Afterwards, cells were stained
with 3 mL of Giemsa stain solution (1:20) (Carlo Erba, Milano,
Italy) and left 30 min at room temperature in the dark. Finally,
monolayers were washed three times with PBS, dried in an
incubator for 1h, and examined microscopically (magnification,
400x) under oil immersion. All experiments were performed in
duplicate.

Inhibition of Pathogens

We investigated the ability of L. paracasei strains to secret
inhibitor molecules against pathogens by disc diffusion assay.
Lactobacillus plantarum strain WHE 92 was used as a positive
control for bacteriocin production (Ennahar et al., 1996).
We used seven indicator microorganisms: Salmonella enterica
MIMms, Listeria monocytogenes FMB4b, Escherichia coli VE7108,
Streptococcus pyogenes emm TYPE 77, Pseudomonas aeruginosa
FMBpal8, Staphylococcus aureus FMBDR, and Candida albicans
ATCC MYA2876. Indicator bacteria were cultivated in Brain
Heart Infusion (BHI) agar medium (Oxoid S.p.A., Milan, Italy),

supplemented with 0.3% yeast extract and 1% glucose (ygBHI),
whereas C. albicans was cultivated on Sabouraud dextrose agar
(Oxoid S.p.A., Basingstoke, UK). Three different fractions for
each Lactobacillus strain (tester bacteria) were used: (i) broth
culture at stationary growth phase, (ii) cell-free broth (obtained
by centrifugation at 10,000 x g for 10 min and sterilization with
a 0.22 pm syringe filter), and (iii) cell-free broth neutralized with
NaOH to pH 7.4. Sterile MRS was used as negative control. The
assay was carried out as follows: 0.1 ml from an over-night culture
of the indicator strains were plated on ygBHI (or Sabouraud) agar
in order to obtain a confluent growth after incubation. Sterile
paper discs (Whatman™ Grade AA 9 mm disc, Maidstone, UK)
were dipped into three different preparations from tester bacteria
and subsequently positioned on the Petri dishes inoculated with
the indicator strain. Plates were kept at 4°C for 2h and then
incubated at 37°C. The presence of an inhibition halo was
checked after 24 or 48 h.

Fermentation Profile

Carbon source fermentation was determined in a 96-well
microtiter plate in a final volume of 200 pul with a basal CHL
medium at pH 6.3 (Bio-Merieux, Montelieu-Vercieu, France)
containing bromocresol purple as pH indicator, and the desired
filter-sterilized carbohydrate at a final concentration of 0.5%
(w/v). The 42 different substrates tested (Supplementary Table
1) were from Sigma-Aldrich (St. Louis, MO, USA), with the
exception of fructooligosaccharides (FOS) which were from
Actilight® (Giulio Gross S.p.A., Trezzano sul Naviglio, Italy).
Cells from an over-night culture of L. paracasei were collected
by centrifugation, washed with PBS, and used to inoculate the
liquid medium in microtiter wells (1/100 inoculation). Plates
were examined for color change (from purple to yellow) after 24
and 48 h incubation at 37°C.

NF-kB Activation Assay

The activation nuclear factor kB (NF-kB) was studied by
means of a recombinant Caco-2 cell line stably transfected
with vector pNiFty2-Luc (InvivoGen, Labogen, Rho, Italy) as in
Taverniti et al. (2013). In brief, recombinant Caco-2 monolayers
(approximately 3 x 10° cells/well), cultivated in the presence of
50 pg/ml zeocin, were washed with 0.1 M Tris-HCI buffer (pH
8.0) and then incubated with 3.5 x 108 cells of L. paracasei
suspended in fresh DMEM containing 100 mM HEPES (pH 7.4),
resulting in a MOI of approximately 1000. In a different set of
experiments, Caco-2 monolayers were incubated with 0.1 ml of
cell-free broth obtained by centrifugation and filter-sterilization
from a stationary-phase culture of L. paracasei. Stimulation
was conducted by adding 2 ng/ml of IL-1p. After incubation at
37°C for 4h, the samples were treated and the bioluminescence
was measured as described by Stuknyte et al. (2011). Two
independent experiments were conducted in triplicate for each
condition.

Susceptibility to Antibiotics and Biogenic Amines
Production

The minimal inhibitory concentrations (MICs) of L. paracasei
have been determined using a micro-dilution method in LSM
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broth (ISO-Sensitest broth, Oxoid supplemented with 10% v/v
MRS Difco) as described in the ISO10932 IDF 223 document and
recommended by EFSA (2012). The data are reported as average
of two independent assays. The ability to produce cadaverine,
tyramine, histamine and putrescine respectively from L-lysine,
tyrosine disodium salt, L-histidine monohydrochloride and L-
ornithine monohydrochloride was investigated by a qualitative
test, according to the method proposed by Bover-Cid and
Holzapfel (1999). All amino acids were purchased from Sigma.
Strains were inoculated (1%) in MRS broth containing 0.1% of
each amino acid precursor and incubated at 37°C for 18 h. The
qualitative test to evaluate decarboxylase activity was performed
in an agar medium specially formulated (0.5% tryptone, 0.5%
yeast extract, 0.5% meat extract, 0.25% NaCl, 0.05% glucose,
0.1% Tween 80, 0.02% MgSO4, 0.005% MnSO4, 0.004% FeSO4,
0.2% ammonium citrate, 0.001% thiamine, 0.2% K2PO4, 0.01%
CaCO03, 0.005% pyridoxal phosphate, 1% amino acid precursor,
0.006% bromocresol purple, 2% agar; pH 5.3). 10 wL of each
culture were placed on the medium containing the same amino
acid precursor. The plates were incubated at 37°C for 4 days.
Positive test is indicated by the color change and by aminoacid
precipitation around the corresponding spot (for tyramine only).

Human Intervention Trial

The study protocol was approved by the Research Ethics
Committee of the Universita degli Studi di Milano (opinion
no. 37/12, December 2012). Written informed consent was
obtained from all subjects before recruitment. The intervention
study consisted of a randomized, double blind, cross-over pilot
trial with two parallel groups (Supplementary Figure 1). Each
volunteer was asked to participate to 6 visits: before run-in period
(visit VO); before the first treatment (V1); after the first treatment
(V2); before the second treatment (V3); after the second
treatment (V4), and at the end of the trial (V5) (Supplementary
Figure 1). After a 4-week pre-recruitment phase, volunteers have
been randomized to receive 1 capsule daily of L. paracasei LPC-
S01 (product A, 5 subjects) or L. paracasei DG (product B, 6
subjects) every day for 1 week, in addition to their habitual
diet. After a 2 week wash-out period, the volunteers received
a daily capsule of the other product for 1 week. Volunteers
received directions to keep the products at room temperature
and to avoid exposure to heat sources. Volunteers received also
oral and written instructions to consume the capsule during the
morning, while drinking natural water, at least 15min before
breakfast; alternatively, volunteers were allowed to consume
capsule in the evening at least 3h after the last meal of the
day. The two probiotic preparations (provided by Sofar S.p.A.,
Trezzano Rosa, Italy) consisted of a gelatin capsule containing
about 24 billion viable cells of the bacterial strain L. paracasei DG
(CNCM I-1572) and LPC-S01 (DSM 26760), respectively; silicon
dioxide and magnesium stearate were also added inside capsules
as antiagglomerants. Capsules were delivered to participants in
metal boxes sealed with a plastic cap containing desiccant salts.
From the last day of consumption of the probiotic capsules, for
the following 7 days, the volunteers provided one stool sample
per day. Furthermore, participants provided a fecal sample at
visits V1, V3, and V5 (Supplementary Figure 1). The sample

was collected in a sterile plastic pot no more than 24 h before
visit. Volunteers were asked to preserve the fecal sample at room
temperature until delivery to the laboratory, according to the
recommendations on storage conditions of intestinal microbiota
matter in metagenomic analysis provided by Cardona et al.
(2012). During the trial period, the participants compiled a
weekly diary (including a Bristol stool chart) of their bowel
habits.

Fecal DNA Extraction and gPCR

Stools were stored at —80°C until DNA extraction, performed
by means of QIAamp DNA Stool Mini Kit (Qiagen, Valencia,
CA). Before the extraction, the sample was homogenized in
a Bead Beater Precellys 24 (Bertin Technologies, Montigny
le Bretonneux, France) after addition of 0.45 g 0.5mm glass
beads. Subsequently, the extraction proceeded consistently
with manufacturer’s recommendations. Real-Time quantitative
(qPCR) protocols were adopted for the quantification of
L. paracasei DG in fecal metagenomic DNA (targeting
the glycosyltransferase gene welF, with primers rtWELFf,
5'-TACTAAAGAAATTAGCTTTTGT-3' and rtWELFr, 5'-
AGTAATGTCTGCATCCTCCA-3'; Ferrario et al,, 2014) and
LPC-S01(targeting an hypothetical protein coding sequence
with primers qSOla-E 5-TGGAAGAGACCCTGCGAA-3’ and
qS01a-R, 5'-GAGGTTGATTCACAAACCGTGC-3'; this study).
These two genes were selected because they resulted unique to
the respective strain as revealed by a search in the GenBank
nucleotide database. A gradient PCR was initially performed
to standardize the qPCR conditions. qPCR amplifications were
carried out in a final volume of 15pl containing 7.5ul of
EvaGreen® Supermix and 0.5uM of each primer. We used
100 ng of fecal DNA template in each reaction. Samples were
amplified with the following programs: for rtWELF primers,
initial hold at 95°C for 3 min, and 44 cycles at 95°C for 30s, 58°C
for 30 s and 72°C for 30 s; for qSOla primers, initial hold at 95°C
for 3 min, and 40 cycles at 95°C for 30s, 62°C for 30s and 72°C
for 30s. Melting curves were analyzed to confirm the specificity
of the amplification products. To generate the standard curves
with spiked feces for DG and LPC-S01 detection, a 200 mg
matrix of fecal sample was added with 1 x 10° bacterial cells and
DNA was extracted as reported above. Six-fold dilution series of
isolated DNA were prepared and used in qPCR reactions. The
equation of the derived standard curves was used to calculate the
correlation between Ct values and the concentration of bacterial
cells per g of feces.

Results

Comparative Genomics Revealed the Indels of
Several Chromosomal Regions in L. paracasei
LPC-S01

We generated a draft genome sequence of L. paracasei LPC-
S01 consisting of 17 contigs, which in total contained 3.02
Mbp. Comparative genomic analysis was performed on strain
LPC-S01 and the following six L. paracasei strains: the type
strain of the species (L. paracasei JCM 81307), the probiotic
strains DG and Shirota, a strain isolated from Raschera Italian
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artisanal cheese (FMBr3), and two other L. paracasei strains
whose complete genome is available in GenBank (strains 8700:2
and N1115) (Figure 1). When we used L. paracasei LPC-S01
as reference genome in the comparative analysis, we identified
14 genomic islands with putatively known biological functions,
which have not been found in the genomes of type strain JCM
81307 or other L. paracasei strains. These chromosomal islands,
which discriminate LPC-S01 genome from the others, include
7 mobile genetic elements (e.g., prophages, phage remnants,
and integrated plasmids; Figure 1), a transposon containing
a phospho-B-galactosidase operon (region “a” in Figure 1;
Figure 2A), a putative taurine transport and metabolization
operon (b; Figure 2B), a large sugars transport/metabolization
island (c; Figure 2C), an ABC-type Fe*t transport system (d;
Figure 2D), and a putative nucleotide transport and metabolism
operon (e; Figure 2E). We also found in the genome of strain
LPC-S01 two regions putatively involved in exopolysaccharide
(EPS) synthesis. Specifically, one of these EPS regions (namely,
EPS2; Figure 1) was found exclusively in the genome of L.
paracasei LPC-S01 and is constituted of 14 putative genes,
including six genes potentially coding for glycosyl transferases.
Notably, BLASTN search revealed inside EPS2 a region of about
8 kb encompassing eight putative genes, which did not find any
significant match in the GenBank database (genes from A to H
in Figure 3). In subsequent comparative analyses, we used the

genome of the other L. paracasei strains as reference to identify
missing chromosomal islands in the genome of strain LPC-S01.
Largely most of the genomic regions that are absent in LPC-
S01 genome refer to mobile genetic elements, DNA restriction-
modification systems, and EPS biosynthesis regions (data not
shown).

In vitro Assays Showed That L. paracasei
LPC-S01possesses Marked Acid Tolerance and
Noticeable Adhesion Ability
The probiotic potential of strain L. paracasei LPC-S01 was
assessed through in vitro experiments including L. paracasei
DG and L. paracasei Shirota as reference probiotic strains.
The potential ability to survive the gastro-intestinal transit
was assessed in simulated gastric juices at pH 3 or 2 (90 min
incubation), followed by 3 h incubation in bile (Oxgall) solution.
All strains showed high tolerance to pH 3; cell viability, in fact,
was not significantly reduced after 4.5h (Supplementary Figure
2). Conversely, pH 2 determined a drastic reduction of the
viability of all tested strains (Figure 4). However, L. paracasei
LPC-S01 displayed the highest tolerance, which was significantly
higher than that of the reference strain L. paracasei Shirota
(Figure 4).

Growing concentrations of Oxgall were added to the MRS
broth to assess the ability to grow in presence of bile. For all tested

. GC Content

B Lrc-so1

W DpG
Shirota

B FvBr3

B 8700:2

B Ni115

B Jcwms130T

rectangles refers to panels of Figure 2.

