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Lactic acid bacteria (LAB) belong to a significant group of probiotic bacteria 
that provide hosts with considerable health benefits. Our previous study 
showed that pigs with abundant LAB had more robust immune responses in 
a vaccination experiment. In this study, 52 isolate strains were isolated from 
the pigs with superior immune responses. Out of these, 14 strains with higher 
antibacterial efficacy were chosen. We  then assessed the probiotic features 
of the 14 LAB strains, including such as autoaggregation, coaggregation, acid 
resistance, bile salt resistance, and adhesion capability, as well as safety aspects 
such as antibiotic resistance, hemolytic activity, and the presence or absence 
of virulence factors. We  also compared these properties with those of an 
opportunistic pathogen EB1 and two commercial probiotics (cLA and cLP). The 
results showed that most LAB isolates exhibited higher abilities of aggregation, 
acid and bile salt resistance, adhesion, and antibacterial activity than the two 
commercial probiotics. Out of the 14 strains, only LS1 and LS9 carried virulence 
genes and none had hemolytic activity. We  selected three LAB strains (LA6, 
LR6 and LJ1) with superior probiotic properties and LS9 with a virulence gene 
for testing their safety in vivo. Strains EB1, cLA and cLP were also included as 
control bacteria. The results demonstrated that mice treated LAB did not exhibit 
any adverse effects on weight gain, organ index, blood immune cells, and 
ileum morphology, except for those treated with LS9 and EB1. Moreover, the 
antimicrobial effect of LR6 and LA6 strains was examined in vivo. The results 
indicated that these strains could mitigate the inflammatory response, reduce 
bacterial translocation, and alleviate liver, spleen, and ileum injury caused by 
Salmonella typhimurium infection. In addition, the LR6 treatment group showed 
better outcomes than the LA6 treatment group; treatment with LR6 substantially 
reduced the mortality rate in mice. The study results provide evidence of the 
probiotic properties of the LAB isolates, in particular LR6, and suggest that oral 
administration of LR6 could have valuable health-promoting benefits.
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1 Introduction

In recent decades, the growing need for livestock products, which 
necessitates growth promotion and disease prevention, has resulted in 
the extensive utilization of antibiotics as feed additives for animals 
(Zhang et al., 2022). The frequent and excessive use of antibiotics has 
led to the increased incidence of bacterial resistance (Ali et al., 2022). 
Antibiotic resistance is a global issue and poses a significant threat to 
the health of both humans and animals (Mehdi et al., 2018). Probiotics 
are currently being considered as a viable substitute for antibiotics in 
preventing pathogen infections (Afolayan et al., 2017).

Lactic acid bacteria (LAB) are the most commonly used probiotics 
that include a wide range of genera (Vogado et al., 2018). They have 
been widely used since ancient times as a safety and effective way to 
improve digestion and nutrient absorption, eliminate toxic substances, 
enhance immunity, and protect host from pathogens (Landete, 2017; 
Miller et al., 2017; Alard et al., 2018; Jäger et al., 2018). The growing 
demand for antibiotic-free animal production has led to the gradual 
prohibition of antibiotics. LAB are currently widely used in animal 
feeds to regulate the balance of intestinal microbiota, inhibit the 
growth of pathogenic bacteria, and promote the richness and diversity 
of the gut microbiota (Li et al., 2020; Mao et al., 2020).

The intestine is a crucial source of probiotic strains (Bai et al., 
2020). Probiotics isolated from the human intestine, such as L. gaseri, 
L. reuteri, and L. fermentum, have demonstrated beneficial therapeutic 
and protective effects (Fontana et al., 2013). The pig intestine is also 
regarded as a viable source of probiotics (Petrof, 2009). Zhang et al. 
have revealed that L. reuteri ZJ617, which is isolated from pig 
intestines, is effective in combating pathogens such as Escherichia coli 
K88 and Salmonella enteritidis 50,335 (Zhang et  al., 2013b). Our 
previous study showed that a higher abundance of LAB in pig gut 
microbiota was closely associated with increased antibody titer, 
reduced pathogenic damage, and shortened viral clearance time 
(Zhang et al., 2021). Isolating LAB with superior properties and the 
ability to regulate the immune response from pigs with stronger 
immune responses is highly probable, since these intestinal LAB have 
the potential to exist preferentially and settle easily in pig intestines. 
Therefore, the purpose of this study was to isolate LAB from pigs with 
high antibody titers and high LAB abundance and evaluate their 
probiotic potential and safety.

2 Materials and methods

2.1 Bacterial strains and cells

De Man, Rogosa, and Sharpe (MRS) broth (Hope Bio-Technology 
Co., Ltd., Qingdao, China) was used as the culture medium for 
isolating LAB. All pathogenic bacterial strains were stored in our 
laboratory. The pathogens E. coli (ATCC 8379), Salmonella 
typhimurium (ATCC 14028), and Staphylococcus aureus (ATCC 
25923) were used to evaluate the coaggregation and bacteriostatic 
activities of LAB. Streptococcus equi (ATCC 33398) was used as 
positive controls for hemolytic activity. Brain Heart Infusion (BHI) 
medium used as the culture medium for the pathogenic strains. 
Lactobacillus acidophilus (ATCC 4356) and Lactobacillus plantarum 
(ATCC 8014) were selected as reference strains with probiotic 
properties, whole-genome sequencing, and wide use in lactic acid 

bacteria comparison (Vahedi Shahandashti et al., 2016; Gheziel et al., 
2019). Caco-2 cells (an immortalized cell line derived from human 
colorectal adenocarcinoma) were cultured in Minimum Essential 
Medium (MEM, Gibco, United States) supplemented with 10% fetal 
bovine serum (FBS, Gibco, United States). HT-29 cells (a human colon 
cancer cell line) were cultured in RPMI 1640 (Gibco, United States) 
supplemented with 10% FBS. The Caco-2 and HT-29 cell lines were 
incubated at 37°C with 5% CO2.

