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Sciences, Shihezi University, Shihezi, China

This study was conducted to investigate the effect of fecal microbiota
transplantation (FMT) from yaks on weaning diarrhea, fecal microbiota
composition, microbial network structure and functional pathways in Chinese
Holstein Calves. In this study, 50 calves were randomly divided into five groups
of 10 each: NC group (no supplementation), Control group (normal saline),
low concentration FMT group (LFMT, 1 x 10® CFU/ml), high concentration
FMT group (HMFT, 1 x 10° CFU/ml), and sterilized FMT group (SMFT, sterilized
bacterial solution). The test lasted for 30days. We found that FMT reduced the
incidence of diarrhea in weaned calves, and the anti-diarrhea effect of LFMT
was stronger than those of HFMT and SFMT. Calf feces were collected by
rectal palpation on days 5, 10, 15, and 20 post-weaning, and high-throughput
sequencing of bacterial 16S rRNA and fungal internal transcribed spacer
region of fecal microbiota was performed. We observed that the richness
and diversity of bacterial microbiota in the LFMT, HFMT, and SFMT groups
were higher than those in the NC and Control groups at day 20 after weaning.
The treatment had a significant effect on bacterial richness (p < 0.05), but
not on fungal diversity or richness. The analysis of gut microbiome showed
that Firmicutes and Bacteroides were the main bacterial phyla in the feces of
weaned calves, and norank_ f Muribaculaceae, UCG-005, Rikenellaceae_RC9_
gut_group, Bacteroides, and Blautia were the main genera. Ascomycota
and Basidiomycota were the main fungal phyla. Compared to abundance
parameters in the Control and NC groups, relative abundances of Firmicutes
in the FMT groups increased at different time points after weaning. The
relative abundance of Blautia and Lactobacillus in the LFMT group increased
significantly after weaning. In addition, abundances of Ruminococcus and
Romboutsia, which produce short-chain fatty acids, were also increased in
different FMT groups. FMT significantly increased the relative abundance of
beneficial bacteria, enhanced the complexity of the fecal microbial network,
and promoted important metabolic and cellular processes in weaned calves.
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In conclusion, our study provides a reference and theoretical basis for FMT to
prevent calf weaning diarrhea and other intestinal diseases in ruminants.
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fecal microbiota transplantation, post-weaning diarrhea, fecal microbiota, microbial
network structure, functional prediction, calf

Introduction

Weaning is one of the most stressful periods in calf’s life
(Clark et al., 2016). Owing to the incomplete development of
gastrointestinal system and intestinal microbial ecosystem of
weaned calves, weaning stress occurs in the face of sudden changes
in feeding environment (single column to group feeding) and diet,
leading to gastrointestinal dysfunction and diarrhea (Wang et al.,
2021). The high incidence of diarrhea in weaned calves is a major
cause of stunted growth and mortality, which severely affects calf
welfare and causes substantial economic losses to cattle industry
(Pempek et al., 2019). Therefore, post-weaning diarrhea of calves
has become an urgent problem that needs to be solved to promote
the development of bovine husbandry.

Currently, antibiotics are widely used in animal husbandry to
treat or prevent diarrhea and promote livestock growth (Brown
et al,, 2017). However, many studies have shown that the long-
term use of antibiotics not only disrupts the normal community
structure of animal gut microbes, but also increases the presence
of disease and drug-resistant bacteria in the gut (Listed, 2014).In
addition, cattle are food-producing animals, so residual antibiotics
in the body may also seriously affect food safety and pose a great
threat to human health (Zhang et al., 2019; Shao et al., 2021).
Therefore, finding green and pollution-free antibiotics alternatives
to prevent diarrhea in early weaned calves is crucial for animal
husbandry development and food safety.

The animal gut contains many complex microorganisms,
including bacteria, fungi, viruses, which are closely related to host
health. It has been established that rebuilding a healthy gut
microbial community is an effective way to prevent or treat
gastrointestinal diseases in animals (McKenney and Pamer, 2015).
During fecal microbiota transplantation (FMT), the functional
microbiota in the fecal bacterial fluid of healthy donors is
transplanted into the gastrointestinal tract of a patient to treat
diseases by restoring the normal intestinal microbiota structure
(He etal., 2017). This approach has been clinically used in humans
as a highly effective treatment for inflammatory bowel disease,
irritable bowel syndrome, metabolic syndrome, and other
conditions (Smits et al., 2013; Leshem et al., 2019). More and more
studies have shown that FMT also has good application potential
in livestock and poultry production. For example, FMT effectively
improved the intestinal microbiota structure and intestinal
epithelial barrier function of calves with passive immunity failure
(Wu, 2018). Furthermore, altering the gut microbiota of
pre-weaned calves treated diarrhea and positively affected calf
performance and health (Kim et al., 2021).
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However, to the best of our knowledge, the application of
FMT for the prevention of post-weaning diarrhea in calves has
not been reported. In addition, the exact mechanism of FMT
positive effects is unclear. Therefore, in this study, we sought to
establish if transplantation of fecal microbiota from healthy
donor yaks can prevent post-weaning diarrhea in recipient
Chinese Holstein calves. Yaks are herbivorous ruminants, mainly
living in high mountains with an average altitude of more than
3,000 m centered on the Qinghai Tibet Plateau of China. Yaks
have strong adaptability and disease resistance. Our previous
studies showed that the changes in the composition and
structure of fecal micromicrobiota before and after weaning of
yaks were helpful for yaks to adapt to high altitude, high cold
and free grazing, and reduce the occurrence of weaning stress.
At present, there are few studies on bovine FMT, and there are
few studies on cross species transplantation of different kinds of
bovine intestinal microorganisms to analyze their functions.
We speculate that if the functional microbiota in yak feces can
be transplanted into the intestines of Holstein calves, it may help
to improve the intestinal microbiota and reduce calf diarrhea
caused by weaning stress. Therefore, this study takes yaks as
FMT donors, and analyzes the impact of FMT on the structure
of calf fecal bacteria through 16S rRNA amplicon gene
sequencing. We analyzed the effect of FMT on the structure of
calf fecal bacterial microbiota by 16S rRNA amplicon gene
sequencing. In addition, given that an increasing number of
studies show that fungi play an important role in animal
intestinal health (Fiers et al., 2020; Doron et al., 2021), we also
studied the effect of FMT on the structure of fecal fungal
microbiota by sequencing the amplified fungal internal
transcribed spacer (ITS) region in the sample group with low
diarrhea rate and in control animals. Finally, the effect of FMT
on the structure and potential function of calf intestinal
microbial network was analyzed, which provided new insights
for understanding possible ways to prevent diarrhea in weaned
calves and establish a theoretical basis for the application of FMT
in ruminants.

