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Introduction

Abstract

Aims: The aim of this study was to verify the suitable use of candidate
‘probiotics’ selected by in vitro tests and the importance of in vivo assays to
nominate micro-organisms as probiotics and alternative prophylactic
treatments for Salmonella Typhimurium infection.

Methods and Results: Thirty-three lactic acid bacteria (LAB) isolated from
foal’s faeces were assessed based on the main desirable functional in vitro
criteria. Based on these results, Pediococcus pentosaceus strain 40 was chosen to
evaluate its putative probiotic features in a mouse model of Salmonella
infection. Daily intragastric doses of Ped. pentosaceus 40 for 10 days before and
10 days after Salmonella challenge (10° CFU of Salm. Typhimurium per
mouse) led to a significant aggravation in mouse health by increasing weight
loss, worsening clinical symptoms and anticipating the time and the number of
deaths by Salmonella. Pediococcus pentosaceus modulated cell-mediated immune
responses by up-regulation of the gene expression of the proinflammatory
cytokines IFN-y and TNF-a in the small intestine.

Conclusion: The usual criteria were used for in vitro screening of a large
number of LAB for desirable probiotic functional properties. However, the best
candidate probiotic strain identified, Ped. pentosaceus #40, aggravated the
experimental disease in mice.

Significance and Impact of the Study: These findings emphasize the need for
prophylactic or therapeutic effectiveness to be demonstrated in in vivo models
to make precise health claims.

been banned by governmental regulatory agencies—in the
European Union by Regulation EC 1831/2003 of the

Probiotics—live micro-organisms that when administered
in adequate amounts, confer a health benefit to the host
(FAO/WHO 2002; Hill et al. 2014)—have been receiving
special attention from farmers, who seek alternatives to
the use of traditional antibiotics as growth promoters.
Indeed, the injudicious prophylactic use of antibiotics has

European Parliament and of the Council of 22 September
2003 on additives for use in animal nutrition (European
Union 2003) and in the USA by U.S. FDA CVM GFI
#209 and #213 2012 (U.S. Food and Drug Administration
2012)—Dbecause of the danger of selection of multidrug-
resistant bacteria.
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It has already been shown that immunomodulation by
several probiotics kept the host immune system primed
to respond faster and more effectively to microbial infec-
tion (Fagundes et al. 2011). Numerous studies have pro-
posed the use of probiotics to improve gut health in the
treatment of inflammatory bowel diseases (Heselmans
et al. 2005; Chaves et al. 2011) and in the prevention of
antibiotic-induced diarrhoea (Song et al. 2011). One of
the foremost allegations of these studies regards the abil-
ity of probiotics to protect against several infectious
agents, especially against enteropathogens (Cremonini
et al. 2002; Maragkoudakis et al. 2010). The protective
effects of certain probiotic strains against specific patho-
gens are undeniable; however, the scientific basis of the
means by which probiotics confer protection must be
well established. A great number of protective mecha-
nisms have been proposed in protective studies such as
stabilization of the gut mucosal barrier (Yan et al. 2007),
stimulation of mucus secretion by goblet cells (Dogi and
Perdigén 2006; Ohland and MacNaughton 2010), compe-
tition for nutrients, secretion of antimicrobial substances
(bacteriocins) and the modulation of mucosal and sys-
temic immune responses (Lebeer et al. 2008; Castillo
et al. 2012).

Lactic acid bacteria (LAB) have acquired ‘generally rec-
ognized as safe’ status after a long history of use as food
supplements, as agents for fermenting natural products,
as starter cultures and as probiotics (Franz et al. 2010).
In most animals, these beneficial gut bacteria interact
actively with other micro-organisms belonging to the
indigenous microbiota and with transient pathogens,
inhibiting the installation of exogenous or uncontrolled
multiplication of commensals (Fagundes et al. 2011). It
has been demonstrated that probiotics can replace con-
ventional growth promoters, such as antibiotics, especially
in newborn animals (Jouany and Morgavi 2007; Castillo
et al. 2012).

New commensal bacteria consisting of defined strains
from food, human or animal sources, with adequate evi-
dence of safety and efficacy to the host’s health, are so-
called probiotics (Hill et al. 2014). The selection criteria
of new strains for application as probiotic involves
in vitro testing for adequate gastrointestinal transit,
antimicrobial activity against microbial pathogens, sus-
ceptibility to most antimicrobial agents, and survival dur-
ing processing and storage (Silva et al  2013).
Subsequently, the promising strains tested in vitro
undergo subsequent in vivo challenge. However, some
doubts persist regarding the real value of some of the
in vitro selection criteria for micro-organisms to be used
as health-promoting agents. A critical rethinking of these
selection criteria seems necessary to improve the process
of development of better probiotics (Morelli 2000).
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These criteria include functional characteristics, such as
the ability to resist environmental conditions found in the
digestive tract (low gastric pH and bile salts) and the ability
to antagonize or competitively exclude pathogens via the
secretion of antimicrobial substances or competition for
nutrients and epithelial adhesion sites. Lactic acid bacteria
produce different antimicrobial components, such as
organic acids, hydrogen peroxide, carbon peroxide, diace-
tyl, low molecular weight antimicrobial substances, bacteri-
ocins and adhesion inhibitors (Servin 2004; Ripamonti
et al. 2011). The adhesiveness of LAB can involve passive
forces, electrostatic interactions, hydrophobic steric forces,
lipoteicoic acids and lectins (Servin 2004). The hydropho-
bic nature of the outermost surfaces of micro-organisms
facilitates the adhesion of bacteria to the host epithelium,
thereby conferring competitive advantages during colo-
nization of the gastrointestinal tract (Vinderola and Rein-
heimer 2003). The antimicrobial susceptibility of intestinal
micro-organisms is an important criterion for the selection
of probiotic strains, likely because of the possibility of lat-
eral gene transfer to the potentially pathogenic or com-
mensal bacteria that inhabit the gastrointestinal tract
(Mathur and Singh 2005; Ripamonti et al. 2011).

