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Abstract
The occurrence of multidrug-resistant pathogenic bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), 
multidrug-resistant Acinetobacter baumannii (MDRAB), extended-spectrum β-lactamase (ESBL) Escherichia coli, and 
Pseudomonas aeruginosa, has become a serious problem in animals and public. The objective of this study was to identify 
and isolate lactic acid bacterial (LAB) strains from the intestinal tracts of pigs and feces of dogs and then characterize them 
as potential probiotics with antimicrobial activity against multidrug-resistant pathogenic bacteria. In a preliminary isola-
tion screening, 45 of 1167 isolated LAB strains were found to have anti-S. aureus ATCC 27,735 activity. Using 16S rDNA 
and 16S-23S rDNA intergenic spacer region (ISR) sequences, five of these isolates were further identified as Lactobacil-
lus animalis 30a-2, Lactobacillus reuteri 4-12E, Weissella cibaria C34, Lactococcus lactis 5-12H, and Lactococcus lactis 
6-3H. Antimicrobial substance assays suggest that the L. lactis 5-12H, L. lactis 6-3H, L. animalis 30a-2, L. reuteri 4-12E, 
and W. cibaria C34 strains might produce bacteriocins and hydrogen peroxide  (H2O2) as antimicrobial substances. The L. 
animalis 30a-2 and W. cibaria C34 strains were further characterized for probiotic properties and shown to have high acid 
and bile salt tolerance. Additionally, they have broad antimicrobial spectra, and can significantly repress the growth of all of 
the tested strains of MRSA isolates, some MDRAB, ESBL E. coli, and P. aeruginosa isolates, along with food-borne patho-
genic bacteria such as Bacillus cereus ATCC 11778, Listeria monocytogens ATCC 19111, Salmonella spp., Shigella spp., 
and Yersinia enterocolitica BCRC 12986. This is the first report of  H2O2-producing L. animalis 30a-2 and W. cibaria C34 
isolated from the intestinal tracts of pigs and feces of dogs that have good antimicrobial activity against multidrug-resistant 
and food-borne pathogenic bacteria and have excellent probiotic properties.
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Introduction

African swine fever keeps spreading across Asia, caus-
ing Asia countries lose hundreds of millions of pigs last 
2 years. Therefore, health of pig has received increasing 
attention. The gut microbiome has been linked closely 
to the health of its host, leading to gut microbiota stud-
ies of animals which have been performed progressively 
(Kim et al. 2017; Crespo-Piazuelo et al. 2018; Schmidt 
et al. 2018; Gresse et al. 2019). Bacterial infection occurs 
regularly in animals, such as pigs and dogs. Especially, 
the occurrence of multidrug-resistant pathogen infec-
tion causes important economic losses in livestock and 
threat of infectious disease transmission in public (Otero 
and Nader-Macias 2006; Espeche et al. 2009; Brunel and 
Guery 2017).

Multidrug-resistant (MDR) bacteria in the Gram-neg-
ative group, such as Acinetobacter baumannii, extended-
spectrum β-lactamase (ESBL) E. coli, and Pseudomonas 
aeruginosa, and in the Gram-positive group, such as 
Staphylococcus aureus and Enterococcus spp., have been 
regarded as serious threats to humans and animals during 
recent decades (Rice 2006; Cerceo et al. 2016; Maraolo 
et al. 2017; Satlin and Walsh, 2017). Bacteria are able to 
develop different types of resistance mechanisms against 
antibiotics (Fernandez and Hancock 2012; Cerceo et al. 
2016); for example, they can use special outer membranes 
with characteristics of low permeability or constitutive 
efflux pumps to prevent or exclude antimicrobial agents. 
They may acquire new genetic material, such as DNA that 
encodes drug-degrading enzymes capable of inactivating 
antibiotics (Cerceo et al. 2016). Additionally, biofilms 
formed by MDR bacteria create a physical barrier that 
makes them more resistant to antibiotics and tolerant of 
the environment (Fleming and Rumbaugh 2017; Kumar 
et al. 2017). Biofilms have become a key factor for the 
development of infection, especially the nosocomial infec-
tions frequently seen in hospital intensive care and burn 
units (van Duin and Paterson 2016; Geisinger and Isberg 
2017).