Materials and methods
Ethics statement
Animal experiments were conducted in compliance with the

regulations of the Administration of Affairs Concerning
Experimental Animals (Ministry of Science and Technology,
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China; revised in June 2004). This study was approved by the
Bioethics Committee of the Shihezi University (no. A2021-32).

Preparation of bacterial suspension for
fecal microbial transplantation

FMT donor screening in this study was carried out using the
criteria of human clinical FMT and porcine FMT donor screening
(Cammarota et al., 2017; Hu et al., 2018a). Weaned yaks in
Xinjiang, China, which had not been treated with antibiotics
within 1 month and had no abnormalities in genetic background,
drug history, medical history, growth development, behavioral
characteristics, or presence of common pathogens and infectious
diseases, were selected as fecal donors. The structure of fecal
microbiota in yaks is shown in Supplementary Table 1. The
preparation of bacterial suspension of donor yak feces (Hamilton
et al, 2012), the fecal homogenization solution was filtered
through sterile medical gauze and a stainless-steel sieve to remove
large particles, after which it was further filtered through 2.0, 1.0,
0.5, and 0.25-mm stainless steel sieves to remove food residues
and small particles in the feces. The filtrate was then collected. The
obtained filtrate was transferred into a sterile centrifuge tube and
centrifuged at 4°C, 6,000 x g for 15min. The supernatant was
decanted, and 2xvolume normal saline was added to the
precipitate and centrifuged again. The process was repeated 3
times to make a uniform, colorless, and odorless fecal suspension.
Viable bacteria of the filtered fecal bacterial liquid were counted
in the Petroff Hauser chamber using optical microscope and
methylene blue staining. The concentration of bacteria in the
suspension was adjusted to 1x10°CFU/ml or 1x10°CFU/ml,
according to the counting results, and finally, sterile glycerol was
added to a concentration of 10%, and 5ml samples were frozen at
—80°C in a cryovial until use.

Feeding of FMT recipient cattle

Fifty Chinese Holstein calves 50+ 3 days in age and similar
body weight (78.85 +2.56 kg) were selected and randomly divided
into five groups of 10 calves each. Recipient cattle were screened
according to the Supplementary Table 2 criteria. To avoid cross-
contamination, all calves were housed in calf islands
(1.8x1.4x1.2m). Then, at 07:00 and 18:00 every day, the calves
were fed twice from two equal volume plastic buckets. From day
50 to day 56, the amount of milk was 51/days (2.51/meal). On days
57-60, the calves were fed once a day, and the milk volume was
reduced to 11/day. After weaning on day 61, the calves were not
fed milk. Feeding milk was produced by the same farm and
pasteurized at 60°C for 1h before use. The starter concentrate was
provided by Xinjiang Urumgqi Chia Tai Feed Co., Ltd. (Urumqi,
China), and the calves were fed from postnatal day 4. All calves
had free access to water and starter concentrate. The composition
of the starter concentrate is shown in Supplementary Table 3.
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FMT experiment design and sample
collection

From postnatal day 50 to postnatal day 60, group 1 was fed
normally, without any treatment, so it was the negative control
(NC) group. Group 2 was given 5ml of sterile normal saline every
other day during morning feeding (Control group). Group 3 was
given 5ml of a 1x10®CFU/ml fecal bacterial suspension every
other day during morning feeding. This group was marked as low
concentration FMT (LEMT) group. Group 4 was given 5ml of a
1x10° CFU/ml fecal bacterial suspension every other day during
morning feeding and marked as high concentration FMT
(HFMT) group. Group 5 was given 5ml of bacterial liquid
sterilized at 103kPa and 121°C for 15min on the next day. This
group was marked as sterilized FMT (SFMT) group. All fecal
bacterial fluid samples were revived in a 37°C water bath before
administration. In order to prevent the inactivation of fecal
microorganisms affected by gastric acid, sterile sodium
bicarbonate solution was added to the fecal bacterial suspension
after resuscitation before feeding, and the final concentration of
sodium bicarbonate was 1.2%. In addition, fecal bacterial
suspension was fed in a bottle to achieve the purpose of fecal
bacterial transplantation and intestinal microbiota regulation
(Hamilton et al., 2012; Wu, 2018). The experiment lasted for
30days. The entire study was conducted at the Tianjin Farm of
Tianshan Military Reclamation Company in Shihezi, Xinjiang,
China from April to June 2021.

Before morning feeding on the 5th, 10th, 15th, and 20th day
after weaning, five calves were selected from the NC, Control,
LFMT, HFMT and SFMT groups respectively, and their feces
were collected by rectal palpation. The fresh feces were placed
into 2ml frozen tubes sterilized by high temperature and high
pressure. Three frozen tubes were collected from each calf, and
fecal sample of each frozen tube was about 0.5 g. The frozen tube
containing fecal samples was quickly frozen in liquid nitrogen
and stored at —80°C after being transported to the laboratory
for analysis.

