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Introduction: Weaning stress seriously affects the welfare of calves and causes 
huge economic losses to the cattle breeding industry. Probiotics play an important 
role in improving animal growth performance, enhancing immune function, and 
improving gut microbiota. The newly isolated strains of Lactobacillus reuteri L81 
and Lactobacillus johnsonii L29 have shown potential as probiotics. Here, we 
studied the probiotic properties of these two strains on weaned calves.

Methods: Forty calves were randomly assigned to four groups before weaning, with 
10 calves in each group, control group (Ctrl group), L. reuteri L81 supplementation 
group (2 g per day per calf), L. johnsonii L29 supplementation group (2 g per day 
per calf), L. reuteri L81 and L. johnsonii L29 composite group (2 g per day per 
calf), and the effects of Lactobacillus reuteri L81 and Lactobacillus johnsonii L29 
supplementation on growth performance, immune status, antioxidant capacity, 
and intestinal barrier function of weaned calves were evaluated.

Results: The results showed that probiotics supplementation increased the 
average daily weight gain of calves after weaning, reduced weaning diarrhea 
index (p < 0.05), and increased serum IgA, IgM, and IgG levels (p < 0.05). L. reuteri 
L81 supplementation significantly decreased IL-6, increased IL-10 and superoxide 
dismutase (SOD) levels at 21 d after weaning (p < 0.05). Moreover, probiotics 
supplementation significantly decreased serum endotoxin (ET), diamine oxidase 
(DAO), and D-lactic acid (D-LA) levels at different time points (p < 0.05). In addition, 
supplementation with L. reuteri L81 significantly reduced the crypt depth and 
increased the ratio of villus height to crypt depth (p < 0.05) in the ileum, increased 
gene expression of tight junction protein ZO-1, Claudin-1 and Occludin in jejunum 
and ileum mucosa, reduced the gene expression of INF- γ in ileum mucosa and 
IL-8 in jejunum mucosa, and increased the abundance of beneficial bacteria, 
including Bifidobacterium, Lactobacillus, Oscillospira, etc.

Discussion: verall, these results showed that the two strains isolated from cattle 
feces after low concentration fecal microbiota transplantation improved the 
growth performance, immune performance, antioxidant capacity, and intestinal 
barrier function of weaned calves, indicating their potential as supplements to 
alleviate weaning diarrhea in calves.
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1. Introduction

Weaning is one of the most stressful periods in calf growth owing 
to the underdevelopment of the gastrointestinal system, incomplete 
intestinal microecosystem, low immune and antioxidant capacity, and 
weak digestion and absorption capacity of calves during the early 
weaning stage (Clark et al., 2016). Weaning stress, such as diarrhea, 
growth retardation, and even death, can occur as a result of dietary 
and psychological changes, which can seriously affect the welfare of 
calves and cause huge economic losses to the cattle breeding industry 
(Sweeney et al., 2010; Pempek et al., 2019). Antibiotics are widely used 
in animal husbandry to treat or prevent diarrhea and promote 
livestock growth (Brown et al., 2017); however, long-term antibiotics 
use can destroy the normal community structure of intestinal 
microorganisms and increase the presence of intestinal drug-resistant 
bacteria (Laxminarayan et al., 2013; Brand et al., 2017). Additionally, 
drug residues can pose potential problems, such as food safety issues, 
and threaten human health. Therefore, it is important to identify novel 
antibiotic substitutes capable of preventing or alleviating weaning 
stress in calves.

In 2001, the Food and Agriculture Organization of the United 
Nations and the World Health Organization (FAO/WHO) definition 
of probiotics -- “live microorganisms which when administered in 
adequate amounts confer a health benefit on the host” (Hill et al., 
2014). Studies have shown that supplementation with probiotics 
plays an important role in improving animal production 
performance, reducing the incidence of diarrhea, enhancing 
immune function and antioxidant capacity, and improving 
intestinal microbial flora (Kelsey and Colpoys, 2018). Recently, 
there has been increasing research on effective antibiotics 
substitutes owing to health concerns associated with antibiotics use, 
and probiotics have been used as antibiotic substitutes in several 
countries. Lactobacillus plays a good role in improving intestinal 
epithelial barrier function, maintaining mucosal integrity, 
competing with pathogenic bacterial, and ameliorating intestinal 
mucosal damage (Wu et al., 2020). Our previous studies have shown 
that low-concentration fecal microbiota transplantation (LFMT) 
reduces the diarrhea incidence of weaned calves with Xinjiang yaks 
as the donor of fecal microbiota transplantation and Chinese 
Holstein calves as the recipient of fecal microbiota transplantation, 
and Lactobacillus was enriched in the intestine (Li et al., 2022). To 
develop more effective probiotics to alleviate weaning diarrhea in 
calves, we screened Lactobacillus in the feces of weaned calves after 
LFMT treatment in a previous study, and identified two potential 
probiotics for alleviating weaning diarrhea in calves, Lactobacillus 
reuteri L81 and Lactobacillus johnsonii L29.

L. reuteri and L. johnsonii have successfully been evaluated in 
humans and animals. L. reuteri probiotic preparations can improve 
gut function and enhance immunity, thereby promoting human 
health, enhancing pig growth, improving feed utilization efficiency, 
preventing diarrhea, and regulating the immune system in pigs 

(Hou et al., 2015). L. reuteri probiotics can replace antibiotics to 
promote the growth of weaned piglets and improve their intestinal 
health (Hong, 2016). L. johnsonii has been shown to prevent 
salmonella infection in weaned piglets, maintain metabolic 
homeostasis, enhance intestinal health in piglets (He et al., 2019), 
and regulate intestinal microbiota in mice. Based on these findings, 
the aim of this study was to examine the effects of these two strains 
on growth performance, diarrhea incidence, serum metabolites, 
immune performance, antioxidant capacity, and intestinal barrier 
function in early weaned calves. It is anticipated that the findings of 
this study would provide important evidence for implementing 
probiotic interventions and improving intestinal health in early 
weaned calves.

2. Materials and methods

2.1. Ethics statement

Animal experiment was conducted in accordance with the 
guidelines of the animal welfare and research institutions, and all 
procedures were approved by the Bioethics Committee of Shihezi 
University (License No.: A2021-32).

2.2. Animal management and diet

Forty Chinese Holstein calves of similar weight and birth date 
were randomly divided into four groups, with 10 calves in each group. 
To avoid cross-infection, all calves were placed on Calf Island. At 7 and 
18 o’clock daily, the calves were fed twice with two equal volumes of 
milk in plastic buckets. At 50–56 d, the amount of milk consumed was 
5 L/d. At 57–60 d, the calves were fed once daily, with the amount of 
milk reduced to 1 L/d, after weaning at 61 d, the feed amount was 
decreased to 0. The milk was produced on the same farm and 
pasteurized at 60°C before use. Starter concentrate was provided by 
Xinjiang Urumqi Zhengda Feed Co., Ltd. (Urumqi, China). All calves 
can drink water, take starter and Arrhenatherum elatius freely after 
weaning. The nutritional compositions of the diets are listed in 
Supplementary Table S1.

2.3. Experimental design, sample 
collection, and analysis

At 50–60 d of age, group  1 was fed normally, without any 
treatment, so it was the control group (Ctrl group). Group 2 was 
given L. reuteri L81 every day (2 g per day per calf, R group). 
Group 3 was given L. johnsonii L29 every day (2 g per day per calf, 
J group). Group 4 was given L. reuteri L81 and L. johnsonii L29 
compound bacteria (2 g per day per calf, R + J group). The 
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concentration of Lactobacillus used in the study was adjusted to 
1 × 108 CFU/g. To ensure that Lactobacillus was fully consumed by 
the calves, freeze-dried Lactobacillus powder was dissolved in milk 
for morning feeding. This study was conducted at the Zhenxing 
Farm of the Tianshan Military Reclamation Company in Shihezi, 
Xinjiang, China, from May to July 2022.