2.2 Isolation of LAB

Fresh fecal samples were collected from Specific Pathogen-Free 
(SPF) pigs that had a high antibody titer against PRRSV and high 
abundance of LAB (Zhang et al., 2021), and immediately transported 
to the laboratory at 4°C. LAB of fecal samples were isolated and grown 
overnight in MRS medium. Then, they were spotted onto MRS agar 
plates. The LAB isolates were incubated at 37°C for 24–48 h. The 
genomic DNA of LAB was extracted using a bacterial genome 
extraction kit (Tiangen, China) according to the manufacturer’s 
protocols. The isolates were identified based on the 16S rDNA gene 
using the primer pair: 16S rDNA-F (5′-AGA GTT TGA TCC ATG 
GCT CAG-3′)/16S rDNA-R (5′-AAG GAG GTG ATC CAG CC-3′) 
(Bin Masalam et al., 2018). The 16S rDNA sequences were used to 
identify the bacterial species based on BLAST analysis.

2.3 Probiotic characteristics of LAB isolates

2.3.1 Antimicrobial activities
The antimicrobial activities of the LAB isolates were analyzed 

using the agar plate diffusion method as previously described with 
slight modifications (Gómez et al., 2016). Individual isolates of LAB 
were cultured in MRS broth under aerobic incubation at 37°C for 48 h. 
After incubation, the LAB cells were separated by centrifugation at 
4000 × g for 10 min, and the resulting liquid portion (supernatant) was 
then sterilized by filtration using syringe filters (0.45-μm). E. coli, 
S. typhimurium, and S. aureus were cultured overnight, washed three 
times, and resuspended in PBS to a final concentration of 
107 cells/mL. These bacterial suspensions were then evenly coated on 
LB agar plates at 100 μL per plate and air-dried at room temperature. 
Subsequently, wells (6 mm depth, 7 mm diameter) were carefully cut 
into the agar, and 100 μL supernatant was added to each well. Fresh 
MRS broth was used as a negative control. The culture plates were 
allowed to diffuse for 4 h at room temperature, followed by incubation 
at 37°C for 20 h. Finally, the diameters of the inhibition zones around 
the wells were measured.

2.3.2 Autoaggregation and coaggregation assays
Autoaggregation assays were performed following the method 

described by Collado et al. (2007), with some modifications. Briefly, 
the LAB isolates were cultured in MRS medium at 37°C for 48 h. After 
incubation, the cultures underwent centrifugation at 5000× g for 
10 min, followed by three washes and resuspension in 2 mL of PBS to 
an optical density (OD600) of 0.25 ± 0.05. The bacterial solution was 
then incubated at room temperature, and then OD values were 
measured at 0, 2, 4, 6, 10, and 24 h. At each time point, 100 μL aliquots 
were collected, and the absorbance (A) was measured at 600 nm. 
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Autoaggregation rates were determined as [(AX – Ay)/Ax] × 100, 
where Ax represents the absorbance at time t = 0, and Ay represents 
the absorbance at t = 2, 4, 6, 10, or 24 h.

Coaggregation assays were performed by mixing 2 mL of each 
isolated strain and three pathogenic strains and incubated them at 
room temperature. The absorbance of the mixture was measured at 0, 
2, 4, 6, 10, and 24 h. The coaggregation percentage was calculated 
using the following formula: [(Apro + Apat)-Amix]/(Apro + 
Apat) × 100, where Apro + Apat represents the absorbance of the 
mixture of the LAB and the pathogen at time 0 h, and Amix denotes 
the absorbance of the LAB mixture and the pathogen at different time 
points (Valeriano et al., 2014).

2.3.3 Acid and bile salt resistance assays
The resistance of the LAB strains to acid and bile salts was assessed 

using a method previously described by Dowarah et al. (2018). The 
LAB strains were cultured overnight, harvested at 5000 × g for 10 min 
at 4°C and washed in PBS three times. The LAB strains were then 
resuspended in MRS broth with 0.3% (w/v) bile salts (Solarbio, China) 
or MRS broth (pH = 3) to a final concentration of 108 cells/mL and 
incubated at 37°C for 2 h or 4 h. The number of LAB was counted at 
the initial (T0), 2 h (T2), and 4 h (T4) time points using the dilution 
plate coating method. The acid and bile salt resistance values were 
determined by calculating the number of surviving bacteria 
after incubation.

2.3.4 Adhesion assay
The Caco-2 and HT-29 cells were plated into 24-well plates. 

Bacterial pellets from an overnight culture were washed three times 
in PBS and resuspended to a concentration of 108 CFU/mL in PBS 
with fluorescein isothiocyanate (FITC) (100 μg /mL) and incubated at 
37°C for 1 h in the dark. The non-adherent bacteria were washed with 
PBS three times to remove them. The cell monolayers were washed 
three times with PBS as well. Each well was then seeded with 500 μL 
of bacterial suspension (106 CFU/mL) and the fluorescence intensity 
was measured using a microvolume spectrophotometer (PE Envision, 
United States). The plates were incubated at 37°C in 5% CO2 for 1 h 
and then the wells were gently washed with PBS five times to remove 
the unattached bacteria. Then, 0.1 mL of trypsin–EDTA was added to 
each well and incubated for 10 min at 37°C. Finally, cell culture 
medium with 10% FBS was added to stop digestion and the 
fluorescence intensity was measured. The adhesion rate was calculated 
using the following formula: Cell adhesion rate (%) = A/A0 × 100%, 
where A0 and A denote the fluorescence intensity before and after 
adhesion, respectively.

2.4 In vitro safety evaluation of LAB isolates

2.4.1 Antibiotic susceptibility
The antibiotic susceptibility of the selected strains was assayed 

with modifications, as previously described (Shi et al., 2019; He et al., 
2021). Briefly, overnight cultures (108 CFU/mL) were spread on MRS 
plates at 100 μL per plate. The seeded agar medium was placed with 
commercial antibiotic discs (Binhe Microbial Reagent Co., Ltd., 
Hangzhou, China), containing oxacillin, penicillin, erythromycin, 
spectinomycin, clarithromycin, vancomycin, clindamycin, 
chloramphenicol, tetracycline, minocycline, norfloxacin, 
ciprofloxacin, ofloxacin, polymyxin B, Sulfamethoxazole, and 

Nitrofurantoin. The plates were incubated at 37°C overnight, and then 
the zone of inhibition (in mm) around the antibiotic disc was 
measured. The antibiotic susceptibility of the LAB strains was assessed 
according to Clinical and Laboratory Standards Institute (CLSI) 
guidelines (Cockerill, 2012).

2.4.2 Hemolytic activity analysis
The LAB isolates were inoculated in 2 mL of MRS medium and 

cultured at 37°C for 24 h. Each of the LAB isolates was streaked on 
Columbia agar plates supplemented with 5% sheep blood and then 
incubated at 37°C for 24 h to assess the hemolytic activity. The blood 
agar plates were examined for signs of β-hemolysis (clear zones 
around colonies), α-hemolysis (green halo around colonies), or 
γ-hemolysis (no zones around colonies) (Talib et al., 2019).

