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Abstract

The purpose of this study was to evaluate the probiotic characteristics of

Lactiplantibacillus plantarum HOM3204 isolated from homemade pickled

cabbage and to examine its restoration effect on antibiotic-induced dysbiosis in

mice. Lact. plantarum HOM3204 tolerated simulated gastric and intestinal

juices with a 99�38% survival rate. It also showed strong adhesion ability

(3�45%) to Caco-2 cells and excellent antimicrobial activity against foodborne

pathogens in vitro. For safety (antibiotic susceptibility) of this strain, it was

susceptible to all the tested seven antibiotics. Lact. plantarum HOM3204 had

good stability during storage, especially in cold and frozen conditions.

Furthermore, Lact. plantarum HOM3204 significantly restored the gut

microbiota composition by increasing the abundance of Lactobacilli and

Bifidobacteria and decreasing Enterococci, and improved antioxidative function

by raising the concentrations of glutathione peroxidase (GSH-Px) and

superoxide dismutase (SOD) in serum of antibiotic-induced dysbiosis in mice.

These results suggest that Lact. plantarum HOM3204 could be a potential

probiotic as a functional food ingredient.

Introduction

There are about 1000 species of bacteria in the human

gut with 2000 genes per species, which yields about

2 000 000 genes (Qin et al. 2010). It is 100 times higher

than human genes, which is approximately 20 000 (Mor-

aes and Goes 2016). More and more studies on humans

and germ-free mice showed the important roles of gut

microbiota in physiology, metabolism, immunomodula-

tion and protection against pathogens (Jandhyala et al.

2015; Andremont et al. 2021). The normal human gut

microbiota is mainly composed of Bacteroidetes and Fir-

micutes. The microbial diversity and number gradually

increase from birth, and start resembling the adult flora

by the age of three (Nagpal et al. 2017). This dynamic

microbiome exists throughout a person’s life (Kundu

et al. 2017). Recognition about the gut microbiota as

another organ in the human body is gaining attention.

Whereas, the ‘balanced’ microbiota is the most vulnerable

organ to orally administered antibiotics, which involves

substantial changes in the gut microbial community and

consequent impacts on their metabolic capacity, and the
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spread of antibiotic-resistant pathogenic bacteria (Duan

et al. 2020). The effect of oral supplementation with pro-

biotics and prebiotics to prevent and ameliorate

antibiotic-induced gut dysbiosis was widely demonstrated

in clinical studies (Andremont et al. 2021). Furthermore,

faecal microbiota transplantation was highly beneficial in

patients with serious antibiotic-related adverse effects in

the gut, especially Clostridium difficile infection (Li et al.

2018).

Probiotics are defined as ‘live microorganisms which

when administered in adequate amounts confer a health

benefit on the host’ (FAO/WHO 2002). As probiotics,

Lactobacillus, Bifidobacterium and Saccharomyces are used

to prevent and treat gut dysbiosis, which effectively act

via production of organic acids and antimicrobial com-

pounds, improving gut barrier integrity, enzyme forma-

tion and immunomodulation (Sanders et al. 2019). In

despite of its benefits, probiotic effects are strain-specific.

The beneficial effects of probiotics relate to their physio-

logical characteristics: gastrointestinal transit ability,

intestinal epithelial cell adhesion ability and antimicrobial

activity (Dunne et al. 2001; Rocha-Ramirez et al. 2021).

Another important factor limiting the efficacy of probi-

otics is their survivability during processing and storage

(Gonzalez-Ferrero et al. 2018).

Lactiplantibacillus plantarum (formerly Lactobacillus

plantarum) exists predominantly in traditional fermented

vegetables (Chiou et al. 2017). As a probiotic, Lact. plan-

tarum has been isolated from and used in various foods

fermentation, including meat, dairy products and plant-

based products (Dicks et al. 2004; Mills et al. 2011; Oh

et al. 2020). Several studies have reported that Lact. plan-

tarum strains alleviate gut-related metabolic disorders

such as obesity, diabetes and non-alcoholic fatty liver dis-

ease and modulate immune response (Yoo et al. 2013;

Park et al. 2020; Kim et al. 2021).