2.4. Growth performance, diarrhea rate and 
diarrhea index

The body weight of each calf was measured before morning 
feeding on the day of weaning (T0), and at 7 days (T1), 14 days (T2), 
and 21 days (T3) after weaning. Feed intake was recorded daily, and 
the average daily gain (ADG), average daily feed intake (ADFI), and 
feed conversion rate (F/G) were calculated.

Fecal samples from the calves were scored according to the 
diarrhea index scoring method. The diarrhea index was scored as 
follows: normal feces (solid), 0 points; wet feces (semi-solid),1 point; 
mild diarrhea (pasty feces), 2 points; and severe diarrhea (watery 
stool), 3 points. The number of days and heads of calves with diarrhea 
during the trial period were recorded to determine the diarrhea index 
and diarrhea rate statistics (Mcguirk, 2008). The following formulas 
were used to calculate the diarrhea rate and index for each group 
of calves,

Diarrhea index fecal scores number of calves test days= ∑ ×/

Diarrhea rate (%) = number of calves with diarrhea per group 
during the trial period × diarrhea days / (trial days × number of calves 
per group) × 100%.

2.5. Sample collection

Blood samples were collected from the jugular veins of six calves 
in each group before morning feeding at 7 (T1), 14 (T2), and 21 d (T3) 
after weaning in a 10 mL vacuum blood collection tube without 
anticoagulant. The blood samples were centrifugated at 3000 × g for 
15 min, and the supernatant was stored in a 2 mL tube at −20°C until 
further analysis.

Calves were weaned at 60 d of age. At 21 d after weaning, five 
calves from the control (Ctrl group) and L. reuteri 
supplementation groups (R group) were anesthetized via 
intramuscular injection of 4% pentobarbital sodium solution at 
a dose of 40 mg/kg body weight and euthanized by jugular venous 
bleeding. The abdominal cavity was quickly opened, and the 
contents of the duodenum, jejunum, and ileum were collected 
and divided them into 2 mL and 10 mL sterile enzyme free tubes. 
The contents of the tubes were snap-frozen in liquid nitrogen. 
After flushing out the contents of the intestinal canal with 
phosphate buffer solution (pH 7.4), the intestinal mucosa was 
carefully cleaned of fatty tissues and stored in a 2 mL sterile 
enzyme free EP tube for rapid freezing. Intestinal contents and 
intestinal mucosa were transported to the laboratory in a frozen 
tube and stored at −80°C until further analysis.

In addition, the middle segments of duodenum, jejunum and 
ileum were selected. After the contents of the intestinal tube were 
flushed out with phosphate buffer solution with pH = 7.4, they were 

quickly placed in 4% paraformaldehyde fixative at 4°C for 48 h for 
tissue sectioning.

2.6. Determination of biochemical 
indicators

Serum total protein (TP), albumin (ALB), glucose (GLU), triglyceride 
(TG), and blood urea nitrogen (BUN) levels were determined using a 
biochemical detection kit from Nanjing Jiancheng Biotechnology 
Research Institute, according to the manufacturer’s instructions.

2.7. Antioxidant indicators, immune 
indicators, cytokines and intestinal 
permeability indicators in serum

Superoxide dismutase (SOD) and malondialdehyde (MDA) 
levels were determined by spectrophotometry using 
corresponding kits (Nanjing Jiancheng Biotechnology Research 
Institute, Nanjing, China), according to the 
manufacturer’s instructions.

IgA, IgG, IgM, IL-2, IL-6, IL-10, TNF- α, endotoxin (ET), diamine 
oxidase (DAO), and D-lactic acid (D-LA) contents were determined 
using ELISA kits (Shanghai Enzymes Biotechnology Co., Ltd.), 
according to the manufacturer’s instructions.

2.8. Intestinal tissue morphology

Each intestinal segment was sectioned by haematoxylin eosin 
(HE) staining method described by Hu J. et al. (2018) for intestinal 
histomorphology measurement. The main steps include fixation, 
dehydration, immersing the tissue block in xylene until completely 
transparent, placing the transparent tissue in paraffin, embedding, 
slicing, 37°C water bath development, drying in a 37°C oven, 
dewaxing, ethanol gradient elution, hematoxylin staining, eosin 
staining, ethanol gradient dehydration, sealing, and air drying. And 
its morphology and structure were observed at 10× under an optical 
microscope. The villus height and recess depth of small intestine 
were measured, and the ratio of villus height to recess depth 
was calculated.

2.9. Detection of intestinal tight junction 
protein and cytokine gene expression

The frozen duodenum, jejunum and ileum mucosa were taken 
out and placed in a autoclaved mortar, and the liquid nitrogen was 
added to grind and homogenize. Then, an appropriate amount of 
powder samples were taken, and total RNA was extracted from the 
tissue mucosa with TRIzol reagent. The total RNA was reverse 
transcribed and cDNA was synthesized according to the 
instructions of the reverse transcription kit. Primer 3 was used for 
primer design, and the primers were detailed in 
Supplementary Table S2. The primers were synthesized by Shanghai 
Shenggong Biotechnology Co., Ltd. The mRNA expression levels of 
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intestinal tight junction proteins Claudin-1, Occuludin and ZO-1, 
intestinal mucosal cytokines TLR4, INF-γ, TGF-β1, IL-8 and IL-2 
were detected by real-time fluorescent quantitative PCR with 
specific primers.

2.10. Determination of enzyme activity in 
the small intestine

After the calves were slaughtered, the intestinal contents were 
taken and placed in a clean centrifuge tube. They were transported to 
the laboratory and their pH value were immediately measured using 
a pH meter.

0.5 g of duodenal, jejunal, and ileal contents were diluted with 
physiological saline at a ratio of 1:9, followed by homogenization in 
an ice bath and centrifugation at 4500 × g for 20 min to obtain 
supernatant for enzyme activity assay. Amylase, trypsin, lipase, lactase, 
and Na-K-ATPase activities were determined using the respective 
ELISA kits (Shanghai Enzymes Biotechnology Co., Ltd.), according to 
the manufacturer’s instructions.

2.11. DNA extraction, PCR amplification of 
16SrRNA, and sequencing

DNA extraction, genome library construction, and intestinal 
microbial sequencing were performed by Shanghai Parsenor 
Biotechnology Co. Ltd. Briefly, total DNA was extracted from the 
intestinal contents, and the V3-V4 hypervariable region of bacterial 
16S rRNA was amplified using the universal primers 338F 
(5′-ACTCCTACGGGGAGCA-3′) and 806R (5′- GGACTA 
CHVGGGTWTCTAAT-3′). After purification, all amplified products 
were sequenced using the Illumina MiSeq platform. The PCR 
amplification reaction system contained 5 μL of buffer (5 ×), 0.25 μL 
of fast pfu DNA polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL 
(10 uM) forward primer and 1 μL reverse primer, 1 μL of DNA 
template, and 14.75 μL of ddH2O. The PCR conditions were as follows: 
initial denaturation at 98°C for 5 min, followed by 25 cycles at 98°C 
for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, and 
final extension at 72°C of 5 min. PCR amplicons were purified using 
Vazyme VAHTSTM DNA clean beads (Vazyme, Nanjing, China) and 
quantified using a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, 
Carlsbad, CA, USA). After the individual quantification step, 
amplicons were pooled in equal amounts, and paired-end sequencing 
(2 × 250 bp) was performed by Shanghai Personal Biotechnology Co., 
Ltd. (Shanghai, China) on the Illumina MiSeq platform using the 
MiSeq Reagent Kit v3.

Bioinformatics analysis of the intestinal bacteria was conducted 
using QIIME2 2019.4, with slight modifications based on the official 
manual. Microbial α-diversity was evaluated using Shannon, 
Simpson, Chao1, and Coverage indices, while β-diversity was 
analyzed using nonmetric multidimensional scale. Shared and 
unique ASVs between samples or groups were visualized using the 
“VennDiam” function in R software. LEfSe analysis was used to 
compare the relative abundance of the intestinal microbiota 
between the control and L. reuteri L81 supplemented groups at the 
phylum and genus levels.