2.4.3 Detection of virulence genes
The isolates were tested by PCR for the presence of virulence 

genes, including aggregation (asa1), gelatinase (gelE), cytolysin (cylA), 
enterococcal surface protein (esp), hyaluronidase (hyl), accessory 
colonization factor (ace), endocarditis antigen (efaA), tyrosine 
decarboxylase (tdc), ornithine decarboxylase (odc) and histidine 
decarboxylase (hdc). The DNA of E. faecalis, whose genome contains 
all the virulence genes, was used as the positive control. The primers 
and annealing temperatures used for PCR are provided in Table 1.

2.5 In vivo safety evaluation of LAB isolates

To evaluate the safety of the LAB isolates, BALB/c mice weighing 
17–21 g (6 weeks of age) were obtained from Beijing Vital River 
Laboratory Animal Technology Co., Ltd., China, and acclimatized for 
1 week before experiments. The animals were housed in an animal 
facility with free access to food and water and maintained in a 12 h 
light and 12 h dark cycle. The experimental protocol was approved by 
the Experimental Animal Ethics Committee of Harbin Veterinary 
Research Institute (HVRI), Chinese Academy of Agricultural Sciences 
with the license SYXK (Heilongjiang) 210903-01-GR.

The mice were divided into eight groups of five mice each. Seven 
experimental groups received oral doses of different LAB isolates at 
concentrations of 1 × 109 CFU/100 μL, while the control group received 
100 μL PBS. The general health parameters, including average daily 
gain (ADG), hematological analysis, and the organ index, were 
calculated after 21 days of continuous LAB supplementation to assess 
the safety of the LAB isolates. The mice were anesthetized and blood 
samples were collected from the retro-orbital sinus and then analyzed 
using the IDEXX ProCyte Dx Hematology Analyser (IDEX, 
United  States). After blood sample collection, heart, lungs, liver, 
bilateral kidneys, spleen, PALN and AALN were harvested and 
weighed. The organ index was measured as follows: weight of organ/
body weight of the mouse. Ileal tissue samples, 10 cm proximal to the 
cecum, were harvested and assessed for histopathological changes.

2.6 Anti-typhoidal activity of LAB isolates  
in vivo

The anti-infection ability of LAB isolates was evaluated in BALB/c 
mice, which were obtained and domesticated in the similar 
environment as above mentioned, with the S. typhimurium infection 
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model (Vinderola et  al., 2007). The Experimental Animal Ethics 
Committee of Harbin Veterinary Research Institute (HVRI), Chinese 
Academy of Agricultural Sciences, approved the experimental 
protocol with the license SYXK (Heilongjiang) 220718-01-GR. The 
mice were randomly assigned to four groups (n = 14 per group): two 
experimental groups, one for each tested isolate (LR6, LA6), and two 
control groups, one challenged with S. typhimurium (infected control, 
IC) and the other not challenged with the pathogen (normal control, 
NC). The experimental groups received oral doses of LR6 or LA6 
isolates at a concentration of 1 × 109 CFU/100 μL, while the control 
groups received 100 μL PBS. After 14 days of continuous LAB 
supplementation, the experimental groups and the infected control 
group were orally challenged with 100 μL of 1 × 108 
CFU/mL S. typhimurium. The mice were weighed throughout the 
experiment until day 10 post-infection. Three mice per group and 
assay were sacrificed at days 3 and 5 post-challenge and samples were 
obtained. Blood was collected from the heart of anaesthetized mice, 
and serum was separated by centrifugation at 3000 × g for 10 min. The 
spleen, liver, and ileum were dissected and. Rapidly divided into two 
parts: one stored in liquid nitrogen, and the other fixed in 4% 
paraformaldehyde. The survival of the remaining 8 mice in each group 
was monitored for another 10 days, and they were euthanized 
on day 11.

2.6.1 Translocation assay
Under aseptic conditions, the spleen and liver were removed, 

weighed, and homogenized in tubes containing 2 mL of 0.1% peptone 
water. Serial 10-fold dilutions of the homogenates were prepared and 
100 μL of each dilution was plated onto deoxycholate hydrogen 
sulfide lactose medium agar (Solarbio, China). The plates were 

incubated aerobically at 37°C for 24 h, and the number of colonies 
was counted.

2.6.2 Assessment of the inflammatory cytokines
The level of serum tumor necrosis factor α (TNF-α) was quantified 

using ELISA kits (Neobioscience, China).
As described above, the liver, spleen, and ileum were removed 

from the mice. The tissues were homogenized, and total RNA was 
extracted from the homogenates using a Fast Pure Cell/Tissue Total 
RNA Isolation Kit (Vazyme, China). mRNA levels in the tissues were 
measured by quantitative real-time polymerase chain reaction (qRT-
PCR) analysis using TB Green Premix Ex Taq (Tiangen, China) 
according to the instructions. The PCR primer sequences were as 
follows: GAPDH (5′-CGCGAGAAGATGACCCAGAT-3′, 5′-GCACT 
GTGTTGGCGTACAGG-3′); TNF-α (5′-CGTTGTAGCCAATG 
TCAAAGCC-3′, 5′-TGCCCAGATTCAGCAAAGTCCA-3′). The 
results were analyzed using QuantStudio5 (Applied Biosystems, 
United States) and β-actin was used as an internal standard. The final 
expression levels were obtained using the formula 2−ΔΔCT.

2.6.3 Hematoxylin-eosin staining analysis
The liver, spleen, and ileum tissues were fixed in 4% 

paraformaldehyde for 72 h. The tissue blocks were dehydrated and 
embedded using alcohol, xylene, and paraffin, and then sectioned. 
The sections were dewaxed with xylene, rinsed with alcohol and 
distilled water five times, and stained with hematoxylin for 5 min. 
The sections were then washed with deionized water and stained 
with eosin for 1 min. The sections were dehydrated with ethanol, 
cleared with xylene, mounted on slides, and analyzed under 
a microscope.

TABLE 1 PCR primers and annealing temperatures used for the detection of genes implicated in the virulence of LAB isolates.

Virulence 
factor

Genes Primer sequence (5′  →  3′) Amplicon size 
(bp)

Annealing Tm 
(°C)

References

Aggregation 

substance
asa1

GCACGCTATTACGAACTATGA
375 56

Vankerckhoven et al. 