FIGURE 1 | Comparative genomic analysis of Lactobacillus paracasei LPC-S01 (reference genome) with the genome sequences of other six L.
paracasei strains. Gray rectangles indicate mobile genetic elements. p¢, prophage-related regions. mge, mobile genetic element; mge 1, putative integrated
plasmid; mge 2, putative mobile genetic element containing a restriction-modification system. EPS, putative exopolysaccharide coding operon. Letters flanking red
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FIGURE 2 | In silico predicted functional organization of the chromosomal regions of Lactobacillus paracasei LPS-S01 that discriminates LPC-S01
from the others strains included in the comparative genomic analysis depicted in Figure 1. Letters in the panels of this figure refer to the letters flanking red
(Continued)
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FIGURE 2 | Continued

rectangles in Figure 1. (A) Putative phospho-B-galactosidase operon. In black are indicated transposase-associated putative genes. In white are indicated putative
genes that are also present in the genome of the other L. paracasei strains considered for comparative genomic analysis. (B) Putative taurine ABC-type transport and
metabolization operon. (C) Multi-transport region for the uptake of sugars and other small molecules. The membrane transport mechanism is indicated above the
picture, whereas the transported molecule is indicated below. ABC, ATP binding cassette transport system, PTS, phosphotransferase transport system. Gal-NAc,
N-acetyl galactosamine; Glu-NAc, N-acetyl glucosamine; Cot, cobalt ions. (D) Putative ABC-type Fed3+ transport system. Gene “a,” putative acetyltransferase
(COG0456) coding gene; gene “b,” putative gene coding for an uncharacterized protein (DegV family, COG1307). (E) Putative nucleotide transport and metabolism
operon. MFS, major facilitator superfamily. In white are indicated putative genes that are also present in the genome of all the other L. paracasei strains considered.
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C — WcaA-like glycosyl transferase (cd00761)
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BLASTN output. In white are indicated genes outside the putative EPS operon.

A —WcaA-like glycosyl transferase (conserved domain cd00761)
B — Major Facilitator Superfamily (MFS) secondary transporter (cd00761)

G — MATE Wzx-like export (extrusion) protein (cd13128)
H - protein with conserved domain pfam14393 (unknown function) -

O — Cell envelope-related transcriptional attenuator (cl00581)
P — Capsular polysaccharide biosynthesis protein (cl20184)

FIGURE 3 | BLASTN search results for the region EPS2 from Lactobacillus paracasei LPC-S01, which putatively codes for the enzymes involved in the
synthesis of an exopolysaccharide (EPS). The figure has been obtained adding a picture of the putative EPS operon over the graphic representation of the

strains, we observed a dose-dependent inhibition of the bacterial
growth, which was completely arrested at Oxgall concentrations
higher than 1%. In specific, Shirota displayed the best tolerance
to bile, even though not statistically significant (Supplementary
Figure 3).

Subsequently, the ability of bacterial strains to adhere to the
Caco-2 epithelial cell layer was tested. Only LPC-S01 displayed
a marked adhesive phenotype, corresponding to an adhesion
index (i.e., bacterial cells per 100 Caco-2 cells) of more than
2000 (Figure 5A). Also strain DG displayed adhesion ability,
whereas strain Shirota was unable to adhere on Caco-2 cells, as
observed in previous studies (Botes et al., 2008; Guglielmetti et al.,
2008).

Caco-2 cell layer was also used to explore the
immunomodulatory properties of L. paracasei strains by
testing the effect of the microorganisms on NF-kB activation
in presence of the pro-inflammatory cytokine IL-1p. To this

aim, we employed a reporter cell line obtained by transfecting
Caco-2 cells with a luciferase reporter vector induced by active
NF-kB (Guglielmetti et al., 2010a). For all three L. paracasei
strains, both bacterial cells and cell-free neutralized broths
were able to significantly decrease the NF-kB-dependent
production of bioluminescence. Particularly, we found that
the highest ability to reduce NF-kB activation was exerted
by DG and LPC-S01 cells, and by broth from Shirota culture
(Figure 5B).

We also tested the ability of the bacteria under investigation to
produce inhibitor molecules against pathogens by disc diffusion
assay carried out by using cell-free MRS broths cultures.
With the only exception of L. plantarum WHE 92 against
L. monocytogenes, none of the neutralized broths was able to
prevent pathogens’ growth, suggesting that, plausibly, the only
inhibitory molecules produced by tested L. paracasei strains were
organic acids (Data not shown).

Frontiers in Microbiology | www.frontiersin.org

September 2015 | Volume 6 | Article 952


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Balzaretti et al.

L. paracasei LPC-S01 as gastrointestinal probiotic

9

8 _;;;:::zzézzszEEEEZ;;;;======§
E ‘ -O- LPC-S01
5 6 - DG
T —— Shirota
Q5
S 4

3 P

2 F 0y

1 ; : :

0 90 180 270
min

FIGURE 4 | Tolerance of Lactobacillus paracasei strains to simulated
gastric juice at pH 2 (90 min incubation) and bile (180 min incubation).
Dashed lines refer to controls (i.e., bacterial cells incubated in phosphate
buffer, pH 6.5). Data are reported as the number of viable bacterial cells (CFU)
plotted on a semi-logarithmic diagram. Vertical bars at each point refer to
standard deviation calculated on three independent experiments conducted in
duplicate. Asterisk between strain LPC-S01 and Shirota at the end of the
experiment indicates statistically significant difference according to two-tailed
unpaired Student’s t test (P < 0.05).

Afterwards, the in vitro probiotic properties of LPC-S01
and reference strains were assessed by testing their ability
to produce acid from 44 different carbohydrate sources.
The fermentation patterns of L. paracasei strains were very
similar. In detail, the three tested strains fermented cellobiose,
FOS, fructose, galactose, glucose, inulin, maltulose, mannitol,
mannose, ribose, salicine, sorbose, sucrose, trehalose, and
turanose (Supplementary Table 1).

In conclusion, the in vitro experiments carried out in this
study showed that strain L. paracasei LPC-S01 possesses potential
probiotic capabilities to be oral administered comparable to
those of the probiotic commercial strains L. paracasei DG and
Shirota. Notably, the survival rate of LPC-SO01 to simulated
gastrointestinal transit at pH 2 was significantly higher than
that of the reference probiotic strain Shirota; in addition, strain
LPC-S01 displayed marked adhesion ability, corresponding to an
adhesion index higher than 2000.

We also studied the antibiotic resistance of L. paracasei LPC-
S01by the microdilution assay recommended by International
Organization for Standardization (ISO, 2010) with reference
to the EFSA breakpoints for L. casei/paracasei (EFSA, 2012).
The MICs for strain LPC-S01 was below the breakpoints
for all tested antibiotics (Table1). Finally, the safety of
L. paracasei strains was also estimated by assessing the
bacterial decarboxylation of amino acids, which generates
biogenic amines in food (Deepika Priyadarshani and Rakshit,
2014). According to our experiments, none of the tested L.
paracasei strains produced histamine, tyramine, putrescine and
cadaverine (Data not shown), which are among the most
common biogenic amines found in food products (Naila et al.,
2010).

L. paracasei LPC-S01 Persists in the Gut of
Healthy Adults

The ability of L. paracasei LPC-S01 to colonize the human
gastrointestinal tract was tested with a pilot intervention trial
based on a double-blind, randomized, cross-over design, in
comparison with the probiotic strain L. paracasei DG. We
enrolled 11 healthy adult volunteers, who were asked to consume
for 1 week a capsule per day containing LPC-S01 or DG cells.
Out of 11 enrolled volunteers, 8 concluded the study. Three
volunteers dropped out of the study due to non-conformity
(n = 1) and protocol violation (missed probiotic consumption;
n = 2) (Supplementary Figure 1). Capsules, which contained
about 24 billion CFU of L. paracasei, were well tolerated by
all participants and no adverse events were reported. In order
to quantify L. paracasei cells in the fecal samples all over the
trial, we used qPCR with primers targeting gene welF (specific
for strain DG; Ferrario et al, 2014) and a gene coding for
a hypothetical protein (specific for strain LPC-S01; primers
designed in this study). According to repeated measure ANOVA,
we did not find significant difference in the persistence of the two
L. paracasei strains (Figure 6). Specifically, the concentrations
of LPC-S01 and DG cells were above the qPCR detection limits
for an average of 5 days from the end of treatment; in addition,
L. paracasei cells were not detectable in the fecal samples
after 7 + 2 evacuations from the last capsule consumption
(Figure 6A).

Discussion

Bacterial vaginosis (BV) is one of the most common urogenital
diseases affecting women of reproductive age (Allsworth and
Peipert, 2007). BV is typically associated to the disruption of
the healthy vaginal microbiota, which is normally dominated
by lactobacilli (Ma et al., 2012). Due to the dominant role of
dysbiosis in the onset of BV, probiotics, which are regularly used
to prevent and treat dysbiosis in the intestine, have been proposed
as a strategy to cure this urogenital condition and reduce its
recurrence (Bodean et al., 2013). Several studies documented
the beneficial effects on BV of viable Lactobacillus cells directly
introduced in the vagina as suppository (Patel et al, 2008;
Donders et al., 2010). Nonetheless, also the oral administration
of probiotics has been demonstrated to be an efficient strategy
to alleviate BV symptoms and prevent recurrence (Reid, 2006;
Bodean et al,, 2013). In fact, it was proposed that ingested
lactobacilli, similarly to colonic pathogenic bacteria, once
excreted from rectum, may ascend to the vagina through
perineum (Reid et al,, 2001; Bastani et al., 2012). Then, once
in the vagina, lactobacilli create a protecting barrier against the
translocation from the gut of possible detrimental bacteria such
as Prevotella spp. or E. coli, and, at the same time, limit the
possible migration of uropathogens from vagina to the bladder
(Reid et al., 2001).

The oral administration of probiotics is a more practical
route than their direct introduction in the vagina, and can
also provide consumers with the gastrointestinal health benefits
typically associated with the consumption per os. In this context,
this study aimed to the identification of a probiotic strain
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FIGURE 5 | Experiments on human epithelial colorectal Caco-2 cell layer. (A) Adhesion of Lactobacillus paracasei strains to the Caco-2 epithelial cell layer as
observed with Giemsa staining under a light microscope. Bars, 25 wm. One Caco-2 nucleus for each layer is indicated with the letter N. LPC-S01 adhesion was
specific to Caco-2 cells: no adhesion was detected on the cover glass underlying Caco-2 cells (G; top part of the panel on the left). (B) Effect of L. paracasei strains
on Caco-2 cells stably transfected with an NF-kB/luciferase reporter vector, in the presence of 5 ng/ml of IL-18. Data in the histograms are the means (+ standard
deviations) from two independent experiments conducted in triplicate. RLU, relative luminescence units. Asterisks indicate statistically significant differences according
to two-tailed unpaired Student’s t-test: ***P < 0.001; **P < 0.01; *P < 0.05.
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TABLE 1 | Antibiotic sensitivity of Lactobacillus paracasei LPC-S01
determined according to the microdilution assay recommended by EFSA
(2012).

EFSA breakpoint LPC-S01

Ampicillin 2 2
Vancomycin not required >256
Gentamicin 32 32
Kanamycin 64 32
Streptomycin Not required 32
Erythromycin 1 0.5
Clindamycin 1 0.062
Tetracycline 4 2
Chloramphenicol 4 4
Amoxicillin Not indicated 1

Data are reported as the lower concentration (mg/l) inhibiting bacterial growth (minimal
inhibitory concentration, MIC).

possessing a wide range of properties, which may support its
(i) industrial production, (ii) gastrointestinal administration, and
(iif) vaginal colonization. To this aim, we focused our attention
on Lactobacillus paracasei, a species characterized by marked
ecological flexibility and extensive genetic diversity, which is
widely used in industry (Cai et al., 2007). Particularly, we
studied strain L. paracasei LPC-S01, which was originally isolated
from the vagina of a healthy adult and has had a several-years
history of commercial use as a vaginal probiotic for topical
application in Europe. Specifically, the experiments carried out
in this study were designed to evaluate if L. paracasei LPC-
S01 has probiotic properties that can support its administration
per os.

At first, the draft genome of LPC-SO1 was analyzed by
comparative genomics. We found the presence of numerous
accessory genes (i.e., unique to this particular strain) that
suggests the niche-generalists nature of LPC-S01; such potential
ability to adapt to a wide range of environmental conditions is
evidenced, for instance, by the presence of large chromosomal
regions including genes for the utilization of numerous sugars
(Figure 2C). Similar regions are also present in the genome
of the probiotic strains DG and Shirota, which are of human
intestinal origin. On the contrary, it was proposed that the
adaptation of L. paracasei to the nutrient-rich milk environment
had been gone along with extensive decay of genes involved in
carbohydrate utilization (Broadbent et al., 2012). Accordingly,
we found the lack of genes for sugar transport and metabolism
in the chromosome of the dairy strains L. paracasei FMBr3
and NI1115 compared to LPC-S01, DG, and Shirota strains
(Figure 1).

The in vitro characterization of L. paracasei LPC-S01 was
conducted in accordance with a procedure conventionally used
to predict the probiotic potential of a microbial strain; such
process consists in the assessment of sensitivity to acidity and
bile, adhesion ability, pathogen inhibition, sugar fermentation
profile, and immunomodulatory properties. In order to better
predict the probiotic capabilities of LPC-SO01, the reference
strains Shirota and DG were also included in the study.

L. paracasei Shirota is one of the most intensively studied
probiotics (van den Nieuwboer et al, 2015 Wang et al,
2015) that has been used in the production of the fermented
milk Yakult since 1935. L. paracasei DG is a bacterial strain
with demonstrated probiotic properties (D’'Inca et al., 2011;
Tursi et al,, 2013; Ferrario et al., 2014), which is included in
Enterolactis®, one the most popular probiotic supplements in
Italy. We observed that the in vitro performances of LPC-S01
were basically very similar to those of the reference strains.
One exception was the significantly higher ability of LPC-
S01 to survive in simulated gastric juice at pH 2 compared
to L. paracasei Shirota, which is an acid-tolerant bacterial
strain with demonstrated survivability to human gastrointestinal
transit (Tuohy et al, 2007; Wang et al,, 2015). In addition,
LPC-S01 showed a much higher ability to adhere to Caco-2
epithelial cell layer than DG and Shirota. Bacterial adhesion
properties mainly depend on the molecules exposed at the
external cell surface (Guglielmetti et al., 2008; Polak-Berecka
et al,, 2014). Genome analysis revealed the presence in LPC-S01
of putative exopolysaccharide coding region (EPS2) containing
a cluster of five genes which are not present in the other
known L. paracasei genomes. Therefore, EPS2 could potentially
support the synthesis of a peculiar exopolysaccharide molecule,
which could plausibly contribute to the adhesion ability of the
LPC-S01. Exopolysaccharides have been proposed to promote
Lactobacillus adhesion (Ren et al., 2014), although, more
frequently, the presence of a polysaccharide capsule has been
shown to reduce adhesion by masking cell surface Lactobacillus
adhesins determinants (Lebeer et al., 2012; Horn et al., 2013;
Dertli et al., 2015), which are most commonly proteins (Lebeer
et al., 2012; Polak-Berecka et al,, 2014), (lipo)teichoic acids
(Granato et al., 1999), and/or fatty acids (Polak-Berecka et al.,
2014).