There are several scientific evidence-based indications
for probiotics to prevent or treat gastroenterological dis-
orders, but these indications rely on specific strains and
optimal dosages and on their mechanisms of action
(Song et al. 2011; Tsai et al. 2011; Ringel et al. 2012;
Alvim et al. 2016). Unfortunately, many so-called probi-
otics have not been properly proved in veterinary and
medical practice, yet various producers make generic
health claims that lead consumers to believe that they are
using safe, reliable and efficacious products. However, the
generalized prophylactic use of these ‘probiotics’ by con-
suming ‘functional’ foods or dietary supplements could
establish a scenario in the host that is favourable to initial
infection by and spread of some pathogens. It could
occur not only as a result of changes in the ‘healthy’
microbiota leading to or associated with a disease but
also by altering locally and systemically the immunologi-
cal status of the host (Reid et al. 2003).

Probiotic products applied for horses generally com-
prise live bacterial cultures and they are intended to be
used to prevent the undesirable consequences of stress
due to failure to ingest the colostrum, weaning, switching
of feeds, transportation, adverse weather, disease recur-
rence, nutritional debilitation and prolonged antibiotic
therapy (Montes and Pugh 1993). In this work, LAB
strains were isolated from the stool samples of young
horses to select new probiotics, and Pediococcus pen-
tosaceus strain 40, the most promising in vitro-tested
strain, was chosen for subsequent in vivo challenge in a
mouse model of Salmonella infection.
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Materials and methods

Isolation of LAB and molecular identification

The faeces of two suckling foals and two 1-year-old foals
(hay feeding) of the Mangalarga Machador breed were
individually processed and used in this study. These ani-
mals were not treated with any type of medication. To
isolate LAB and to assess their functional properties, the
faecal specimens were homogenized using a glass rod in
sterile tubes containing 0-9% saline. Serial saline dilutions
were plated onto de Man, Rogosa and Sharpe (MRS) agar
(Difco, BD Biosciences, Franklin Lakes, NJ) and were
incubated for 48 h at 37°C in an anaerobic chamber
(Forma Scientific Inc., Marietta, OH) containing an
atmosphere of 85% N,, 10% H, and 5% CO,. Distinct
colonies were selected and processed by Gram staining
and bacterial morphology examination. Gram-positive
bacteria with a bacillus or coccobacillus morphology were
assayed for catalase activity, and those that were negative
were considered to be probable LAB. The isolates were
regularly cultured by inoculation in MRS broth with 1%
v/v of a fresh stationary culture and incubation in anaer-
obic conditions at 37°C for 18 h. Lactobacillus isolates
were identified at the species level by 16S-23S rRNA
ARDRA (amplified ribosomal DNA restriction analysis),
or when necessary, the LAB isolates were identified by
16S rRNA gene sequencing as reported by Sandes et al.
(2014). Bacterial lineages were clustered by rep-PCR
(repetitive extragenic polymorphic-based polymerase
chain reaction) fingerprinting, using the (GTG)s primer
(5-GTG GTG GTG GTG GTG-3') according to Versa-
lovic et al. (1994).

In vitro criteria for the selection of probiotic candidates

Potential probiotic micro-organisms should fulfil several
selective criteria, which include an autochthonous origin,
gastric acid and intestinal bile tolerance, and the ability
to adhere to epithelial tissue, the production of sub-
stances to antagonize pathogens and to avoid infection,
as well as being non-pathogenic, non-toxigenic and non-
invasive, devoid of transmissible antibiotic resistance
genes, resistant to technological processes, transiently per-
sistent in the gastrointestinal tract, and able to modulate
host immune responses and to influence the microbiota
balance positively (Lahteenmaki and Ledeboer 2006).
Selective criteria comprising cell surface hydrophobicity,
antagonistic activity against bacterial pathogens, microbial
susceptibility to antibiotics and artificial gastric juice and
bile salt susceptibility were applied according to the
methodologies described by Silva et al. (2013).
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Cell surface hydrophobicity

Cell surface hydrophobicity was assessed by the microbial
adhesion to solvents (MATS) approach. The LAB cultures
in stationary phase were centrifuged, washed twice in
PBS and adjusted to an ODgpp m of 0-6 with 0-1 mol 1!
of KNO; pH 6-2 (Ap). Next, xylene was added to the bac-
terial suspensions, forming a two-phase system. The
aqueous phase was removed and the ODggo nm Was mea-
sured (Al). The MATS was calculated by the percentage
of LAB associated with xylene according to the formula:
[(Ag—A/Ag)] x 100. The adhesiveness capability of LAB
strains indirectly assessed by MATS, instead of using
intestinal epithelial cells obtained from animal small
intestines, was preferred in this prospective study with
many bacterial isolates because it is less time-consuming
and less expensive.

Antagonistic activity against bacterial pathogens

Five microlitres of LAB cultures in the stationary phase
were spotted onto MRS agar and incubated in anaerobic
conditions for 18 h at 37°C. Next, the cells were killed by
exposure to chloroform vapour for 20 min. In brain
heart infusion (BHL; Acumedia Neogen Corp., Lansing,
MI), six pathogenic bacteria (Listeria monocytogenes
ATCC 15313, Staphylococcus aureus ATCC 29213, Entero-
coccus faecalis ATCC 19433, Escherichia coli ATCC 25922,
Salmonella enterica ATCC 14028 and Pseudomonas aerugi-
nosa ATCC 27853) were cultured to the stationary phase.
These micro-organisms were inoculated in BHI soft agar
which was used to overlay the surface of MRS plates con-
taining dead LAB. After incubating at 37°C for 24 h, the
LAB antagonistic activity was determined by measuring
the growth inhibition zone using a digital pachymeter
(Mitutoyo Sul Americana Ltd, Sao Paulo, Brazil).