Substantial efforts have been undertaken to fight drug-
resistant bacteria, such as the development of new anti-
biotics, antibodies, and signaling molecules that inhibit 
pathogen growth, neutralize infectious agents, and inter-
fere with quorum sensing signaling (Brunel and Guery 
2017). Additionally, probiotics, beneficial microorgan-
isms such as Lactobacillus species, have been recognized 
as promising biological therapeutics that can effectively 
repress the growth of several pathogens, including human 
and food-borne pathogens (Kumar et al. 2016; Brunel 
and Guery 2017; Vieco-Saiz et al. 2019). Probiotics can 
produce organic acids, bacteriocins,  H2O2, and small 

antimicrobial compounds; for example, Lactobacillus 
johnsonii has been found to produce organic acid and 
bacteriocin, as well as  H2O2, as antimicrobial substances 
against several pathogens (Fayol-Messaoudi et al. 2005; 
Sgouras et al. 2005; Pridmore et al. 2008). Additionally, 
popular commensal vaginal microbes, such as Lactobacil-
lus crispatus and Lactobacillus gasseri, can generate  H2O2 
and have been associated with some benefits for women’s 
health, such as lower rates of bacterial vaginosis and HIV 
acquisition (Martin and Suarez 2010; Mitchell et al. 2015). 
They can not only inhibit the growth of pathogens, but also 
mediate pathogen competition, exclusion, and displace-
ment in biofilm formation (Woo and Ahn 2013; Shokri 
et al. 2017; Wasfi et al. 2018). For example, L. fermentum 
has an inhibitory effect on the growth of P. aeruginosa 
and methicillin-resistant Staphylococcus aureus (MRSA) 
(Chen et al. 2013; Shokri et al. 2017). L. plantarum can 
form a strong biofilm, which inhibits the growth of patho-
gens (Jalilsood et al. 2015). L. acidophilus, L. rhamnosus, 
L. animalis, and L. gasseri all have antibacterial activity 
against clinical isolates of E. coli and Klebsiella pneumo-
niae (Halder and Mandal, 2016).

Lactic acid bacteria (LAB) are a well-established group 
of microorganisms, widely used in the food fermentation 
industry, and are generally recognized as safe (GRAS) 
microorganisms (Wu et al. 2017; Ghosh et al. 2019). In 
addition to being used in biological therapeutics, the most 
studied probiotic LAB, belonging to the Lactobacillus and 
Bifidobacterium genera, have been frequently applied in 
health promotion in both humans and animals (Gioia and 
Biavati 2018; Ghosh et al. 2019; Yadav and Jha 2019). For 
example, L. acidophilus, L. brevis, L. casei, L. fermentum, 
L. gasseri, L. johnsonii, L. paracasei, L. plantarum, L. 
rhamnosus, L. reuteri, and L. salivarius, B. adolescentis, 
B. animalis, B. bifidum, B. breve, and B. longum have all 
been extensively studied (Linares et al. 2016, 2017; Ghosh 
et al. 2019). Additionally, species of the Weissella genus 
that have high probiotic potential for inhibiting patho-
gen growth (Elavarasi et al. 2014), and can produce high 
amounts of exopolysaccharides and some species, espe-
cially W. cibaria, have been confirmed to produce large 
amounts of  H2O2 (max. 3.2 mmol/L) (Endo et al. 2009; 
Fusco et al. 2015), have received much attention (Fusco 
et al. 2015).

In this study, we screened LAB isolated from the intesti-
nal tracts of pigs and feces of dogs for anti-S. aureus activ-
ity. We found that two isolates, L. animalis 30a-2 and W. 
cibaria C34, which were presumed to produce  H2O2 effi-
ciently against S. aureus, have good antimicrobial activity 
against clinical isolates of MRSA and some other common 
pathogens. Both strains also showed well-characterized pro-
biotic properties, such as high acid/bile salt tolerance. Our 
results suggest that these bacterial strains have potential as 
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probiotics and should be studied for further application, like 
improve animal health by preventing serious infection.

Materials and methods

Isolation of lactic acid bacteria

LAB strains were isolated from the gastrointestinal tract 
mucosa of 30 pigs (in a slaughterhouse) and the feces of 
30 dogs (in an animal shelter) in Taichung, Taiwan. The 
isolation method was based on a previous protocol but with 
slight modifications (Silva et al. 2013). The ileal mucosa 
(1 cm in size) of pigs was sampled, washed three times 
with sterilized phosphate-buffered saline (PBS), pH 7.4, 
and homogenized in 10 mL PBS. Additionally, 1 g of feces 
from dogs was sampled and homogenized in 10 mL PBS. 
The homogenized samples were then allowed to stand at 
4 °C for 30 min. The supernatants were serially diluted with 
sterile 0.9% NaCl solution and plated onto Rogosa Selective 
Lactobacillus (SL) agar (Difco Laboratories, Detroit, USA) 
with 1%  CaCO3 (Merck, Darmstadt, Germany) for the iso-
lation of putative LAB strains. After 48 h of incubation at 
37 °C in anaerobic jars, single colonies were picked up and 
anaerobically sub-cultured in deMan-Rogosa Sharpe broth 
(Difco Laboratories, Detroit, USA) at 37 °C for 48 h. All 
isolates were first screened for anti-S. aureus ATCC 27735 
activity using an agarose/agar assay procedure (Somkuti and 
Steinberg 2002). Five of the best anti-S. aureus ATCC 27735 
strains were further morphologically identified via Gram 
staining, KOH reaction, catalase activity, and fermentation 
of 49 carbohydrates (API 50 CHL, Bio-merieux, Marcy 
I’Etoile, France).