The acid tolerance and adhesion properties of LPC-SO1
suggest that this bacterium might tolerate and adapt to
the gastrointestinal environment. To test this hypothesis, we
performed an intervention trial, in which we compared the
gut persistence of L. paracasei LPC-S01 with that of strain
DG. Following a daily consumption of 24 billion viable cells
for 1 week, we estimated that strain LPC-SO1 reached a
concentration of about 103 cells per g of feces, persisting
above the detection limit (10° cells per g of feces) for about
5 days, which is not significantly dissimilar to the persistence
of the reference L. paracasei DG, a strain demonstrated to
colonize the human gut of healthy adults and induce specific
modifications in the microbiota composition (De Vecchi et al.,
2008; Ferrario et al., 2014). Our data on L. paracasei persistence
are in agreement with other studies, which observed that
the persistence of L. paracasei Shirota in the gastrointestinal
tract of healthy adults is lower than 1 week after cessation
of the probiotic ingestion (Tuohy et al., 2007; Wang et al,
2015). The persistence of a certain probiotic strain in the
gut plausibly depends on the evacuation frequency. In our
study, we found persistence of strains LPC-S01 and DG as
average for 7 evacuations. No data correlating the day of
persistence with the number of evacuations were found in
literature.
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FIGURE 6 | Persistence of Lactobacillus paracasei in the gastrointestinal tract of healthy adults. (A) Bacterial concentration of L. paracasei DG and
LPC-S01 in the fecal samples collected during the study per single participant. (B) Average change in the fecal concentration of L. paracasei cells after the
probiotic-intake period. Vertical bars denote 0.95 confidence intervals. Current effect according to repeated measures ANOVA performed to determine the statistical
significance of the treatment x time interaction: Fi5 gg) = 0.794; p = 0.558.
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Conclusions

The results of this study can be summarized as follows:

(i) according to comparative genomic analysis, L. paracasei
LPC-S01 possesses the genetic features of a niche-generalist
member of its species;

(ii) in vitro tests evidenced that the probiotic properties of strain
LPC-S01, with respect to those of the well-known probiotic
references L. paracasei Shirota and DG, are equal for the bile
tolerance and the reduction of NF-«B activation in Caco-
2 cells, or superior for the tolerance to gastric juice and
the adhesion to Caco-2 epithelial cells (Shirota is unable to
adhere on Caco-2-cells);

(iii) L. paracasei LPC-SO1 is a safe bacterial strain for human
consumption, which does not contain any acquired
antibiotic ~resistance, does not produce biogenic
amines and can be administered in high number
(24 billion CFU) to healthy people without adverse
events;

(iv) when administered as capsule containing 24 billion CFU, L.
paracasei LPC-SO01 transiently colonizes the gastrointestinal
tract of the host, persisting for at least 5 days after
the end of a 7-days oral consumption (corresponding to
about 7 evacuations) and therefore displaying colonizing
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Dairy products are currently the main carriers of probiotic microorganisms to the human
body. However, the development of new matrices for probiotic delivery is convenient for
intolerant to milk (or its derivatives) and those requiring low-cholesterol diet consumers. The
present work focused on the fortification of previously fermented green Spanish style
olives with the autochthonous putative probiotic bacteria Lactobacillus pentosus TOMC-
LAB2. The fortification was carried out by inoculating the bacteria into the packing brines
using Manzanilla fruits from three different processes: (i) spontaneously fermented (F1), (ii)
fermented using L. pentosus TOMC-LAB2 as starter (F2), and (iii) spontaneously fermented
and then thermally treated (F3). Data showed that all inoculated treatments had higher
population levels (5.49, 4.41, and 6.77 logo cfu/cm?) than their respective controls (1.66,
4.33, and 0.0 logig cfu/cm?, for F1, F2, and F3 treatments, respectively). The presence
of L. pentosus TOMC-LAB2 on olive surface was confirmed by rep-PCR, with a recovery
frequency at the end of the shelf life (200 days) of 52.6, 579, and 100.0% for F1, F2, and
F3 treatments, respectively. Thus, results obtained in this work show the ability of this
microorganism to survive under packing conditions for long period of times as well as to
colonize the olive surface which is the food finally ingested by consumers. This opens the
possibility for the development of a new and simply probiotic fortified olive product.

Keywords: fortification, Lactobacillus pentosus, olive packing, probiotic vegetables, table olives

INTRODUCTION

Table olive is one of the most important fermented vegetable
of the food industry in the western countries, especially in
the Mediterranean basin, with Spain, Turkey, Egypt, Italy, and
Greece as the main producers. The International Olive Oil Coun-
cil (IOC) estimated that the last consolidate balance of table
olive production (2011/2012 season) was above 2.4 million tons
(International Olive Council [IOC], 2014). Approximately 60%
of this amount was processed according to green Spanish-style
table olives, which implies a lye treatment of fruits (1.8-2.5%
NaOH, w/v), followed by washing and brining (10-11% NaCl,
w/v) where fruits undergo a typical lactic acid fermentation
(Garrido-Fernandez etal., 1997).

Lactic acid bacteria (LAB) exhibit diverse characteristics with
potential benefits on human health. Among others, the fol-
lowing favorable effects have been documented: improvement
of food digestibility and lactose assimilation, modulation of
the immune response, reduction of hypercholesterolemia, pre-
vention of intestinal infections, cancer, food allergies, and
constipation (Champagne and Gardner, 2005). To these favor-
able aspects, we have to add that table olives might also be
considered as a functional food itself because of their high
content in antioxidant compounds, vitamins, dietary fiber,
and anticancer compounds (Garrido Ferndndez etal., 2001;
Reyes-Zurita etal., 2009).

Fermented vegetables are nowadays being considered as a splen-
did source and vehicle of probiotic microorganisms (Peres etal.,

2012). Probiotic vegetables have the potential to attract more con-
sumers who demand functional products, since vegetables provide
to those who are intolerant to milk and its derivatives, or require
low-cholesterol diets, access to new probiotic formulations (Laver-
micocca etal., 2010; Peres et al., 2012). Packed green Spanish-style
table olives can be thermally treated for preservation, but they
can also be stabilized simply by physicochemical characteristics,
being in this case considered as ready-to-eat product directly
consumed without any prior cooking. This makes them very
convenient carriers of beneficial microorganisms to the human
body.

Ranadhera etal. (2010) considered that the type of food car-
rier plays an essential role in buffering the probiotic during its
passage throughout the gastrointestinal tract, regulating their
colonization or interacting with other microorganisms to alter
functionality. Lavermicocca etal. (2005) used table olives as a
vehicle to incorporate exogenous probiotic bacteria species into
the human body. Particularly, one strain of Lactobacillus rhamno-
sus was remained invariant until the end of the experiment and
showed a good recovery after fermentation. L. paracasei IMPC2.1
successfully colonized the olive surface and dominate the natu-
ral LAB population until the end of the fermentation (De Bellis
etal., 2010), making the product a suitable carrier for its delivery
to humans. Recently, Argyri etal. (2013a) and Bautista-Gallego
etal. (2013) have isolated diverse LAB strains from table olive pro-
cessing with promising characteristics for their use as probiotic
agent.
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Usually, the development of probiotic table olives has been
focused on the application of these microorganisms as starter
cultures at the onset of fermentation. A recent study showed
that the inoculation with multifunctional lactobacilli starters
led to a decrease in the Enterobacteriaceae populations and to
higher LAB and yeast populations as well as to a faster acid-
ification of the brines (Rodriguez-Gémez etal., 2013). Argyri
etal. (2014) and Blana etal. (2014) also evaluated with promising
results diverse potential probiotic LAB strains, originally iso-
lated from olive fermentation, as starter cultures in table olive
fermentation.

On the contrary, the present study is completely novel because
is focused on the application of autochthonous putative probi-
otic microorganisms isolated from olive processing not during
fermentation, but at the moment of packing closing with the aim
of: (i) the development of a new and easy method for the forti-
fication of table olives with potential probiotic, (ii) studying the
survival of bacteria under the packing conditions to determine
shelf life of the functional product.

MATERIALS AND METHODS

OLIVE PACKING CONDITIONS

The fruits used in the present study were of the Manzanilla
variety (Olea europaea pomiformis), previously fermented accord-
ing to the green Spanish-style (Garrido-Ferndndez etal., 1997).
To mimic industrial packing conditions, after 6 months of fer-
mentation (from October 2010 to March 2011), 175 g of olives
were introduced into A314 jars (314 mL volume, 75 mm diam-
eter x 103.5 mm high) and covered with 145 mL of new fresh
brine. This brine had the adequate concentrations of salt and lac-
tic acid to reach 5.5% NaCl and 0.6% titratable acidity, expressed
as lactic acid, in the equilibrium. The final pH was, approximately,
3.8+0.1.

FORTIFICATION OF OLIVES

Packed olives were fortified with overnight cultures of strain
L. pentosus TOMC-LAB2 (henceforth LAB2), previously selected
because of their potential probiotic characteristics (Bautista-
Gallego et al.,2013), ability of adhesion to olive epidermis (Arroyo-
Lopez etal.,, 2012), good performance as starter in previous
fermentation trials performed at laboratory scale (Rodriguez-
Gomezetal.,2013), and high survival to simulated in vitro human
digestions (0.74%). Inoculum was grown until early stationary
phase and then an aliquot of the suspension was added to the
packing brines to reach an initial inoculum level of approximately
6.5log1o cfu mL™!. The addition was essayed using three different
types of fruits:

(i) F1 treatment, fruits obtained from a spontaneous olive fer-
mentation. It included a control (F1), packaged without LAB
addition, and olives fortified with LAB2 strain (F1-F).

(ii) F2 treatment, fruits previously fermented using LAB2 as
starter culture. It included a control (F2), packaged with-
out further LAB addition, and olives reinforced with the same
strain (F2-F) at packing closing.

(iii) F3 treatment, fruits spontaneously fermented and then sub-
jected to a thermal treatment by immersion in a water bath at
85°C for 5 min. It included a control (F3), packaged without

further addition of LAB, and fruits fortified with LAB2 strain
after cooling of brines (F3-F).

Each treatment was carried out in duplicate, making a total of
12 packing containers which were kept during the entire process
at the Instituto de la Grasa pilot plant (CSIC, Seville, Spain) at
room temperature (variable from 18°C in March/2011 to 31°C
September/2011). The experiment was monitored for 200 days.

MICROBIOLOGICAL ANALYSES OF FRUITS

Olive samples, or their decimal dilutions, were plated using
a Spiral Plating System model dwScientific (Don Whitley Sci-
entific Ltd., Shipley, UK) on the media described below at 0,
38, 80, and 200 days of packing. Plates were counted using
a CounterMat v.3.10 (IUL, Barcelona, Spain) image analysis
system. Enterobacteriaceae were counted on VRBD (Crystal-
violet Neutral-Red bile glucose)-agar (Merck, Darmstadt, Ger-
many), LAB on MRS (de Man, Rogosa and Sharpe)-agar
(Oxoid) supplemented with 0.02% (w/v) sodium azide (Sigma,
St. Louis, MO, USA), and yeasts on YM (yeast-malt-peptone-
glucose) agar (Difco™, Becton and Dickinson Company, Sparks,
MD, USA) supplemented with oxytetracycline and gentam-
icin sulfate as selective agents for yeasts. Plates were incu-
bated at 37°C for 24 h (Enterobacteriaceae) or 30°C for 48 h
(yeasts and LAB).

To determine the number of microorganisms adhered to the
olive epidermis, the protocol developed by Bockelmann etal.
(2003) was slightly adapted to the specific characteristics of table
olives. Briefly, two fruits from each packing container were ran-
domly taken at different sampling times and washed for 1 h with
250 mL of a sterile PBS buffer solution (8.0 g L~! NaCl, 0.2 g
L1 KCI, 1.44 g L™ ! Na;HPOy, 0.24 g L™! KH,POy4, pH finally
adjusted to 4.7 with HCI 1 M) to remove non-adhering cells. Then,
olives were transferred to 50 mL of a PBS solution added of the
following enzymes: 14.8 mg L™ lipase (L3126), 12.8 mg L™ ! B-
galactosidase (G-5160) and 21 wL L~! a-glucosidase (G-0660)
(Sigma—Aldrich, St. Louis, MO, USA). To achieve biofilm dis-
integration and removal of the adhered cells, the fruits were
incubated at 30°C in this enzyme cocktail with slight shaking
(150 rpm). After 12 h, the olives were removed and the result-
ing suspension was centrifuged at 9,000 x g for 10 min at
4°C. Finally, the pellet was re-suspended in 2 mL of PBS and
spread onto the different culture media described above. Olive
microbial counts were expressed as logjg cfu/cm?, using the
formula of a prolate spheroid for the approximate calculus of
olive surface from the longitudinal and transverse axes of fruits
(Weisstein, 2013). For the Manzanilla fruits used in the present
study, the average area was 10.99 & 1.01 cm? and the weight
4.08 +0.46 g.