Antibiotic microbial susceptibility

An antibiogram was created for each LAB strain by the
disc diffusion method. Bacterial suspensions were
adjusted to 10° viable cells according to the McFarland
nephelometric scale. Next, the strains were spread onto
MRS agar and antibiotic discs (amikacin 30 pg, ampi-
cillin 45 ug, ceftriaxone 30 ug, chloramphenicol 30 ug,
erythromycin 15 ug, oxacillin 1 pg, penicillin G 10 U
and vancomycin 30 ug; Oxoid Ltd, Basingstoke, UK)
were dispensed onto the surface using an antibiotic disc
dispenser. After incubation at 37°C for 24 h, inhibition
zones around the discs were measured using a digital
pachymeter (Mitutoyo Sul Americana Ltd). The LAB
strains were qualitatively classified as resistant, sensitive
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or moderately sensitive strains according to the cut-off
levels proposed by Charteris et al. (1998).

Gastric juice and bile salts susceptibility

Gastric juice susceptibility (GJS) and bile salts susceptibility
(BSS) were assessed by taking into account their interference
in the growth rate, being performed only for faecal strains.
For GJS, LAB strains in the stationary phase were suspended
in either PBS or artificial gastric juice (2 g 17" NaCl, pepsin
3.2 g 17!, pH 2-5) and incubated at 37°C for 3 h. The sam-
ples were centrifuged and the pellets were suspended in MRS
broth. For BSS, LAB strains in the stationary phase were cen-
trifuged and suspended in either MRS broth or MRS broth
supplemented with 0-3% ox gall (Oxoid Ltd). The bacterial
suspensions were aliquoted into sterile microwell plates and
incubated for 12 h in a thermoregulated spectrophotometer
at 37°C (Microplate Spectrophotometer System SpectraMax
340; Molecular Devices, Sunnyvale, CA). The ODggy nmy Was
measured at 30 min intervals. The GJS and BSS were calcu-
lated according to the formula: (1—areag/areact) x 100,
where areag and areacr are those under growth curve for the
stressed strain (artificial gastric juice or bile salts) and the
control cells (PBS), respectively.

In vivo trials

Bacterial strains and culture conditions

The Ped. pentosaceus isolate 40 (henceforth referred to as
Pp40) was chosen after in vitro screening for desirable
physiological properties. The Salm. enterica serovar Typhi-
murium strain was kindly provided by Fundagao Ezequiel
Dias (FUNED, Belo Horizonte, MG, Brazil). Due to the
dissimilar levels of virulence and/or invasiveness in mice of
different strains of Salm. Typhimurium, a well-character-
ized strain was chosen in our laboratory that has already
been used in several works published over the years and
that infects and kills mice at low doses (Silva et al. 2004;
Martins et al. 2010). The bacteria were stored at —80°C in
MRS or BHI broth (Accumedia, Neogen Corp., Lansing,
MI) with 15% glycerol, and for reactivation, the cultures
were grown at 37°C for 24 h under aerobic conditions.

Mice

This work used 140 (60 for survival evaluation, 80 for
relative cytokine-encoding genes mRNA expression) 3- to
5-week-old BALB/c mice of both sexes (Taconic, German-
town, NY). Water and a commercial autoclavable diet
(Nuvital, Curitiba, PR, Brazil) were sterilized by steam and
were administered ad libitum. The animals were housed in
plastic mini-isolators in ventilated racks (Alesco, Sao
Paulo, Brazil) and were maintained in animal housing
under controlled lighting (12/12 h light/dark cycles) and

B.C. Silva et al.

temperatures (22-24°C), and they were handled according
to the standards outlined in the ‘Guide for the Care and
Use of Laboratory Animals’ (National Research Council
2011). The Institutional Ethics Committee on Animal
Experimentation (CETEA/UFMG) approved all the experi-
ments under agreement numbers 203/09 and 96/11.

Infection with Salmonella
evaluation

Typhimurium and survival

The assays to evaluate the effects of treatment with Ped.
pentosaceus Pp40 on morbidity and mortality during an
experimental bacterial challenge were performed using
two groups of 10 mice each: mice pretreated with the
Pp40 strain for 10 days (10® CFU daily, 0-1 ml by intra-
gastric gavage) or not (sterile saline) and challenged with
Salm. Typhimurium (10° CFU single dose, 0-1 ml by
intragastric gavage) were weighed, and death events were
recorded until 28 days after infection.

Liver histopathological analysis

The assay to evaluate the effects of treatment with Ped.
pentosaceus Pp40 on liver histological analysis during
experimental bacterial challenge were performed using
four groups: mice pretreated with the Pp40 strain for
10 days (10* CFU daily, 0-1 ml by intragastric gavage) or
not (sterile saline) and challenged with Salm. Typhimur-
ium (10° CFU single dose, 0-1 ml by intragastric gavage)
or not. All of these mice were euthanized 10 days after
Salmonella challenge or not (day 21). Tissue samples were
excised from the highest lobe of the liver. The samples
were fixed, embedded in paraffin wax and 4 um thick tis-
sue sections were cut and stained with haematoxylin and
eosin. A single pathologist in blinded experimental condi-
tions evaluated the overall architecture of the liver. A
numerical value was attributed to the changes observed
in the liver of each animal that received a score value as
described by Mathur et al. (2012). The liver tissues were
evaluated by the following parameters: 0 (no changes in
hepatocytes or tissue architecture, normal cellularity), 1
(presence of discrete inflammatory foci, maximum 1 for
10x field, associated with the lamina propria vessels con-
gestion), 2 (1-2 inflammatory foci per field 10x, associ-
ated with discrete hepatocyte changes), 3 (inflammatory
foci in number of 3 or more per field 10x with moderate
degenerative changes, such as hepatocyte vacuolation), 4
(foci inflammatory infiltrate coalesced associated with
severe degenerative changes of hepatocytes; intense intra-
cellular vacuolization). The results were expressed as the
median and standard deviation of the scores.