(2004)TAAGAAAGAACATCACCACGA

Gelatinase gelE
TATGACAATGCTTTTTGGGAT

213 50 Al-Talib et al. (2015)
AGATGCACCCGAAATAATATA

Cytolysin cylA
ACTCGGGGATTGATAGGC

688 60
Vankerckhoven et al. 

(2004)GCTGCTAAAGCTGCGCTT

Enterococcal surface 

protein
esp

GCTGCTAAAGCTGCGCTT
510 60 Al-Talib et al. (2015)

AATTGATTCTTTAGCATCTGG

Hyaluronidase hyl
ACAGAAGAGCTGCAGGAAATG

276 62
Vankerckhoven et al. 

(2004)GACTGACGTCCAAGTTTCCAA

Accessory 

colonization factor
ace

GAATTGAGCAAAAGTTCAATCG
1,108 60 McBride et al. (2009)

GTCTGTCTTTTCACTTGTTTC A

Endocarditis antigen efaA
GCCAATTGGGACAGACCCTC

688 56 McBride et al. (2009)
CGCCTTCTGTTCCTTCTTTGGC

Tyrosine 

decarboxylase
tdc

ACATAGTCAACCATGTTGAA
924 60 Connil et al. (2002)

CAAATGGAAGAAGAAGTAGG

Ornithine 

decarboxylase
odc

CATCAAGGTGGACAATATTTCCG
1,446 56 Sánchez et al. (2019)

CCGTTCAACAACTTGTTTGGCA

Histidine 

decarboxylase
hdc

TTGACCGTATCTCAGTGAGTCCAT
367 62 Fernández et al. (2006)

ACGGTCATACGAAACAATACCATC
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2.7 Statistical analysis

All data were expressed as mean ± standard error of the mean 
(SEM). The data were analyzed using SPSS version 22 (IBM Corp., 
Armonk, NY, United States). One-way analysis of variance (ANOVA) 
was used to determine the significance among data sets. Statistical 
significance was set at: *, p < 0.05, **, p < 0.01, ***, p < 0.001.

3 Results

3.1 Isolation and identification of LAB 
isolates

Fifty-two pure bacterial colonies were obtained from SPF pigs 
with high antibody levels in this study. To identify the isolates, 16S 
rDNA gene sequencing analysis was performed. The results revealed 
that the 52 isolates included nine species, namely, Lactobacillus 
animalis (LA1–LA8), Lactobacillus salivarius (LS1–LS9), Lactobacillus 
reuteri (LR1–LR6), Lactobacillus johnsonii (LJ1), Lactobacillus 
crispatus (LC1, LC1), Enterococcus Montessori (EM1–EM4), 
Enterococcus sakazakii (EB1, opportunistic pathogen), 
Pseudostaphylococcus (PSC1, PSC2), Enterococcus hirae (EH1–EH4), 
and Enterococcus faecalis (EF1–EF15).

3.2 Probiotic characteristics of LAB isolates

3.2.1 Antimicrobial activities of LAB isolates
The antimicrobial activity of the isolates was an important index 

for evaluating the prebiotic properties of the isolates. The 52 isolates 
were tested for their antimicrobial activity against three pathogens (E 
coli, S. typhimurium and S. aureus), using two commercial probiotics 
(Lactobacillus acidophilus (cLA) and Lactobacillus plantarum (cLP)) 
as control LAB strains. The strains and antimicrobial activities are 
listed in Table  2. Fourteen LAB isolates with high antimicrobial 

TABLE 2 Inhibition zones (mm) of all strains against selected 
microorganisms.