CHARACTERIZATION OF THE LACTIC ACID BACTERIA POPULATION

For characterization of the lactobacilli population, repetitive bac-
terial DNA element fingerprinting analysis (rep-PCR) with primer
GTGs5 was followed using the protocol described in Gevers etal.
(2001). The PCR reaction in a final volume of 25 WL contained:
5 uL of 5x MyTaq reaction buffer (5 mM dNTPs and 15 mM
MgCl,), 0.1 wL of My Taqg DNA polymerase (Bioline reactives,
UK), 1 pL GTGs primer (25 pm), 13.9 pL desionized H,0, and
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5 L DNA (~20 ng/pL). PCR amplification was carried out in
a thermal cycler (Master Cycler Pro, Eppendorf) with the fol-
lowing program: 95°C for 5 min as initial step, plus 30 cycles
at: (1) 95°C for 30 s, (2) annealing at 40°C for 30 s, and (3)
65°C for 8 min, with a final step of 65°C for 16 min to conclude
the amplification. This methodology was used to determine the
recovery frequency of the inoculated strain at the end of packing.
Firstly, the repeatability of the technique was determined using
the LAB2 strain as internal control, obtaining a 86.9% =+ 3.4% of
similarity for this bacteria in ten different gels (Figure 1). Then,
diverse isolates were randomly picked from each treatment at the
end of experiment (200 days), making a total of 88 lactobacilli to
analyze. They were named with the name of treatment (F1, F2,
or F3) and with a “F” in the case of fortified/reinforced olives.
Their pattern profiles of bands (from 100 up to 3,000 bp) were
compared with the strain used to fortify the treatments (LAB2).
For this purpose, PCR products were electrophoresed in a 2%
agarose gel and visualized under ultraviolet light by staining with
ethidium bromide. The resulting fingerprints were digitally cap-
tured and analyzed with the BioNumerics 6.6 software package
(Applied Maths, Kortrijk, Belgium). The similarity among digi-
talized profiles was calculated using the Pearson product-moment
correlation coefficient. Dendrograms were obtained by means of
the Unweighted Pair Group Method using Arithmetic Average
(UPGMA) clustering algorithm and the automatic calibration tool
for the determination of the optimization and curve smoothing
parameters.

STATISTICAL ANALYSIS

Analysis of variance was performed by means of the one-way
ANOVA module of Statistica 7.1 software to check for signifi-
cant differences among treatments. For this purpose, a post hoc
comparison was applied by means of the Scheffé test.

RESULTS AND DISCUSSION

After fermentation (6 months), three different types of fruits where
placed in new fresh brine and inoculated with a putative probiotic
bacteria (LAB2) just before closing the containers. Initial physic-
ochemical conditions (pH, salt, free, and combined acidity) were
stable during the whole period of packing (data not shown). Below,

the main results obtained for the changes in the microbial popu-
lations and the presence of the inoculated strain after 200 days of
shelf life are shown.

EVOLUTION OF MICROBIAL POPULATIONS THROUGH PACKING

Diverse works have reported that the survival of microorganisms
through table olive packing is considerable. Argyri etal. (2013b)
showed that microbial population after 40 days of Halkidiki green
table olive packing was above 7 and 5 logjo cfu g~ ! for LAB and
yeasts, respectively. Bautista-Gallego etal. (2011) reported that
after 60 days of Alorefia directly brined packing, the counts for
LAB and yeasts were above 5 and 6 log;o cfu mL™ L respectively.
For this reason, it can be expected that probiotic bacteria could
also survive for long period of time under packing conditions, and
thereby, be used for fortification purposes.

Figure 2 shows the evolution of the LAB and yeasts popula-
tion on olive surface for fruits spontaneously fermented (F1) and
fortified (F1-F) with LAB2 strain at the moment of packing. A
clear and statistical significant difference between the changes in
both LAB populations in the two types of treatments was noticed
(Figure 2A). In the case of F1 fruits, a marked decline of popula-
tion was observed through packing, while in fortified fruits (F1-F),
LAB counts were always higher and practically constant during the
shelf life. Thereby, at the end of the studied period (200 days), the
population for fortified fruits was 5.5 against 1.7 log1o cfu/cm? for
non-fortified fruits. In the case of yeast population (Figure 2B),
the evolution between both treatments was similar but with slight
differences. A marked decline of yeast population was observed
through packing in both cases, from the initial 5.8 to 1.3 (F1-
F) or 0.0 (F1) logjg cfu/cm?. Then, yeast survival was also
slightly (but statistical significant) favored by the addition of the
bacteria.

Figure 3 shows the evolution of the LAB and yeast popula-
tions on olive surface for fruits previously fermented using LAB2
as starter culture, packaged just as they were processed (F2) or
reinforced with the same strain just before closing of contain-
ers (F2-F). The changes in the LAB population was very similar
(no statistical differences) between reinforced and non-reinforced
fruits, with a progressive reduction from the initial 7.0 to around
4.4 logyo cfu/cm? at 80 days. Later on, the population remained,

88

90

92
9

=100

FIGURE 1 | Dendrogram generated after cluster analysis of the digitalized fingerprints of L. pentosus TOMC-LAB2 obtained from 10 different running
to determine the repeatability of the rep-PCR technique (86.9%) with primer GTGs. Clustering parameters: 0.5% optimization and 0.0 % curve smoothing.
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FIGURE 2 | Changes in the LAB (A) and yeast (B) populations on olive surface during shelf life. Control (F1) corresponded to just packaged spontaneously
fermented fruits, while fortified (F1-F) were those inoculated with L. pentosus TOMC-LAB2 strain.
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FIGURE 3 | Changes in the LAB (A) and yeast (B) populations on olive surface through shelf life. Fruits used in this experiment had been previously
fermented using L. pentosus TOMC-LAB?2 as starter culture, and just packaged (F2) or reinforced (F2-F) with the same strain at the moment of closing
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in practice, constant until the end of experiment. The evolution
of the yeast population was very similar as in the previous case,
with a clear decline through packing period (from the initial 4.3 to
around 2.0 logjo cfu/cm? at the end of study), although a higher
population was observed during most of the shelf life.

Figure 4 shows the evolution of the LAB and yeast populations
on olive surface for fruits spontaneously fermented and thermally
treated before packing. As commented, some fruits were packed
without LAB addition (F3), while others were fortified with LAB2
strain (F3-F). Apparently, the thermal treatment (85°C for 5 min)
was very efficient for killing the vegetative cells of both LAB and
yeasts adhered to the olive surface, and no microbial cells were
detected, except in the treatments inoculated with LAB2 strain
(Figure 4A). In this case, the LAB added to the brine was able
to colonize the olive surface in less than 38 days. In fact, the

population increase from 0.0 to approximately 6.8 logjq cfu/cm?
was very fast and persisted up to the end of the shelf life.

Finally, Enterobacteriaceae were not detected in any of the
packing treatments assayed through shelf life. This is in agree-
ment with the low pH obtained in the packing conditions
(pH < 4.0), which is a very inhibitory factor for the survival
of this group of microorganism (Garrido-Ferndndez etal., 1997),
but also due to the lack of appropriate nutrients because the
sugars were previously exhausted during fermentation process
(data not shown).

Therefore, data obtained in this work show the ability of the
LAB2 strain to move from packing brine onto the fruits and to
colonize the olive surface, which was especially evident in the
case of F3-F treatment. This is in agreement with results obtained
recently by Arroyo-Lépez etal. (2012) and Dominguez-Manzano
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FIGURE 4 | Changes in the LAB (A) and yeast (B) populations on olive surface through shelf life. Olives were spontaneously fermented and treated with
heat (85°C during 5 min). Part of fruits were just packed after thermal treatment (F3), while others were fortified (F3-F) with L. pentosus TOMC-LAB2 strain at
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etal. (2012) who demonstrated that diverse L. plantarum and
L. pentosus strains were able to establish polymicrobial communi-
ties with yeasts on the surface of olives processed according to green
Spanish-style. Peres et al. (2012) mention diverse types of techno-
logical processes (microencapsulation, vacuum, and immersion
impregnation, cell immobilization, etc.) to fortify plant matrices
with probiotic microorganism. In this work, the simply prepara-
tion of a packing brine with a concentration of ~ 6.5 log;o cfu
mL~! of LAB2 strain, resulted in a single and easy method for the
fortification of olives with the desire bacteria by means of a surface
adhesion mechanism.

PRESENCE OF THE INOCULATED STRAIN AT THE END OF SHELF LIFE
The presence of the inoculated LAB2 strain at the end of pack-
ing was corroborated by molecular methods (rep-PCR) using a
total of 88 lactobacilli isolates obtained from F1, F2, F3, and their
respective fortified/reinforced treatments.

Figure 5 shows the dendrogram generated using the patterns
profile of 29 LAB isolates randomly obtained from epidermis of
F1 (10) and F1-F (19) fruits plus the inoculated LAB2 strain.
The cluster analysis showed that 10/19 isolates obtained from
the fortified F1 treatment shared a 87.4% similarity with the
inoculated LAB2 strain, which was above repeatability of the
technique (86.8%). Thereby, LAB2 strain showed in FI-F treat-
ment a recovery frequency of 52.6%, while 9/19 isolates (47.4%)
where grouped in different clusters together with many of the
isolates obtained from the spontaneous and non-fortified F1
treatment.

Figure 6 shows the dendrogram generated using the patterns
profile of 39 lactobacilli isolates randomly obtained from epider-
mis of F2 (20) and F2-F (19) fruits plus the inoculated LAB2
strain. The cluster analysis showed that 11/19 isolates obtained
from the reinforced F2-F treatment shared a 88.8% similarity with
the inoculated LAB2 strain, which again was above repeatabil-
ity of the technique. Thus, LAB2 strain showed in the reinforced

treatment a recovery frequency of 57.9% at 200 days of packing,
while 8/19 isolates (42.1%) where grouped in different clusters
with many of the isolates obtained from the non-reinforced F2
treatment. It is remarkable to verify that, in the case of no
inoculation, it was not possible to recover the profile of the
LAB2 strain from the F2 treatment even when this microorgan-
ism was used as starter culture at the onset of fermentation.
Thus, a reinforcement step with this strain at the beginning
of packing to assure its presence during shelf life it is always
advisable.

Finally, Figure 7 shows the dendrogram generated using the
patterns profile of 20 lactobacilli isolates randomly obtained from
olive epidermis of F3-F treatments plus the inoculated LAB2
strain. In this case, because of the thermal treatment, no LAB
isolates were obtained from F3 treatment. The cluster analysis
showed that 20/20 isolates obtained from the F3-F treatment
shared a 86.5% similarity with the inoculated LAB2 strain, which
is in the limit of repeatability of the technique. Thereby, LAB2
strain showed in the fortified treatment a recovery frequency of
100.0% at 200 days, which is logical because, in this case, the
survival of other microorganism was prevented by the thermal
treatment.

Taking into account the average surface values obtained for
the Manzanilla fruits used in the present study (11 cm?), a
total of ~ 108 LAB cells could be ingested by consumers
who eat only one fortified olive with LAB2 strain after ther-
mal treatment. Data could also be converted to cfu g~! taking
into account the average weight of fruits (4.08 g). Probi-
otic microorganisms have to be taken regularly and to suf-
ficiently high levels (at least 10° cfu mL~! per daily dose)
to avoid washout, and to assure that their benefits will be
accrued in a sustained manner (Peres etal., 2012). The Span-
ish Association of Processors and Exporters (ASEMESA, 2014)
considers 7 olives (about 25 g of olive flesh) as a satisfac-
tory daily intake. Olives thermally treated and fortified with
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FIGURE 5 | Dendrogram generated after cluster analysis of the
digitalized rep-PCR fingerprints with primer GTGg of 29
lactobacilli isolates obtained from fruits spontaneously
fermented. Part of fruits were just packaged (F1, control) or

F1-10

fortified with L. pentosus TOMC-LAB2 strain (F1-F), while 1-20 is
the number for the isolates obtained within each treatment.
Clustering parameters: 0.5% optimization and 0.0% curve
smoothing.

LAB2 strain clearly exceed the number of recommended pro-
biotic microorganism. Pasteurization of Spanish green table
olives using glass and tin as packing material is usually car-
ried out by industry to enlarge the shelf life of the product
using a minimum amount of preservatives (Garrido-Fernandez
etal., 1997). Thus, this type of product could be a con-
venient carrier of probiotic to the human body because of
the high number of microorganisms that potentially could be
ingested by consumers with a larger shelf life compared to dairy
product.

CONCLUSION

Data obtained in this work show that fortification of table olives
with L. pentosus TOMC-LAB2 is possible because of the consid-
erable survival of this microorganism during shelf life at room
temperature without chill chain. Among the different types of
fortification assayed, a thermal treatment after fermentation to
eliminate microorganism and later inoculation with the bacteria
is desired because of the high counts and recovery frequency of
the added LAB bacteria obtained at the end of the packing period.
However, sensorial studies should be also carried out to determine
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the influence of the thermal treatment or bacteria growth on the
sensory profile of packaged olives.
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The present survey uses a dynamic gastric and small intestinal model to assess the
survival of one pathogenic (Escherichia coli O157:H7 EDL 933) and three lactobacilli bacteria
with probiotic potential (Lactobacillus rhamnosus GG, L. pentosus TOMC-LAB2, and L.
pentosus TOMC-LABA4) during their passage through the human gastrointestinal tract using
fermented olives as the food matrix. The data showed that the survival of the E. coli strain
in the stomach and duodenum was very low, while its transit through the distal parts
(jejunum and ileum) resulted in an increase in the pathogen population. The production of
Shiga toxins by this enterohemorrhagic microorganism in the ileal effluents of the in vitro
system was too low to be detected by ELISA assays. On the contrary, the three lactobacilli
species assayed showed a considerable resistance to the gastric digestion, but not to the
intestinal one, which affected their survival, and was especially evident in the case of both L.
pentosus strains. In spite of this, high population levels for all assayed microorganisms were
recovered at the end of the gastrointestinal passage. The results obtained in the present
study show the potential use of table olives as a vehicle of beneficial microorganisms
to the human body, as well as the need for good hygienic practices on the part of olive
manufacturers in order to avoid the possibility of contamination by food-borne pathogens.

Keywords: food carrier, lactobacilli, pathogen, probiotic, survival, Shiga toxins, table olives, TIM system

INTRODUCTION

Green Spanish-style table olives are considered ready-to-eat prod-
ucts which are directly consumed without any prior cooking,
and often, without any pasteurization or sterilization treat-
ment. This makes olives a splendid vehicle of microorgan-
isms (beneficial or harmful) to the human body. Thereby,
the analysis of the microbiota adhered to the fruits acquires
a relevant importance, although, incomprehensibly, this point
has received scarce attention by researchers. Fermented olives
contain biofilm structures formed mainly by lactic acid bac-
teria (LAB) and yeasts, which can reach population lev-
els up to 8 logjg CFU g~! in the epidermis of the fruits
(Nychas etal., 2002; Arroyo-Lopez etal., 2012; Dominguez-
Manzano etal., 2012). Native LAB or yeast strains isolated
from olive microbiota which show potential probiotic charac-
teristics could be used as starters either to initiate fermen-
tation or to obtain a functional product after adhesion to
the fruits (Rodriguez-Gémez etal., 2013; Blana etal., 2014).
To exert their health effect, microorganisms to be evalu-
ated as probiotics should be able to survive the harsh con-
ditions found in the human digestive tract such as acidic
pH or high concentrations of digestive enzymes and bile
salts.