Relative expression of the mRNA of cytokine-encoding genes
At 1, 4, 7 and 10 days after ingestion of Ped. pentosaceus
Pp40 (n = 10) and the untreated controls (n = 10), mice
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were anaesthetized and euthanized by cervical dislocation.
Fragments measuring 1-2 cm in length were obtained
from sections of the small intestines (proximal, middle and
distal) of these animals. The intestinal content was
removed and the fragments were stored in RNAlater
(Ambion, Austin, TX) and frozen at —20°C for subsequent
extraction of total RNA. The total RNA was isolated using
Trizol (Life Technologies Corp., Grand Island, NY) accord-
ing to the manufacturer’s instructions. Genomic DNA was
removed using Turbo DNase I, and reverse transcription
was performed using high capacity cDNA Reverse Tran-
scription, both according to the manufacturer’s instruc-
tions (Life Technologies, Carlsbad, CA). Relative
quantification of the mRNA levels of genes encoding the
cytokines IFN-y (forward primer: 5'-TCAAGTGGCATA
GATGTGGAAGAA-3' and reverse primer: 5-TGGCT
CTGCAGGATTTTCATG-3’), TNF-o (forward primer:
5'-CATCTTCTCAAAATTCGAGTGACAA-3' and reverse
primer: 5-TGGGAGTAGACAAGGTACAACCC-3), 1L-6
(forward primer: 5-GAGGATACCACTCCCAACAGAC
C-3' and reverse primer: 5-AAGTGCATCATCGTTGTT-
CATACA-3'), IL-10 (forward primer: 5'-GGTTGCCAA
GCCTTATCGGA-3" and reverse primer: 5'-ACCTGCTCC
ACTGCCTTGCT-3') and TGF-f (forward primer: 5-TG
ACGTCACTGGAGTTGTACGG-3' and reverse primer: 5'-G
GTTCATGTCATGGATGGTGC-3') were performed, accord
ing to Steinberg et al. (2014). Gene-specific primers for refer-
ences genes Actb (forward primer: 5-AGAGGGAAAT
CGTGCGTGAC-3' and reverse primer: 5-CAATAGTGATG
ACCTGGCCGT-3') and Gapdh (forward primer: 5'-TCAC
CACCATGGAGAAGGC-3' and reverse primer: 5'-GCTAAG
CAGTTGGTGGTGCA-3') (Sigma-Aldrich, St Louis, MO)
were used to normalize the expression data according to the
method of Giulietti et al. (2001). The expression levels in the
noninfected control group were used as the calibration data,
and the relative level of mRNA (RLmRNA) for each cytokine
was obtained by the method of relative derived quantifica-
tion, described by Hellemans et al. (2007). The results are
expressed graphically using the means and standard devia-
tions of the RLmRNA for each cytokine, normalized against
the reference gene expression level.

Statistical analysis

The Shapiro-Wilk test was the normality statistic used to
determine the data distribution. One-way analysis of vari-
ance (anova) followed by the Tukey-Kramer test or two-
way ANovA followed by Bonferroni’s post-test was used
for the parametric samples, and the Kruskal-Wallis test
followed by Dunn’s test was used to compare the non-
parametric samples. The long-rank test was performed
for the survival evaluation test. Data were considered sig-
nificantly different at P < 0-05.

Putative probiotic worsen Salmonellosis

Results

Thirty-three LAB isolates were obtained from the foal fae-
cal samples, and they were confirmed as Gram-positive,
non-sporulating, catalase-negative with a diverse range of
sizes. Molecular characterization of these isolates at the
species level conducted by PCR-ARDRA could identify two
Lactobacillus species (Lactobacillus reuteri and Lactobacillus
crispatus) and one Weissella species (Weissella confusa).
The other species (Ped. pentosaceus, Lactobacillus equi,
Enterococcus casseliflavus) were identified by 16S rRNA
sequencing analysis. The LAB species were identified, in
the following descending order of abundance: W. confusa
(64%), Ped. pentosaceus (9%), E. casselifavus (9%), Lact.
reuteri (6%), Lact. crispatus (6%) and Lact. equi (6%)
(Table 1, Fig. 1). Weissella confusa was the most frequently
isolated species in the equine faeces. Eighteen strains were
found by GTGs PCR profiling (Fig. 2).

In vitro assessment of the functional properties of the
isolates obtained in this work was performed based on
the following criteria: artificial gastric juice and bile salt
tolerance, cell surface hydrophobicity, antagonistic activ-
ity against pathogens and antibiotic resistance patterns.
Table 1 summarizes the characteristics of these isolates.
Almost all of the isolates (95%) were highly resistant to
an acidic pH, with little (less than 10%) or no decrease
in the viable cell numbers after 3 h of incubation at a pH
of 2-5, and the remaining isolate was found to be tolerant
to an acidic pH (Table 1). In contrast, the sensitivity to
bile salts varied markedly between strains of the different
species (Table 1). Five of the 18 strains showed little
growth inhibition in MRS broth supplemented with 0-3%
ox gall (<40% inhibition), and they were considered
resistant. Another five strains were moderately tolerant to
bile salts (40% >inhibition <60%), whereas the remaining
nine strains were very susceptible (>60% inhibition).

The MATS method was used to evaluate the
hydrophobic/hydrophilic cell surface properties of the
LAB isolates and for comparison with other probiotic
bacteria. Bacterial adhesion to xylene at a high ionic
strength of 0-1 mol 1" (pH 6-2) reflects cell surface
hydrophobicity or hydrophilicity because electrostatic
interactions are absent. Our results indicated that only
three LAB isolates had highly hydrophobic surfaces
(>70% adhesion), 13 strains were considered moderately
hydrophobic (40% >adhesion<60%), and the remaining
three strains had hydrophilic surfaces (<35% adhesion)
(Table 1).