Characterization of antimicrobial substances

Five lactobacilli strains with good anti-S. aureus activity 
were further characterized for the production of antimicro-
bial substances, such as organic acid, hydrogen peroxide, 
and bacteriocin. For the reduction of organic acid produc-
tion, the lactobacilli strains were cultured on MRS agar 
with a reduced concentration of glucose (0.2%, w/v) under 
anaerobic conditions for 24 h. The resulting colonies were 
collected and laid on a 1.5% BHI agar (BHI, Oxoid, Bas-
ingstoke, England) plate after spreading 20 μL of S. aureus 
ATCC 27735 (1.5 × 108 CFU/mL) (Somkuti and Steinberg 
2002). The assembled assay plates were kept at 4 °C for 
30 min before being transferred to a 37 °C incubator for up 
to 16 h under aerobic conditions. The plates were scored for 
the presence of inhibition zones resulting from the diffusion 
of antimicrobial substances produced by Lactobacillus colo-
nies on the top layer. Nisin-producing L. lactis ATCC 11454 
(positive control) (Millette et al. 2004) and L. acidophilus 

ATCC 4356 (negative control), purchased from the Food 
Industry Research and Development Institute (FIRDI), Tai-
wan, were used as reference strains in all tests.

For the bacteriocin and  H2O2 assays, we repeated the 
above-mentioned procedure but added protease (0.5 mg/mL) 
(Protease EC 3.4.24.31 (5.2 U/mg) Type XIV from Strepto-
myces griseus, Sigma, USA) or catalase (0.4 mg/mL) (Cata-
lase EC 1.11.1.6 (2,860 U/mg) from bovine liver, Sigma, 
USA) into 1.5% BHI agar before spreading the S. aureus 
ATCC 27735 (1.5 × 108 CFU/mL) and laying lactobacilli 
colonies onto the agar plate.  H2O2 production by lactobacilli 
was detected using a TMB-Plus plate, following a previous 
protocol (Rabe and Hillier 2003).

Molecular identification of 5 good anti‑S. aureus 
activity lactobacilli

Bacterial DNA was isolated using the Genomic DNA Puri-
fication Kit (Biokit Biotechnology Inc., Taiwan) according 
to the manufacturer’s instructions. PCR was used to amplify 
the 16S rDNA of lactobacilli using the universal forward 
primer 27F (5´-AGA GTT TGA TCC TGG CTC AG-3´) and 
reverse primer 1492R (5´-TAC GGY TAC CTT GTT ACG 
ACTT-3´) (de Lillo et al. 2006). In addition, the 16S-23S 
rDNA intergenic spacer region (ISR) was amplified using 
the forward primer p2 (5´-CTT GTA CAC ACC GCC CGT 
C-3´) and the reverse primer p7 (5´-GGT ACT TAG ATG TTT 
CAG TTC-3´) (Rachman et al. 2003; Ben Belgacem et al. 
2009). PCR was performed using the following thermal 
profile: 94 °C for 5 min; 35 cycles of 94 °C for 20 s, 54 °C 
for 30 s, 72 °C for 1/1.5 min; and finally 72 °C for 5 min. 
Each PCR reaction contained 10 × PCR buffer, 0.1 μM of 
each primer pair, 10 mM dNTPs, 25 ng of DNA, and 0.25 
μL of Taq polymerase (Takara Bio Inc., Japan), made up 
to a final volume of 25 μL. All of the amplified 16S rDNA 
fragments and 16S-23S ISR were cloned into the pGEM-T 
vector (Promega, USA) and sequenced from both directions. 
DNA sequence analysis, including blast and alignment, was 
performed using Vector  NTI® software V10 (Invitrogen, 
USA). The nucleotide sequences of the five LAB isolates 
determined in this study were deposited in the GenBank 
(NCBI) database.