Analysis of the diarrhea rate and diarrhea
index

From the day of weaning to the 20th day after weaning, the
feces of each calf in each group were scored with reference to the
diarrhea index scoring method at 09:00 every morning as follows:
normal feces (solid) were scored as 0 points; wet feces
(semi-solid)—as 1 point; mild diarrhea (mushy stool)—as 2
points; severe diarrhea (watery stool)—as 3 points. Scores
indicating mild or severe diarrhea were considered to signify
diarrhea occurrence. The numbers of days and calves with
diarrhea during the test period were recorded for diarrhea index
and diarrhea rate statistics (Mcguirk, 2008). The following
formulas were used to calculate the diarrhea rate and diarrhea
index for each group of calves:
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Diarrhea rate (%) = Y number of calves with diarrhea in each
group x number of days with diarrhea/(test daysxnumber of
calves in each group) x 100%.

Diarrhea index=Sum of diarrhea scores of calves in each
group during the test period/(test daysxnumber of calves in
each group).

High-throughput sequencing of bacterial
16S rRNA gene and fungal its region

Total microbial community genomic DNA was extracted from
stool samples according to the instructions for the use of the
E.ZN.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA,
United States). DNA purity and concentration were determined
using a NanoDrop2000 ultra-micro spectrophotometer (Thermo
Fisher Scientific, Wilmington, United States); DNA integrity was
detected by 1% agarose gel electrophoresis at a voltage of 5V/cm
for 20 min.

Bacterial primers 338F (ACTCCTACGGGAGGCAGCAG)
and 806R (GGACTACHVGGGTWTCTAAT) were used to
amplify the V3-V4 region of the bacterial 16S rRNA gene (Guo
et al., 2018). The primer sequences for the amplification of the
fungal ITSIF-ITS2R region were F: 5-CTTGGT
CATTTAGAGGAAGTAA-3" and R: 5-GCTGCGTTCT
TCATCGATGC-3" (Zhu et al., 2019). Three PCR replicates
were performed for each sample. The PCR products of the
three replicates were mixed, and the product was extracted
from 2% agarose gel and purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA,
United States), then detected by 2% agarose gel electrophoresis
and quantified with Quantus™ Fluorometer (Promega,
United States). The Illumina’s Miseq PE300 platform (Illumina,
San Diego, United States) was used for sequencing at Shanghai
Meiji Biomedical Technology Co., Ltd. (Shanghai,
China).

Bioinformatics analysis

To obtain high quality and accurate results for bioinformatics
analysis, quality control and filtering of the original data were carried
out. The quality of the original sequence was controlled by fastp
software (Chen et al., 2018; version 0.20.0)." Flash software (Mago
and Salzberg, 2011; version 1.2.7)> was used to splice the sequences.
Using uparse software (Edgar, 2013; version 7.1),” we performed
operational taxonomic unit (OTU) clustering of bacterial and fungal
sequences according to a similarity threshold of 97% (Stackebrandt
and Goebel, 1994). We also used Silva 16S rRNA database (v138) and
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unite ITS fungal database (release 8.0),* removed singletons® and
applied the Bayesian algorithm with the Ribosomal Database Project
classifier (version 2.2)° to perform taxonomic analysis of OTU
representative sequences at a similarity threshold of 97%. Then, the
sparse curve was drawn based on the Chao and Shannon indices by
using R language tool through the Meiji bioscience cloud platform.
Using the Bray—Curtis distance algorithm and the Vegan package in
R software for the analysis of similarities (ANOSIM), we assessed the
similarity of community composition between all groups. Based on
the partial least squares regression model, the partial least squares
discriminant analysis (PLS-DA) was performed to determine the
community structure data. According to the results of taxonomic
analysis, the R language tool (version 3.3.1) was used to draw the
column diagram of the species composition of fecal microorganisms
at the phylum and genus levels. Colony composition and abundance
of each group of microorganisms at the phylum and genus levels
were presented by bar diagrams, and the phyla and genera with
significant differences in fungi were determined by the Kruskal-
Wallis H-test. According to the one-against-all comparison strategy,
taking LDA score >3 (p<0.05) as the critical value, the species with
significant differences in abundance between groups were found
using the linear discriminant analysis Effect Size (LEfSe). The
correlation network of fecal microorganisms at the genus level was
constructed by NetworkX software to analyze the impact of FMT on
species interaction. The functions of the bacterial 16S rRNA gene
sequence and fungal ITS gene sequence were predicted based on
PICRUSt2 (phylogenetic investigation of communities by
reconstruction of unobserved states) software.

Statistical analysis

Sequence data analysis was mainly carried out by Miseq PE300
and R software package. The diarrhea rate and diarrhea index were
analyzed by one-way analysis of variance using SPSS 26.0 software.
Fungal Alpha diversity index was analyzed using the independent
samples t-test. Data are expressed as the mean + standard error of
the mean. Effects were considered statistically significant if p <0.05.
The fecal microbial data of calves over the whole experimental
period were used as repeated measures data for analysis using the
Proc Mixed model in SAS9.2. Fixed effects included experimental
treatment, time, and experimental treatment x time interaction.
Individual calf data in each treatment were used for the analysis.