The inhibitory capacity against pathogens was evalu-
ated using in vitro antagonism tests. The results showed
diverse antagonistic activity against the six bacterial
pathogens tested (Salm. enterica serovar Typhimurium,
E. coli, Ps. aeruginosa, Staph. aureus, Ent. faecalis and L.
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Table 1 Physiological properties of lactic acid bacterial strains isolated from foals

Physiological featurest Antagonismi Antibiogram§
LAB strain* AGJ (%) BS(%) MATS(%) Se Ec Pa Sa Ef Lm Ac Ap Er Ct Ch Ox Pe Va
Pediococcus pentosaceus 40 0 39:6 56-5 + + o+ o+ o+ 4+ R S S S S R S R
Ped. pentosaceus 26 4.7 35 134 + + o+ + + o+ R S S S S R S R
Ped. pentosaceus 27 0 25 351 + + o+ + + o+ R S S M S R S R
Weissella confusa 1 21 56-6 52-3 + o+ o+ o+ o+ o+ R S S S S R S R
W. confusa 2 5.7 60-5 494 - - - - = = R S S S S R S R
W. confusa 3 35 70-6 53.5 + + o+ + -+ R S S S S R S R
W. confusa 4 6-7 744 171 e M S S S S R S R
W. confusa 9 0 68-7 51.2 - — - - - = M S S N S R S R
W. confusa 17 111 726 55.2 + + o+ + -+ R S S S S R S R
W. confusa 19 4.2 59 53.7 + + + + -+ R S S S S R S R
Enterococcus casseliflavus 10 5 57 40-6 R R S S S S R S R
Ent. casseliflavus 14 1.2 54.9 54.8 - - = - - + R S S S S R S R
Lactobacillus equi 28 32 93.9 434 + + 4+ + 4+ o+ R M S S S R S R
Lact. equi 33 4.4 99-8 714 - - - = = = R S S S S R S R
Lactobacillus crispatus 31 0 93-6 933 - - - - - = R S S S S R M R
Lact. crispatus 44 0 97.5 93-6 - - - - = = R S S S S R S R
Lactobacillus reuteri 45 25 224 599 - - - = = = R S S S S R S R
Lact. reuteri 46 25 16-3 56-2 - - - - - = R S S N S R S R

*Lactobacilli typed by 165-23S rRNA ARDRA; L. plantarum/L. paraplantarum differentiated by multiplex PCR of the recA gene; Weissella isolates
identified by DNA sequencing of the 16S rRNA gene.

tPhysiological features: AGJ, artificial gastric juice inhibition; BS, bile salt inhibition; MATS, surface hydrophobicity (adhesion to xylene); +, pres-
ence of substance; —, absence of substance.

tMicrobial antagonisms: Ef, Enterococcus faecalis ATCC 19433; Lm, Listeria monocytogenes ATCC 15313, Sa, Staphylococcus aureus ATCC
29213; Pa, Pseudomonas aeruginosa ATCC 25853; Ec, Escherichia coli ATCC 25922; Se, Salmonella enterica serovar Typhimurium ATCC 14028;
+, inhibition haloes >15 mm; —, inhibition haloes <15 mm.

§Microbial susceptibilities to antibiotics: Ac, amikacin (30 ug); Ap, ampicillin (45 ug); Er, erythromycin (15 ug); Ct, ceftriaxone (30 ug); Ch, chlo-
ramphenicol (30 ul); Ox, oxacillin (1 ug); Pe, penicillin G (10 U); Va, vancomycin (30 ug); R, resistant; M, moderately sensitive; S, sensitive; cut-off
levels proposed by Charteris et al. (1998).

Weissella confusa

Lactobacillus equi Lactobacillus crispatus

BoBEs. 2zgs gEsssisz:is
- - - - -- Figure 1 Restriction digestion profile of 16-
23S rRNA intergenic transcribed sequences
ARDRA to species identification. Weissella
confusa, Enterococcus casseliflavus,
Pediococcus pentosaceus and Lactobacillus

|

Lactobacillus reuteri

- - g - equi typing was validated by DNA sequencing
- e : o . & of the 16S rRNA gene. Lane 1, 100 bp
E - 5 z z = ! poid :g E : molecular weight ladder (Invitrogen, Carlsbad,
-

CA, USA), lanes 2—13 Sphl, Ncol, Nhel, Sspl,
Sful, EcoRV, Dral, Vspl, Hincll, EcoRl, Avrll and
Hindlll, respectively.
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BAL # 10 14 22 1 2 3 4 5 6 7 8 9 11 1213 15 16 17 18 19 21 22 24 25
GTGS L1 L2 U L3 L4 L5 ----- L6 ------- L7 --- L6 ---- --L6 -- L8 L7 L9 ------ L6 ------
Lineage

(C) ()

(c)

BAL # 26 27 40 28 33 31 44 45 46
L.GTGS L1o L1 L12
ineage

(d)

Figure 2 PCR GTGs fingerprinting of lactic acid bacteria isolated from young foals in 8% polyacrylamide gel silver stained. (

a) Enterococcus cas-

seliflavus isolates identified by their numbers and GTGs patterns. (b, ¢) Weissella confusa isolates. (d) Pediococcus pentosaceus isolates. (e) Lacto-
bacillus equi isolates. (f) Lactobacillus crispatus isolates. (g) Lactobacillus reuteri isolates. First lane, panel (a) corresponds to the 100 bp molecular
weight ladder (Invitrogen). Each isolated micro-organism (BAL #) was grouped in lineages (L-1 to L-18).

monocytogenes). The isolates from horse faeces that
showed antagonism to all of the pathogens were W. con-
fusa strain 1, Ped. pentosaceus strains 26, 27 and 40, and
Lact. equi strain 28 (Table 1). In this study 45% of the
LAB isolates showed antagonistic activity towards the
Salm. enterica serovar Typhimurium.