2.12. Statistics and analysis

One-way analysis of variance was used to analyze multiple sets of 
data, and the results were expressed as mean and standard deviation. 
Calculate the gene expression data of the sample using the 2-ΔΔCt 
method. The differences of intestinal villus height, crypt depth and the 
ratio of villus height to crypt depth, intestinal tight junction protein 
and cytokine gene expression were performed using t-tests. The data 
were expressed by mean value and standard error, means were 
considered statistically significant at p < 0.05. All statistical analyses 
were performed using SPSS 26.0 software (SPSS, Inc., Chicago, IL, 
United States).

3. Results

3.1. Effects of Lactobacillus reuteri L81 and 
Lactobacillus johnsonii L29 on growth 
performance, diarrhea incidence, and 
diarrhea index of weaned calves

There was no significant difference (p > 0.05) in the initial weight 
of the calves among the experimental groups (Figure 1). In contrast, 
calves in the R + J group had significantly higher ADG at T0–T1, while 
those in the R and R + J groups had significantly higher ADG at T1–T2 
and T2–T3 compared with the Ctrl group (p < 0.05). However, there 
was no significant difference in ADG between the J and Ctrl groups, 
and no significant difference between R, J and R + J groups. 
Additionally, there was no significant difference in ADFI between the 
experimental groups at all time points. Moreover, F/G ratio was 
significantly lower in the R + J group than in the Ctrl group at T1–T2 
(p < 0.05); however, there was no significant difference between the 
groups at T0–T1 and T2–T3.

Calf diarrhea incidence was significantly higher in the Ctrl 
group than in the R, J, and R + J groups at T0–T1 and T2–T3 
(p < 0.05) (Figure 1); however, there was no significant difference 
between the lactobacilli supplementation groups. Similarly, diarrhea 
incidence was significantly lower in the R and J groups at T1–T2 
(p < 0.05); however, there was no significant difference in diarrhea 
incidence between the R + J and Ctrl groups at the time point. 
Additionally, average fecal score was significantly higher in the Ctrl 
group than in the other treatment groups at all time points. 
However, there was no significant difference in average fecal score 
between the probiotics supplementation groups, indicating that the 
selected lactic acid bacteria are capable of alleviating and preventing 
calf diarrhea.

3.2. Effects of Lactobacillus reuteri L81 and 
Lactobacillus johnsonii L29 on serum 
biochemical indicators

Serum TP level was significantly higher (p < 0.05) in the R, J, and 
R + J groups than in the Ctrl group at T3 (Table 1); however, there was 
no significant difference (p > 0.05) in serum TP level between the 
probiotics supplementation groups. Similarly, serum GLB level was 
significantly higher (p < 0.05) in the R and R + J groups than in the Ctrl 
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group at T3. Additionally, serum BUN level was significantly higher 
in the R group than in the Ctrl group at T1 and T2; however, there was 
no significant difference in serum BUM levels between the probiotics 
and Ctrl groups at T3. Moreover, there was no significant difference 

in GLU levels between the R and Ctrl groups. Interestingly, serum 
GLU level was significantly higher in the J group than in the Ctrl 
group at T2, and significantly higher in the R + J group than in the R 
and J groups at T3.

FIGURE 1

Effect of L. reuteri L81 and L. johnsonii L29 on growth performance, diarrhea incidence and diarrhea index of weaned calves. (A) Initial calf weight (BW). 
(B) Average daily weight gain (ADG). (C) Average daily food intake (ADFI). (D) Material weight ratio (F/G). (E) Incidence of calves diarrhea. (F) Calves 
diarrhea index. At the same time point, if there was no letter or the same letter was marked, the difference was not significant (p  >  0.05), and different 
lower case letters indicate significant difference (p  <  0.05). The same below.
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3.3. Effects of Lactobacillus reuteri L81 and 
Lactobacillus johnsonii L29 on immune 
indicators, antioxidant indicators, 
cytokines, and intestinal permeability 
indicators

To evaluate the role of L. reuteri L81 and L. johnsonii L29 in the 
immune system, the serum immunoglobulins levels of the weaned 
calves were measured after probiotics supplementation (Table 2). 
Compared with the Ctrl group, serum IgA and IgM levels were 
significantly higher (p < 0.05) in the Lactobacillus-supplemented 
group at T1, T2, and T3. Specifically, calves in the J group had 
significantly higher serum IgM levels than those in the other 
groups at T1 and T2; however, there was no significant difference 
in IgM levels among the Lactobacillus supplementation groups at 
T3. Serum IgG level was significantly higher in the R group than 
in the Ctrl group at T2 and T3. Additionally, calves in the J group 
had significantly higher serum IgG levels than those in the other 
groups at T1. However, there was no significant difference (p > 0.05) 
in serum TNF-α level between the Ctrl and probiotic groups at T1, 
T2, and T3. Serum IL-10 concentration was significantly higher in 
the R group than in the Ctrl group at T1 and T3. Similarly, serum 
IL-10 concentration was significantly higher (p < 0.05) in the J 
group than in other groups at T2. Although there was no significant 
difference in serum IL-6 concentration between the groups at T1 
and T2, the R group had significant lower serum IL-6 
concentration at T3.

Calves in the J group had significantly higher serum SOD 
concentration than those in the Ctrl group at T1 (p < 0.05); however, 
there was no significant difference in serum SOD level between the J, 
R, and R + J groups at the time point. Calves in the probiotic groups 

(R, J, and R + J) had significantly higher (p < 0.05) serum SOD 
concentrations than those in the Ctrl group at T3.

Furthermore, the effects of the probiotics on intestinal barrier 
function in weaned calves were examined by determination the serum 
levels of intestinal permeability indicators (Table 2). There was no 
significant difference in serum ET levels between the Lactobacillus 
supplementation groups (R, J, and R + J) and the Ctrl group at T1; 
however, serum DAO and D-LA levels were significantly lower in the 
Lactobacillus supplementation groups than in the Ctrl group (p < 0.05). 
Calves in the Lactobacillus supplementation groups had significantly 
lower serum ET and DAO levels than those in the Ctrl group at T2; 
additionally, serum D-LA level was significant lower in the R and J 
groups than in the Ctrl group at T2 (p < 0.05). At T3, serum ET and 
D-LA levels were significantly lower in the J and R + J groups than in 
the Ctrl group (p < 0.05), meanwhile there was no significant difference 
between the Ctrl and R groups. Lactobacillus supplementation 
significantly decreased serum DAO levels compared with the Ctrl 
group, with the lowest level observed in the J group.

3.4. Effect of Lactobacillus reuteri L81 on 
intestinal morphology of weaned calves

The effect of L. reuteri L81 on the intestinal tissue morphology of 
weaned calves is shown in Table 3. The results showed that the villus 
height and the ratio of villus height to crypt depth of each small 
intestinal segment in the R group of Holstein weaned calves were 
higher than those in the Ctrl group, and the crypt depth was lower 
than that in the Ctrl group. The crypt depth of ileal in the R group was 
significantly reduced compared to the Ctrl group, and the villus height 
/ crypt depth was significantly increased (p < 0.05).

TABLE 1 Effect of L. reuteri L81 and L. johnsonii L29 on serum biochemical indexes of weaned calves.