Results

FMT effect on the diarrhea rate

Fecal morphology was monitored from day 1 to day 20 after
weaning in calves of all five experimental groups. The diarrhea
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rate and diarrhea index of calves on days 1-5, 6-10, 11-15, and
16-20 after weaning are shown in Table 1. We found that the
diarrhea index and diarrhea rate of calves in the FMT groups were
lower than those in the NC and Control groups 10days after
weaning (P<0.01). The diarrhea rate and diarrhea index of the
HEMT group and LFMT group were lower than that of other
groups at days 11-15 after weaning (NC vs. LEFMT, p=0.046).
During the whole experiment, the total diarrhea rate of the LFMT
group was low. The above results showed that FMT alleviated the
symptoms of weaning diarrhea in calves, and the effects of the two
concentrations of fecal microbiota were different.

Sequencing results

In this study, we investigated the effect of FMT on fecal
microbiota communities in calves at four post-weaning time
points (days 5, 10, 15, and 20 post-weaning) through 16S rRNA
and ITS region amplification and sequence analysis. A total of
4,716,547 high-quality sequences of 16S rRNA genes were
obtained from post-weaning calf fecal samples. The average
number of high-quality sequences per sample was 47,165 (32,101
64,932), and the average sequence length was 415 bp. In addition,
2,831,345 optimized sequences of the ITS region were obtained,
with an average number of 80,895 (32,597-114,298) sequences per
sample and an average sequence length of 232bp. All sequences
were clustered into 1,944 bacterial and 708 fungal OTUs based on
the 97% sequence similarity threshold.

The total number of bacterial core OTUs in NC, Control,
LFMT, HEMT and SEMT groups at 5, 10, 15 and 20 days after
weaning were 339, 376, 394 and 384, respectively. In addition, at
different time points after weaning, 83, 85, 94 and 45 OTUs unique
to group NC respectively, 99, 72, 84 and 55 OTUs unique to group
Control respectively, 48, 74, 73 and 110 OTUs unique to group
LEMT respectively, 149, 316, 86 and 106 OTUs unique to group
HEMT, respectively, and 30, 48, 73 and 92 OTUs unique to group
SEMT, respectively. In fungal analysis, there were 61, 70, 108 and
108 core OTUs in all samples at 4 time points after weaning. The

10.3389/fmicb.2022.898505

specific OTUs of Control group were 203, 73, 158 and 57, and that
of LEMT group were 88, 118, 63 and 153 (Figure 1). The NC
containing the unique OTUs mostly annotated to Rikenellaceae_
RC9_gut_group, etc. The Control containing the unique OTUs
mostly annotated to Prevotella, etc. The LFMT contains the unique
OTUs mostly annotated to Lactobacillus, etc. The main annotation
of HFMT specific OTUs are Lysobacter_ deserti, uncultured_
bacterium_ g Fermentimonas and uncultured_ bacterium_g__
Eubacterium_ ruminantium_Group, etc. The main annotation of
OTUs specific to SEMT are Clostridiaceae_bacterium_DJF_VR76,
Ruminococcus_sp._HUN007
g Prevotella.

and anuncultured_bacterium_

As shown in Figure 2, with the increase of reads, the dilution
curves of the Chao and Shannon indices of the fecal microbiota
flattened, additionally, the community coverage of all samples was
higher than 99% (Table 2), indicating that the sequencing data
reached saturation, which covered most of the species in the
group community.

Diversity analysis of fecal microbiota

The Alpha diversity indices of the fecal microorganisms of
weaned calves are shown in Tables 2, 3. The coverage index of each
sample was >0.993, indicating that sequencing results reflected
the real compositions of the samples. The bacterial Alpha diversity
index analysis showed that there was no significant difference in
the bacterial diversity between the NC and Control group at all
four time points. We found that the abundance-based coverage
estimator (ACE) indices of the FMT treatment groups (LFMT,
HEMT, and SEMT) were lower than those of the NC group at days
5, 10, and 15 after weaning (Table 2), whereas they were higher
than those of the NC group at day 20 after weaning. The Chaol
indices of the FMT treatment groups were lower than those of the
NC and Control groups at day 5 after weaning, and higher than
that of the Control group at day 20 after weaning. The Shannon
index in the LEMT group was significantly lower than that in the
NC group (p<0.05) at days 10 and 15 after weaning, but higher

TABLE 1 Effects of different FMT treatments on diarrhea incidence and diarrhea index of weaned calves at different time points after weaning.

Experimental treatments

Item SEM! P
NC Control LFMT HFMT SFMT

Incidence of diarrhea (1-5days), % 24.44 20.00 12.00 14.00 15.00 2.13 0.361
Incidence of diarrhea (6-10 days), % 13.33%0 24.44° 4.00° 16.00*° 5.00° 2.64 0.069
Incidence of diarrhea (11-15days), % 11.11 11.11 8.00 8.00 12.50 2.01 0.846
Incidence of diarrhea (16-20 days), % 17.78* 6.67%° 2.00° 4.00%° 12.50° 2.10 0.09
Diarrhea index (1-5 days) 0.80 0.78 0.52 0.48 0.53 0.07 0.393
Diarrhea index (6-10 days) 0.67¢ 0.98* 0.18° 0.66** 0.25%¢ 0.08 0.002
Diarrhea index (11-15 days) 0.58 0.47 0.38 0.42 0.53 0.04 0.568
Diarrhea index (16-20 days) 1.02* 0.64*" 0.12¢ 0.12¢ 0.50° 0.08 <0.01

Experimental treatments: NC, no supplementation; Control, normal saline; LEMT, 1 x 10° CFU/ml bacterial solution/calf/time; HEMT, 1 x 10° CFU/ml bacterial solution/calf/time; SEMT,
sterilized bacterial solution. **“In the same row, values with different letter superscripts mean significant difference (p <0.05). 'SEM, standard error of mean.
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FIGURE 1

Venn diagrams were used to show the number of OTUs common or unique by bacteria and fungi at four time points after weaning of Holstein
calves treated with different FMT. (A) Venn diagram of fecal bacteria on the 5th day after weaning. (B) Venn diagram of fecal bacteria on the 10th
day after weaning. (C) Venn diagram of fecal bacteria on the 15th day after weaning. (D) Venn diagram of fecal bacteria on the 20th day after
weaning. (E) Venn diagram of fecal fungi on the 5th day after weaning. (F) Venn diagram of fecal fungi on the 10th day after weaning. (G) Venn
diagram of fecal fungi on the 15 h day after weaning. (H) Venn diagram of fecal fungi on the 20th day after weaning.