The sequences of 16S rDNA and 16S-23S rDNA ISR 
were performed BLAST analysis in GenBank database and 
to construct phylogenetic tree based on relevant 16S rDNA 
and 16S-23S rDNA ISR sequences. Regarding 16S rDNA 
analysis, it was involved 14 nucleotide sequences, includ-
ing the five LAB sequences obtained in this study and nine 
sequences belonging to Lactobacillus species that were 
received from the blasting results of GenBank database. In 
addition, the sequence of E. coli (X80725), which was used 
as an outgroup, was included. The species identity of LAB 
30a-2 and C34 was further determined using 16S-23S rDNA 
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ISR sequences. 16S-23S rDNA ISR nucleotide sequences 
of Lactobacillus spp. and Weissella spp., obtained from 
GenBank, were used for the classification of 30a-2 and C34 
strains with the outgroup of S. aureus (SAU11789). Multi-
ple sequence alignment was conducted using the CLUSTAL 
W program, and phylogenetic trees were constructed using 
MEGA X software with the neighbor-joining method 
(Kumar et al. 2018). Bootstrapping was performed for 1000 
replicates, and the evolutionary distances were computed 
using the Kimura two-parameter method.

Commercial and clinical isolates of pathogenic 
bacterial strains

The pathogenic bacteria used as indicator strains of antibac-
terial activity were purchased from FIRDI, Hsinchu, Taiwan, 
and included S. aureus ATCC 27735, Bacillus cereus ATCC 
11778, Listeria monocytogens ATCC 19111, Acinetobac-
ter baumannii ATCC 15151, E. coli K12, Pseudomonas 
aeruginosa ATCC 27853, Salmonella choleraesuis ATCC 
13312, Salmonella enteritidis ATCC 13076, Salmonella 
typhimurium ATCC 13311, Shigella flexneri ATCC 29903, 
Shigella sonnei ATCC 25931, and Yersinia enterocolitica 
BCRC 12986. Furthermore, 16 clinical isolates of MRSA 
with multidrug resistance were obtained from the National 
Taichung, Fong-Yuan, Nantou, and Chang-Hua Hospitals in 
central Taiwan. Gram-negative bacteria included three clini-
cal strains of multidrug-resistant A. baumannii (MDRAB); 
extended-spectrum β-lactamase (ESBL) E. coli and P. aer-
uginosa were obtained from the National Fong-Yuan Hos-
pital. The antibiotic susceptibility tests for these clinical 
isolates were determined using the disc diffusion method, 
according to the Clinical and Laboratory Standard Institute 
(CLSI) (Weinstein 2018). All of the pathogenic strains were 
grown in BHI broth (BHI, Oxoid, Basingstoke, England) at 
37 °C under aerobic conditions.

Antimicrobial activity of isolated lactobacilli 
against pathogenic bacteria

Potential lactobacilli with anti-S. aureus activity were fur-
ther evaluated for their antimicrobial spectrum against the 
pathogenic bacteria from FIRDI and clinical isolates men-
tioned above, including multidrug-resistant Gram-positive 
and Gram-negative pathogenic bacteria. The diameters of 
the inhibition zones on the 1.5% TSA plates were meas-
ured. The antimicrobial activity of the lactobacilli against 
pathogenic bacteria was classified according to the diameter 
of inhibition zone as follows: < 10 mm, none (−); > 10 mm, 
weak (+); > 15 mm, middle (+ +); > 20 mm, strong (+ + +); 
or > 25 mm, very strong (+ + + +) inhibition. Each assay was 
performed in triplicate.

Probiotic characteristics of the identified lactobacilli

The identified strains were used to assess their tolerance of 
low pH and bile salt and antibiotic susceptibility profile. 
The results were used for the evaluation of the strains as 
potential probiotics according to the previous protocol but 
with some modifications (Lim et al. 2004; Ruiz et al. 2013). 
The isolates were incubated in MRS broth at 37 °C for 15 h 
under anaerobic conditions. To assess the tolerance to low 
pH, the overnight cultures were diluted 100-fold into 3 mL 
of different pH values (i.e., 2, 3, and 6.5) of MRS broth in 
15 mL culture tubes and were then anaerobically incubated 
at 37 °C for 3 h. Additionally, to assess the tolerance to bile 
salt, the overnight cultures of isolates were diluted 100-fold 
into 3 mL of MRS broth supplemented with 0.3% oxgall 
(w/v) in 15 mL culture tubes and were then anaerobically 
incubated at 37 °C for 24 h. Bacteria were spread onto MRS 
agar plates and anaerobically incubated at 37 °C for 48 h, 
and then, bacterial viability counts were performed.