Regarding safety issues, it is necessary to provide more
knowledge about the behavior of pathogens in ready-to-eat fer-
mented olives for future risk assessments. Enterohemorrhagic
Escherichia coliis a major food-borne pathogen that causes hemor-
rhagic colitis and a life-threatening sequelae, the hemolytic uremic
syndrome (Pennington, 2010). The behavior of the enterohem-
orrhagic E. coli O157:H7 during olive processing (fermentation
and packing) has been reported by several authors (Spyropoulou
etal,, 2001; Skandamis and Nychas, 2003; Argyri etal., 2013;
Grounda et al., 2013) but there is hitherto no available information
about the survival of this pathogen in the case of a hypothet-
ical intake of contaminated olives. To cause human illness, E.
coli O157:H7 should not only survive its passage through the
gastrointestinal tract but also coordinate the expression of vir-
ulence genes especially that of encoding Shiga toxins (Foster,
2013).

Most of the available data on probiotic or pathogen survival
in the human digestive tract has been obtained in static in vitro
systems that are not representative of the continuously changing
variable during the gastrointestinal transit. The TNO gastrointesti-
nal tract model (TIM system, Zeist, Netherlands) is an alternative
dynamic multi-compartmental in vitro system which currently
allows the closest simulation of in vivo physiological processes
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occurring within the stomach and small intestine of humans
(Minekus et al., 1995; Guerra et al., 2012).

In this work, we used the TIM system to assess the survival
and toxin production of an enterohemorrhagic E. coli strain inoc-
ulated in fermented olives during its transit through the upper
human gastrointestinal tract. The survival of two potential probi-
otic strains isolated from table olives and belonging to Lactobacillus
pentosus species (never studied before in dynamic digestive assays)
was also evaluated and compared to that of a well-recognized
probiotic microorganism (L. rhamnosus GG).

MATERIALS AND METHODS

OLIVES AND MICROORGANISMS

Fermented olives of the Manzanilla variety (Olea europaea pomi-
formis) were used in the present study. The fruits were previ-
ously fermented for two months according to the Spanish-style
(Garrido-Fernandez etal., 1997) and then pasteurized at 80°C
for 15 min to avoid any microbial presence on the olive surface.
Twenty-five grams of pasteurized olives were then homogenized
with 250 mL of sterile water and independently inoculated with
aerobic cultures of the reference strain E. coli O157:H7 EDL 933
(LB, 24 h, 37°C), the probiotic L. rhamnosus GG, and the olive
isolates L. pentosus TOMC-LAB2 and L. pentosus TOMC-LAB4
(MRS broth, 24 h, 37°C) to reach a final population in the mix
of 8.2, 9.1, 9.7, and 9.4 log;y CFU, respectively. Except for the
pathogen strain, these inoculation levels are similar for the lactic
acid population usually present in 25 g of fermented olives. The
two L. pentosus strains, originally isolated from Spanish-style table
olive fermentations and belonging to the table olive microorgan-
isms collection (TOMC) from Food Biotechnology Department of
Instituto de la Grasa (CSIC-Seville), were selected because of their
previously described probiotic characteristics (Bautista-Gallego
etal.,2013) and good performance as starter in previous fermenta-
tion trials carried out at laboratory scale (Rodriguez-Gémez et al.,
2013). Table 1 shows the main physicochemical conditions of the
fermented olives at the moment of introduction into the TIM
system.

SIMULATED HUMAN DIGESTIVE CONDITIONS

The TIM system, which simulates the physiological processes
occurring in the stomach, duodenum, jejunum, and ileum, was
programmed to reproduce the digestion of a solid food matrix in
a healthy human adult using the protocol described by Etienne-
Mesmin etal. (2011). The total duration of the digestions was
300 min with n = 2 digestions for each different microorgan-
ism. The parameters used for in vitro digestion are described
in Table 2. Samples were taken in the test meal (initial intake)
after inoculation and before its introduction into the artificial
stomach, and regularly collected during digestion in the different
compartments of the system (stomach, duodenum, jejunum, and
ileum) as well as in the cumulative ileal effluents (CIE). Microbial
counting was performed on LB agar (for E. coli) or on MRS agar
(for the lactobacilli strains; Oxoid LTD, Basingstoke, Hampshire,
England). Because food and microorganisms are in continuous
transit from one compartment to the next, in order to assess
microbial survival rates in the TIM system, control digestions
(n = 2) were carried out with the same protocol conditions used

for microorganisms, but with water containing only 0.8% (w/v)
of blue dextran (Minekus etal., 1995). This compound is a non
absorbable transit marker, which will represent a 100% survival
percentage for bacteria. Thereby, curves below the transit marker
will represent the mortality of the microorganism, while curves
above the transit marker will be indicative of bacteria growth
renewal.

DETERMINATION OF THE PRODUCTION OF SHIGA TOXINS BY THE E.
coli STRAIN

Shiga toxins produced by E. coli O157:H7 EDL 933 in the
ileal effluents of the TIM system were dosed by enzyme linked
immunosorbent assay (ELISA) using the Ridascreen®Verotoxin kit
(R-Biopharm, Darmstadt, Germany). Purified toxin Stx2 (Toxin
Technology®, Sarasota, FL, USA) was used to establish standard
calibration curves. Samples were diluted to half with the provided
diluent and the dosage was made according to the manufacturer’s
instructions. Each digestive sample was analyzed in duplicate and
serial dilutions of purified toxin were analyzed in triplicate.

STATISTICAL ANALYSIS

Significant differences among treatments (p < 0.05) were tested
by analysis of variance (ANOVA) followed by a Fisher-LSD post
hoc comparison test carried out with STATISTICA 7.0 software
package (Statsoft Inc, Tulsa, OK, USA).

RESULTS AND DISCUSSION

In the present study, fermented olives were independently inoc-
ulated with a food-borne pathogen and three potential beneficial
microorganisms in order to determine their survival during their
passage through the upper gastrointestinal tract of humans and
the pathogen’s ability to produce toxins. So far, there is no
information available on the survival of microorganisms through
the different compartments of the human gastrointestinal tract
using table olives as the food matrix. The only related study
was carried out by Lavermicocca etal. (2005), who fed volun-
teers with olives inoculated with the human origin strain L.
paracasei IMPC2.1. These authors were able to recover the men-
tioned microorganism from fecal samples, but they did not obtain
information on its resistance to specific gastric and intestinal
conditions.

The behavior of the major food borne pathogen E. coli O157:H7
(strain EDL 933) during its transit through the different compart-
ments of the TIM system is shown in Figure 1. In the stomach and
duodenum, its population decreased considerably, probably due
to the occurrence of stringent conditions such as gastric acidity,
digestive enzymes, or bile salts (Smith, 2003). The highest cell mor-
tality was observed in the artificial stomach from 90 min onward,
when the pH fell below 3 units (see Table 2). At this time, the
population decreased by more than 2 log;o CFU compared to the
transit marker used as control, and no living cells were recovered
from this compartment at 150 min. In the duodenum, at 180 min,
around 3 log;¢g CFU were lost compared to the marker.

On the contrary, in the distal parts of the artificial gastroin-
testinal tract (jejunum and ileum), E. coli O157:H7 resumption
was observed especially at the end of digestion. Thereby, at
time 300 min, the counts for bacteria even exceeded that of
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Table 1 | Experimental design and physicochemical conditions of the fermented olives used in the present work as food matrix.

Reference for Inoculated microorganism

Attributed effects on

Physicochemical conditions of

treatment human health fermented olives*
Ec Escherichia coli O157:H7 Enterohemorrhagic pH = 4.1
EDL 933 pathogen Salt =50.0 g/l
Lr Lactobacillus rhamnosus GG Probiotic microorganism Sugars < 2.0 g/l
Lp2 L. pentosus LAB2 Potential probiotic strains Phenolic compounds = 900 mg/kg
Lp4 L. pentosus LAB4 Isolated from table olives

*Fruits had an average size of 4.06 + 0.49 g and area surface of 10.93 + 1.07 cm?.

Table 2 | Parameters of gastrointestinal digestion in the TIM system when simulating digestive conditions of a healthy adult after intake of a

solid food matrix.

Compartment Vol (ml) pH/time (min) Secretion t1/2 (min) B coefficient
Stomach 300 2/0, 6/5, 5.7/15, 0.25 mi/min of pepsin (2080 IU/ml), 0.25 ml/min of lipase 85 1.8
4.5/45,2.9/90, 2.3/120, (250.5 1U/ml), 0.25 ml/min of HCI (1.5 M) if necessary.
1.8/240, 1.6/300
Duodenum 30 Maintained at 6.0 0.5 ml/min of bile salts (4% during the first 30 min of
digestion and then 2%), 0.25 mi/min of pancreatic juice
(103 USP/ml), 0.25 ml/min of intestinal electrolyte
solution, 0.25 ml/min of NaHCO3 (1 M) if necessary,
23,600 IU of trypsin (at the beginning of digestion).
Jejunum 130 Maintained at 6.9 0.25 ml/min of NaHCO3 (1 M) if necessary.
lleum 130 Maintained at 7.2 0.25 ml/min of NaHCO3 (1 M) if necessary. 250 2.5

For each digestive compartment, the table gives the volume (initial volume for gastric compartment, maximal volume for intestinal compartments), the pH (depending
on the time of digestion in the stomach), and the flow rates of digestive enzymes and bile salts. HCl and NaHCO3 are added to the gastric and intestinal compartments,
respectively, if the measured value of the pH deviates from the set point. The power exponential equation (f = 1-2=(t/t1/2)B where f represents the fraction of meal
delivered, t the time of delivery, t; /2 half the time of delivery, and B a coefficient describing the shape of the curve) was used for the computer control of gastric and
ileal deliveries into the TIM system. Parameters used for ty ;, and B for gastric and ileal deliveries are mentioned in the table.

the transit marker, chiefly in the jejunum (increase of 0.5 logjg
CFU compared to the control marker). At 300 min, a high
amount of viable cells were recovered from the ileal effluents,
decreasing only by 0.2 log;p CFU with respect to the blue dex-
tran. Bacterial growth renewal has been previously observed in
the distal compartments of the TIM system for other E. coli
strains (Ganzle et al., 1999; Etienne-Mesmin et al., 2011; Miszczy-
cha etal., 2014). This growth resumption was probably linked
to less stringent environmental conditions, such as a pH closer
to neutrality, lower concentrations of bile salts (owing to their
passive reabsorption in the TIM system), and/or an increase in
the residence time of bacteria. This event led to an increase in
the number of bacteria which could potentially enter into the
colon and may potentiate the harmfulness of the food-borne
pathogen in the hypothetical case of an intake of contaminated
olives.

Large variations in survival rates have been obtained for E.
coli O157:H7 in diverse in vitro digestion assays (Arnold and
Kaspar, 1995; Takumi etal., 2000; Foster, 2004; Tamplin, 2005;
Etienne-Mesmin etal., 2011). This wide range of response may
be explained by differences between culture conditions, digestive

systems (static or dynamic) and parameters, food matrices and
also bacterial strains. Interestingly, the only studies that evaluated
the behavior of E. coli O157:H7 in dynamic conditions gave sur-
vival rates after gastric digestion close to those obtained in the
present work (Takumi etal., 2000; Etienne-Mesmin etal., 2011;
Miszczycha etal., 2014). In table olive packing, this microorgan-
ism has shown also a considerable survival being present until
19th days of storage on olive fruits at low pH (4.2) and high salt
concentration (60 g/l; Argyri etal., 2013).

Hitherto, there is no available data regarding the produc-
tion (site and amount) of Shiga toxins by enterohemorrhagic
E. coli strains during their transit through the human gas-
trointestinal tract. This study is the first to investigate toxin
production by this food-borne pathogen in a human simu-
lated digestive environment. Toxin levels in the ileal effluents
of the TIM system were too low to be quantified by ELISA
assays, which had a detection threshold value of 0.31 ng/ml
(data not shown), indicating that under the tested conditions
the pathogen was not able to produce Shiga toxins, its main
virulence factor, at least at sufficient levels to be detected. It
also suggests that toxin production, if it occurs, would rather

www.frontiersin.org 143

October 2014 | Volume 5 | Article 540 |


http://www.frontiersin.org/
http://www.frontiersin.org/Food_Microbiology/archive

Arroyo-Lopez etal.

Survival of bacteria in a human digestive model

Stomach Duodenum
12 12
10 10
=6 % “ 8 :
o o
S N S \ 3
2 ;\\ 2
0 - T > - T 0 r T r T v T - :
0 60 120 180 240 300 0 60 120 . 180 240 300
Time (min) Time {min)
Jejunum lleum
12 12
10 10
> 8
& 2 ®
o =B
2 g
4 Sy
2 2
. ’ ) ) ' 0
d &0 ]f2iE1e {min) 160 =4l b 0 60 120 180 240 300
Time (min)
CIE
12
10
= g1 82
2, ®  Control
= 8.3 . . .
79
g5 & Escherichia coli
4 /
2
0 60 120 180 240 300
Time (min)
FIGURE 1 | Survival (plate counts versus time) of the food-borne pathogen Escherichia coli 0157:H7 EDL 933 in the different compartments and ileal
effluents (CIE) of the TIM system compared to a non absorbable transit marker, blue dextran, used as control. Results are expressed as logyg cfu + SDs
(n=2).

take place in the colon, which is already described as the
main site of pathogenicity for EHEC strains (Shigeno etal,
2002).