(p<0.05) at day 20 after weaning. In addition, treatment had a effect on the fungal ACE, Chao, Shannon, and Simpson indices at

significant effect on bacterial Chao and ACE indices, whereas the the same time points (Table 3).

interaction between treatment and time had a significant effect on The similarity analysis of bacterial and fungal communities
bacterial Shannon and Simpson indices. The fungal Alpha in fecal samples at different time points after weaning of calves
diversity index showed that FMT treatment had no significant showed (Table 4) that bacterial communities clustered well in
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different sample treatment groups at days 5 (Bray-Curtis
ANOSIM =0.2958), 10 (Bray-Curtis ANOSIM =0.3164), 15
(Bray-Curtis ANOSIM=0.4168), and 20 (Bray-Curtis
ANOSIM =0.3629) after weaning, with differences between
groups being greater than those within groups. The fungal
community clustering results at days 5 (Bray-Curtis
ANOSIM =0.7949), 10 (Bray-Curtis ANOSIM =0.712), and 20
(Bray—Curtis ANOSIM = 0.3938) after weaning also showed that
the differences between groups were significantly greater than
those within groups. The results of the PLS-DA (Figure 3)
showed that the samples from calves that received different
concentrations of fecal microbiota and those from the NC and
Control groups could be clearly distinguished and clustered.
Further, the FMT treatment had a significant effect on the
composition of intestinal microbiota at days 10 and 15 after
weaning. In addition, we selected Control group and LFMT
treatment group with low diarrhea rate for PLS-DA analysis, and
found that LFMT treatment also had a significant effect on
fungal community composition. It can also be seen from the
dispersion of the distribution of sample points in the PLS-DA
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that there are also differences among individual gut microbes of
different calves.

Analysis of fecal microbial community
composition

To explore the effect of FMT on fecal microorganisms of post-
weaning calves, we compared the compositions of fecal bacterial
community in the FMT treatment groups (LFMT group, HFMT
group and SEMT group) and NC and Control groups. The relative
abundance and composition of the 5 groups of samples at the
phylum level at four time points after weaning are shown in
Supplementary Table 4; Figure 4A. At the phylum level, gut
bacteria were dominated by Firmicutes and Bacteroidota, followed
by Actinobacteriota. At days 5 and 10 after weaning, abundances
of Firmicutes in the FMT treatment groups were higher than those
in the untreated groups, and the abundance in the LEFMT group
was significantly higher than that of the Control group at day 15
and that of the NC group at day 20 (p <0.05). The abundance of
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TABLE 2 Effects of different FMT treatments on the alpha diversity index of fecal bacteria in weaned Holstein calves.

Experimental treatment P
SEM!
NC Control LFMT HFMT SFMT Trt Time TrtxTime ControlxNC Controlx LFMT  Controlx HFMT  Control x SFMT

Coverage index

5days 0.995" 0.996*° 0.996* 0.995" 0.995* 0.00 <0.01 0.38 0.28 0.78 0.64 0.75 0.13
10days 0.994 0.997 0.996 0.995 0.998 0.00 0.79 0.82 0.66 0.15
15days 0.994 0.997 0.993 0.995 0.996 0.00 0.18 0.39 0.79 0.65
20days 0.995 0.996 0.993 0.996 0.994 0.00 0.42 0.11 0.17 0.28
ACE index

5days 595.68* 572.92*° 526.09*° 584.94° 392.89° 24.26 <0.01 0.63 0.08 0.77 0.51 0.87 0.08
10days 637.48* 585.88*" 508.82° 633.58° 434.05° 27.86 0.62 0.48 0.66 0.23
15days 618.08 537.73 592.47 546.12 500.07 20.31 0.25 0.49 0.89 0.65
20days 532.24*0 496.76" 620.41* 607.02¢ 614.05*° 20.53 0.38 <0.04 <0.05 0.18
Chao index

5days 608.96*° 591.66*° 535.87%" 577.94* 397.20° 25.17 <0.01 0.64 0.11 0.83 0.45 0.86 0.06
10days 653.12% 590.03*" 512.96" 638.63* 455.85" 27.77 0.54 0.48 0.66 0.28
15 days 644.76 555.58 600.158 554.83 485.96 21.78 0.23 0.53 0.99 0.43
20days 540.58*" 502.04° 626.00* 627.93* 610.87+" 21.19 0.34 0.04 0.03 0.20
Shannon index

5days 4.32¢ 4.21*° 4.01*° 4,09 3.81° 0.08 0.47 0.68 <0.01 0.58 0.27 0.75 0.06
10days 4.61° 4.31*° 3.71° 4.39*° 3.99° 0.09 0.36 0.08 0.82 0.27
15days 4.30° 4.05*° 4.10° 3.87° 4.12*° 0.06 0.20 0.82 0.49 0.76
20days 3.74 3.92 4.35 4.24 4.38 0.09 0.65 0.16 0.30 0.16
Simpson index

5days 0.041° 0.089*" 0.061* 0.031*® 0.045* 0.00 0.87 0.54 0.04 0.30 0.57 0.84 0.96
10days 0.015"¢ 0.017°¢ 0.055* 0.015¢ 0.050*" 0.00 0.84 0.01 0.78 0.15
15days 0.023" 0.060* 0.073* 0.141*° 0.037*° 0.01 0.07 0.67 0.44 0.54
20days 0.031 0.246 0.037 0.037 0.033 0.01 0.72 0.40 0.43 0.38

Experimental treatments: NC, no supplementation; Control, normal saline; LFMT, 1x 10° CFU/ml bacterial solution/calf/time; HFMT, 1 x 10° CFU/ml bacterial solution/calf/time; SEMT, sterilized bacterial solution; **“In the same row, values with different letter

superscripts mean significant difference (p <0.05). 'SEM, standard error of mean.
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TABLE 3 Effects of LFMT treatment on the alpha diversity index of
fecal fungi in weaned Holstein calves.