Isolates

Indicator pathogens

E. coli ATCC 
8379

S. 
typhimurium 
ATCC 14028

S. aureus 
ATCC 25923

LA1 14.73 ± 0.08 16.2 ± 0.08 15.63 ± 0.42

LA2 14.7 ± 0.43 15.93 ± 0.31 18.03 ± 0.25

LA3 15.57 ± 1.21 15.27 ± 0.17 16.63 ± 0.34

LA4 15.23 ± 0.5 16.67 ± 0.39 13.7 ± 0.28

LA5 7 13.07 ± 0.21 11.53 ± 0.48

LA6 16.67 ± 0.39 16. 67 ± 0.39 17.77 ± 0.25

LA7 7 14.1 ± 0.22 15.53 ± 0.4

LA8 10.53 ± 0.48 9.93 ± 0.31 14.87 ± 0.4

LR1 15.13 ± 0.05 14.83 ± 0.34 15.37 ± 0.66

LR2 13.37 ± 1.23 11.67 ± 0.83 13.33 ± 0.94

LR3 11.53 ± 0.92 13.1 ± 0.43 19.1 ± 0.75

LR4 10.57 ± 0.45 16.3 ± 0.16 13.97 ± 0.4

LR5 15.67 ± 0.46 14.17 ± 0.05 15.97 ± 0.33

LR6 17.3 ± 0.65 14.97 ± 0.34 17.03 ± 0.17

LS1 13.93 ± 0.45 18.67 ± 0.39 17.7 ± 0.28

LS2 11.03 ± 0.62 16.57 ± 0.39 14.87 ± 0.57

LS3 14.3 ± 0.7 17.83 ± 0.45 18.27 ± 0.65

LS4 14.53 ± 0.87 17.87 ± 0.54 15 ± 0.57

LS5 14.93 ± 0.31 16.1 ± 0.43 18.6 ± 0.42

LS6 13 ± 0.36 15.97 ± 0.34 11.83 ± 0.45

LS7 14.33 ± 0.37 16.63 ± 0.17 13.77 ± 0.25

LS8 12.07 ± 0.80 15.77 ± 0.38 15.3 ± 0.14

LS9 16.67 ± 0.59 19.23 ± 0.05 20.43 ± 0.74

LJ1 15.77 ± 0.38 16.23 ± 0.05 15.17 ± 0.05

LC1 9.6 ± 0.37 9.27 ± 0.05 13.67 ± 0.39

LC2 10.87 ± 0.4 17 ± 0.51 14.67 ± 0.39

EB1 13.23 ± 0.25 13.07 ± 0.12 12.83 ± 0.25

EM1 7 7 7

EM2 9.67 ± 0.39 12.67 ± 0.31 13.17 ± 0.05

EM3 11.77 ± 0.25 13.93 ± 0.42 13.63 ± 0.34

EM4 7.33 ± 0.47 8.63 ± 0.34 7

EH1 9.93 ± 0.31 12.13 ± 0.05 11.27 ± 0.17

EH2 10.03 ± 0.25 11.43 ± 0.17 10.87 ± 0.4

EH3 10.27 ± 0.05 11.93 ± 0.31 10.3 ± 0.75

EH4 10.93 ± 0.31 48.03 ± 51.6 10.93 ± 0.31

PSC1 7 7 7

PSC2 10.63 ± 0.34 11.77 ± 0.25 11.93 ± 0.31

EF1 10.73 ± 0.56 9.8 ± 0.29 10.63 ± 0.34

EF2 7 11.77 ± 0.25 11.13 ± 0.05

EF3 10.8 ± 0.24 10.8 ± 0.29 14.27 ± 0.65

EF4 11.03 ± 0.41 10.3 ± 0.16 11.9 ± 0.92

(Continued)

EF5 7 9.83 ± 0.29 7

EF6 7 7 7

EF7 7 9.83 ± 0.29 7

EF8 7 10.73 ± 0.56 11.27 ± 0.17

EF9 7 11.07 ± 0.42 11.15 ± 0.05

EF10 7 10.93 ± 0.31 7

EF11 7 11.17 ± 0.05 7

EF12 7 10.83 ± 0.38 7

EF13 7 10.4 ± 0.14 7

EF14 7 7 7

EF15 7 7 7

cLA 14.34 ± 0.74 14.54 ± 0.91 15.83 ± 0.42

cLP 13.77 ± 0.65 13.53 ± 0.45 13.77 ± 0.31

MRS 7 7 7

Values are means ± standard deviations of triplicates (mm), agar perforator with a diameter 
of 7 mm, the 14 LAB isolates with high antimicrobial capacity are marked in red.

TABLE 2 (Continued)
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capacity (marked in red) were selected for the following experiments. 
LAB strains cLA and cLP were used as positive controls, and EB1 
(opportunistic pathogen) as a negative control in the 
following experiments.

3.2.2 Autoaggregation and coaggregation
The 14 LAB isolates were assessed for their autoaggregation and 

coaggregation abilities. As shown in Figures 1A–C, all strains exhibited 
autoaggregation, which progressively and significantly increased over 
time. After 24 h of incubation, similar autoaggregation percentages 
ranging from 64 to 80% were observed for all isolates except for the 
EB1 (59% autoaggregation) (Figure 1A). Compared to EB1, the 14 
LAB isolates and two commercial strains had better coaggregation 
with all tested pathogens (Figures 1B–D). The coaggregation of the 14 
isolates and two commercial strains with S. typhimurium was higher 
than that with E. coli and S. aureus (Figures 1B–D). Figure 1 also 
showed that most of the 14 LAB isolates had higher autoaggregation 
and coaggregation abilities than the two commercial strains and EB1 
(opportunistic pathogen).

3.2.3 Acid and bile salt tolerance of LAB isolates
The tolerance of gastrointestinal tract (GIT) conditions is an 

important criterion for selecting potential probiotics. Hence, 
we assessed the survival of the 14 LAB isolates under acid and bile salt 
conditions. As shown in Figures 2A,C, all strains tested had the ability 
to survive for 2 h under low pH or 0.3% bile salt condition, with 
different survival rates among strains. LS had a weak ability to survive 
at low pH, and nearly all LS died after 4 h of incubation at pH 3.0 
(Figures  2A,B). However, LS survived better at 0.3% bile salt 
(Figures 2C,D). These results may be due to the fact that LAB mainly 
colonize the gut, making them more tolerant of bile salt and less 
tolerant of the low pH environment of the stomach. In summary, all 
the 14 strains have the potential to colonize the gut.

3.2.4 Adhesion properties of LAB isolates
Probiotics are live microorganisms that confer health benefits 

when administered in adequate amounts. To be classified as probiotics, 
LAB must reach the intestine through the stomach and duodenum 
and attach to intestinal epithelial cells. Therefore, we examined the 
adhesion abilities of the 14 LAB isolates to HT-29, and Caco-2 cells 

FIGURE 1

Percentages of autoaggregation (A) and coaggregation with enteropathogenic E. coli (B), Salmonella typhimurium (C), and Staphylococcus aureus 
(D) in the 14 LAB isolates with better antimicrobial capacity, along with EB1 and two commercial strains (cLA, cLP). Data represent means ± standard 
deviations.
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(Figures 3A,B). We found that, exception for LS9, LA and LR adhered 
better to HT-29 and Caco-2 cells than LS, while LA6 and LS9 showed 
stronger adhesion properties than the other strains (Figures 3A,B).

3.3 In vitro safety evaluation of LAB isolates

Safety is crucial for the development of probiotic isolates in 
clinical applications. A safety prerequisite for selecting a probiotic 
strain is an absence of hemolytic activity (FAO/WHO, 2002). 
Therefore, we analyzed the hemolytic activity of the 14 LAB isolated 
strains using blood agar plates and found that none of the 14 LAB 
isolated strains showed hemolytic activity 
(Supplementary Figures S1A–H).

Although of LAB is generally considered safe, some studies have 
shown that certain members of the LAB genus can cause health 
problems such as bacteremia, endocarditis, and peritonitis (Colautti 
et al., 2022). Therefore, identifying virulence genes in the isolates is a 
crucial indicator of the safety of probiotics. We tested the 14 LAB 
strains for the presence of 10 virulence genes including asa1, gelE, 
cylA, esp., hyl, ace, efaA, tdc, odc and hdc. The results showed that only 
strains LS1 and LS9 had the virulence gene efaA, while the other 
strains had none of the ten virulence genes (Supplementary Figure S1K).

Next, the antibiotic susceptibility pattern of the 14 LAB isolates 
against different antibiotics (16 antibiotics from 10 classes) was 
determined by disc diffusion assay. Data for all strains tested can 
be  found in Table  3. Almost all the strains tested, including two 
commercial probiotics, exhibited resistance to tetracycline antibiotics, 
quinolone antibiotics, peptide antibiotics, sulfonamide antibiotics, 
aminoglycoside antibiotics and penciclovir among β-lactam 
antibiotics. All 14 isolates except LS were susceptible to macrolide 
antibiotics, lincomycin antibiotics, chloramphenicol antibiotics, 
nitrofuran antibiotics and penicillin among β-lactam antibiotics. LS 
was only susceptible to chloramphenicol antibiotics and penicillin 
among β-lactam antibiotics.