The LAB isolates were evaluated for their resistance to
some antibiotics according to the cut-off values proposed
by Charteris et al. (1998), with the strains considered
resistant if the inhibition zone diameters were equal to or
smaller than 19 mm for oxacillin, ampicillin and peni-
cllin G, 14 mm for amikacin, vancomycin and
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tetracycline, and 13 mm for ceftriaxone, chloramphenicol
and erythromycin. All the isolates exhibited the same
antimicrobial susceptibility pattern of resistance to van-
comycin, oxacillin and amikacin but sensitive to ery-
thromycin, penicillin, ceftriaxone, ampicillin, tetracycline
and chloramphenicol (Table 1).

By analysing their functional characteristics, only Ped.
pentosaceus strain 40 showed no inhibition by an acidic
pH, low inhibition by bile salts, a hydrophobic cell sur-
face, strong antagonism against bacterial Gram-negative
and Gram-positive pathogens and antimicrobial resistance
that was intrinsically encoded only (vancomycin, oxacillin
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and amikacin) not associated with mobile genetic
elements (Table 1). Thus, Ped. pentosaceus strain 40 was
selected to be tested in vivo in a mouse model of Sal-
monella infection. A higher survival rate of Salm. Typhi-
murium-infected mice was observed in control animals
compared with the Pp40-pretreated animals on postchal-
lenge day 12 (50% and 10% survival, respectively, n = 10
mice per group), as well as a delay of 1 day to the begin-
ning of animal deaths (Fig. 3). This finding was repli-
cated in three independent experiments. We also tested
two other putative strains, W. confusa 1 and Lact. equi
33, and the same survival rates were observed (data not
shown).

Concerning the safety of Ped. pentosaceus strain 40, we
performed a liver histopathological score analysis and it
was observed that the groups of mice that just received
these bacteria by gavage did not show a significant differ-
ence to the control group of mice, that just received saline
(0-22 £ 0-44 Ped. pentosaceus 40 group; 0 =+ 0, untreated
group). Otherwise, challenged mice groups treated with
Ped. pentosaceus 40 and not treated showed a significant
increase in histopathological scores values when compared
with the other non-challenged groups (3-77 £ 0-44, Ped.
pentosaceus 40 group; 3-66 £ 0-5 untreated group).

To investigate further whether Ped. pentosaceus 40
could induce cytokine expression in vivo, the BALB/c
mice were administered bacteria intragastrically for 1, 4,
7 and 10 days. The relative quantification of mRNA levels
for TNF-o, IFN-y, TGF-f, IL-10 and IL-6 in the intestinal
tracts of mice treated or not with Ped. pentosaceus Pp40
are shown in Fig. 4. Treatment with Ped. pentosaceus
revealed an inflammatory profile, inducing a significant
increase in the production of IFN-y throughout the
experiment and of TNF-o at day 10 (P < 0-05). For the
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Figure 3 Survival curve of mice non-treated (— control) or treated

(---- Pp40 pretreated) with Pediococcus pentosaceus 40 by 10 con-
secutive days before Salmonella-challenging and during the course of
infection.
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IL-6, IL-10 and TGF-f cytokine analyses, there were no
significant differences between the experimental groups
(Fig. 4).

Discussion

Amplified ribosomal DNA restriction analysis is an effi-
cient method for species-level identification among Lacto-
bacillus species (Stoyancheva et al. 2006). Sandes et al.
(2014), based on the presence of polymorphisms in the
internal transcribed spacer (ITS) between the 16S and 23S
rRNA genes, showed that 29 of 45 Lactobacillus species
(64%) displayed unique restriction patterns by this method
and therefore could be precisely identified. ITS amplifica-
tion could establish three groups of LAB genera: Streptococ-
cus/Lactococcus with one amplicon, Enterococcus with two
amplicons of different sizes and Lactobacillus/ Weissella/
Pediococcus with three amplicons of different sizes. In this
study, ARDRA was used to identify LAB isolated from the
faeces of young foals. Of the 33 LAB isolates, 30 had three
amplicons and belonged to the Lactobacillus/Weissella/
Pediococcus group, whereas three had two amplicons and
belonged to the Enterococcus group. Weissella confusa was
the most prevalent species, accounting for more than 50%
of LAB isolates. This result agreed with the findings of
Endo et al. (2009), in which W. confusa was one of the
most prevalent pathogens in horse faeces. Additionally,
Lact. equi, Lact. reuteri and Lact. crispatus have previously
been detected in the faeces of horses by other authors
(Morotomi ef al. 2002; Endo et al. 2007, 2009). The species
Lact. equi, according to the literature to date, is considered
exclusive to equine species (Morotomi et al. 2002). Among
the genus Pediococcus, only Pediococcus denticolens was pre-
viously isolated from the faeces of horses (Endo et al.
2009). Pediococcus pentosaceus has not yet been isolated
from horse faeces. Species of the genus Enterococcus from
the faeces of horses were described by Niederhausern et al.
(2007), including strains of Ent. casseliflavus like those
found in this study.

The possibility that bacterial isolates from the same
animal were clonally related was verified by genomic fin-
gerprinting using repetitive element sequence-based poly-
merase chain reaction (rep-PCR) with the GTGs primer.
This analysis employs oligonucleotide primers that target
repetitive DNA elements distributed throughout the bac-
terial genome (Versalovic et al. 1994). These elements
contain conserved regions that allow the primers to
hybridize to the target sequences under more stringent
conditions (Stephenson et al. 2009; Markiewicz et al.
2010; Lee et al. 2012). The rep-PCR fingerprinting tech-
nique using (GTG)s PCR is a rapid, easy-to-perform and
reproducible tool for the differentiation of a wide range
of lactobacilli at the species, subspecies and potentially
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IL-6 (), IL-10 (d), and TGF-$1 (e) in the small
intestine of mice treated for 1, 4, 7 and

10 days with Pediococcus pentosaceus 40; ct,
saline control; Pp40, Pp40-treated mice. The
data are expressed as mean mRNA amounts
relative to the expression levels in Ct mice on
day 1 (n = 10 per group). The vertical bars
indicate the standard deviations of the
means. Different letters above the bars
indicate a statistically significant difference
between the experimental groups (one-way
ANOVA, Tukey-Kramer post test).

strain levels (Gevers et al. 2001; Lee et al. 2012). Bacteria
isolates with identical GTGs patterns were considered to
be the same strain, and 18 distinct profiles were observed
in our screening.