Item Time Experimental Treatments p-value

Ctrl R J R  +  J

TP (g/L)

T1 59.3 ± 2.3 54.3 ± 2.0 57.3 ± 2.7 55.8 ± 4.7 0.702

T2 54.7 ± 1.9 57.0 ± 1.8 59.5 ± 1.4 55.9 ± 1.7 0.289

T3 55.3 ± 1.2b 65.9 ± 2.9a 65.0 ± 3.24a 61.1 ± 0.82a 0.026

ALB (g/L)

T1 33.9 ± 0.6 32.2 ± 0.7 33.3 ± 0.6 31.9 ± 0.5 0.470

T2 33.3 ± 0.9 32.8 ± 0.8 35.6 ± 1.4 33.7 ± 0.5 0.223

T3 34.3 ± 1.5 32.1 ± 1.0 34.3 ± 1.3 35.4 ± 0.6 0.283

GLB (g/L)

T1 25.5 ± 1.8 22.1 ± 1.7 24.0 ± 3.2 23.9 ± 3.6 0.854

T2 21.4 ± 2.5 24.2 ± 1.0 23.9 ± 0.6 22.2 ± 1.2 0.348

T3 20.9 ± 1.5b 33.8 ± 3.3a 30.7 ± 4.5ab 25.7 ± 0.8a 0.042

BUN (mmol/L)

T1 2.94 ± 0.20b 3.93 ± 0.29a 3.09 ± 0.24ab 2.69 ± 0.11b 0.031

T2 3.09 ± 0.16b 4.73 ± 0.47a 4.37 ± 0.62a 3.27 ± 0.29b 0.009

T3 3.80 ± 0.22 3.48 ± 0.14 4.23 ± 0.15 4.30 ± 0.39 0.117

GLU (mmol/L)

T1 5.01 ± 1.00 7.32 ± 0.59 3.75 ± 0.41 4.24 ± 1.27 0.052

T2 3.21 ± 0.10b 2.97 ± 0.51b 6.01 ± 0.88a 3.98 ± 0.26b 0.003

T3 5.47 ± 0.30ab 4.53 ± 0.50bc 3.37 ± 0.31c 5.94 ± 0.28a 0.001

TG (Triglyceride, 

mmol/L)

T1 0.33 ± 0.07 0.29 ± 0.02 0.34 ± 0.04 0.15 ± 0.05 0.08

T2 0.25 ± 0.05 0.30 ± 0.05 0.35 ± 0.05 0.20 ± 0.03 0.159

T3 0.30 ± 0.07 0.19 ± 0.04 0.23 ± 0.04 0.41 ± 0.09 0.123

TP, Total Protein; ALB, Albumin; GLB, Globulin; BUN, Blood Urea Nitrogen; GLU, Glucose; TG, Triglyceride. 7 days, 14 days and 21 days after weaning of calves were expressed as T1, T2 and 
T3, respectively. Ctrl, control group; R, L. reuteri L81 supplementation group; J, L. johnsonii L29 supplementation group; R + J, L. reuteri L81 and L. johnsonii L29 composite group. In the same 
line, marked with different letters means significant difference between groups (p < 0.05).
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3.5. Effects of Lactobacillus reuteri L81 on 
the expression of intestinal tight junction 
protein and cytokines related genes in 
weaned calves

It can be seen from Figure 2 that, compared with the Ctrl group, 
the gene expression of tight junction protein in duodenum of group 
R has no significant change. The gene related expression of tight 

junction protein Claudin-1, Occludin and ZO-1 in jejunum was 
significantly increased (p < 0.05). The relative expression of Claudin-1 
gene in the ileum increased significantly (p < 0.05). There was no 
significant difference in the relative expression of TLR4 and IL-2 
genes between the R group and the Ctrl group (p  > 0.05). The 
expression of TGF-β1 in the jejunum and ileum of group R was 
significantly increased, and the expression of IL-8 in the jejunum and 
INF-γ in the ileum were significantly reduced (p < 0.05).

TABLE 2 Effect of L. reuteri L81 and L. johnsonii L29 on immune indexes, antioxidant indexes, biochemical indexes of intestinal barrier function in 
serum of weaned calves.

Item Time Experimental treatments p-value

Ctrl R J R  +  J

IgA (μg/mL)

T1 1465.07 ± 105.12b 2041.49 ± 164.81a 2309.75 ± 121.75a 2097.46 ± 134.07a 0.002

T2 1808.00 ± 137.94b 2489.38 ± 127.90a 2501.16 ± 163.09a 2127.21 ± 106.90ab 0.004

T3 1603.59 ± 180.81c 2211.86 ± 39.52b 2340.06 ± 64.91ab 2630.13 ± 179.51a <0.001

IgM (μg/mL)

T1 784.67 ± 71.28c 1066.59 ± 88.55b 1586.91 ± 56.48a 1064.44 ± 32.15b 0.033

T2 711.12 ± 26.46d 988.51 ± 58.42c 1679.83 ± 7.03a 1297.32 ± 81.62b <0.001

T3 1052.49 ± 86.54b 1526.73 ± 70.21a 1446.32 ± 75.19a 1480.35 ± 104.98a 0.002

IgG (mg/mL)

T1 3.21 ± 0.47b 3.96 ± 0.24b 5.2 ± 0.31a 4.54 ± 0.36b 0.004

T2 2.89 ± 0.36b 5.93 ± 0.32a 5.71 ± 0.33a 5.78 ± 0.32a <0.001

T3 3.81 ± 0.24b 5.39 ± 0.39a 5.92 ± 0.26a 5.85 ± 0.39a <0.001

MDA (nmol/

mL)

T1 6.02 ± 0.36 4.64 ± 0.38 5.18 ± 0.31 5.27 ± 0.52 0.131

T2 5.06 ± 0.28 4.85 ± 0.39 4.51 ± 0.29 5.57 ± 0.52 0.292

T3 4.39 ± 0.31 3.97 ± 0.21 4.06 ± 0.36 4.73 ± 0.44 0.409

SOD (U /mL)

T1 12.01 ± 0.42b 13.33 ± 0.51ab 14.10 ± 0.35a 13.02 ± 0.31ab 0.017

T2 13.28 ± 0.41 13.72 ± 0.10 13.61 ± 0.33 12.73 ± 0.35 0.167

T3 11.72 ± 0.17b 12.78 ± 0.27a 12.92 ± 0.45a 13.17 ± 0.44a 0.049

TNF-α (pg/

mL)

T1 141.14 ± 10.03 114.80 ± 6.62 136.02 ± 6.27 119.75 ± 12.58 0.141

T2 113.12 ± 8.85 114.80 ± 8.80 103.58 ± 9.20 111.89 ± 10.47 0.798

T3 126.70 ± 3.33 139.26 ± 7.35 125.59 ± 3.78 131.18 ± 15.11 0.603

IL-6 (pg/mL)

T1 89.02 ± 14.95 77.13 ± 4.04 88.41 ± 5.02 100.99 ± 9.87 0.460

T2 85.06 ± 5.14 97.09 ± 3.32 84.39 ± 4.63 98.22 ± 4.25 0.056

T3 121.93 ± 4.60a 86.92 ± 12.42b 115.53 ± 3.42ab 107.27 ± 10.80ab 0.046

IL-10 (pg/mL)

T1 44.12 ± 1.65c 57.53 ± 2.19b 70.15 ± 0.19a 58.41 ± 4.51b <0.001

T2 50.03 ± 2.50b 56.52 ± 3.30b 75.17 ± 3.94a 56.67 ± 2.02b <0.001

T3 49.34 ± 0.85c 62.37 ± 3.80b 75.96 ± 3.80a 60.62 ± 4.04b 0.007

ET (EU/mL)

T1 14.45 ± 0.75 12.37 ± 0.57 12.27 ± 0.81 12.58 ± 0.76 0.149

T2 15.22 ± 0.21a 12.47 ± 0.57b 9.63 ± 0.91c 10.47 ± 0.58c <0.001

T3 13.15 ± 0.76a 10.93 ± 1.18ab 8.22 ± 0.53b 10.03 ± 0.99b 0.007

DAO (ng/mL)

T1 164.41 ± 2.61a 151.69 ± 1.73b 113.03 ± 9.68c 134.84 ± 10.73bc 0.001

T2 154.39 ± 5.79a 108.30 ± 3.70b 104.84 ± 4.45b 121.81 ± 6.96b <0.001

T3 141.23 ± 1.90a 98.44 ± 11.72b 66.54 ± 4.55c 104.08 ± 12.11b <0.001

D-LA (μmol/

mL)

T1 0.56 ± 0.04a 0.52 ± 0.01b 0.44 ± 0.01c 0.55 ± 0.03b 0.006

T2 0.56 ± 0.02a 0.44 ± 0.01b 0.46 ± 0.01b 0.49 ± 0.03ab 0.001

T3 0.53 ± 0.01a 0.45 ± 0.04ab 0.35 ± 0.03b 0.46 ± 0.03b 0.005

IgA, Immunoglobulin A; IgM, Immunoglobulin M; IgG, Immunoglobulin G; MDA, Malondialdehyde; SOD, Superoxide Dismutase; TNF-α, Tumor necrosis factor-α; IL-6, Interleukin-6; 
IL-10, Interleukin-10; ET, Endotoxins; DAO, Diamine oxidase; D-LA, D-Lactic acid. In the same line, marked with different letters means significant difference between groups (p < 0.05).
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3.6. Effect of Lactobacillus reuteri L81 on 
pH value and enzyme activity in small 
intestine

The effects of L. reuteri L81 on intestinal content pH and enzyme 
activity in the duodenum, jejunum, and ileum were shown in Figure 3. 
It can be seen from Figure 3A that supplementation of L. reuteri L81 
before weaning had no significant effect on intestinal pH after 
weaning. However, Na+-K+-ATPase activity in the duodenum, 
jejunum, and ileum was significantly higher in the R group than in the 
Ctrl group (p < 0.05). Compared with the Ctrl group, the 
supplementation of L. reuteri L81 had no significant effect on the 
activities of protease, amylase, lipase and lactase.