In the present study, we determined the in vitro probi-

otic characteristics and survivability during storage and

evaluated the restoration effect on ampicillin-induced dys-

biosis in mice of Lact. plantarum HOM3204, which was

isolated from homemade pickled cabbage. Organic acid

contents in faeces and antioxidative enzyme concentration

in blood were measured to correlate function of tested

strain.

Results and discussion

Tolerance to the gastrointestinal tract conditions

The gastrointestinal tract environment is harsh: intragas-

tric pH generally ranges from 1�6 to 4�5 during daytime

and rises to 2�4–6�7 after a meal (McLauchlan et al. 1989;

Koziolek et al. 2015); The concentration of bile acids in

intestinal tract is 0�1–2% (Amara et al. 2019). The transit

ability of L. plantarum HOM3204 and Lactiplantibacillus

rhamnosus GG to artificial gastric acids and bile salts is

shown in Table 1. The initial cell density in simulated

gastric juice was 1 9 108 CFU per ml. Lact. plantarum

HOM3204 and Lact. rhamnosus GG tolerated pH 3�0 for

3 h with 99�63 and 98�31% survival. The final survival

rates of Lact. plantarum HOM3204 and Lact. rhamnosus

GG following exposure to simulated gastric juices and

simulated small intestinal juices were 99�38 and 90�96%
after 24 h, respectively (P < 0�05). Lact. plantarum

HOM3204 showed excellent gastrointestinal tract toler-

ance which is necessary for colonization to the gut and

performing beneficial effects (Table 1).

Lact. plantarum uses several strategies to withstand the

stress of acid and bile salt. Huang et al. (2016) showed

that Lact. plantarum ZDY2013 can facilitate the expul-

sion of protons from intracellular environment to help

maintain pH homeostasis. Zhou et al. (2019) demon-

strated Lact. plantarum LP-115 can shift the fatty acid

composition of the plasma membrane and induce the

expression of a bile salt hydrolase gene to enhance bile

tolerance.

Table 1 Tolerance to simulated gastric and intestinal juices and adhesion ability to Caco-2 cells

Treatment Lactiplantibacillus plantarum HOM3204 Lactiplantibacillus rhamnosus GG

Tolerance to simulated gastric and intestinal juices (survival rate, %)

pH 3�0, 3 h 99�63 � 4�48 98�31 � 3�83
0�3% bile salt, 3 h 98�50 � 3�07 95�30 � 2�15
0�3% bile salt, 21 h 99�38 � 3�52* 90�96 � 3�39

Adhesion ability to Caco-2 cells

Adhesion percentage (%) 3�45 � 0�38 3�84 � 0�52
Adhesion index (CFU per cell) 4�14 � 0�52 4�61 � 0�41

Survival rate, determined viable cell count/initial viable cell count 9 100%; Adhesion percentage, count of adhered bacteria/count of added bacte-

ria 9 100%; Adhesion index, count of adhered bacteria/count of Caco-2 cells (by well).

*P < 0�05 vs Lact. rhamnosus GG group.
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Adhesion to Caco-2 cells

Adherence ability to enterocyte is one of the most impor-

tant factors of potential probiotics. Long-term coloniza-

tion in gastrointestinal tract entitles probiotics to confer

persistent benefits on the host. In vitro assessments of

bacterial adhesion are generally performed with Caco-2 or

HT-29 cells. These studies showed that the adherent abil-

ity of Lactobacillus genus ranged from 2 to 10% (Van

Tassell and Miller 2011). Surface layer proteins,

hydrophobicity and electrostatic forces promote bacteria

to colonize on gut epithelial cells (Gusils et al. 2002;

Wakai et al. 2021). The adherence ability of Lact. plan-

tarum HOM3204 was expressed by adhesion percentage

and adhesion index (Table 1). The adhesion percentage of

Lact. plantarum HOM3204 on Caco-2 cells after 2 h incu-

bation was 3�45%. One Caco-2 cell was adhered by about

four bacteria. It is like the commercial strain Lact. rham-

nosus GG (3�84%), which is one of the most studied pro-

biotics.