Cell viability is probably a fundamental test of the effi-
cacy of LAB as probiotics or vehicles for the oral delivery
of beneficial proteins. Thus, an important characteristic
of a new probiotic strain is its ability to resist acid and
bile (Guo et al. 2010; Ripamonti et al. 2011). The pH of
the stomach of horses ranges between 2-5 and 5-6, and
ingested feed persists for approximately 2-6 h in the
stomach of the animal (Voros 2008; Botha 2011). Weese
et al. (2004) tested the feasibility of using LAB as probi-
otics for healthy horses, and they reported a survival rate
of approximately 25% after bacterial incubation at a pH
of 2.0 for 24 h at 37°C. This survival rate was considered
adequate, and some isolates were considered acid-toler-
ant. Most of the isolates in the current study (97%)
showed a percentage of inhibition at a pH of 2:5 for 3 h

at 37°C of <10%. This rate of inhibition could also be
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considered adequate. This finding agreed with other
authors who found that bacteria with an intestinal origin
tended to be more resistant to stomach acids (Morelli
2000).

Resistance to bile salts is also an important parameter
for selecting probiotic strains because bile secreted in the
small intestine reduces the survival of bacteria by
destroying their cell membranes. The toxic effects of bile
on bacterial cells are not well understood, but bile salts are
surface-active, amphipathic molecules with potent antimi-
crobial activity and they act as detergents that disrupt bio-
logical membranes (Lebeer et al. 2008). The mean bile
concentration in the small intestine is 0-3% w/v, and it was
used to select new probiotic strains (Mainville et al. 2005).
The percentage of resistance to bile salts has also tended to
vary among LAB and even between strains of the same spe-
cies (Mirlohi et al. 2009; Silva et al. 2013). In equines, bile
is continuously released in the small intestine because
horses do not have a biliary vesicle in the gastrointestinal
tract (Botha 2011). We considered an isolate to be resistant
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if it exhibited inhibition rates of <40%, tolerant if the inhi-
bition rates ranged from 40% to 60%, and sensitive if the
inhibition rates were >60%. Weese et al. (2004) challenged
equine LAB with bile salts at 0-3% for 24 h and reported
that the majority of the isolates (64%) had <25% inhibi-
tion, whereas the remaining isolates had higher inhibition
between 25% and 50%, so they considered all their isolates
to be tolerant to bile salts.

Bacterial cell hydrophobicity is directly related to the
ability of strains to adhere to surfaces. This ability is
determined by hydrophobic components present in the
outer membrane of micro-organisms, and it is known
that these interactions play an important role in the
adhesion of bacteria to the epithelium (Guo et al. 2010).
Testing the adhesion to solvents (MATS) facilitates a
qualitative assessment of the polarity or nonpolarity of
the bacterial surface, which is important because it indi-
cates the potential for probiotic adhesion to apolar sur-
faces in the mucosal epithelia. However, this test is only a
primary indicator of the adherence of micro-organisms
(Guo et al. 2010). Our results of the MATS for the LAB
strains showed that only 17% of the isolates exhibited
high hydrophobicity (70-100%). Botha (2011) tested four
strains of LAB isolated from horses, one of which showed
hydrophobicity of 50% and was considered to have a
medium hydrophobic surface, while the others had low
hydrophobicity of 0-8%.

In the present study, the agar spot assay was used for
the initial determination of antagonistic activity via dif-
fusible compound(s) produced by LAB. This test indi-
cates the activity against various Gram-positive and
Gram-negative bacteria. This inhibitory effect might be
due to H,O,, lactic acid, bacteriocins, antibiotic-like sub-
stances, or a combination of these compounds (Nardi
et al. 2005). Five of the 18 isolates showed antagonistic
activity against six bacterial pathogens. Salmonella infec-
tion is the most common cause of acute diarrhoea in
foals, and it has zoonotic potential (Mastroeni and Grant
2011). It is therefore the most important pathogen to be
antagonized by our candidates for probiotics. In this
study, 45% of the isolates from equine faeces showed
antagonistic activity towards the Salm. enterica serovar
Typhimurium (ATCC 14028), consistent with the litera-
ture claiming that these bacteria produce lactic acid,
which would be sufficient to inhibit the growth of this
pathogen (Weese et al. 2004). Additionally, Weese et al.
(2004) reported that lactic acid could increase the perme-
ability of the outer membrane of Gram-negative micro-
organisms, thus inhibiting the cellular functioning of
these micro-organisms. However, the study did not test if
the in vitro inhibitory activity of these isolates against Sal-
monella ATTC 14028, including Ped. pentosaceus 40, can
be applicable to the strain used for in vivo assays. In the
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present study, it was also found that 28% of isolates
exhibited antagonistic activity against Ent. faecalis, which
is another LAB. This finding suggested that substances
other than lactic acid were acting as antagonists.

Lactic acid bacteria that are widely used as probiotics
or in starter cultures have the potential to host antibiotic
resistance genes, thus presenting a risk of transferring
such genes to many LAB and other pathogenic bacteria
(Mathur and Singh 2005). Plasmid-linked antibiotic resis-
tance is not very common among LAB, but it does occur,
and safety implications should be considered. Strains har-
bouring resistance plasmids should not be used as human
or animal probiotics. Assessing the capacity of a proposed
probiotic strain to act as a donor for conjugative antibi-
otic resistance genes could be a sensible precaution in
some instances (Ripamonti et al. 2011). Knowledge of
the intrinsically coded resistance of LAB to common
antibiotics is necessary for recognizing acquired resistance
traits. All the isolates exhibited the same antimicrobial
susceptibility pattern. All of them were resistant to van-
comycin, oxacillin and amikacin but sensitive to ery-
thromycin, penicillin, ceftriaxone and ampicillin. Micro-
organisms belonging to other genera of LAB (Enterococ-
cus, Leuconostoc, Pediococcus and Weissella) have been
emphasized as having intrinsic resistance to vancomycin
(Wright 2003; Mathur and Singh 2005). The results were
consistent with numerous studies often reporting a high
degree of resistance of LAB to the antibiotic classes of
glycopeptides (vancomycin), aminoglycosides (amikacin)
and oxacillin (Bywater 2005; Ammor et al. 2007). The
strains analysed were susceptible to ampicillin, ceftriax-
one, chloramphenicol and erythromycin. Lactic acid bac-
teria sensitive to these antibiotics have been commonly
reported in scientific articles (Klare et al. 2007). Daniel-
sen and Wind (2003) reported high sensitivity of LAB to
the presence of inhibitors of cell wall synthesis, such as
ampicillin and penicillin.