3.7. Quality evaluation of sequencing data 
of intestinal microbial communities

Sequencing of the V3–V4 regions of the 16S rRNA gene in DNA 
samples generated a total of 2,211,341 raw reads. After double-ended 
quality control, splicing, noise removal, chimerism removal, and 
singleton removal of raw reads, 1,308,705 valid sequences were 
obtained for subsequent analysis. The fungal ITS1-2 region was 
sequenced and 2,512,684 valid sequences were obtained for 
subsequent analysis. The sparse curves of all samples were nearly flat, 
indicating that the sequencing amount of each sample was sufficient 
to cover most of the bacterial and fungal communities and that the 
sequencing results reflected the composition and diversity of the 
bacterial and fungal communities in the samples (Figure 4). To assess 
the commonality and uniqueness of microorganisms in different 
intestinal segments, the number of ASVs common to different 
intestinal segments among the groups was analyzed using a Venn 
diagram. In the Ctrl and R groups, there were 123 ASVs for bacteria 
and 44 ASVs for fungi in the different intestinal segments, and each 
group of samples had unique ASVs. The number of unique ASVs in 
the ileum was higher than those in the duodenum and jejunum. 
Compared with the Ctrl group, a higher number of unique ASVs were 
observed in the jejunum and ileum of calves in the R group.

3.8. Effect of Lactobacillus reuteri L81 on 
the diversity of intestinal microbiota in 
weaned calves

Furthermore, the effect of L. reuteri L81 supplementation on 
duodenal, jejunal, and ileal microbiota diversity were examined 
(Figure 5). The Good’s coverage index of each group of samples was 
above 0.99, indicating that the sequencing data sufficiently reflected 
the composition and distribution of the intestinal microbiota. 
Compared with the control group, the Chao1 and Shannon indices of 
bacteria and fungi in the different intestinal segments showed an 
upward trend in the R group; however, there was no significant 
difference in Simpson index between the groups.

A non-metric multidimensional scale (NMDS) analysis of the 
composition of microbes in the duodenum, jejunum, and ileum of 
weaned calves was performed based on Bray Curtis distance 
(Figure 5). Intestinal microbiota in the same intestinal tract formed 
distinct clusters among individuals; however, there were individual 
differences between the groups, with the R group showing a significant 
separation of the ileal microbiota from the duodenal and 
jejunal microbiota.

3.9. Effect of Lactobacillus reuteri L81 on 
the structure of intestinal microbiota in 
weaned calves

At the phylum level, the dominant bacterial microbiota in the 
duodenum, jejunum, and ileum were Firmicutes, followed by 
Actinobacteria and Bacteroides. The dominant bacteria in the 
duodenum and jejunum were Firmicutes and Actinobacteria, while 
those in the ileum were Firmicutes and Bacteroides (Figure 6). The 
relative abundance of Bacteroidetes was significantly higher in the 
ileum than in the duodenum and jejunum. Compared with the Ctrl 
group, L. reuteri L81 supplementation significantly decreased the 
relative abundance of Proteobacteria in the ileum of the calves. 
Ascomycota was the dominant fungal phylum in the duodenum, 
jejunum, and ileum, followed by Basidiomycota and Mucoromycota. 
Ascomycota fluctuated between groups, and the relative abundance of 
Ascomycota in the ileum of the R group was significantly lower than 
that in the other experimental groups.

At the genus level, Megaspaera, Dialister, Prevotella, Olsenella, and 
Bulleidia were the predominant bacteria in the duodenum and 
jejunum. Megaspaera, Prevotella, and Dialister were the dominant 
genera in the ileum, followed by Ruminococcaceae (Ruminococcus) 
and Blautia. However, L. reuteri L81 supplementation increased the 
relative abundances of Ruminoccaceae_Ruminococcus, Blautia, and 
Oscillospira in the ileum and decreased the relative abundance of 
Dialister in the duodenum, jejunum, and ileum. Talaromyces and 
Aspergillus were the dominant fungal genera in the duodenum, 
jejunum, and ileum, followed by Thermomyces.

LEfSe analysis was performed to further identify microbial 
compositional differences in intestinal segments between the Ctrl and 
R groups (Figure  7). L. reuteri L81 supplementation enriched 
Bifidobacteriales, Lactobacillus, Mobilucus and Corynebacterium in the 
duodenum; Thermomyces in the jejunum; and Blautia, Collinsella, 
Oscillospira, Roseburia, Coprobacillus, Odoribacter, Lactobacillus, 
Thermogenes, Lophotrichus, and Botryotrruchum in the ileum.

TABLE 3 Effect of L. reuteri L81 on small intestinal morphology 
development of weaned calves.

Item Ctrl R SEM p-value

Villus height, μm

Duodenum 543.63 600.82 18.06 0.117

Jejunum 485.39 549.77 19.71 0.103

Ileum 409.56 419.32 9.51 0.654

Crypt depth, μm

Duodenum 308.24 298.96 9.34 0.656

Jejunum 325.31 315.91 8.70 0.628

Ileum 320.58a 217.39b 22.98 0.008

Villus height/ Crypt depth

Duodenum 1.77 2.01 0.07 0.075

Jejunum 1.50 1.74 0.08 0.129

Ileum 1.28b 2.01a 0.19 0.041
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FIGURE 2

Effects of L. reuteri L81 on the expression of intestinal tight junction protein and cytokines related genes in weaned calves. (A) Relative gene expression 
of ZO-1. (B) Relative gene expression of Claudin-1. (C) Relative gene expression of Occludin. (D) Relative gene expression of TLR4. (E) Relative gene 
expression of INF-γ. (F) Relative gene expression of TGF-β1. (G) Relative gene expression of IL-2. (H) Relative gene expression of IL-8.
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4. Discussion

During weaning, calves are prone to stress, which can affect their 
health and growth performance, and lead to stunted growth and 
development. Probiotics play a positive role in promoting animal 
health, improving host immunity, combating pathogenic bacteria, 
regulating intestinal microecology, and improving enhancing 
intestinal epithelial barrier function (Aoudia et al., 2016; David et al., 
2016; Kelsey and Colpoys, 2018).

4.1. Growth performance, diarrhea 
incidence, and diarrhea index

In the present study, supplementation with L. reuteri L81and 
L. reuteri L81 + L. johnsonii L29 improved ADG in wean calves 
compared with the Ctrl group at T1–T2 and T2–T3. Similarly, 
L. reuteri supplementation has been shown to significantly improve 
the ADG of piglets (Wang et al., 2020); in contrast, some studies have 
shown that the addition of L. reuteri or the combination of L. reuteri 

FIGURE 3

Effect of L. reuteri L81 on pH value and digestive enzyme activities of intestinal contents in weaned calves. (A) pH value. (B) Na+-K+-ATPase. 
(C) Protease. (D) AMS. (E) Lactase. (F) Lipase.
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and other probiotics had no significant effect on ADG in weaned 
piglets (Dell’Anno et al., 2021), which could be attributed to differences 
in probiotic strains, supplementation amount, or combinations. 
Additionally, supplementation with L. reuteri L81 + L. johnsonii L29 
significantly reduced the F/G ratio at T1–T2. Previous studies have 
shown that the supplementation of L. reuteri or probiotics before 
weaning can improve the growth of calves.