Antibiotic susceptibility

The assessment of antibiotic susceptibility is fundamental

because probiotics might become a potential source for

transferable antibiotic resistance genes, which can transfer

to pathogens and gut microbiota in the gastrointestinal

tract through horizontal spread (Daniali et al. 2020). The

minimal inhibitory concentrations (MICs) of seven

antibiotics against Lact. plantarum HOM3204 were deter-

mined: erythromycin 0�5 mg l�1, chloramphenicol

8 mg l�1, tetracycline 16 mg l�1, gentamicin 8 mg l�1,

kanamycin 64 mg l�1, ampicillin 1 mg l�1 and clin-

damycin 2 mg l�1. All seven MICs against Lact. plan-

tarum HOM3204 were lower than the cut-off values

described in EFSA’s guidance.

Antimicrobial activity

Antagonistic activity against potentially pathogenic

microbes is also one of the important properties of probi-

otics (Shokryazdan et al. 2017). Lact. plantarum

HOM3204 and Lact. rhamnosus GG showed antimicrobial

activity against all five foodborne pathogens by presenting

clear zone whose diameter were up to 17 mm (Table 2).

The clear zone’s diameter of Escherichia coli was even lar-

ger than 23 mm by Lact. plantarum HOM3204. The main

mechanism of antimicrobial activities of lactic acid bacte-

ria is the production of organic acids such as lactate and

acetate. Also other strain-specific components, bacteri-

ocin, exopolysaccharides and polyphenol possess inhibi-

tory activity of pathogenic bacteria (Sharma et al. 2018).

Further study needs to be carried out on the identifica-

tion of antimicrobial substances produced by Lact. plan-

tarum HOM3204.

Stability during storage at different conditions

A daily intake of at least 108–109 CFU probiotic bacteria

could exert their effect in the human body (Terpou et al.

2019). With the extension of time, the survival rates of

freeze-dried Lact. plantarum HOM3204 (1 9 1011 CFU

per g) decreased (Fig. 1). At the end of the storage

(6 months), the survival rates of Lact. plantarum

HOM3204 were 92�39 and 89�57% at �20 and 4°C,
respectively, with no significant difference between the

two groups. However, the final survival rate significantly

reduced to 75�06% at room temperature (25 � 2°C,
60 � 10% RH) compared with �20°C and 4°C
(P < 0�05). Low-temperature storage was more suitable to

maintain cell viability. The storage stability of freeze-dried

Lact. plantarum HOM3204 could meet the requirements

of commercialization. In addition, it is necessary to con-

firm the long-term storage stability of freeze-dried Lact.

plantarum HOM3204. Preserving the viability of probiotic

bacteria is a great challenge that needs to be addressed

during the development of probiotic products. Resistance

to negative environmental conditions such as heat, water

activity, acidity and oxygen content during processing

and storage should be a screening criterion for potential

probiotics. Fermentation, lyophilization and packaging

conditions are factors that also affect the survival of pro-

biotic microorganisms in delivery vehicles (Gonzalez-

Ferrero et al. 2018).