Experimental treatments

Control LFMT P

Coverage index

5days 0.9999 £ 0.0000 0.9998 + 0.0000 0.162
10 days 0.9998 + 0.0000 0.9999 + 0.0000 0.355
15days 0.9999 + 0.0000 0.9998 + 0.0000 0.811
20days 0.9997 + 0.0000 0.9998 £ 0.0000 0.258
ACE index

5days 87.47 +13.79 105.88 +£5.12 0.364
10days 77.37 +£3.78 64.71 £9.36 0.245
15days 91.70 £ 8.20 108.37 + 15.48 0.33
20days 107.46 + 8.90 81.20 + 8.49 0.072
Chao index

5days 86.63 +15.86 109.60 +4.71 0.325
10 days 75.35+3.45 61.95+9.67 0.228
15 days 90.20 + 8.97 108.39 + 17.57 0.34
20 days 109.55 £ 7.51 84.65 £ 8.95 0.079
Shannon index

5days 2.79+£0.23 2.48 +0.09 0.371
10 days 2.52+£0.03 2.69+0.12 0.208
15 days 2.58£0.12 3.11+£0.32 0.116
20days 2.81+0.33 221+0.19 0.139
Simpson index

5days 0.11 +£0.04 0.18 +£0.01 0.271
10days 0.16 +£0.01 0.14 £ 0.03 0.529
15 days 0.17 £0.01 0.09 £ 0.05 0.071
20 days 0.15+0.12 0.26 +£0.03 0.363

Experimental treatments: Control, normal saline; LFMT, 1 x 10° CFU/ml bacterial
solution/calf/time; The data at 4 time points after weaning are shown as mean + SEM.

TABLE 4 Similarity analysis of fecal bacteria and fungi in weaned
Holstein calves with different concentrations of FMT (ANOSIM).

. Binary-
iable! Bray-Curtis 1 }:1 _value?
Variable ANOSIM  Pvalue Jaccar: p-value
ANOSIM
Bacteria
5days 0.2958 0.001 0.3363 0.001
10 days 0.3164 0.001 0.295 0.001
15days 0.4168 0.001 0.307 0.002
20 days 0.3629 0.001 0.4138 0.001
Fungi
5days 0.7949 0.018 1 0.018
10days 0.712 0.004 0.492 0.004
15days 0.1692 NS 0.3026 NS
20days 0.3938 0.018 0.2813 0.035

!Calves treated with different concentrations of FMT before weaning on the 5th, 10th,
15th and 20th days after weaning.
’NS, no significant; (p >0.05).

Bacteroidota in the FMT-treated group was lower than that in the
untreated group over days 0-15 after weaning. In addition,
treatment and the interaction of time and treatment had
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significant effects on Spirochaetota abundance (p <0.05). At the
genus level, the fecal bacterial microbiota composition is shown
in Supplementary Table 5; Figure 4B. Norank_f_Muribaculaceae
and UCG-005 were the main genera, followed by Rikenellaceae_
Bacteroides, ~ Blautia,  unclassified_f_

norank_f_norank_o_Clostridia_UCG-014,
Prevotella, Alloprevotella, Treponema, norank_f__Eubacterium_

RC9_gut_group,
Lachnospiraceae,
coprostanoligenes_group,  Bifidobacterium_coprostanoligenes_
group, Bifidobacterium, and Ruminococcus. The relative
abundance of Blautia in the LEMT group was higher than that in
the NC and Control groups at four time points after weaning.
Lactobacillus was not detected in the Control group, at 5 days after
weaning in the NC group or HFMT group, but a small amount
was detected in the SEMT group at 15 days after weaning, and its
relative abundance was higher in the LEMT group. Norank_f_
Muribaculaceae, Rikenellaceae_RC9_gut_group, Bacteroides,
Blautia, unclassified_f_Lachnospiraceae, Alloprevotella, and
Treponema were not significantly affected by the treatment. The
interaction of treatment with time had a significant effect on the
abundance of Rikenellaceae_ RC9_gut group, norank_f_
norank_o_Clostridia_UCG-014, Prevotella, Ruminococcus, and
Christensenellaceae_R-7_group.

We analyzed the fungal community composition of Control
group and LFMT group with low diarrhea rate, and found that
Ascomycota and Basidiomycota were the main phyla of fecal fungal
colonies after weaning of calves, followed by unclassified_k_fungi,
Mortierellomycota, and Mucoromycota (Figure 5A). The relative
abundance of Ascomycota in the LEMT group was lower than that
in the Control group, whereas the relative abundance of
Basidiomycota was higher in the fecal samples at days 5, 10, and
15 after weaning. Relative abundances of Ascomycota,
Basidiomycota, and Mucoromycota were significantly different
between groups (p <0.05, Figure 5B). Aspergillus and Wallemia
were the main genera, followed by Naganishia, Lophotrichus,
Nigrospora, Penicillium, Saccharomyces, Kernia, unclassified_k_
Fungi, and Trichosporon. Relative abundances of Wallemia and
Naganishia in the LFMT group were higher than those in the
Control group at each time point. The fecal samples were then
analyzed for the significance of differences between the dominant
fungi genera. The results showed that at the genus level, there were
significantly different (p <0.05) or extremely significantly different
(p<0.01) among the top 5 genera at different time points
(Kruskal-Wallis H-test).