This study also aims to assess the survival of two L. pentosus
strains isolated from table olives for their use as putative pro-
biotics. LAB species are well known for their ability to resist
and live in many different acidified fermented vegetables, among
them table olives (Hurtado etal., 2012). The L. pentosus strains
assayed in this work were originally isolated from table olive
fermentations, so, presumably, they should be well adapted to
the acidic environment which governs this type of product.
Figures 2 and 3 show the results obtained for the survival in
the TIM system of L. pentosus TOMC-LAB2 and TOMC-LAB4,

respectively. Both bacteria showed a considerable resistance to
gastric digestion with a slight decrease at time 150 min of less
than 0.1 log;p CFU with respect to the transit marker. How-
ever, their survival through the duodenum was considerably
lower, especially evident in the case of the L. pentosus TOMC-
LAB2 strain with a reduction of more than 3 log;y CFU at
240 min. On the contrary, the survival of neither microorgan-
ism was affected by the conditions encountered in the distal parts
of the gastrointestinal tract (jejunum and ileum). At 300 min,
compared to the transit marker, the amount of bacteria recov-
ered from the ileal effluents was reduced by 2.1 and 1.3 logo
CFU for L. pentosus TOMC-LAB2 and TOMC-LAB4 strains,
respectively.
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FIGURE 2 | Survival (plate counts versus time) of the potential probiotic strain Lactobacillus pentosus TOMC-LAB2, isolated originally from table
olives, in the different CIE of the TIM system compared to a non absorbable transit marker, blue dextran, used as control. Results are expressed as
logyp cfu & SDs (n = 2).

To be effective and confer health benefits on the host, probiotics
must be able to survive passage through the human stomach and
small intestine and be present in sufficient number to colonize
the colonic environment (Del Piano etal., 2006). The survival of
the L. pentosus strains isolated from table olives was compared
to that of the well-known probiotic L. rhamnosus GG (Figure 4).
This microorganism was slightly affected during its transit through
the stomach (only 0.1 log;o CFU reduction at time 150 min).
Pitino etal. (2012) also found a high resistance of this species to
stomach digestion in a dynamic gastric model. On the contrary,
the population decreased in higher proportions at the end of its
transit through the duodenum (~1 log;o CFU at time 240 min)
and it seemed to be not affected by the conditions occurring in

the jejunum and ileum (no additional mortality was observed in
either compartment). At 300 min, high levels for this LAB species
were recovered from the ileal effluents, decreasing by only 0.3 log;o
CFU compared to the transit marker.

Table 3 shows the percentage of survival obtained for the four
assayed bacteria after their transit through the different compart-
ments of the TIM system as well as in the ileal effluents at the end of
digestion. As can be clearly deduced even though E. coli O157:H7
is considered a highly acid resistant pathogen (Foster, 2004), this
microorganism was the most affected bacteria by gastric diges-
tion, with statistically significant differences (p < 0.05) compared
to lactobacilli strains. L. rhammnosus GG was the most resistant
bacteria during its transit through duodenum, although without
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FIGURE 3 | Survival (plate counts versus time) of the potential probiotic strain L. pentosus TOMC-LAB4, isolated originally from table olives, in the
different CIE of the TIM system compared to a non absorbable transit marker, blue dextran, used as control. Results are expressed as logyg cfu = SDs
(n=2).

significant differences according to a Fisher-LSD post hoc compar-
ison test. This is in agreement with previous results obtained by
Silva etal. (1987) and Pitino etal. (2012) who cataloged L. rham-
nosusas an acid and bile-resistant species. Bile salts are described as
toxic at high concentrations for bacterial cells by disorganizing the
lipid bi-layer structure of the cellular membranes (Thanassi et al.,
1997). This is presumably the reason why all assayed microorgan-
isms reduced their population during their transit through the
duodenum. On the contrary, the food-borne pathogen was the

most adapted microorganism in the distal parts of the gastroin-
testinal tract (jejunum and ileum), with significant differences
(p < 0.05) compared to the lactobacilli species in the ileum.
Thereby, after gastric and small intestinal transit, the survival rate
was statistically higher for E. coli O157:H7 EDL 933 (117.5%)
than for the rest of bacteria (from 0.7 to 40.5%), indicating that a
higher percentage of the pathogen population could enter into the
colon compared to the lactobacilli species in the case of a hypo-
thetical intake of contaminated olives. L. pentosus TOMC-LAB2
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FIGURE 4 | Survival (plate counts versus time) of the probiotic strain L. rhamnosus GG in the different CIE of the TIM system compared to a non
absorbable transit marker, blue dextran, used as control. Results are expressed as logg cfu + SDs (n = 2).

Table 3 | Survival (%) of the four tested strains at the end of in vitro digestions in the different compartments and ileal effluents (CIE) of the TIM
system, using fermented Manzanilla olives as food matrix.

Microorganism E150 D24o Jgoo |3oo C|E300 TF325

E. coli 0157:H7 EDL 933 0.00 (0.00)? 0.01 (0.00)° 11.55 (8.69)? 45.27 (4.45)? 45.45 (11.66) 11747 (26.68)
L. rhamnosus GG 32.80 (3.47)° 0.16 (0.05)? 2.52 (0.01) 10.97 (4.55)° 3129 (5.91) 40.48 (737)°
L. pentosus LAB2 18.13 (0.05)° 0.001 (0.001)? 0.05 (0.00)2 0.24 (0.02)¢ 0.55 (0.13)° 0.74 (0.14)°

L. pentosus LAB4 24.11 (5.22)b¢ 0.07 (0.05) 0.47 (0.06)? 1.69 (0.66)° 3.47 (1.03)° 4.91 (1.04)P¢

Ei50. Dago. J300 @and l3pg stands for instantaneous percentages in the stomach (150 min), duodenum (240 min), jejunum (300 min), and ileum (300 min), respectively.
ClEzgg and TFgps stands for cumulative percentages from ileal effluents (0—300 min) and cumulative percentages from ileal effluents (0—300 min) plus final gastro-
intestinal residue, respectively. SD in parentheses. Values followed by different superscript letters, within the same column, are significantly different (p < 0.05)
according to a FisherLSD post hoc comparison test.

and TOMC-LAB4 have already shown promising probiotic char- 2012). Population levels higher than 7.5 log;yp CFU were recov-
acteristics (Bautista-Gallego etal., 2013) as well as a considerable ered for both strains after their transit through the artificial ileum
capacity for adhesion to the olive epidermis (Arroyo-Lépez etal,, and before entering into the colon (survival percentages of 0.6
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and 3.5% for L. pentosus TOMC-LAB2 and TOMC-LAB4, respec-
tively), compared to 8.5 log;o CFU obtained for L. rhamnosus GG
(survival percentage of 31.3%). This makes them good candidates
for use as probiotic agents, which could increase the functional
value of table olives.

CONCLUSION

In summary, these results encourage further research on the devel-
opment of table olives as a functional food, because, apparently,
it is a good vehicle of microorganisms to the human body. Nev-
ertheless, at the same time, they also show the necessity of good
hygienic practices by olive manufacturers to avoid any possibility
of intake of EHEC-contaminated olives, even though, apparently,
the pathogen was not able to produce toxins during its transit
through the upper human gastrointestinal tract following olive
intake.
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Photosynthetic microalgae have attracted significant attention as they can serve as
important sources for cosmetic, food and pharmaceutical products, industrial materials
and even biofuel biodiesels. However, current productivity of microalga-based processes
is still very low, which has restricted their scale-up application. In addition to various
efforts in strain improvement and cultivation optimization, it was proposed that the
productivity of microalga-based processes can also be increased using various chemicals
to trigger or enhance cell growth and accumulation of bioproducts. Herein, we summarized
recent progresses in applying chemical triggers or enhancers to improve cell growth and
accumulation of bioproducts in algal cultures. Based on their enhancing mechanisms,
these chemicals can be classified into four categories:chemicals regulating biosynthetic
pathways, chemicals inducing oxidative stress responses, phytohormones and analogs
regulating multiple aspects of microalgal metabolism, and chemicals directly as metabolic
precursors. Taken together, the early researches demonstrated that the use of chemical
stimulants could be a very effective and economical way to improve cell growth and

accumulation of high-value bioproducts in large-scale cultivation of microalgae.

Keywords: chemicals, microalgae, growth, accumulation, bioproducts

INTRODUCTION

Microalgae are autotrophic organisms, which utilize light energy,
and inorganic nutrients such as CO;, nitrogen and phosphorus,
to generate biomass and synthesize valuable metabolites. Some
algal species cultivated under stress conditions accumulate spe-
cific secondary metabolites (i.e., pigments, vitamins, or lipids),
which are high-value bioproducts that can be applied in the cos-
metic, food, or pharmaceutical sectors (Skjanes etal., 2013). In
contrast to higher plants that contain large amount of cellulose
and hemicellulose, larger portion of algal biomass can be directly
converted into biofuels or other high-value bioproducts via down-
stream processes (Wijffels etal., 2010; Vanthoor-Koopmans et al.,
2013; Yen etal.,2013). One well-known area of such applications is
microalgae-based biodiesel that has been proposed as good alter-
native to non-renewable fossil fuels (Sheechan etal., 1998), and
another area of commercial exploitation of microalgae is the pro-
duction of pharmaceutically and high-value industrial chemicals
(Leu and Boussiba, 2014).

Although microalgae are known to synthesize a variety of bio-
products with potential commercial values, only a few of them,
such as P-carotene and astaxanthin, have been produced at an
industry-scale (Ben-Amotz, 1995; Sheehan etal., 1998; Borow-
itzka, 2013), which may be due to the low productivity of these
products in the native microalgae and the difficulty in isolating
them by economically feasible means (Clarens et al., 2010; Norsker
etal., 2011; Razon and Tan, 2011; Soratana and Landis, 2011).
While significant efforts have been undertaken to select high-yield
strains, optimize cultivation and even modify the strains by genetic

engineering in the past decades (Suen etal., 1987; Cer6n Garcia
etal.,2005; Kilian etal., 2011), progress has yet to be fully satisfied.

As an alternative method to improve production or accu-
mulation of bioproducts, chemicals as metabolic triggers or
enhancers that are able to directly modulate cellular metabolism
have been proposed and applied in various commercially viable
microalgae. Unlike genetic modification, this approach relies
on phenotypic screening and does not require specific knowl-
edge of molecular targets in metabolic and catabolic pathways
involved in synthesis of bioproducts. In a recent study, Franz
etal. (2013) described a phenotypic screening of 42 chemi-
cals for their roles on lipid metabolism in microalgae, and
identified 12 chemicals that are capable of enhancing intra-
cellular lipid levels by >100%, with three compounds (i.e.,
epigallocatechin gallate, CDK2 inhibitor 2 and cycloheximide)
increasing intracellular lipids by 200-400% based on Nile Red
fluorescence intensity. In addition, the researchers took a fur-
ther step to verify these chemicals in large-scale cultures and
concluded that propyl gallate and butylated hydroxyanisole
could be used in large-scale applications considering the low
cost of the chemicals and the lipid content increases (Franz
etal, 2013), demonstrating that the application of chemi-
cal enhancer could be a valuable and practical approach in
addressing the low productivity issue with microalgae-based
processes. In this article, we review the recent progresses in
applying chemicals to improve cell growth and accumulation
of high-value bioproducts in microalgae (Table 1), with a
focus on the molecular mechanisms of their stimulatory roles.
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PHYTOHORMONES AND ANALOGS REGULATING MULTIPLE
ASPECTS OF METABOLISM

TARGETING ON BIOSYNTHETIC PATHWAYS OF HIGH-VALUE PRODUCTS
It has been established that plants have developed a broad
spectrum of molecular mechanisms to resist unfavorable envi-
ronmental perturbations (Ren etal., 2009). Microalgae that share
the evolutionary merits with plants also have mechanisms to
deal with various environmental stress. One well-studied exam-
ple is antioxidant pigment astaxanthin that plays a critical role in
response to various stress conditions, such as high light, salinity,
nutrient stress, and high carbon/nitrogen ratio, in chlorophyceae
Haematococcus pluvialis (Tripathi et al., 1999; Sarada etal., 2002).
The pathway of astaxanthin synthesis in H. pluvialis has been
deciphered (Griinewald etal., 2000; Vidhyavathi etal., 2008) and
several biosynthetic genes related to carotenoid have also been
cloned and characterized (Lotan and Hirschberg, 1995; Sun etal.,
1998; Linden, 1999; Steinbrenner and Linden, 2003; Huang
etal., 2006). To increase the astaxanthin productivity, chemicals
as metabolism enhancers were also evaluated recently. In one
study, Lu etal. (2010) reported that gibberellic acid (GA3) and
methyl jsmonate (M]) played roles in regulating gene expres-
sion of bkts that catalyzes B-carotene to canthaxanthin in the
astaxanthin biosynthetic pathway (Lu etal., 2010). More recently,
Gao etal. (2012a,b, 2013a,b) found that chemicals jasmonic acid
(JA), salicylic acid (SA), GAsz, and 2, 4-epibrassinolide (EBR)
can enhance astaxanthin production to 1.458 mg/L, 2.74 mg/L,
2.39 mg/L, 2.26 mg/L, respectively; and further analysis showed
that the enhancing mechanisms of chemicals were concentration-
dependent. For example, the results showed that 25 mg/L JA
up-regulated the transcriptional expression of pds, crtR-B, and lyc
of the astaxanthin biosynthetic pathway (>10-fold up-regulation)
the most, while 50 mg/L JA impacted the transcriptional expres-
sion of ipi-1, ipi-2, psy, crtR-B, and ¢rtO than on pds, lyc, and
bkt2 more significantly (Gao etal., 2012b). Based on a correla-
tion analysis between their maximum mRNA transcripts of five
carotenoid genes and astaxanthin production, Li etal. (2010) pro-
posed that multiple regulatory mechanisms at transcriptional,
translational, and post-translational levels of astaxanthin biosyn-
thetic genes co-existed in controlling the overall carotenogenesis
process in H. pluvialis (Li etal., 2010). Interestingly, different
modes of regulation can be issued by the same chemical in H.
pluvialis, such as JA that up-regulated psy, pds, crtR-B, lyc, bkt
and crtO genes at the transcriptional level, and up-regulated ipi-1I
and ipi-2 genes at both transcriptional and post-transcriptional
levels, respectively; and SA up-regulated ipi-1, ipi-2, psy, crtR-
B, bkt, and crtO gene at the transcriptional level, and lyc at
the post-transcriptional level and pds at both levels, respectively
(Gao etal., 2012a,b).