Early intervention with probiotics has been reported to prevent 
calf diarrhea, reduce calf mortality, and improve calf health by 
promoting gastrointestinal health and maintaining intestinal barrier 
integrity in pre-weaning calves (Liu et al., 2015). A previous study 
showed that L. reuteri and L. johnsonii exhibited potent antibacterial 
activity against pathogens that commonly cause bovine diarrhea 
(Fan et al., 2021). L. reuteri has a strong ability to adhere to the 
intestinal mucosa, which can improve the distribution of intestinal 
microbiota and inhibit colonization by harmful bacteria (Deng 
et  al., 2020). Moreover, L. johnsonii supplementation has been 
shown to improve intestinal environment, immunity, and disease 
resistance in piglets (Xin et  al., 2019). In the present study, 
supplementation with L. reuteri L81and L. johnsonii L29 reduced 
diarrhea incidence at T0–T1 and T1–T2 after weaning, which was 
consistent with previous findings. Although there was no significant 
difference in diarrhea rate between the groups at T2–T3, 
Lactobacillus supplementation significantly reduced the diarrhea 
index of calves. Overall, these results indicated that the probiotics 

were effective in preventing weaning diarrhea in calves when 
administered individually or in combinations.

4.2. Serum biochemical indicators

ALB has several physiological functions, such as maintaining 
normal colloidal osmotic pressure in blood vessels, transporting 
various metabolic substances, and regulating transported 
substances. GLB is primarily involved in immune regulation, while 
BUN is a product of protein metabolism and an important indicator 
of renal function. In the present study, serum TP and GLB levels 
were significantly higher in the R group than in the Ctrl group at 
T3, indicating that L. reuteri L81 improved immune performance 
in weaned calves. Similarly, calves in the R group had significantly 
higher BUN levels than those in the Ctrl group at T1 and T2, 
indicating that amino acid metabolism was elevated in weaned 
calves and that accumulated nitrogen could not be discharged in a 
timely manner (Lu et al., 2021; Han et al., 2022). GLU is the main 
indicator of glucose metabolism in the body and is a direct energy 
source for the body’s activities. In the present study, L. reuteri L81 
and L. johnsonii L29 supplementation had different effects on serum 
GLU levels, indicating that different microecological preparations 
have different effects on energy and lipid metabolism in 
weaned calves.

FIGURE 4

Bacterial and fungal rarefaction curve and venn diagrams of ASVs in different intestinal segments of different sample groups. (A) Bacterial rarefaction 
curve based on Chao index. (B) Fungal rarefaction curve based on Chao index. The X-axis is the sequencing depth, and the Y-axis is the median value 
and boxplot of Chao index calculated for 10 times. (C) Venn diagram of bacteria ASVs. (D) Fungus ASVs Venn diagram. CD, ctrl group duodenum; CJ, 
ctrl group jejunum; CI, ctrl group ileum; RD, L. reuteri L81 group duodenum; RJ, L. reuteri L81 group jejunum; RI, L. reuteri L81 group ileum.
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4.3. Immune function, antioxidant capacity, 
and intestinal permeability

Serum IgG, IgM, and IgA levels reflect the functional state of 
humoral immunity (Kotnik and Zaletel, 2011; Panahi et al., 2020; Tan 
et  al., 2021). Some studies have shown that L. johnsonii 
supplementation can improve serum IgG levels in sows (Wang et al., 
2014), restore serum IgA and IgG levels in elderly mice with protein 
energy malnutrition (PEM), and contribute to the recovery of the 
immune system in immunocompromised hosts (Kaburagi et  al., 
2007). Additionally, L. johnsonii BS15 supplementation can prevent 
subclinical necrotizing enteritis (SNE) in broilers by improving 
immune related blood parameters and enhancing intestinal immunity 
(Wang et al., 2018). Consistent with previous findings, L. johnsonii L29 
supplementation significantly increased serum IgG, IgM, and IgA 
levels in weaned calves in the present study, indicating that L. johnsonii 
L29 has a promoting effect on enhancing the immunity of weaned 
calves. Similarly, some studies have shown that L. reuteri can 
significantly increase serum IgG and IgA levels and enhance immune 
response in mice. In the present study, L. reuteri L81 supplementation 
significantly increased serum IgG and IgA levels at T2 and T3 
compared with the Ctrl group. Moreover, supplementation with 
L. reuteri L81 and L. johnsonii L29 mixture significantly improved 
serum IgG, IgM, and IgA levels in calves at T3, indicating that 

supplementation with L. reuteri L81, L. johnsonii L29, or a combination 
of both can alleviate weaning-induced diarrhea by increasing calf 
immunoglobulin levels and enhancing immunity against viruses 
and bacteria.

SOD activity indirectly reflects the ability of the body to scavenge 
free oxygen radicals. Studies have shown that L. reuteri 
supplementation can significantly improve SOD activity in piglets 
(Yang et  al., 2019). Similarly, oral administration of L. reuteri 
significantly increased SOD activity and decreased MDA levels in the 
intestinal tissue of mice with necrotizing enterocolitis (Tang et al., 
2019). In the present study, probiotics supplementation significantly 
increased SOD activity at T1 and T3 compared with the Ctrl group, 
which was consistent with previous findings, indicating that probiotics 
can increase the activity of antioxidant enzymes in calves.

Weaning stress can damage the immune system and alter the 
production of inflammatory cytokines (Kim et al., 2012; Gurung et al., 
2021), making the body extremely susceptible to infection by various 
pathogens. Studies have shown that some L. reuteri strains (including 
GMNL-263) can reduce the production of proinflammatory cytokines, 
such as TNF-α and IL-6, in mice fed a high fat diet (Hsieh et al., 2016). 
Additionally, L. reuteri significantly suppressed sodium dextran 
sulfate-induced expression of TNF-α (Hou et al., 2018). Consistent 
with previous findings, L. reuteri L81 supplementation significantly 
reduced serum IL-6 level at T3 compared with the Ctrl group in the 

FIGURE 5

Effect of L. reuteri L81 on diversity of intestinal microbiota in weaned calves. (A) Bacterial α diversity index. (B) Fungal α diversity index. (C) NMDS 
diagram of bacteria. (D) NMDS diagram of fungal. 0.01  <  p  <  0.05 in the figure indicates significant difference, marked with *; p  <  0.01 indicates 
extremely significant difference, marked with **. CD, ctrl group duodenum; CJ, ctrl group jejunum; CI, ctrl group ileum; RD, L. reuteri L81 group 
duodenum; RJ, L. reuteri L81 group jejunum; RI, L. reuteri L81 group ileum.
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present study. IL-10 is an anti-inflammatory cytokine that inhibits the 
expression of several pro-inflammatory cytokines and cell surface 
antigens, and improves immunopathology (Couper et al., 2008). In 
the present study, L. johnsonii L29 supplementation significantly 
increased serum level of IL-10 compared with the Ctrl group. 
Additionally, supplementation with L. reuteri L81 and a mixture of 
L. johnsonii L29 and L. reuteri L81 significantly increased serum IL-10 
levels, which was consistent with previous findings that probiotics can 
bind to intestinal mucosal epithelial cells via toll-like receptors and 
mediate cytokine secretion to regulate the expression of immune T 
cells and the production of IL-10 to enhance the body’s immunity 
(Carolina et al., 2019). L. reuteri L81 and L. johnsonii L29 have been 
speculated to alleviate inflammatory reaction in the body, improve 
intestinal mucosal barrier function, and reduce the occurrence of 
diarrhea by stimulating the anti-inflammatory cytokine IL-10.