3.4 In vivo safety assessment of LAB 
isolates

Ensuring the safety of LAB isolates in vivo is a crucial factor for 
clinical application. Four LAB strains with high probiotic potential 
were selected from 14 LAB strains of four different species (LA, LR, 
LJ and LS) based on the results of previous experiments. They were 
LA6, LR6, LJ1 and LS9 (which showed the best performance despite 
containing a virulence gene). We conducted a preliminary assessment 

FIGURE 2

Survival rates of the 14 LAB isolates with better antimicrobial capacity, along with EB1 and two commercial strains in acid for 2  h (A) and 4  h (B) and in 
bile salt for 2  h (C) and 4  h (D).
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of the safety of LA6, LR6, LJ1, LS9 in mice. Two commercial probiotics 
(cLA and cLP) were used as positive control and strain EB1 was used 
as negative control. The LR6, LJ1 and cLA groups showed an increase 
in the average daily gain (ADG), while the LS9 and EB1 groups 
showed a decrease in ADG compared to the PBS group; however, 
these differences were not statistically significant (p > 0.05) 
(Figure  4A). Moreover, the ADG values in the EB1 group were 
significantly lower than those in the LR6 and LJ1 groups (p < 0.05) 
(Figure 4A). In addition, apart from a significant increase in liver 
development index in groups LA6 and LR6 compared to the PBS 
group (Figure 4C), no significant differences in other organ indices 

among the different groups were observed (Figures 4B–F). Blood cell 
populations were analyzed by IDEXX ProCyte Dx Hematology 
Analyser (IDEX, United States). As shown in Figures 5A–D, the strain 
LS9 led to a significant increase in the number of lymphocytes 
(p < 0.001), neutrophils (p < 0.05) and eosinophils (p < 0.001) in the 
blood of mice. Meanwhile, the effects of these strains on the intestinal 
tract were examined by analyzing H&E-stained ileal sections from 
mice in different groups. Only the mice in the LS9 group exhibited a 
marked thinning of the ileal wall, as well as villous injury, shortening, 
and atrophy. No abnormalities were observed in the ileal wall or villi 
of the other groups (Figure 5E).

FIGURE 3

Adhesion of the 14 LAB isolates with better antimicrobial capacity, along with EB1 and two commercial strains to HT-29 (A) and Caco-2 (B) cells. Data 
represent means ± standard deviations.
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TABLE 3 Antibiotic susceptibility profiles of the 17 strains.

Antibiotic 
category

Name of 
antibiotic

LA1 LA2 LA3 LA4 LA6 LS1 LS3 LS4 LS5 LS9 LR1 LR5 LR6 LJ1 EB1 cLA cLP

Macrolide
Erythromycin S S S S S R R R R R S S S S S I S

Clarithromycin S S S S S R R I I R S S S S S R S

Lincomycin Clindamycin S S S S S R R R R R S S S S S S S

Chloramphenicol Chloramphenicol S S S S S S S S S S S S S S S S S

Nitrofuran Nitrofurantoin S S S S S I I I I S S S S S S I S

Beta-lactam
Penicillin S S S S S S S S S S S S S S S R R

Oxacillin R I R R R R R R R R R I I R R I R

Tetracycline
Tetracycline R R R R R R R R R R R R R R R I I

Minocycline R S R I R R I I I I R I I R I I R

Quinolone a

Norfloxacin R R R R R R R R R R R R R R R R R

Ciprofloxacin R R R R R I R I I I R R R R R R R

Ofloxacin R R R R R R R R R R R R R R R R R

Polypeptide
Vancomycin R R R R R R R R R R R R R R R R R

Polymyxin B R R R R R R R R R R R R R R R R R

Sulfonamides Sulfamethoxazole R R R R R R R R R R R R R R R R S

Aminoglycoside Spectinomycin R R R R R I R R R R R R R R R I R

“S” indicates sensitive, “R” indicates insensitive, and “I” indicates intermediate between sensitive and insensitive.
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3.5 Lab isolates attenuate Salmonella 
typhimurium infection in mice

To further determine the antimicrobial abilities of LAB isolates, 
which exhibited better antimicrobial activity in vitro, an in vivo 
experiment was conducted. Two LAB isolates, LR6 and LA6, the best 
overall performers of LR and LA respectively, were chosen to evaluate 
their resistance to bacterial infection using the S. typhimurium 
infection model in mice. As shown in Figure 6A, all mice in the IC 
group succumbed to the S. typhimurium challenge within 7 days, 

whereas the survival rate of the LR6 treatment group was significantly 
higher (62.5%) than that of the LA6 and IC groups (12.5 and 0%, 
respectively) (p < 0.01). The bacterial loads in the liver and spleen of 
mice in the LR6 and LA6 treatment groups were significantly lower 
than those in the IC group on day 3 after challenge (Figures 6B,D), the 
bacterial loads in the liver and spleen of mice in the LR6 and LA6 
treatment groups were still lower than those in the IC group on day 5 
after challenge, but the difference was not significant (p > 0.05) 
(Figures 6C,E). These results suggest that pre-treatment with LR6 and 
LA6 reduced the spread of S. typhimurium to distal organs. The LR6 

FIGURE 4

Effect of LAB supplementation on body weight gain and organ indices of experimental mice. (A) ADG of mice gavaged with selected strains. (B–F) The 
heart (B), liver (C), spleen (D), lung (E), and kidney (F) indices in the experimental groups. Data represent means ± standard deviations. *p  <  0.05, 
***p  <  0.001.
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treatment group demonstrated a superior ability to decrease the 
bacterial load compared with the LA6 treatment group.