The antibiotic susceptibility profile was assessed using 
the antimicrobial disc diffusion test (Zhou et  al. 2005; 
Weinstein 2018) with some modifications as follows: 1 mL 
of fresh culture (1.5 × 108 CFU/mL) was added to a bottle 
containing 100 mL 1% MRS agar (cooled to 45 °C), mixed 
gently, and poured equally into 9 cm Petri dishes. Then, the 
antimicrobial disks were placed onto the agar surface using 
an antimicrobial disc dispenser and then incubated for 24 h. 
The diameters of the resulting inhibition zones were then 
measured.

Statistical analysis

The data are presented as the mean values and standard devi-
ations (mean ± SD), calculated from triplicate trials. Statisti-
cal significance of the results was evaluated using one-way 
ANOVA and Duncan’s multiple range tests (P < 0.05) using 
SPSS 10.0.7 software.

Results and discussion

Isolation of lactic acid bacteria with antagonistic 
activity against S. aureus ATCC 27735

The important feature of probiotic lactobacilli is its antago-
nistic activity against bacterial pathogens. Here, we isolated 
a total of 1167 putative LAB strains from the intestinal tracts 
of pigs and feces of dogs, of which 45 strains showed antag-
onistic activity against S. aureus ATCC 27735. The prob-
ability of obtaining LAB against S. aureus ATCC 2735 from 
pigs was 3.7% (23/625) and from dogs was 4.1% (22/542), 
but only five strains generated substantial levels of anti-
S. aureus ATCC 27735 activity, determined by inhibition 
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zones that were clearly larger than 10 mm. These were des-
ignated as follows: 5-12H (13 mm), 6-3H (12 mm), 4-12E 
(11 mm), C34 (15 mm), and 30a-2 (21 mm) (Fig. 1). C34 
strain was isolated from the feces of dogs, whereas the other 
four strains were isolated from the intestinal tracts of pigs. 
It seems that LAB with good anti-S. aureus ATCC 27735 
activity can be easily isolated from pigs. This phenomenon 
was probably because of the food sources; that is, the diet 
of pigs is more diverse than that of dogs. Furthermore, this 

information could be a good clue for future isolation of good 
LAB antagonistic activity against S. aureus.

The five isolates were subjected to Gram staining and 
KOH reaction, and were identified as Gram-positive bacteria 
and KOH negative (Powers 1995). Additionally, based on 
their morphology, 30a-2, C34, and 4-12E were identified as 
Gram-positive bacilli, whereas 6-3H and 5-12H were Gram-
positive cocci. All five isolates were catalase-negative and 
calcium carbonate-positive. Following the characterization 
of sugar fermentation profiles using an API 50 CHL kit, 
the 5-12H and 6-3H strains yielded the same fermentation 
profile and were considered to be the same strain, which 
was subsequently identified as L. lactis. Additionally, the 
4-12E, C34, and 30a-2 strains were identified as Lactobacil-
lus reuteri, Weissella confusa, and Lactobacillus animalis, 
respectively (Supplementary Table 1).

Molecular identification using gene sequences 
of 16S rDNA and 16S‑23S rDNA intergenic spacer 
region (ISR)

The five LAB strains with good anti-S. aureus activity (i.e., 
5-12H, 6-3H, 4-12E, C34, and 30a-2) were further classified 
according to their 16S rDNA. The 16S rDNA sequences of 
the five LAB strains were deposited in the GenBank under 
the following accession numbers: 5-12H, MN044988; 6-3H, 
MN044989; 4-12E, MN044985; C34, KJ880099; and 30a-
2, KJ880097. The results of the comparative 16S rDNA 
sequence analysis are presented in Table 1, and show that 
5-12H and 6-3H strains were identified as L. lactis, with 
approximately 98.0% identity. Of the other three strains, 
C34 was identified as Weissella cibaria/Weissella confusa/
Weissella kimchi with 99.8% identity, whereas 4-12E and 
30a-2 were identified as Lactobacillus reuteri and Lacto-
bacillus animalis/ Lactobacillus murinus, with 99.0% and 
96.3% identity, respectively. The phylogenetic analysis 
based on 16S rDNA sequencing was performed with the 

Fig. 1  Anti-S. aureus activity of the five LABs. Five of best anti-S. 
aureus ATCC 27735 isolated strains were identified from 45 isolated 
strains with anti-S. aureus activity. Label 1: L. lactis ATCC11454, a 
nisin-producing strain was used as a positive control and Label 7: L. 
acidophilus ATCC 4356 was a negative control in this assay; Label 
2: the isolated strain 5-12H; Label 3: the isolated strain 6-3H; Label 
4: the isolated strain 4-12E; Label 5: the isolated strain C34; Label 6: 
the isolated strain 30a-2