Restoration effects in antibiotic-induced dysbiosis

Some studies have shown that antibiotics treatment

reduced the level of gut bacteria by 90% and decreased

the microbial diversity by 25% (Panda et al. 2014). The

Table 2 Pathogenic bacteria inhibition ability of Lactiplantibacillus plantarum HOM3204

Strains Escherichia coli Salmonella Typhimurium Staphylococcus aureus Listeria monocytogenes Pseudomonas aeruginosa

HOM3204 +++ ++ ++ ++ ++

GG ++ ++ ++ ++ ++

Indications of inhibition zone diameter: ‘–’ no inhibition; ‘+’ 11–16 mm; ‘++’ 17–22 mm; ‘+++’ ≥23 mm.
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number of Lactobacilli and Bifidobacteria was greatly

inhibited (Willing et al. 2011). Significant disruptions to

the normal composition and function of the gut micro-

biome caused by antibiotics persist long after antibiotics

are discontinued, and are associated with the develop-

ment of obesity, asthma and inflammatory bowel disease

(Mekonnen et al. 2020). Antibiotic treatment is also

highly likely to cause antibiotic-associated diarrhoea in as

many as 30% of patients (Szajewska et al. 2016). The

interest in probiotic interventions is increasing, and the

evidence for the effectiveness of probiotics in preventing

or treating gut microbiome associated diseases is also

increasing (Hempel et al. 2012). In our study, the viable

cell densities of four main intestinal bacteria (Lactobacilli,

Bifidobacteria, Enterobacteriaceae and Enterococci)

decreased to >1000 CFU per g faeces after 2 weeks of

ampicillin gavage. Viable cell densities of four main

intestinal bacteria after 4-week probiotics treatment are

shown in Fig. 2. Lact. plantarum HOM3204 treatment

increased the abundance of Lactobacilli and Bifidobacteria

significantly (P < 0�05). In the model group, the abun-

dance of Lactobacilli and Bifidobacteria were not restored

to the level of control group. Lact. plantarum HOM3204

treatment also decreased the abundance of Enterococci at

the end of experiment (P < 0�05) obviously. No signifi-

cant differences were observed on the viable count of

Enterobacteriaceae among three groups. Lact. plantarum

HOM3204 intervention resulted in restoring the damage

of gut microbiota caused by antibiotic treatment to nor-

mal condition.

Antibiotic-induced alteration of intestinal flora also

results in significant changes to gut metabolomes (Theriot

et al. 2014; Jump et al. 2017; Patton et al. 2020). One of

the most important changes is the reduction in short-

chain fatty acids (SCFAs) levels. SCFAs, mainly such as

acetate, propionate and butyrate, are essential for the

health and well-being of the host (Poelaert et al. 2019). It

has been estimated that approximately 10% of the human

daily caloric requirement is provided by SCFAs (Mekon-

nen et al. 2020). Probiotics could directly produce SCFAs

or produce organic acids such as lactate and acetate to

lower colonic pH and oxygen levels for the proliferation

of other SCFAs producing bacteria (Louis and Flint

2017). In our study, the treatment of ampicillin altered

the metabolic profile of organic acids (Fig. 3a–d). After
4 weeks of natural recovery, the concentration of lactate

and acetate in faecal samples were still significantly lower

than the control group. The administration of Lact. plan-

tarum HOM3204 elevated the levels of lactate and acetate

to normal level. The levels of propionate and butyrate

among three groups were similar (P > 0�05).
Another change along with antibiotics exposure is the

rise in reactive oxygen species (ROS) level which leads to

damage of cells (Karaman et al. 2019). High levels of

ROS are usually found in patients who have diseases asso-

ciated with unbalance of redox system, such as metabolic

diseases, neurodegenerative diseases, autoimmune rheu-

matic diseases and periodontitis (Tune et al. 1989; Boia

et al. 2019). Administration of probiotics could directly

remove ROS and elevate the concentrations of antioxi-

dant enzymes (Sannasimuthu et al. 2020; Wang et al.

2021). To investigate the restoring effect of probiotics on

the oxidative stress in ampicillin-induced dysbiosis, two

antioxidant enzymes (GSH-Px and SOD) were measured

in serum samples as shown in Fig. 3e,f. The concentration

of GSH-Px in the model group was remarkably lower

than the control group (P < 0�01). Lact. plantarum

HOM3204 treatment significantly improved the deficiency

of GSH-Px caused by ampicillin use (P < 0�01) and

increased the level of SOD in serum.