INDUCING OXIDATIVE STRESS RESPONSES

Photosynthetic algae, like higher plants, generate reactive oxygen
species (ROS) through chloroplast photosynthesis and mitochon-
drial respiration under stress condition, and ROS will then to be
used as signal molecules to initiate production and accumula-
tion of many bioproducts (Asada, 1994). The effects of SA and
MJ on the antioxidant systems in H. pluvialis were investigated,
and the results showed that at low concentrations, 100 uM SA

increased astaxanthin content to 6.8-fold under low light (30 pumol
m~2 s~ 1), while 10 LM M]J showed marginal increase in astax-
anthin. However, at high concentration of 500 uM, both SA
and M]J reduced the growth of microalgae and inhibited astax-
anthin accumulation. Further mechanism analysis showed that
SA at high concentrations increased superoxide dismutase activity
to 4.5- and 3.3-fold and ascorbate peroxidase (APX) activity to
15.5- and 7.1-fold under low and high light, respectively, while
M] increased catalase activity (1.4-fold) under high light and APX
activity (5.4-fold) under low light, suggesting the low astaxan-
thin accumulation may be due to the free radicals being scavenged
(Raman and Ravi, 2010).

REGULATING OTHER ASPECTS OF CELLULAR METABOLISM
Phytohormones are signal molecules synthetized by plants, and
capable of efficiently regulating cellular metabolism at very low
concentrations (Park etal., 2013). The application of phytohor-
mones to improve growth and productivity has been reported,
and the results with Chlorella species showed that use of natural
and synthetic auxins, as well as their precursors, have consider-
able stimulating effects on algal growth and biomass composition
(Czerpak etal., 1994, 1999; Czerpak and Bajguz, 1997; Hunt et al.,
2010). In addition, a combination of chemicals from within the
auxin family as well as with that of other families, such as 5 ppm
1-naphthaleneacetic acid (NAA) + 10 ppm GA3z + 1 ppm zeatin
(ZT), dramatically increased biomass productivity by 170% over
the control in Chlorella sorokiniana (Hunt etal., 2010). Another
study investigated the effects of phytohormones on microalgal
growth and oil accumulation for biodiesel production in Chlamy-
domonas reinhardtii. The results indicated that all five of the
tested phytohormones (i.e., indole-3-acetic acid, gibberellic acid,
kinetin, 1-triacontanol, and abscisic acid) promoted cell growth.
In particular, hormone treatment increased biomass production
by 54-69% relative to the control growth medium, demonstrating
their values in decreasing cost of commercial biodiesel production
(Park et al., 2013).

Brassinosteroids (BRs) are hydroxylated derivatives of 5-
cholestane and important plant growth regulators in multiple
developmental processes, such as cell division and cell elongation
(Bajguz and Czerpak, 1996; Bajguz and Tretyn, 2003). A recent
study found that BRs cooperated synergistically with auxins in
stimulating cell proliferation and endogenous accumulation of
proteins, chlorophylls, and monosaccharides in C. vulgaris (Bajguz
and Piotrowska-Niczyporuk, 2013).

In terms of the molecular mechanisms, auxins and their
analogs have been found to affect photosynthetic efficiency and
CO,; fixation in microalgae. For example, a study showed that
auxins had incentive effects on reactions of bonding CO; to
1, 5-biphosphoribulose and photosynthetic phosphorylation. As
expected, the increase in intensity of photosynthesis reactions cor-
related well with higher contents of chlorophylls, pheophytins, and
total carotenoids in cells treated with indomethacin that shares
structural similarity with natural auxins (Piotrowska etal., 2008).
Other studies also indicated that low concentrations of synthetic
auxins, such as 2-(2,4-dichlorophenoxy) acetic acid (2,4-D), NAA
and 2-phenylacetic acid (PAA), stimulated the photosynthetic
rate and chlorophylls as well as carotenoids synthesis in green

www.frontiersin.org 154

February 2015 | Volume 6 | Article 56 |


http://www.frontiersin.org/
http://www.frontiersin.org/Food_Microbiology/archive

Yu etal.

Chemical enhancers in microalgae

algae C. pyrenoidosa, Scenedesmus acuminatus, and S. qadricauda
(Czerpak etal., 1994, 1999, 2002; Wong, 2000).

Diamines and polyamines are polycation nitrogen compounds
presented in almost all prokaryotic and eukaryotic microorgan-
isms and belonged to specific cellular regulators of growth and
metabolism (Rayle and Cleland, 1992). The study showed that
in C. vulgaris treated with diamines and polyamines, the content
of monosaccharides, primary products of Calvin cycle were inten-
sively stimulated on 3 days of C. vulgaris culture, while chlorophyll
content was enhanced on 9 days of C. vulgaris culture, indicating
that the amines stimulated the dark phase of photosynthesis in the
young cells, and the light synthesis phase in aging cells, respectively
(Czerpak etal., 2003).

An acid growth theory has been proposed to explain the cell
elongation triggered by auxins in plant cells, which refers to the
auxin-induced acidification of free space in cell wall. The decrease
of pH enhances the plasticity of cell wall thus contributes to the
increased elongation rate of the plant tissues, and the phenomenon
is presumably related to the activation of membrane-binding pro-
ton pumps by auxin (Rayle and Cleland, 1992; Hobbie et al., 1994).
A study with algal C. vulgaris also showed that BR-stimulated cell
growth depended at least partly on acid growth theory (Bajguz
and Czerpak, 1996).

Cell phase and mitosis regulated by phytohormones was also
reported in microalgae. A recent study showed that NAA (30 ppm)
treatment stimulated higher biomass productivity between days 5
and 10 while PAA (5 ppm) treatment effected on the first 5 days in
in C. sorokiniana, suggesting that NAA might prolong exponential
phase and PAA might short initial lag phase before initiation of
cell division. The combination of NAA (5 ppm) + PAA (30 ppm)
showed 104% increase of biomass and demonstrated that auxins
enhanced biomass growth by reducing generation time thus con-
tributing to reducing generation time (Hunt et al., 2010). Another
study on the synchronous culture of C. pyrenoidosa showed that
the time to incipient cell division was reduced by GA and 6-
furfurylaminopurine, suggesting these two phytohormones had
played roles in eliminating the initial lag phase (Vance, 1987).
Similarly, the cell number and dry weight of C. vulgaris was also
significantly increased in response to optimal dose of IM (10~
M) on a 5-day cultivation, suggesting that growth elicited by nat-
ural and synthetic auxins encompassed the stimulation of mitosis
(Piotrowska et al., 2008).

Chlorophyll pigment presents challenges to lipid extraction and
biodiesel conversion in downstream processing of algal biomass.
Hence, chemicals led to higher biomass and lower pigment pro-
duction will bring benefits. A study showed that the addition
of NAA (30 ppm) and PAA (5 ppm) significantly increased
biomass production, meanwhile decreased chlorophyll a synthesis
in C. sorokiniana (Hunt etal., 2010). In addition, auxins at high
concentrations can activate key regulatory enzyme in ethylene
biosynthesis (Grossmann, 2000), and large amount of ethylene
could then induce the degradation of photosynthetic pigments
(Sunohara and Matsumoto, 1997).

As for other regulatory functions, an exposure of C. vulgaris
cells to exogenous IM, synthetic analog of IAA, has been reported
to increase cellular DNA level up to 48% and 20-43% more
soluble proteins excreted to the environments (Piotrowska etal.,

2008); and cytokinins and allantoin (AT) were found to stimulate
carotenoids content by 185-190% and 124% in C. pyrenoidosa,
possibly due to their inhibition of oxidases and dehydrogenases
that are responsible for oxidation process and degradation of
chlorophylls and carotenoids (Czerpak and Bajguz, 1997).

OTHER CHEMICALS INDUCING OXIDATIVE STRESS
RESPONSES

Apart from phytohormones and analogs, other chemicals capable
of inducing oxidative response for enhanceing microalgal growth
and accumulation of high-value bioproducts were also investi-
gated. An early study showed that Fe?*, methylene blue (MB)
for singlet oxygen (10,), methyl viologen (MV) for superoxide
anion radical (O,7), H,0,, and 2,2'-azo-bis(2-amidinopropane)-
dihydrochloride (AAPH) for peroxy radical (AO,-), were capa-
ble of triggering astaxanthin biosynthesis in H. pluvialis, in
which Fe?T possibly served as an HO- generator via an iron-
catalyzed Fenton reaction (Kobayashi etal., 1993). HO- or other
active oxygen species ('0,, 0,7, H,0,, and AO;-) might
then enhance carotenoid formation in algal cyst cells by par-
ticipating directly in the carotenogenic enzyme reactions as an
oxidizer or an H acceptor (Beyer and Kleinig, 1989). In a
recent study, Ip and Chen (2005) proposed sodium hypochlo-
rite (NaClO) as another oxygen species to enhance astaxanthin
production of C. zofingiensis in the heterotrophic cultivation
medium.

CHEMICALS AS METABOLIC PRECURSORS

An early study showed that an addition of 100 mM pyruvate into
the culture medium of C. zofingiensis enhanced the yield of astax-
anthin from 8.36 to 10.72 mg/L. In addition, citrate and malic
acid also had the similar stimulatory effects on the formation of
astaxanthin. Pyruvate might serve as a precursor for isopentenyl
pyrophosphate (IPP), the carotenoid precursor in C. zofingiensis
and H. pluvialis, while the stimulatory effects of citrate and malic
acid on astaxanthin biosynthesis in C. zofingiensis could be due to
their conversions to pyruvate (Chen etal., 2009). For docosahex-
aenoic acid (DHA) accumulation in Schizochytrium sp. HX-308,
an addition of 4 g/L malic acid to the culture medium at the rapid
lipid accumulation stage can increase DHA content of total fatty
acids from 35 to 60%. In addition to functioning as a possible
carbon precursor, it was speculated that malic acid added at rapid
lipid accumulation stage could activate malic enzyme activity and
enhance NADPH generating reaction from malic acid to pyruvate
(Ren etal., 2009). In addition, ethanol was also found to enhance
lipid content by 35% in Crypthecodinium cohnii, in which ethanol
can be converted to acetyl-CoA directly and in its metabolism
might generate additional reducing power NADPH for lipogenesis
(Lolke et al., 2005).

To aid in identifying metabolites associated with enhanced
production of bioproducts, metabolomics, a measurement, and
study of the small-molecule metabolites that constitute cel-
lular metabolic networks, has been recently applied. In one
study, Cheng etal. (2012) compared the metabolites between
two cyanobacteria Synechocystis sp. PCC6803 and Anabaena
sp. PCC 7120, and one microalga S. obliquus by gas chro-
matography coupled with time-of-flight mass spectrometry to
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detect important metabolites intricately tied to the lipid con-
tent in cyanobacteria and microalgae. The results showed that
nine metabolites including ethanolamine were associated with
the different lipid accumulation, and further study confirmed
that addition of exogenous ethanolamine (2 mmol/L) could
increase the lipid content by 22% in S. obliquus (Cheng etal.,
2012). In another study, Su etal. (2014) investigated mecha-
nism of astaxanthin induction under various stress conditions
using a metabolomics and network analysis, and found that sev-
eral metabolites, such as D-(+) altrose, D-ribose 5-phosphate,
L-glutamic acid, and a-ketoglutaric acid, were positively associ-
ated with the increased astaxanthin accumulation in H. pluvialis.
Although further confirmation is still needed, it was specu-
lated that the increased abundances of these metabolites might
contribute to the enhanced carbon flow into the astaxanthin
biosynthesis (Su etal., 2014). Taken together, these early stud-
ies demonstrated that metabolomics could be a valuable tool in

identifying potential metabolites for enhancing target production
inalgae (Zhangetal.,2010). Effective mechanisms of the chemicals
were schemed in Figure 1.

CONCLUSION

To produce bioproducts form microalgae in an economically fea-
sible and sustainable way, one major hurdle that needs to be
overcome is the low productivity. To address the issues, efforts
have been undertaken to identify and apply chemical triggers
or enhancers to enhance cell growth and accumulation of bio-
products in microalgae, and the studies have demonstrated that
application of chemical triggers or enhancers could be a very
practical method in large-scale fermentation of microalgae. In
addition, the possible stimulatory mechanisms were also partially
deciphered for some of the chemicals. However, to uncover new
chemicals and expand the application, it is necessary to determine
more accurately the metabolic mechanisms related to cell growth,

Chemical
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Calvin
cycle

Oxidizer
H receptor

Antioxidant
defencers

Zeaxanthin

A 4

v

FIGURE 1 | Scheme of enhancing mechanisms of chemicals on
microalgae. The major stimulatory mechanisms were indicted inside the cell.
(I) Chemicals targeting on biosynthetic pathways of high-value product, such
as JA, SA, GA, and EBR controlling the overall carotenogenesis process in H.
pluvialis; (1) Chemicals inducing oxidative stress responses, including direct
or indirect addition of active oxygen species and chemical triggers inducing
antioxidant production; (lll) Phytohormones and analogs effecting on
photosynthetic efficiency, namely the light phase, including photosynthetic
phosphorylation, photosynthetic rate, and chlorophylls synthesis; (IV) Phyto-
hormones and analogs impacting CO» fixation, namely the dark phase of
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photosynthesis, such as diamines and polyamines stimulating production of
Calvin cycle; (V) Phytohormones and analogs encompassed acid growth
theory, alternating the plasticity of cell wall thus contributing to cell
elongation; (VI) Degradation of photosynthetic pigments due to large amount
of ethylene caused by high concentration of auxins; (VIl) Phytohormones and
analogs regulating genome and protein expression, such as IM modulating
DNA and protein content in C. vulgaris; (VIIl) Chemicals as metabolic
precursors, such as pyruvate serving as a precursor of carotenoid synthesis
thus stimulating the formation of astaxanthin and NADPH (led by malic acid)
acting as a precursor of fatty acid synthesis increasing DHA content.
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production and accumulation of bioproducts, and the modes
of action (MOA) of chemicals in microalgae. For this regard,
the application of various global-focused technologies, such as
genomics, proteomics, and metabolomics, could be valuable tools
in the future research.
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Although it has been traditionally regarded as an intermediate of carbon metabolism
and major component of fermented dairy products contributing to organoleptic and
antimicrobial properties of food, there is evidence gathered in recent years that lactate
has bioactive properties that may be responsible of broader properties of functional
foods. Lactate can regulate critical functions of several key players of the immune
system such as macrophages and dendritic cells, being able to modulate inflammatory
activation of epithelial cells as well. Intraluminal levels of lactate derived from fermentative
metabolism of lactobacilli have been shown to modulate inflammatory environment
in intestinal mucosa. The molecular mechanisms responsible to these functions,
including histone deacetylase dependent-modulation of gene expression and signaling
through G-protein coupled receptors have started to be described. Since lactate is
a major fermentation product of several bacterial families with probiotic properties,
we here propose that it may contribute to some of the properties attributed to these
microorganisms and in a larger view, to the properties of food products fermented by
lactic acid bacteria.