Furthermore, the concentration of tumor necrosis factor α 
(TNF-α) in the blood and the mRNA levels of TNF-α in the spleen 
and liver were quantified using ELISA and qPCR, respectively, on days 
3 and 5 after challenge. As shown in Figures 7A–F, the serum and the 
mRNA levels of TNF-α in the spleen and liver of mice in the IC group 
were significantly higher than those in the NC group on days 3 and 5 
after challenge. Pretreatment with either LR6 or LA6 significantly 
reduced the serum levels of TNF-α, which were induced by 
S. typhimurium infection on day 5 after challenge (p < 0.001) 
(Figure 7A). This treatment also notably decreased the mRNA level of 
TNF-α in the spleen (p < 0.01) (Figure 7B). Interestingly, only the 
pretreatment with LR6 significantly reduced the mRNA level of 
TNF-α (p < 0.05). Although pretreatment with LA6 also reduced the 
mRNA level of TNF-α in the liver, the difference was not statistically 
significant (p > 0.05) (Figure 7C). The serum levels of TNF-α in mice 
pretreated with LR6 and LA6 were also found to be lower than those 
of the IC group on day 5 after challenge (p < 0.01, p < 0.05) (Figure 7D). 
Additionally, the mRNA levels of TNF-α in the spleens and livers of 

these pretreated mice were also lower than those in the IC group, but 
the difference was not statistically significant (p > 0.05) (Figures 7E,F).

As shown in the H&E-stained histopathological images 
(Figures 8A–L), the infection of S. typhimurium resulted in marked 
lesions in the liver, spleen and ileum of mice, including multiple 
inflammatory granulomatous nodules in the liver parenchyma with 
extensive hepatocellular necrosis, a marked reduction in lymphocytes 
in the white pulp of the spleen, focal inflammatory cell infiltration in 
the red pulp (predominantly neutrophils), and massive infiltration of 
neutrophils and monocytes in the lamina propria and submucosal 
layer of the ileum, with marked submucosal oedema and hemorrhage. 
Pretreatment with LR6 and LA6 reduced the extent of lesions in the 
liver, spleen and ileum, with the LR6 treatment group showing 
superior outcomes.

4 Discussion

It is well known that LAB are considered beneficial 
microorganisms that modulate the intestinal function, immunity, and 

FIGURE 5

Effects of strains supplementation on blood immune cells and the ileum of experimental mice. (A–D) The numbers of leukocytes, lymphocytes (B), 
neutrophils (C), and eosinophils (D) in the blood of mice. (E) HE staining of ileal tissue sections to evaluate the general morphological changes. Data 
represent means ± standard deviations. *p  <  0.05, ***p  <  0.001.
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microbiota of the host, thus enhancing the overall health of the host 
(Wang et al., 2019). Several studies have shown that the gut microbiota 
composition and its interaction with the immune system influence the 
development and function of humoral immunity and vaccine efficacy 
(Zhang et  al., 2018; Ling et  al., 2020; Ran et  al., 2021). A close 
association between LAB abundance in pig intestinal microbiota and 
higher antibody titers, reduced pathogenic damage, and faster PRRSV 
clearance was found in our previous study. The group with higher 
antibody titer had a significantly greater LAB proportion (18.95%) 
than the group with lower antibody titer (4.81%) (Zhang et al., 2021).

Based on our previous findings, we hypothesized that LAB with 
strong immunoregulatory properties could be isolated from pigs with 

good immune responses and abundant LAB, based on our previous 
findings. However, systematic evaluation of the isolated LAB was 
required to ensure their efficacy and safety. Therefore, this study aims 
to analyze the potential probiotic characteristics and safety of the LAB 
isolated from pigs with high antibody titers, and to test their probiotic 
effects in protecting mice against S. typhimurium infection for animal 
feed additives. To our best knowledge, this is the first report on the 
probiotic characteristics of the LAB strains isolated from pigs with 
high antibody titers and abundant LAB.

In this study, 52 strains belonging to nine species were identified: 
Lactobacillus animalis, Lactobacillus salivarius, Lactobacillus reuteri, 
Lactobacillus johnsonii, Lactobacillus crispatus, Enterococcus 

FIGURE 6

Effects of LR6 and LA6 on mortality and bacterial translocation in mice infected with S. typhimurium (ATCC14028). (A) The survival rate of mice in each 
group after infection. (B–E) Day 3 and day 5 after challenge, the number of bacteria in the spleen (B,C) and liver (D,E). Data represent means ± standard 
deviations. *p  <  0.05, **p  <  0.01, ***p  <  0.001.
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Montessori, Enterococcus sakazakii, Pseudostaphylococcus, 
Enterococcus hirae, and Enterococcus faecalis. These results were in line 
with previous studies that suggested that LAB strains are prevalent in 
pigs (König et al., 2021; Zhong et al., 2022).

Increasing evidence suggests that certain probiotic strains can 
prevent infection by pathogenic intestinal microbes (Ghattargi et al., 
2018; Saboori et  al., 2022). Therefore, we  tested the antibacterial 
activities of the 52 isolates and two commercial probiotics 
(Lactobacillus acidophilus and Lactobacillus plantarum) against 
various bacterial pathogens. Fourteen strains with strong antibacterial 
ability were selected, along with Enterococcus sakazakii (EB1, 
opportunistic pathogen) and two commercial probiotics, for further 
experiments. L. animalis (LA), L. salivarius (LS), or L. reuteri (LR) 
were the most common LAB isolates with strong antibacterial activity. 
The antimicrobial activity of LAB strains depended on their 
production of organic acids, carbon dioxide, hydrogen peroxide, 
diacetyl, fatty acids, bacteriocins, and bacteriocin-like substances, 
among others (Bojanic Rasovic et al., 2017).

Autoaggregation and coaggregation can prevent pathogen 
colonization of the intestinal surface by probiotics (Sharma et al., 
2019). Bacteria often exist in consortia, adhering either to surfaces, 
non-bacterial cells, or other bacteria. Autoaggregation is the 
bacterium-bacterium adhesion of genetically identical strains, which 
enables microorganisms of the same species to aggregate and adhere 
to the intestinal mucosa (Lukic et al., 2014). Coaggregation is the 

inter-strain adherence of genetically distinct strains, of the same or 
different species, which facilitates the intercellular adhesion between 
different strains and their interaction with pathogens, enhancing host 
defense against infection (Zhang et al., 2013a). We observed that LAB 
species isolated from the same SPF pig had similar autoaggregation 
and coaggregation abilities, but different species had different abilities. 
LA and LS had significantly higher autoaggregation and coaggregation 
abilities EB1 and the commercial probiotic cLP. This may result from 
complex interactions between bacterial surface molecules (such as 
proteins) and secreted factors (Kuppusamy et al., 2020).

Bile salts in the duodenum and acidic conditions in the stomach 
are major challenges for LAB survival in the host gastrointestinal tract 
(Hsu et  al., 2018). We  found that LA and LR tolerated acidic 
environments better than LS, which was more tolerant of bile salt. 
These differences in resistance to acid environments and bile salts may 
be  attributed to the expression of specific proteins in LAB cells 
(Hamon et al., 2011) and some bacterial proteins (Yu et al., 2013).