There are numerous studies demonstrating that admin-

istration of Lact. plantarum can have a beneficial impact

on human gut health. In a randomized, double-blind,

placebo-controlled study, 4-week administration of Lact.

plantarum 299v significantly improved abdominal pain

and bloating in patients with irritable bowel syndrome

(Ducrotte et al. 2012). Panigrahi et al. (2017) assessed the

efficacy of an oral synbiotic preparation (Lact. plantarum

ATCC 202195 plus fructooligosaccharide) on preventing

infant sepsis in rural Indian. Seven-day treatment with

synbiotic preparation (n = 2278) significantly reduced

neonatal sepsis and death (42%) compared with the pla-

cebo arm (n = 2278). The biological and functional char-

acteristics of Lact. plantarum make it an ideal probiotic

candidate.
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Figure 1 The stability of Lactiplantibacillus plantarum HOM3204 dur-

ing storage at different temperature. Viable cell densities were

checked monthly by plate counting. Temperature: (●) �20°C, (▲)

4°C, (■) 25°C. The survival rate was calculated by comparing the

viable cell count at each check point with the initial viable cell count.
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In conclusion, Lact. plantarum HOM3204 significantly

increased the abundance of Lactobacilli and Bifidobacteria

and decreased the density of Enterococci in faeces, ele-

vated the levels of lactate and acetate in faeces and raised

the concentrations of GSH-Px and SOD in serum on

antibiotic-induced dysbiosis in mice. Lact. plantarum

HOM3204 significantly restored the gut microbiota com-

position and improved antioxidative function in mice

with antibiotics induced dysbiosis. It could be a potential

probiotic as a functional food ingredient.

Materials and methods

Bacterial strains and growth conditions

Lact. plantarum HOM3204 was isolated from homemade

pickled cabbage and deposited in China General Microbio-

logical Culture Collection Center (CGMCC No. 18760).

Lacticaseibacillus rhamnosus GG (ATCC 53103) and Lacti-

caseibacillus casei ATCC 334 were purchased as reference

strains from American Type Culture Collection (ATCC).

The indicator strains used in antimicrobial activity assays

included Escherichia coli ATCC 8739, Staphylococcus aureus

ATCC 6538, Salmonella Typhimurium ATCC 14028, Pseu-

domonas aeruginosa ATCC 9027 and Listeria monocytogenes

ATCC 19111 were purchased from ATCC. Lactobacilli

were cultured in De Man, Rogosa and Sharpe broth (MRS,

Oxiod, UK) at 37°C for 20 h aerobically. Antimicrobial

indicator strains were cultured in tryptone soya broth

(TSB, Oxiod, UK) at 37°C for 20 h aerobically.

Preparation of freeze-dried Lact. plantarum HOM3204

bacterial powder

Lact. plantarum HOM3204 was fermented in MRS broth

with a 5l fermentation tank (BIOSTAT Bplus, Sartorius
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Figure 2 The restorative effect of Lactiplantibacillus plantarum HOM3204 following ampicillin-induced dysbiosis via gut microbiota. Control

group: daily gavage of 0�9% saline for 6 weeks. Model group: daily gavage of ampicillin (500 mg kg�1 body weight) for 2 weeks and daily gav-

age of 0�9% saline for another 4 weeks. HOM3204 group: daily gavage of ampicillin (500 mg kg�1 body weight) for 2 weeks and then daily gav-

age of Lact. plantarum HOM3204 (1 9 109 CFU) for 4 weeks. The abundance of Lactobacilli (a), Bifidobacteria (b), Enterococci (c), and

Enterobacteriaceae (d) in faeces were measured by selective agars. *P < 0�05 vs model group, DP < 0�05 vs control group, DDP < 0�01 vs control

group.
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Stedim, Germany) at a temperature of 37°C with constant

pH control at 5�8 and stirring speed of 100 rpm for 16 h.