Keywords: fermentation, lactate, functional food, probiotics, bioactive properties

Lactate is a Major Component of Lactic-Acid Bacteria
Fermented Foods

For about 40 centuries, without understanding the scientific basis, people have been using lactic
acid bacteria to produce fermented products that were originally developed as a way to preserve
food from microbial or physicochemical modification that may alter its sensory or nutritional
value. By fermentation, it has been possible to develop a wide variety of products of different taste,
texture, and function. Lactic acid bacteria are traditionally used in obtaining dairy products from
all over the world, including yogurt, cheese, butter, buttermilk, kefir, and koumiss, among others.
Lactic acid bacteria refer to a large group of bacteria that share genetic traits and produce lactic
acid as main end product of fermentation. They are widespread in nature and are also found in the
gastrointestinal tract.

Fermenting milk with lactic acid bacteria provide a final product that contains lactic acid as a
hallmark among other metabolites that may contribute to product characteristics. Although they
are best known for their role in the preparation of fermented dairy products, lactic acid bacteria
are also used in non-dairy food processing such as pickling of vegetables, curing fish, meats, and
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sausages as well as in traditional fermented products around the
world such as pozole, pulque, chicha, gari, kimchi, among others
(Nout, 2009). Furthermore, LAB is also a major contributor
to fermentation process that takes place in ensilage (Jay et al.,
2005). In the process of yogurt production, around 20% of lactose
present in milk is transformed into lactic acid, and the content
of lactic acid in yogurt is around 0.9% (Cheng, 2010). Other
fermented milk product as kefir may reach to 2% of lactate
(Garrote et al., 2010; Londero et al., 2012).

Lactic-Acid Bacteria-Fermented
Products have Beneficial Health
Properties

The popular belief that fermented products have beneficial health
effects is probably very old, but only in the past decades these
ideas have begun to find a scientific support. During the last
20 years, a major expansion of food with health-promoting
properties has taken place leading to the so-called “functional
foods.” This type of food, consumed as part of normal daily diet,
contains bioactive ingredients that offer health benefits.

Within functional foods, probiotics have acquired an
important role, showing capacity to regulate metabolism and
immunity of the consumer resulting in improvement of the
quality of life (Tojo Sierra et al., 2003). Probiotics according to
the World Health Organization (FAO/WHO Report, 2002) are
live microorganisms which when administered in adequate doses
confer beneficial effects on host health.

There have been proposed many mechanisms by which
probiotics may contribute to consumer health, although
for several of them the cellular and molecular bases are
not completely elucidated. Probiotics may produce agents
that suppress the growth of other microorganisms such
as organic acid (Garrote et al., 2000) or other inhibitory
compounds (Holzapfel et al, 1995; Beshkova and Frengova,
2012); furthermore, they can compete for receptors and
binding sites with other intestinal microbes on the intestinal
mucosa exerting a protective affect against pathogen infection
(Golowcezyc et al,, 2007; Kakisu et al., 2013). Probiotics can
modulate the intestinal immunity and alter the responsiveness
of the intestinal epithelia and immune cells to microbes in
the intestinal lumen (Thomas and Versalovic, 2010). In this
regard, numerous studies have shown that lactic acid bacteria
in fermented milk improve different parameters of immune
function (Matar et al., 2001; Isolauri et al., 2004; Tsai et al,
2012).

The consumption of fermented food and/or probiotics also
modifies the intestinal microbiota which plays an important
role in the function and integrity of the gastrointestinal
tract, maintenance of immune homeostasis and host energy
metabolism (Hemarajata and Versalovic, 2013; Flint et al,
2015). Microbes in the gastrointestinal tract can exert numerous
effects on different cells of the mucosal immune system and,
in turn, induce the production of cytokines, which prime
the innate immune response (O’Flaherty et al., 2010). Recent
studies revealed that microbiota, including their metabolites,

modulate key signaling pathways involved in the inflammation
of the mucosa. The underlying molecular mechanisms of host-
microbiota interactions are still not fully elucidated; however,
manipulation of microbiota by probiotics or prebiotics is
becoming increasingly recognized as an important therapeutic
option, especially for the treatment of the dysfunction or
inflammation of the intestinal tract (Kanauchi et al., 2013).
The metabolic output of the modification of gut microbiota
is the production of different profile of short chain fatty
acids (SCFA) such as butyrate, propionate, and acetate. It has
been reported that SCFA show anti-inflammatory properties
(Maslowski and Mackay, 2011). Furthermore, it has been shown
that metabolites present in the supernatants of fermented dairy
products can exert a protective effect ex vivo on intestinal mucosa
exposed to inflammatory insults (Tsilingiri et al., 2012). Based
in these results, Rescigno and coworkers has recently proposed
the concept of postbiotics, meaning metabolites produced
upon microbial fermentation that may have bioactive capacity
and that could be useful for modulation of host response
in cases of inflammatory diseases (Tsilingiri and Rescigno,
2013).

Many factors can be involved in the health promoting
properties of a fermented food, such as the presence of probiotic
microorganisms themselves, the metabolites produced during
fermentation, products coming from the hydrolysis of the
components of the food matrix, or changes in the microbiota
induced by any of these factors. Taking into account that
lactate is the main metabolite of many fermented products, it is
conceivable to ask if lactate plays a role in the health promoting
properties of fermented food.

Lactate has Bioactive Capacities Acting
through Different Mechanisms

Lactate has been considered as a mere carbon metabolite
with specific organoleptic/antimicrobial properties; however,
different bioactive capacities of lactate have been recently
shown (Figure 1). The lactic acid produced by the probiotic
lactobacilli has been shown to be critical in modulating
inflammation in a model of small intestine injury caused by
indomethacin (Watanabe et al., 2009). We have recently shown
that lactate abrogates TLR and IL1b dependent activation of
intestinal epithelial cells (Iraporda et al., 2014). Moreover, besides
immunomodulation, Okada et al. (2013) showed that luminal
lactate stimulated enterocyte proliferation in a murine model
of hunger-feedback, contributing to maintain intestinal barrier
function. Beyond intestinal epithelial cells, lactate could have
bioactive effects on myeloid cells. Lactate in the 10-20 mM range
has been shown to modulate LPS-dependent monocyte activation
(Dietl et al., 2010), whereas this activity is enhanced at pH 6.6
(Peter et al., 2015). In this case inhibition of NF-kB activation was
also evidenced. Watanabe et al. (2009) also showed that lactate
can modulate NF-kB signaling in myeloid cells. Furthermore,
modulation of DC activation by lactate has also been described
(Gottfried et al., 2006; Nasi et al., 2010; Nasi and Rethi, 2013;
Iraporda et al., 2015).
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Although there is evidence that lactate modulates key
functions of main players of innate response such as myeloid
and epithelial cells, the mechanisms responsible for these
activities are still not yet fully elucidated but several options
are possible (Figure 1). In recent years, several G protein-
coupled receptors (GPCRs) have been characterized as sensors
of small molecules such as fatty acids, sugars, or endogenous
intermediate metabolites from microbial or food sources, having
a profound impact on various biological processes (Blad et al.,
2012). Among these receptors, GPR81 (or HCA1 or HCAR1) is
specific for lactate (Offermanns, 2013), constituting an interesting
candidate to mediate lactate bioactive effects. GPR81 is expressed
primarily in adipocytes and have an antilipolytic effect (Liu
et al., 2009). However, it has been shown that this receptor is
also expressed in intestinal tissue (Iraporda et al., 2014) and
it mediates macrophage dependent anti-inflammatory effects
in mouse models of hepatitis and pancreatitis (Hoque et al.,
2014). GPR81 dependent anti-inflammatory effects of lactate on
macrophages are independent on G;j proteins and dependent on
pB-arrestin2 mediated signaling (Hoque et al., 2014; Liu et al,,
2014). It still has to be confirmed if GPR81 may contribute
to lactate bioactive properties observed in intestinal models of
inflammation.

Beyond the signaling capacity through GPRS8I, lactate can
also modulate histone deacetylase activity, showing specific
patterns of gene expression regulation (Latham et al., 2012).
Several modulatory effects on macrophages and epithelial cells
were also associated with histone deacetylase capacity (Latham
et al, 2012; Schilderink et al, 2013; Chang et al, 2014).
Furthermore, high concentrations of lactate in extracellular
milieu have also effects on modulation of cell metabolism,
specially affecting glycolysis rate, which has been correlated with
modulation of the production of proinflammatory mediators,
such as TNFa by macrophages (Dietl et al., 2010). It has been
recently shown that MCT4, a lactate membrane transporter, is

induced in macrophages upon TLR activation and is critical
for the management of lactate produced upon cell activation
(Tan et al, 2015). Blocking the capacity of the macrophages
to export lactate (Tan et al,, 2015) or high concentrations of
lactate in extracellular milieu (Dietl et al., 2010) have similar
effects on cell metabolism that can contribute to modulation of
proinflammatory mediator production. Furthermore, at systemic
level lactate has other important regulatory actions on energy
metabolism (Sola-Penna, 2008) that could also be triggered by
enhanced intestinal lactate absorption. Changes in systemic levels
of SCFA were reported by enhanced intestinal production and
absorption (Macia et al., 2015), and this also could be the case
for lactate.

Considering Probiotic Properties from a
Different Perspective

Taking into consideration the different bioactive properties of
lactate mentioned above, a novel framework to interpret evidence
on probiotic activity could be considered. So far, viability has been
a major characteristic that has been the quintessence of probiotic
action. Metabolic capacity, including fermentation is always
dependent on microbial viability. As shown by Watanabe et al.
(2009) and Flint et al. (2015), lactic acid production in situ is a
key aspect for intestinal inflammation modulation by lactobacilli.
Capacity to generate terminal fermentation metabolites has been
shown to be critical for in vivo action of other microbial species
with probiotic properties such as Bifidobacterium (Fukuda et al.,
2011). Furthermore, adhesion to the intestinal mucosa is a
desirable property for probiotic microorganisms and has been
related to many of their health benefits (Servin and Coconnier,
2003). Autoaggregation and surface hydrophobicity of probiotic
strains have been also correlated to adhesive capacity and have
been also considered as positive traits in potentially probiotic

Luminal microbial species
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FIGURE 1 | Different mechanisms that mediate lactate bioactive
effects. Lactate luminal intestinal levels are contributed by lactate present in
ingested food and also by that produced by intestinal microorganisms. The
local lactate pool in the mucosal cellular environment is contributed by
microbial species able to adhere to mucus/cell surface and may target
epithelial cells as well as immune cells present in the lamina propria (Left).

Lactate may influence cellular activities by at least three independent ways: (i)
by modulating gene expression through modification of histone deacetylase
activity (HDAC), (i) by triggering different signaling pathways by GPR81, (i)
by inducing changes in metabolic pathways such as reducing glycolysis rate
(Center). As a consequence of these cellular processes, different functional
effects are achieved (Right).
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strain selection studies (Kos et al., 2003; Collado et al., 2008;
Botta et al., 2014; Papadimitriou et al., 2015). While it has been
shown that adhesion to mucus/epithelial surface can be beneficial
by blocking adhesion sites for potentially pathogens (Candela
et al., 2008), the mechanistic basis of the immunomodulatory
capacity associated to adhesion has been elusive. Without
excluding other possible mechanisms that mediate this action,
it is reasonable to assume that adhesion to epithelium increases
the exposition of epithelial cells and intraepithelial leukocytes to
bacterial fermentation products. Consequently, although luminal
concentration of lactate may be high enough -at least in colon-
to exert a modulatory activity on mucosa, the presence of
adhesive bacteria with high metabolic capacity to produce lactate
may even increase local concentration of this metabolite and
consequently enhance immunomodulation, even with modest
changes in luminal lactate concentration (Watanabe et al., 2009;
Flint et al., 2015). Taking this into consideration, the evaluation
of the capacity to use lactic acid fermentative pathway with high
rate may be also considered as a desirable feature for probiotic
candidate selection.

Beyond the capacity of probiotics to conduce lactic
fermentation in situ, the health promoting effects of consumption
of food containing relatively high amount of lactate such as
yogurt, may be of considerable interest. In this case, the proximal
mucosal sites, such as stomach will be exposed to highest
concentration of lactate. In this case, the acid pH may also
potentiate lactic acid modulatory effects (Dietl et al., 2010; Peter
etal,, 2015). Benefits of consumption of yogurt in different gastric
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inflammatory models have been reported, without establishing
the mechanisms beyond this action (Uchida and Kurakazu,
2004; Uchida et al., 2010). On the other hand, lactate-rich food
consumption may also impact in the microbiota composition
independently of incorporation of viable bacteria, as has been
shown by Garcia-Albiach et al. (2008) who compared gene
structure of intestinal microbiota in groups receiving yogurt or
heat-treated yogurt, finding comparable effects in both groups.
Although in these cases many components of ingested food may
contribute to microbiota shift, the presence of lactate, which is
also an energy source for several intestinal microbial populations
would possibly play a role.

So far, lactate bioactive properties have been disregarded. In
the light of the accumulated evidence on lactate bioactivity and
its mechanistic basis, it may be reasonable to reconsider the
attribution of different properties of functional foods to different
food components. Lactate as food component itself or as a
bioactive metabolite generated in situ on the intestinal mucosa
may contribute to health promoting-properties and should be
valorised.
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