Table 1  Identification of the 
five LAB isolates using 16S 
rDNA and 16S-23S rDNA ISR 
sequences

Isolate Source Accession number The matched species Identity (%)

16S rDNA
 5-12H Intestinal tracts of pig MN044988 Lactococcus lactis 98.0
 6-3H Intestinal tracts of pig MN044989 Lactococcus lactis 99.0
 4-12E Intestinal tracts of pig MN044985 Lactobacillus reuteri 99.0
 C34 Faeces of dog KJ880099 Weissella cibaria, 

Weissella confusa, 
Weissella kimchi

99.8

 30a-2 Intestinal tracts of pig KJ880097 Lactobacillus anima-
lis, Lactobacillus 
murinus

96.3

16S-23S rDNA ISR
 C34 KJ880099 W. cibaria 98.4
 30a-2 KJ880098 L. animalis 99.0
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E. coli (X80725) outgroup and showed that strains 5-12H 
and 6-3H were clustered together to form a monophyletic 
group with L. lactis GQ337885 (Fig. 2A). The 4-12E strain 
was grouped with L. reuteri CP014786 to form a monophy-
letic branch. The 30a-2 strain formed a monophyletic branch 
with Lactobacillus spp. (i.e., L. animalis AB911476, L. 
crispatus AB911456, and L. murinus KU196090), whereas 
the C34 strain was grouped with Weissella spp. (i.e., W. 
cibaria CP035267, W. confusa AB680186, and W. kimchi 
AF312874).

Although the C34 and 30a-2 strains have ambiguous 
results for the comparative 16S rDNA analysis, the com-
parative 16S-23S rDNA ISR analysis further confirmed that 
these two strains were close to the species of W. cibaria and 
L. animalis, with identities of 98.4% and 99.0%, respectively 
(Table 1). This was supported by performing the 16S-23S 
rDNA ISR sequence phylogenetic analysis with S. aureus 
(U11789) as the outgroup. The 30a-2 strain formed a mono-
phyletic clade with L. animalis (CP039849) with a boot-
strap value of 91%, whereas C34 was monophyletic with W. 
cibaria (CP022606) with a bootstrap value of 92% (Fig. 2b, 
c).

Weissella confusa and W. cibaria are two species with 
very close taxonomical relationship and physiological char-
acteristics (Fusco et al. 2015). Here, we found that the C34 
strain was identified as W. confusa using sugar fermenta-
tion characterization, whereas it was identified as W. cibaria 
using 16S-23S rDNA ISR. However, based on the molecu-
lar identification result, we classified C34 as a strain of W. 
cibaria. Taking the sugar fermentation characterization and 
molecular identification profiles of the five LAB strains 
together, the five isolates were confirmed as follows: L. lactis 
5-12H; L. lactis 6-3H; L. reuteri 4-12E; L. animalis 30a-2; 
and W. cibaria C34.

Characterization of antimicrobial substances 
against S. aureus ATCC 27735

Substances produced by the five LAB strains against S. 
aureus ATCC 27735 were further characterized for the 
presence of antimicrobial substances such as organic acid, 
 H2O2, and bacteriocin using an agarose/agar assay con-
taining protease and catalase. Protease in agar plates can 
degrade peptides excreted from bacterial colonies; the result 
showed that the addition of protease caused the strains L. 
lactis 5-12H and L. lactis 6-3H and the positive control L. 
lactis ATCC11454 to lose their original S. aureus ATCC 
27735 inhibition zones (Fig. 3a). It was therefore proposed 
that the antimicrobial substances produced by L. lactis 
5-12H and L. lactis 6-3H are peptide-related bacteriocins, 
and probably nisins. This was supported by the identification 
of the nisin A gene in their genome (Supplementary Fig. 1). 
L. lactis is always recognized to transiently colonize in the 

gastrointestinal tract of animals. However, Mercier-Bonin 
and Chapot-Chartier studied the cell wall of L. lactis and 
determined that it also contains mucus/mucin binding pro-
teins, especially of the LPxTG-protein family, supporting 
that L. lactis can be isolated even after washing the pig intes-
tinal tracts three times (Mercier-Bonin and Chapot-Chartier 
2017). However, L. reuteri 4-12E, W. cibaria C34, and L. 
animalis 30a-2 did not lose any inhibition zone when the 
disc plate containing protease was used; in fact, W. cibaria 
C34 and L. animalis 30a-2 had increased antimicrobial 
activity. We then added catalase to the agar plate and found 
that L. reuteri 4-12E, W. cibaria C34, and L. animalis 30a-2 
lost their inhibition zone of S. aureus ATCC 27735, whereas 
L. lactis 5-12H, L. lactis 6-3H and the positive control L. 
lactis ATCC11454 maintained their clear inhibition zones 
(Fig. 3b). Therefore, we propose that the antimicrobial sub-
stances produced by W. cibaria C34 and L. animalis 30a-2 
might be  H2O2. This was supported by the TMB-Plus plate 
assay, which showed colonies as a blue color when the bac-
teria produced  H2O2 (Rabe and Hillier 2003) (Supplemen-
tary Fig. 2).