Cell pellet was washed twice with distilled sterile water to

remove the exhausted medium and resuspended in 10%

reconstituted skimmed milk. After 24 h of freeze-drying,

the bacterial cake was ground into powder. Viable cell

density of freeze-dried bacterial powder was measured

with using MRS agar plate.

Tolerance to the gastrointestinal tract conditions

Tolerance to the gastrointestinal tract conditions was eval-

uated with simulated gastric and intestinal juices

according to the method of Grispoldi et al. (2020), with

some modifications. One gram of freeze-dried bacterial

powder was suspended in 99 ml of MRS broth. Pepsin

(Sigma-Aldrich, Saint Louis, MO, USA) was suspended in

distilled water at 1 g l�1 and the pH was adjusted to 3�0
with HCl to simulate gastric juice. One hundred micro-

liter of MRS-bacteria suspension above was inoculated

into 9�9 ml of simulated gastric juice and incubated at

37°C for 3 h. Trypsin (Sigma-Aldrich, Saint Louis, MO,

USA) and bile salt (Thermo Fisher Scientific, UK) were

suspended in 6�8 g l�1 of KH2PO4 solution at 10 g l�1

and 3 g l�1, respectively. pH was adjusted to 6�8 to simu-

late small intestinal juice. After 3 h incubation in
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Figure 3 The restoration effect of Lactiplantibacillus plantarum HOM3204 after ampicillin-induced dysbiosis on the selected four organic acids

and antioxidation. The levels of lactate (a), acetate (b), propionate (c), and butyrate (d) in faeces were measured by gas chromatography. The con-

centration of GSH-Px (e), and SOD (f) in serum were measured by using commercial kits. *P < 0�05 vs model group, DP < 0�05 vs control group,
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simulated gastric juice, bacteria were centrifuged and

resuspended in 10 ml of simulated small intestinal juice

and incubated at 37°C for 21 h sequentially. The survival

rates were determined by comparing the viable cell counts

at 3, 6 and 24 h with the initial viable cell count.

Adhesion to Caco-2 cells

The adhesion ability was determined according to the

method of Crociani et al. (1995), with some modifica-

tions. Caco-2 cells were obtained from Cell Bank of the

Chinese Academy of Sciences and cultured in Dulbecco’s

Modified Eagle Medium (DMEM, Thermo Fisher Scien-

tific, UK) supplemented with 10% foetal bovine serum

and 1% streptomycin/penicillin solution at 37°C with 5%

CO2. Caco-2 cells at 1 9 105 cells per ml were seeded

onto a 24-well cell culture plate and incubated at 37°C
for 24 h. The bacterial cells cultured in MRS were har-

vested by centrifugation and washed three times with ster-

ile phosphate-buffered saline (PBS) and inoculated as

5 9 107 CFU per ml onto the wells with fresh DMEM.

After 2 h incubation, the cells were washed three times

with sterile PBS to remove non-adhesive bacteria. Adher-

ent bacteria were treated with trypsin-EDTA solution and

counted by using MRS plates. The adhesion percentage

was calculated as the count of adhered bacteria to the

count of added bacteria. The adhesion index was

expressed as bacteria per Caco-2 cell.

Antibiotic susceptibility

Antibiotic susceptibility was measured according to the

European Food Safety Authority (EFSA) technical guid-

ance and ISO (the International Organization for Stan-

dardization) 10932:2010 (EFSA 2012; ISO 10932:2010).

Glycerol stocks of Lact. plantarum HOM3204 and Lact.

casei ATCC 334 (as reference) were activated twice in

MRS media respectively. Seven antibiotics including ery-

thromycin, chloramphenicol, tetracycline, gentamicin,

kanamycin, ampicillin and clindamycin were tested.