Factors, such as stress and autoimmune system dysfunction, have 
been shown to damage mucosal barrier function and alter intestinal wall 
permeability (Wang et al., 2016). ET, D-LA, and DAO can enter blood 
circulation via the damaged intestinal mucosa, making them important 
markers for evaluating intestinal mucosal barrier function (Kuang et al., 
2020; He et  al., 2022). In the present study, L. johnsonii L29 
supplementation inhibited the leakage of D-LA and DAO into the 
peripheral blood and suppressed serum ET levels compared with the 
Ctrl group, indicating that L. johnsonii L29 had a protective effect on 
intestinal mucosal integrity. Similarly, L. reuteri L81 supplementation 
significantly reduced serum DAO levels, and serum concentration of 
D-LA at T1 and T2. L. reuteri has been speculated to alleviate weaning 
diarrhea by reducing intestinal mucosal damage. Additionally, L. reuteri 
L81supplementation significantly reduced serum levels of ET, indicating 
that L. reuteri can inhibit the growth of harmful intestinal bacteria and 

reduce the production of intestinal toxins. Similarly, supplementation 
with a mixture of L. reuteri L81 and L. johnsonii L29 decreased the serum 
levels of ET, D-LA, and DAO in weaned calves at different time points 
compared with the Ctrl group, indicating that the probiotics reduced 
intestinal mucosal permeability, improved mucosal barrier function, and 
reduced the leakage of endotoxins into blood circulation, thereby 
relieving weaning diarrhea in calves. In our research, we found that 
compared with L. johnsonii L29, under the same nutritional and cultural 
conditions, L. reuteri L81 has faster growth rate, shorter passage and 
preparation cycle, and lower economic and time costs for large-scale 
cultivation. Considering economic cost factors, it is more suitable for the 
preparation and production of probiotic formulations and is convenient 
for later promotion and application. Therefore, in the subsequent 
experiments, just L. reuteri L81 was studied.

4.4. Intestinal morphology

The villus height, crypt depth, and the ratio of villus height to 
crypt depth are major indicators in evaluating the integrity and 
digestive ability of the small intestine. When calves are weaned, due 
to the imperfect digestive system of calves and the change of dietary 
structure, it is easy to lead to the contraction of intestinal villi, the 
decrease of digestion and absorption enzyme activity of calves. 
We found that the supplementation of L. reuteri L81 increased the 
height of small intestinal villi, reduced the depth of crypts, and also 
had a positive effect on increasing the ratio between the two. The 
small intestinal villi mainly absorb amino acids, glucose, inorganic 
salts and other substances from the epithelial cells of the intestinal 
mucosa to provide nutrition for the body. The ratio of villus height 

FIGURE 6

Effects of L. reuteri L81 on the intestinal microbiota composition of weaned calves at the level of phylum and genus. (A) The microbiota composition 
of bacteria at the phylum level. (B) The microbiota composition of fungal at the phylum level. (C) The microbiota composition of bacteria at the genus 
level. (D) The microbiota composition of fungal at the genus level. CD, ctrl group duodenum; CJ, ctrl group jejunum; CI, ctrl group ileum; RD, L. reuteri 
L81 group duodenum; RJ, L. reuteri L81 group jejunum; RI, L. reuteri L81 group ileum.
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to crypt depth can comprehensively reflect the digestion and 
absorption of the intestine. The larger the ratio, the more epithelial 
cells in the small intestine, the larger the absorption area of the small 
intestine, and the higher the absorption and utilization of nutrients. 
The results showed that the L.reuteri L81 increased the average daily 
gain of calves after weaning. It was speculated that this was related 
to the increase of villus height and the ratio of villus height / crypt 
depth, which was similar to the results of previous studies (Wang 
et  al., 2020). In short, L. reuteri L81 enhances the integrity of 
intestinal tissue morphology in weaned calves, thereby promoting 
nutrient absorption and weight gain.

4.5. Expression of intestinal tight junction 
protein and cytokines related genes

There is a group of protein complexes composed of 
transmembrane proteins such as ZO-1, Occludin and Claudins 
between intestinal epithelial cells, which play a key regulatory role 
in maintaining intestinal barrier function and preventing intestinal 
mucosal injury (Günzel and Yu, 2013; Kuo et al., 2021). Bacteria 
and toxins can enter other tissues or organs through the damaged 
intestinal epithelial cell tight junction protein, thus causing bacterial 
and toxin translocation and many diseases. It has been reported that 

the supplementation of probiotics can enhance the intestinal 
physical barrier function by increasing the expression of intestinal 
epithelial tight junction protein. For example, Lactobacillus 
rhamnosus GG can protect the intestinal mucosa of rats from PTG 
induced damage by preventing the decrease of the expression of 
intercellular connexin (Orlando et al., 2018). Lactobacillus reuteri 
LR1 isolated from the feces of weaned piglets can increase the 
protein content of tight junction protein, ZO-1 and Occludin in 
IPEC-1 cells infected by ETEC K88 (Yi et al., 2018). In this study, it 
was found that the gene expression of ZO-1, Claudin-1 and Occludin 
in jejunum mucosa and Claudin-1 in the ileum were significantly 
increased after weaning of Holstein calves supplemented with 
L. reuteri L81 before weaning, which was consistent with the results 
of previous studies. It shows that L. reuteri L81 plays an important 
role in enhancing intestinal barrier function and maintaining 
intestinal health. In addition, we  also found that L. reuteri L81 
significantly enhanced the gene expression of TGF-β1 in jejunum 
and ileum mucosa, and significantly reduced the gene expression of 
IL-8 in jejunum and INF-γ in ileum, indicating that this strain can 
regulate the immune performance of calves after weaning by 
enhancing the expression of anti-inflammatory factors and 
inhibiting the expression of pro-inflammatory factors, and reduce 
the intestinal mucosal damage caused by pathogenic bacteria, 
thereby alleviating the occurrence of weaning diarrhea in calves.

FIGURE 7

LEfSe analysis of intestinal microbiota in weaned calves. (A) Histograms of LEfSe analysis of duodenal bacteria in the Ctrl group and L. reuteri L81 
group. (B) Histograms of LEfSe analysis of ileal bacteria in the Ctrl group and L. reuteri L81 group. (C) Histogram of LEfSe analysis of ileal fungi in the 
Ctrl group and L. reuteri L81 group. (D) Histogram of LEfSe analysis of jejunum fungi in the Ctrl group and L. reuteri L81 group. The ordinate of the 
histogram is the classification group with significant difference between groups, and the abscissa is the bar chart showing the logarithmic score of LDA 
of each classification group. The longer the length is, the more significant the difference of taxon is. The color of the bar chart indicates the sample 
group with the highest abundance corresponding to the taxon.
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4.6. Enzyme activity in small intestine

The activity of digestive enzymes in the digestive tract is an 
important indicator of digestive function in animals. Na+/K+-ATPase 
is a transmembrane protein that plays an important role in 
maintaining Na+ −dependent transport vectors, such as sodium 
glucose co-transporter 1 (SGLT1)-mediated glucose transport 
(Manoharan et al., 2018). A previous study showed that children with 
ulcerative colitis with severe proctitis have significantly lower Na+/
K+-ATPase activity than those with remission stage ulcerative colitis 
or with normal rectal mucosa, which may lead to impaired sodium 
transport-induced diarrhea (Ejderhamn et al., 1989). Additionally, 
B. amyloliquefaciens supplementation significantly increased intestinal 
Na+/K+-ATPase activity in piglets (Hu S. et al., 2018). Consistent with 
the previous findings, L. reuteri supplementation significantly 
increased the activity of Na+/K+-ATPase in the duodenum, jejunum, 
and ileum of weaned calves.

4.7. Regulation of intestinal microbiota

The intestinal microbiota plays crucial roles in the development, 
maturation, and homeostasis of the mucosal immune system (Hou 
et al., 2022), and an imbalance in the intestinal microbiota is associated 
with several diseases that cause inflammation of the intestinal tissue 
(Malmuthuge et al., 2015). Maintaining normal intestinal microbiota 
structure is necessary to maintain a healthy gut. There is increasing 
evidence that early intervention of intestinal microbiota during critical 
periods may be a promising method for improving intestinal microbial 
colonization (Xiang et al., 2020). Supplementation with probiotics 
improves early intestinal health and reduces intestinal diseases in 
calves (Aidy et al., 2013; Gensollen et al., 2016). This study conducted 
16S rRNA and ITS gene amplicon sequencing on the small intestine 
contents of Ctrl and R groups of calves on the 21st day after weaning 
to analyze the effect of L. reuteri L81 on the composition and diversity 
of intestine microbiota in weaned calves.