For further assessment of the differences in fecal microbiota
among the five groups of samples, linear discriminant analysis
(LDA) was carried out for fecal microorganisms at different
taxonomic levels with LDA >3 (p<0.05) as the critical value
(Figure 6). It was found that each treatment group had some
microorganisms that were significantly enriched on the phylum
and genus levels. Bacterial groups were analyzed, and norank_f_
Bacteroidales_RF16_group, Christensenellaceae_R-7_group, and
Prevotellaceae_UCG-003 were significantly enriched in the NC
group. Prevotella, Bifidobacterium, Erysipelotrichaceae_UCG-003,
and Roseburia were more abundant in the Control group. In the
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FIGURE 3
PLS-DA score plot to differentiate fecal microbial communities between the FMT and untreated groups at four time points after weaning. (A) Fecal
bacterial community among groups at 5 days after weaning. (B) Fecal bacterial community among groups at 10 days after weaning. (C) Fecal
bacterial community among groups at 15 days after weaning. (D) Fecal bacterial community among groups at 20 days after weaning. (E) Fecal
fungal community among groups at 5 days after weaning. (F) Fecal fungal community among groups at 10 days after weaning. (G) Fecal fungal
community among groups at 15 days after weaning. (H) Fecal fungal community among groups 20 days after weaning.

LFMT group, Romboutsia, Olsenella, Lachnospiraceae_NK3A20_
group, Candidatus_Saccharimonas, norank_f_Eggerthellaceae, and
Lactococcus were significantly more abundant than in other
groups. the HFMT group, UCG-005, Monoglobus,
Eubacterium_hallii_group, and several others were significantly
enriched. In the SEMT group, Planomicrobium, Burkholderia-
norank_f_Xanthobacteraceae,

In

Caballeronia—Paraburkholderia,
and others were more abundant. Fungal taxonomic analysis
showed that in the Control group, genus Mucor was significantly
enriched, followed by Symmetrospora. Trichosporon was more
abundant in the LFMT group, followed by Rhodotorula,
Wardomyces, and several other genera.

Fecal microbial network analysis
To explore the effect of FMT on fecal microbial interactions in

early weaned calves, we analyzed microbial networks for interactions
between the top 35 bacterial and fungal communities as judged by the
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total abundance at the taxonomic level.
Supplementary Table 6 illustrates interaction networks of fecal
microorganisms in bacterial NC, Control, LEMT, HFMT, SEMT

groups and fungal Control and LEMT groups. FMT treatment groups

Figure 7;

edge_ Num and average node connectivity were higher than NC
group and control group. We analyzed the Control and LEMT groups
that had higher network complexity and found that in the Control
group, bacteria norank_f_Prevotellaceae and Christensenellaceae_R-7_
group (degree=11) and fungus Wallemia (degree=15) had the largest
number of connected nodes, followed by norank_f__Eubacterium_
coprostanoligenes_group, UCG-005 (degree=10),
(degree=9), Pyrenochaetopsis, and Candida (degree=14). However,

Treponema

the more abundant genera in bacteria, such as Rikenellaceae_RC9_
gut_group (degree=3), and the most abundant fungal genus
Aspergillus (degree=3) had very low node connectivity. Furthermore,
we found 55 positive and 43 negative correlations in the bacterial
network lines of the Control group, and 78 positive and 50 negative
correlations in the fungal network lines. In the LEMT group,
norank_f__norank_o__ Clostridia_vadinBB60_group, Streptococcus,
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Chrysosporium (degree=16 for all) had the largest number of
connected nodes, followed by Lactobacillus, norank_f__UCG-010,
Paeniclostridium, Romboutsia (degree=15), Ruminococcus_torques_
group, Chaetomium (degree=14), UCG-005, Blautia, Kernia,
Sodiomyces, Acaulium, Acremonium (degree=13). In contrast, for
other genera with higher abundance, such as norank_f_
Muribaculaceae (degree=2) or Aspergillus (degree=1), node
connectivity was very low, whereas Rikenellaceae_RC9_gut_group
(degree=13) node connectivity was improved compared with the
Control group. After the FMT treatment, there were 60 positive
correlations and 70 negative correlations in bacterial network lines in
the LEMT group, 91 positive correlations and 48 negative correlations
in the fungal network, and the correlations were different compared
to those in the Control group.

Functional prediction

To predict changes in the metagenome functional content
following FMT based on 16S rRNA and ITS sequences, we used
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PICRUSE2 software. The results showed that at level 2 of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway, bacterial
functional characteristics were mainly enriched in metabolic
pathways such as carbohydrate metabolism, amino acid
metabolism, and energy metabolism (Figure 8A). One-way
analysis of variance was performed on functional pathways with
relative abundance greater than 1%, and differences in functional
gene metabolic pathways in bacterial microbiota between different
groups were observed. Five gene functional pathways, including
amino acid metabolism, metabolism of cofactors and vitamins,
nucleoside metabolism, signal transduction, and metabolism of
terpenoids and polyketides were different between groups at day
5 after weaning (Figure 8B). At day 10 after weaning, only the
folding, sorting, and degradation functional pathways were
significantly different (p <0.05). There were significant differences
in two functional pathways, nucleotide metabolism and glycan
biosynthesis and metabolism, at day 15 after weaning (Figure 8C).
There were significant differences in carbohydrate metabolism and
lipid metabolism between groups at day 20 after weaning
(Figure 8D). Analysis of the top 30 MetaCyc pathways in the
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FIGURE 5

the Kruskal-Wallis H-test. *p<0.05, **p<0.01 and ***p<0.001.
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relative abundance of fungal genomes showed that PWY-922
mevalonate pathway I was enriched in the LEMT group at day 5
after weaning (p <0.05). At day 10 after weaning, there were 23
significantly different functional pathways in the Control and
LEMT groups (Figure 8E; p<0.05), and the differential functional
pathways were mainly abundant in the LFMT group. At days 15
and 20 after weaning, no significant differences in gene functional
pathways were observed.