Antimicrobial activity

The antimicrobial activity was evaluated by growth inhi-

bition of foodborne pathogens such as E. coli ATCC

8739, Staph. aureus ATCC 6538, Salm. Typhimurium

ATCC 14028, Ps. aeruginosa ATCC 9027 and L. monocyto-

genes ATCC 19111 by using the well diffusion method

(Tejero-Sarinena et al. 2012). To evaluate antimicrobial

activity, 20 ml of tryptone soya agar (TSA, Oxiod, UK) at

about 45°C were mixed with 1 ml of an indicator strain

(106–107 CFU per l) and poured into Petri dish. The agar

was left for 30 min at room temperature and three

separate 10-mm diameter wells punched into the agar

with a sterile metal cylinder. 150 ll of overnight cultured
probiotic were dispensed into each well and diffused at

4°C for 2 h, then incubated at 37°C for 12 h. Antimicro-

bial activity was determined as the diameter (mm) of

clear zone around the well.

Stability during storage at different conditions

The lyophilized bacterial powder was packaged into alu-

minium foil bags and stored at �20°C, 4°C in refrigerator

and 25°C with 60% relative humidity for 6 months.

Viable cell density was measured regularly by MRS agar

after 10-fold dilution series were made with saline. The

survival rate was calculated by comparing the viable cell

count at each month with the initial viable cell count.

Restoration effects in antibiotic-induced dysbiosis

Eight-week-old male BALB ⁄ c mice with body weight 18

to 22 g were purchased from Beijing Vital River Labora-

tory Animal Technology Co. Ltd (China), and fed dis-

tilled water and standard laboratory chow ad libitum. The

experimental protocol was approved by the Ethics Com-

mittee of Beijing Hanmi pharmaceutical Co. Ltd (HM-

19032). After 1 week of acclimation, mice were randomly

divided into three groups (eight animals/group; one

cage/group). Control group: daily gavage of 0�9% saline

for 6 weeks. Model group: daily gavage of ampicillin

(500 mg kg�1 body weight) for 2 weeks and daily gavage

of 0�9% saline for another 4 weeks. HOM3204 group:

daily gavage of ampicillin (500 mg kg�1 body weight) for

2 weeks (Shi et al. 2018) and then daily gavage of lyophi-

lized Lact. plantarum HOM3204 powder dissolved in sal-

ine (1 9 109 CFU per day) for 4 weeks.

Fresh faecal samples were collected 24 h after final gav-

age and 10-fold dilution series were made with saline to

count viable cell densities of 4 kinds of main intestinal bac-

teria. Selective media used for Lactobacilli was Lactobacillus

selective (LBs) agar plate added with 50 mg l�1 of Nali-

dixic acid, for Bifidobacteria was blood-liver (BL) agar

plate supplemented with 50 mg l�1 of Mupirocin, for

Enterobacteriaceae was eosin methylene blue agar plate and

for Enterococci was bile esculin azide agar plate (Delgado

et al. 2006; Xia et al. 2019). All selective media were pur-

chased from Beijing Landbridge Co. Ltd (China). Bifi-

dobacteria were incubated anaerobically at 37°C for 48 h.

The other three bacteria were incubated aerobically at 37°C
for 24 h. The typical colonies were selected for microscopic

examination after Gram’s staining and 16S rRNA gene

identification (3500 Genetic Analyzer, Life Technology

Corporation). Results were expressed as log10 colony

forming units per gram of fresh faeces. Organic acids
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(lactate, acetate, propionate, and butyrate) in faeces were

measured with gas chromatography (Agilent, America)

using column DB-23 (Arrieta et al. 2018). The concentra-

tions of glutathione peroxidase (GSH-Px) and SOD were

measured from eyeball blood samples using commercial

kits (Nanjing Jiancheng Bioengineering institute, China).

Statistical analysis

All experiments were repeated at least triplicate and rep-

resented as mean � standard error of the mean (SEM).

Data were analysed using one-way analysis of variance

(ANOVA), followed by Tukey’s multiple comparisons test in

Graphpad Prism 5. Values were considered significant at

P < 0�05.
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