Intestinal microbial diversity is related to the age, disease status and 
growth rate of calves. For example, intestinal microbial diversity was 
significantly lower in calves with diarrhea than in healthy calves 
(Oikonomou et  al., 2013). Previous studies have shown that the 
supplementation of probiotics to calf diets can alter intestinal bacterial 
diversity and colony composition in the gastrointestinal tract (Wen 
et al., 2022). An abundant intestinal microbiota can resist pathogenic 
bacteria invasion; moreover, the higher the microbiota diversity the 
better is the nutritional status of the intestinal tract. In the present 
study, L. reuteri L81 supplementation increased the number of unique 
ASVs compared with the Ctrl group, with an increase in Chao1 and 
Shannon indices of intestinal microbiota, indicating that Lactobacillus 
enhanced the abundance and diversity of intestinal microbiota and 
improved disease resistance. Some studies have shown relatively low 
microbial diversity in the small intestine, similar microbial composition 
and diversity in the ileum and hindgut of Aohan Fine Wool Sheep, and 
significantly lower intestinal microbial diversity and abundance in the 
foregut than in the hindgut (Ma et al., 2022). In the present study, the 
number of unique ASVs and Chao1 and Shannon indices was 
significantly higher in the ileum than in the duodenum and jejunum, 
indicating a higher bacterial diversity and abundance in the ileum than 
in the duodenum and jejunum, which was consistent with previous 

findings (Myer et al., 2016; Freetly et al., 2020). However, there was no 
significant difference in Simpson index among the groups, indicating 
that L. reuteri L81 supplementation did not significantly affect bacterial 
uniformity in each intestinal segment. Additionally, NMDS analysis 
showed significant separation of microbial composition in the ileum, 
duodenum, and jejunum of calves with supplemented L. reuteri L81, 
indicating a certain difference in microbial community composition 
between the ileum and other intestinal regions, which is consistent 
with the research results of Chinese Mongolian sheep. NMDS analysis 
showed that there was a significant separation in microorganism 
composition in the ileum, duodenum, and jejunum of calves fed 
Lactobacillus-supplemented diet, indicating that there was a certain 
difference in the composition of microbial communities in the ileum 
and other intestinal regions, which was consistent with findings in 
Chinese Mongolian sheep (Zeng et al., 2017).

High-throughput sequencing showed that Firmicutes, Bacteroides, 
and Actinobacteria were the dominant bacteria in the small intestine 
of weaned calves. Firmicutes can participate in energy absorption in 
the intestine (Tap et al., 2010), and Firmicutes have been shown to 
be  the dominant flora in the small intestine of ruminant and 
monogastric animals (Costea et al., 2017; Liu et al., 2019). The small 
intestinal microbial community is mainly composed of rapidly 
growing facultative anaerobic bacteria that can tolerate the combined 
effects of bile acids and antibiotics and effectively compete with the 
host and other bacteria for simple carbohydrates. Bile acids secreted 
by the proximal bile duct can inhibit the growth of Bacteroides spp. 
(Donaldson et al., 2016), which was confirmed by the relatively low 
abundance of Bacteroidetes in the duodenum and jejunum of calves in 
the present study, regardless of whether L. reuteri L81 was 
added or not.

At the genus level, there were similarities and differences in the 
dominant bacterial genera in various segments of the small intestine, 
which may be related to the physiological function of each intestinal 
segment. Specifically, L. reuteri L81 supplementation decreased the 
relative abundance of Dialister in the various segments of the small 
intestine. Among the human intestinal microbiota, Dialister has one 
of the lowest average abundances of core bacteria, but its role in the 
microbiota is poorly understood. However, the low abundance of 
Dialister has been shown to be related to Crohn’s disease (Joossens 
et al., 2011). L. acidophilus NCFM strain and cellobiose symbiotic 
bacteria supplementation for three weeks increased the relative 
abundance of Bifidobacterium, Collinsella, and Eubacterium, and 
decreased the relative abundance of Dialister, which is similar to the 
results of the present study. Bifidobacteria can improve the intestinal 
epithelial barrier function in animals by inhibiting the secretion of 
pro-inflammatory factors and improving the expression of intestinal 
tight junction proteins (Ling et  al., 2016; Dong et  al., 2022). An 
in-depth study of Lactobacillus showed that this bacterium could 
maintain the intestinal epithelial barrier function by inhibiting 
intestinal epithelial cell apoptosis, upregulating the expression of 
intestinal tight junction proteins, and improving the integrity of the 
intestinal mucosa (Hu S. et al., 2018; Zhou et al., 2022). Oscillospira is 
a genus of bacteria capable of producing short-chain fatty acids, such 
as butyric acid, which has positive effects in certain specific diseases 
and is considered a candidate for the next generation of probiotics 
(Yang et al., 2021). Several factors, including probiotics and prebiotics, 
promote the enrichment of Oscillospira spp. In the present study, 
L. reuteri L81 supplementation enriched Bifidobacterium, 

https://doi.org/10.3389/fmicb.2023.1249628
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2023.1249628

Frontiers in Microbiology 16 frontiersin.org

Lactobacillus, and Oscillospira in the duodenum, jejunum, and ileum, 
indicating that L. reuteri L81 can improve the intestinal barrier 
function of calves by promoting the relative abundance of probiotics, 
thereby alleviating weaning diarrhea. Several studies have shown that 
Collinsella and Bifidobacterium can modify host bile acids and 
regulate the virulence of intestinal pathogens (Elisha et al., 2017). 
Bacteroides and Odoribacter play important roles in maintaining the 
balance between intestinal microbiota and intestinal barrier function 
(Li et al., 2012). The enrichment of these bacteria in the ileum plays a 
positive role in maintaining the intestinal health in weaned calves. 
Additionally, L. reuteri L81 supplementation enriched fungi in the 
jejunum and ileum, indicating that the addition of this bacterium also 
had an impact on the composition of the fungal. For example, the 
Thermomycetes was enriched in the jejunum and ileum of the 
L. reuteri L81 group. Research has shown that Thermomyces is an 
excellent hemicellulose degrading bacterium that secretes xylanase 
(Lu et  al., 2022). Increased serum triglyceride concentration and 
metabolic biomarkers in mice, including the deposition of hepatic 
lipids, weight gain, correlate with increased abundance of the fungal 
Thermomyces and decreased Saccharomyces (Mims et  al., 2021). 
Research suggests that intestinal fungi are related to host health and 
disease; however, the role of fungi in intestinal health requires 
further study.

5. Conclusion

In our previous study, fecal microbial transplantation was carried 
out with Xinjiang yak as donor and Holstein calf as recipient. In this 
research, two strains of Lactobacillus (L. reuteri L81and L. johnsonii 
L29) isolated from the feces of Holstein calves after low concentration 
fecal microbiota transplantation had a positive effect on the growth 
performance, immune and antioxidant capacity in weaned calves, and 
alleviated weaning diarrhea by reducing intestinal permeability. 
Supplementation of L. reuteri L81 before weaning significantly 
reduced the ileal crypt depth and increased the ratio of villus height 
to crypt depth of ileal after weaning. It significantly up-regulated gene 
expression of tight junction proteins ZO-1, Claudin-1, Occludin and 
cytokine TGF-β1 in jejunum mucosa, and increased gene expression 
of Claudin-1 and TGF-β1 in the ileum mucosa, reduced gene 
expression of pro-inflammatory factor IL-8 in the jejunal mucosa and 
INF- γ in the ileal mucosa. L. reuteri L81 also significantly increased 
the Na+- K+- ATPase activity in the small intestine of weaned calves. 
In addition, it promotes the enrichment of beneficial bacteria 
Bifidobacterium, Lactobacillus, and Oscillospira in the small intestine. 
To sum up, L. reuteri L81 can effectively improve the intestinal tissue 
morphology of calves after weaning, enhance the intestinal epithelial 
barrier function, alleviate stress reactions and intestinal damage 
caused by early weaning, and help enhance the resistance of calves to 
weaning diarrhea.
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