Generally, S. aureus can produce catalase to destroy  H2O2 
being produced by microorganisms (Mustafa 2014). Addi-
tion of protease to the agar plates increases the inhibition 
zone produced by W. cibaria C34 and L. animalis 30a-2, 
probably because the protease degrades external proteins 
produced by S. aureus for acquiring resistance to Lactobacil-
lus sp., making it susceptible to  H2O2 attack from W. cibaria 
C34 and L. animalis 30a-2. We also found that the inhibition 
zone produced by bacteriocin forms a clear regular circle, 
whereas the inhibition zone produced by  H2O2 forms an 
irregular circle (Fig. 1a). This phenomenon could be a way 
to initially discriminate between bacteriocin and hydrogen 
peroxide produced by LAB.

Regarding L. reuteri, it is a well-studied probiotic bac-
terium and has been confirmed to produce organic acid, 
ethanol, and reuterin as antimicrobial substances (Mu et al. 
2018). The reuterin produced from L. reuteri can establish 
a hostile environment for pathogens and can be resistant to 
proteolytic enzymes (Kang et al. 2011; Ghosh et al. 2019). 
In this study, we excluded reuterin biosynthesis from the 
isolate L. reuteri 4-12E, because the medium did not contain 
the starting material, glycerol, for reuterin biosynthesis (Vol-
lenweider et al. 2010). L. reuteri 4-12E has anti-S. aureus 
activity in the presence of protease and is proposed that the 
anti-S. aureus activity is contributed by ethanol. The etha-
nol produced by L. reuteri 4-12E is oxidized when the agar 
plate contains catalase, resulting in the loss of the S. aureus 
inhibition zone (Fig. 3a, b).

Since L. lactis and L. reuteri are well-studied probiotics 
and both W. cibaria C34 and L. animalis 30a-2 among the 
5 LAB isolates were found to have the best anti-S. aureus 
activity, especially, L. animalis 30a-2 was found to produce 
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Fig. 2  Phylogenetic tree of the 
5 isolated LABs constructed 
using 16S rDNA sequences (a) 
and the isolated strains 30a-2 
(b) and C34 (c) constructed 
using 16S-23S rDNA ISR 
sequences. a Sequences for 16S 
rDNA phylogenetic analysis 
were obtained from the Gen-
Bank database for the following 
strains: Lactobacillus animalis, 
Lactobacillus crispatus, Lacto-
bacillus murinus, Lactobacillus 
reuteri, Weissella kimchi, Weis-
sella cibaria, Weissella confusa, 
and Lactobacillus lactis. E. coli 
was used as an outgroup organ-
ism. The isolated strains are 
labeled in boxes. b The strain 
30a-2 is labeled in the box. The 
ISR sequences for phylogenetic 
analysis were obtained from 
the GenBank database for the 
following strains: Lactobacil-
lus animalis, Lactobacillus 
murinus, Lactobacillus agilis, 
Lactobacillus hordei, Lactoba-
cillus salivarius, and Lactoba-
cillus ruminis. c The isolated 
strain C34 is labeled in the box. 
The ISR sequences for phylo-
genetic analysis were obtained 
from the GenBank database for 
the following strains: Weissella 
cibaria, Weissella confusa, 
Weissella ceti, Weissella hellen-
ica, Weissella jogaejeotgali, and 
Weissella paramesenteroides. 
Staphylococcus aureus was used 
as an outgroup organism for the 
analysis of ISR sequences. The 
GenBank accession number is 
included in brackets after the 
bacterial scientific name. The 
tree was constructed using the 
neighbor-joining method and 
tested by bootstrapping with 
1000 replicates of data. Percent-
ages are reported at the nodes, 
and the scale bar represents 
0.05% sequence divergence
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 H2O2 for the first time; therefore, we further investigated 
the anti-MRSA activity, antimicrobial spectra, and potential 
probiotic characteristics of L. animalis 30a-2 and W. cibaria 
C34.