Adhere to the host gut is a key factor for probiotics to promote 
health (Iñiguez-Palomares et al., 2011). Adherence not only enables 
probiotics to survive longer in the gastrointestinal tract and enhances 
the interaction between bacteria and the host but also helps them 
overcome the effects of gastric motility (Jose et  al., 2015). Thus, 
adherence to the mucosal surface and epithelial cells is an important 
property of probiotics. We used two intestinal cell lines, HT-29, and 
Caco-2, to assessed the adhesion characteristics of the isolates. LA and 

FIGURE 7

Effect of LR6 and LA6 on inflammatory cytokines in mice infected with S. typhimurium (ATCC 14028). (A,D) TNF-α levels in mice serum at day 3 and 
day 5 after challenge. (B,E) Expression of TNF-α in spleen on day 3 and day 5 after challenge. (C,F) Expression of TNF-α in liver on day 3 and day 5 after 
challenge. Data represent means ± standard deviations. *, p  <  0.05; **, p  <  0.01; ***, p  <  0.001.
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LR adhered better to HT-29 and Caco-2 than LS (except for LS9), and 
LA6 and LS9 had stronger adhesion than the other strains. This may 
result from specific cell surface molecules of each strain that affect 
their adherence to gut cells. These molecules may mediate their 
attachment to the intestinal mucosa and modulate the immune system.

LAB are generally considered non-pathogenic for humans (Aaron 
et al., 2017), but virulence genes from LAB isolates may transfer to 
other pathogenic bacteria (Al-Talib et al., 2015). In our study, none of 
the isolated caused hemolysis of sheep blood erythrocytes and only 
LS1 and LS9 carried virulence genes. Thus, except for LS1, LS9, and 
the opportunistic pathogen EB1, the other isolates were safe probiotic 
candidates. Antibiotic resistance is an important factor for LAB safety 
assessment (Guo et al., 2016). Antibiotic resistance may help beneficial 
microorganisms survive in the gastrointestinal tract (Zommiti et al., 
2017). We  found that all isolates except LS were susceptible to 
macrolide antibiotics, lincomycin antibiotics, chloramphenicol 
antibiotics, nitrofuran antibiotics and penicillin among β-lactam 
antibiotics but resistant to tetracycline antibiotics, quinolone 
antibiotics, peptide antibiotics, sulfonamide antibiotics, 
aminoglycoside antibiotics and penciclovir among β-lactam 

antibiotics. LS was only susceptible to chloramphenicol antibiotics and 
penicillin among β-lactam antibiotics. This result may reflect the 
natural resistance of LAB and the extensive use of antibiotics in pig 
production (Li et al., 2020; Wang M. et al., 2020).

Ensuring the safety of LAB isolates in vivo is a crucial factor for 
clinical application. Four LAB strains with high probiotic potential 
were selected from 14 LAB strains of four different species (LA, LR, 
LJ and LS), based on the results of above experiments. They were LA6, 
LR6, LJ1 and LS9 (which exhibited best performance despite 
containing a virulence gene). We then assessed the in vivo safety of 
LA6, LR6, LJ1, LS9 (with a virulence gene), EB1 (opportunistic 
pathogen) and two commercial probiotics (cLA, cLP) in mice. 
We monitored body weight loss, immune cell counts in the blood, and 
ileal tissue damage after 3 weeks of feeding with strains. We found that 
LR6 and LA6 supplementation increased growth performance and the 
liver index. These results showed that all the LAB isolates except LS9 
were safe for mice, which was in agreement with previous studies 
(Aaron et  al., 2017; Campagne et  al., 2020). These results also 
suggested that virulence genes detection in the LAB isolates 
was necessary.

FIGURE 8

Effect of LR6 and LA6 on alleviating the liver, spleen, and ileum injury caused by S. typhimurium (ATCC 14028) infection in mice. Histological 
morphology of the (A–D) liver, (E–H) spleen, and (I–L) ileum (H&E staining). (A,E,I) Mice fed LR6 and challenged with S. typhimurium, (B,F,J) mice fed 
LA6 and challenged with S. typhimurium, (C,G,K) control mice challenged with S. typhimurium, (D,H,L) control mice fed PBS.
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Published studies have mainly focused on probiotic metabolism 
and neglected their immune response (Yang et al., 2017; Gokhale 
and Bhaduri, 2019). Most studies on probiotics effects on pathogens 
were in vitro (Gao et  al., 2022; Kiššová et  al., 2022) and have 
commonly used intestinal pathogens (Wu et al., 2016; Wang W. et al., 
2020). S. typhimurium, a pathogen that causes systemic disease in 
mice (Ballesté-Delpierre et al., 2017; Benoit et al., 2019), reflects LAB 
effects on systemic immune response better than intestinal 
pathogens. We chose two LAB isolates, LR6 and LA6, the best overall 
performers of LR and LA respectively, to evaluate their resistance to 
bacterial infection using the S. typhimurium infection model in 
mice. We found that treatment with LR6 and LA6 decreased serum 
TNF-α levels, and reduced the increased expression of the 
inflammatory factor TNF-α in the liver and spleen caused by 
S. typhimurium infection. Treatment with LR6 and LA6 also reduced 
S. typhimurium translocation to the liver and spleen, and alleviated 
liver, spleen and ileum damage caused by S. typhimurium infection. 
Moreover, the LR6 treatment group suppressed inflammatory 
response, decreased bacterial translocation and alleviated liver, 
spleen and ileum injury more than LA6 treatment group, which may 
explain the low mortality in the L6 treatment group. These results 
were in line with previous studies showing that LAB strains 
modulate immunity and benefit mice challenged with 
S. typhimurium, but their effects are strain-specific (Hirano et al., 
2017; Abatemarco Júnior et al., 2018).

Taken together, we obtained a series of LAB isolates from pigs 
with high antibody titers and abundant LAB. These LAB isolates 
resisted bile salts and acids, and had strong capabilities of 
autoaggregation, coaggregation, antimicrobial activity and adhesion. 
We assessed their antibiotic resistance profiles, and verified their safety 
and potential as antimicrobial and probiotic agents in vitro and in vivo. 
These results showed that these LAB isolates, especially LR6, possessed 
remarkable probiotic properties, and warranted further investigation 
as potential feed additives.
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