Consideration of the physiology of in vitro-specific
strains to be used has been an efficient method for the
preliminary selection of probiotic bacteria (Morelli 2000;
Food and Agricultural Organization/World Health Orga-
nization 2002; Mirlohi et al. 2009). Thus, the criteria
used in this work for the evaluation of probiotic bacteria
were based on in vitro evaluation of functional properties,
as well as the known behaviour of this strain under each
of the evaluated conditions. By analysing their functional
characteristics, Ped. pentosaceus strain 40 was chosen for
an in vivo trial in a mouse model of Salmonella infection.

We believe that Ped. pentosaceus strain 40 did not colo-
nize the gut, being a transient micro-organism. For this
reason, we chose daily gavage of this strain for the entire
experimental period. Salmonella Typhimurium have the
ability to translocate to the visceral organs of mice
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causing a systemic infection, a major determinant of this
micro-organism’s pathogenicity (Grassl et al. 2008). So
an increase was observed in the mice challenge groups
liver score, as expected. Hepatomegaly and splenomegaly
are often reported as indicative of indirect bacterial infec-
tion. In this work mice treated with only Ped. pentosaceus
40 showed no macroscopic changes in the liver. Based on
liver histological score analyses, we believe that Ped. pen-
tosaceus 40 alone is safe, but has a synergistic effect on
Salmonella pathogenesis, which could include increase gut
permeability (discussed below).

Our study also showed a significant increase in the
proinflammatory cytokine IFN-y throughout the experi-
ment and TNF-o after 10 days due to Ped. pentosaceus 40
treatment, indicating a proinflammatory profile of the
treatment. TNF-a and INF-y are key mediators of cell
recruitment into the lesions, and they induce activation
and recruitment of neutrophils involved in local inflam-
matory processes. Some authors have reported that regu-
latory cytokine expression profiles found in
probiotic bacteria, affording gastrointestinal disease pro-
tection to mice (Silva 2004; Alvim ef al. 2016), while
others have reported that the ideal was that the tested
bacterial strain induced the expression of both regulatory
cytokines (TGF-f and IL-10) as inflammatory cytokines
(IFN-y, IL-12, IL-17), contributing to an adequate
balance between the two types of immune response
(Galdeano and Perdigén 2004; Steinberg et al. 2014).
There have been many studies showing probiotic strains
that induce the expression of pro-inflammatory cytokines,
such as IFN-y and TNF-z, and that are capable of
inhibiting viral replication and protecting animals against
viral infections, such as the Lactobacillus casei Shirota

were

strain, which protects against influenza viruses and is
widely used in fermented milk for human consumption
(Hori et al. 2001). Tanabe et al. (2014) showed that a
mix of five horse probiotics, consisting of Lactobacillus
ruminis, Lact. equi, Lact. reuteri, Lactobacillus johnsonii
and Bifidobacterium boum, regulated intestinal function
and contributed to diarrhoea prevention in neonatal
Thoroughbreds. However, other studies have shown that
the introduction of live, beneficial micro-organisms orally
into the animal gut yielded variable results, with limited
potential for therapeutic modification of foals’ gastroin-
testinal microbiota and even adverse effects noted, with
animals becoming more likely to develop diarrhoea
requiring veterinary intervention (Schoster et al. 2015,
2016). Data in the literature have also reported the use of
LAB that induced an inflammatory response to immune
adjuvants in influenza, polio, rotavirus and cholera vacci-
nes (Paineau ef al. 2008; Zhang et al. 2008; Davidson
et al. 2011).

Putative probiotic worsen Salmonellosis

The equine strain Ped. pentosaceus 40, as well as other
four LAB strains, exhibited promising in vitro functional
properties, including no inhibition by acids, moderate
inhibition by bile salts, medium hydrophobicity of cellu-
lar surfaces and strong antagonism against bacterial
pathogens. Nevertheless, it did not show resistance to
antimicrobials that were not intrinsically encoded on
LAB. Analysis of the cytokine mRNA expression induced
by treatment with Ped. pentosaceus revealed an inflam-
matory cytokine pattern, with significant increases in
IFN-y and TNF-a gene expressions. On day 10 post-
Pp40 inoculation, mRNA levels of TNFa and IFNg were
higher in the treated group than in the control group.
Probably, this inflammatory scenario in the intestine was
responsible for increasing the gut permeability and in
consequence, facilitating the Salmonella infection. How-
ever, based on data in the literature, it is possible that
the Ped. pentosaceus strain could work as adjuvant
immune or check front protection against important
viral infections in horses, such as diarrhoea in foals
caused by Rotavirus or Coronavirus, or respiratory or
systemic infections, such as equine influenza, equine
viral arthritis and equine viral encephalitis. However, in
an experimental mouse infection with Salm. Typhimur-
ium, previous treatment for 10 days with Ped. pen-
tosaceus 40 was prejudicial to the animals, accelerating
the infection rate and the number of deaths. Thus, the
health claims for a probiotic strain should be firstly
established in in vivo experimental models that provide
evidence of the strain’s efficacy and then precisely
labelled in the final probiotic products.
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