Antimicrobial activity of L. animalis 30a‑2 and W. 
cibaria C34

Lactobacillus animalis 30a-2 and W. cibaria C34 were eval-
uated for their anti-MRSA activity toward 16 clinical strains 

of MRSA, which were isolated from patients in different 
hospitals. The MRSA strains are resistant to at least 14 anti-
biotics and only susceptible to the antibiotics linezolid and 
vancomycin (Supplementary Table 2). As shown in Table 2, 
L. animalis 30a-2 has a higher growth inhibitory effect on 
the 16 MRSA clinical isolates compared with W. cibaria 
C34; that is, L. animalis 30a-2 produced inhibition zones 
larger than 25 mm for seven MRSA isolates and between 10 
and 25 mm for nine of the MRSA isolates; W. cibaria C34 
only produced inhibition zones of between 10 and 25 mm 
for all 16 isolates.

Lactobacillus animalis 30a-2 and W. cibaria C34 were 
also evaluated for their antimicrobial spectra against eight 
commercial bacterial pathogens: Bacillus cereus, Listeria 
monocytogens, A. baumannii, E. coli, P. aeruginosa, Salmo-
nella choleraesuis, Shigella flexneri, and Yersinia enteroco-
litica, and three clinically isolated pathogens: MDRAB, P. 
aeruginosa, and ESBL E. coli, which have different levels 
of resistance toward 15 antibiotics. For example, MDRAB 
strains can be resistant toward 14 or 15 antibiotics, P. aer-
uginosa strains can be resistant toward 8–12 antibiotics, and 
ESBL E. coli strains can be resistant toward 7–10 antibiotics 
(Supplementary Table 3). We found that compared with W. 
cibaria C34, L. animalis 30a-2 had a broader spectrum of 
inhibition versus commercial pathogens and clinically iso-
lated bacteria (Table 3). Among 20 pathogenic strains tested, 
L. animalis 30a-2 can inhibit L. monocytogens ATCC19111, 
A. baumannii ATCC15151, E. coli K12, and MDRAB FY_
A397, with an inhibition zone larger than 15 mm. It can 
inhibit 14 of the 20 pathogenic strains with an inhibition 
zone between 10 and 15 mm, and produced inhibition zones 
of less than 10 mm in only two strains. W. cibaria C34 pro-
duced inhibition zones greater than 15 mm in only two path-
ogenic strains, whereas the inhibition zones of between 10 
and 15 mm were produced for six of the strains. W. cibaria 
C34 produced smaller inhibition zones (< 10 mm) for the 
other 12 pathogenic strains. Generally, L. animalis 30a-2 has 
better inhibitory effects against clinical isolates of MRSA 
and broader anti-pathogen spectra than that of W. cibaria 
C34.

Acid and bile acid tolerance of L. animalis 30a‑2 
and W. cibaria C34

The application potential of probiotics should be consid-
ered based on the viability of the isolated strains after 
being subjected to conditions of the gastrointestinal (GI) 
tract; for example, the acidic environment and bile secre-
tions (Sahadeva et al. 2011). As shown in Table 4, the cell 
viability of L. animalis 30a-2 and W. cibaria C34 after 
a 3-h incubation in pH 6.5 MRS broth increased by 1.67 
and 1.62 log units, respectively. However, when the pH of 
the MRS broth was reduced to 3.0, the cell viability only 

Fig. 3  Characterization of antimicrobial substances produced by the 
five LABs. Anti-S. aureus assay of the five LABs. Agar plates con-
taining protease (a) or catalase (b) for characterizing antimicrobial 
substances (i.e., bacteriocin and  H2O2) from isolated strains. Five of 
the best anti-S. aureus ATCC 27735 isolated strains were assessed. 
Label 1: L. lactis ATCC11454, a nisin-producing strain was used as a 
positive control and Label 7: L. acidophilus ATCC 4356 was a nega-
tive control in this assay; Label 2: the isolated strain 5-12H; Label 3: 
the isolated strain 6-3H; Label 4: the isolated strain 4-12E; Label 5: 
the isolated strain C34; Label 6: the isolated strain 30a-2
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increased by 0.66 and 0.1 log units, respectively. At pH 
2.0, the cell viability of both strains actually decreased by 
1.2 and 1.4 log units, respectively. These results show that 
L. animalis 30a-2 has a higher tolerance for acid condi-
tions compared with W. cibaria C34.

The results of bile tolerance for both L. animalis 30a-2 
and W. cibaria C34 are shown in Table 5. Both strains 
have good tolerance to 0.3% bile acid (oxgall). After a 
24-h incubation in MRS-oxgall broth, the cell viability of 
L. animalis 30a-2 and W. cibaria C34 increased by 1.91 
and 2.59 log units, respectively, which was similar to that 
of both strains incubated in MRS broth alone. This sug-
gests that both strains are resistant to an environment of 
high in bile acids.
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