Discussion

The structure of gut microbiota is influenced not only by
genetic factors, but is also susceptible to population effects of diet,
health status, living environment, and environmental symbiotic
microorganisms (Bang et al., 2019). At weaning, gut microbiota
dynamically changes and is easily influenced by the surrounding
environment (Li et al, 2020; Zhang et al., 2021). Therefore,
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performing FMT during this period provides an opportunity to
improve the health of weaned calves by rebuilding the gut
microbiota structure.

Recently, FMT was shown to effectively improve the
symptoms of diarrhea in calves before weaning (Kim et al.,
2021). Our present results show that FMT before weaning had a
good preventive effect on diarrhea after weaning in calves, which
is consistent with a previous report about FMT efficacy in
improving diarrhea in piglets after weaning (Su et al., 2021). The
diarrhea rate and diarrhea index of the FMT groups were lower
than those in the untreated groups at days 1-10 after weaning,
which may be because FMT improved the structure of intestinal
microbiota in the post-weaning period, reduced the imbalance
of intestinal microbiota, and alleviated diarrhea symptoms in
calves. In addition, the total diarrhea rate in the LFMT group
was lower than that in the HFMT group, which was similar to
the results of a previous study of the effect of FMT on the
diarrhea rate in weaned piglets (Hu et al., 2018b), suggesting
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LEfSe analysis comparing the differential microbiota among groups. Clade diagram showing the phylogenetic distribution of microbial lineages
across different FMT groups. Differences in abundance between groups were assessed using LDA scores. (A) Phylogenetic distribution of bacterial
microbiota associated with FMT group and untreated group taxa. (B) LDA>3 differential bacteria in bacterial communities associated with FMT and
untreated groups. (C) Phylogenetic distribution of fungal microbiota associated with FMT group and untreated group taxa. (D) Differential fungi
with LDA>3 in the fungal community associated with the FMT group and the untreated group. The colored circles from the inside to the outside of
the LEfSe analysis cladogram represent different taxonomic levels (phylum, class, order, family, genus). The diameter of each circle is proportional
to the abundance of the population. The yellow circles in the cladogram represent taxa that are not significantly different. LDA scores >3 were
considered statistically significant. Different colored areas represent different components.
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appropriate microbial doses need to be used for gut microbial
intervention as treatment with high concentrations of microbes
may affect tolerance and disrupt intestinal balance in the
recipient (Tang, 2019). Interestingly, the diarrhea rate also
decreased in the SFMT group that received autoclaved microbial
preparations. Some scholars pointed out that FMT grafts include
not only living and dead bacteria, but also intestine cells and
bacterial metabolites (Bojanova and Bordenstein, 2016).

Frontiers in Microbiology

Whether living bacteria or bacteria that have been sterilized may
not be the only factor affecting the biological changes of the
receptor, which also explains that the diarrhea rate of SFMT has
decreased in our study, but it is different from the results of
LFMT and HFMT. Similar results appeared in previous reports
(Muscato et al., 2002). At present, for most diseases, the effective
mechanism of FMT is not clear, which also needs further
research.
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Interaction network diagram of fecal microbiota in each group. (A) The network diagram of the interaction between the fecal bacterial microbiota
in the NC group. (B) Interaction network diagram of fecal bacterial microbiota in the Control group. (C) Interaction network diagram of fecal
bacterial microbiota in LFMT group. (D) Interaction network diagram of fecal bacterial microbiota in HFMT group. (E) Interaction network diagram
of fecal bacterial microbiota in SFMT group. (F) The network diagram of the interaction between fecal fungi in the Control group. (G) Interaction
network diagram of fecal mycobiota in the LFMT group. The size of the nodes in the figure represents the abundance of species, and different
colors represent different species; the color of the connection line represents positive and negative correlation, red represents positive correlation,
and green represents negative correlation; the thickness of the line represents the magnitude of the correlation coefficient, the line Thicker lines
indicate higher correlations between species; more lines indicate closer connections between the species and other species.

The Alpha diversity analysis of fecal bacterial microbiota of
weaned calves showed that the ACE, Chao, and Shannon indices
in the FMT treatment groups were lower than those in the NC and
Control groups at the beginning of weaning, and the Simpson
index was higher than those in the NC and Control groups.
However, this situation was reversed at day 20 after weaning. It is
possible that fecal microorganisms of the donor had successfully
colonized the recipient’s intestine, which increased the richness
and diversity of the recipient’s fecal bacterial microbiota. However,
despite the fact that the treatment had a significant impact on the
fecal bacterial microbiota richness (p <0.05), it did not significantly
affect the diversity. This observation is consistent with the results
of the study on the adaptation of intestinal microbiota during fecal
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bacteria transplantation in human infants (Gu et al., 2016). In
addition, FMT had a weaker effect on the fungal microbiota than
on bacteria, as FMT did not significantly change the fungal Alpha
diversity index.

FMT was demonstrated to significantly alter the composition
of calf gut microbiota (Wu, 2018), which was also confirmed in
our microbial community similarity analysis and
PLS-DA. Firmicutes and Bacteroidota were the main phyla of the
fecal bacterial microbiota of post-weaning calves, which is
consistent with previous studies showing the predominance of
these two phyla in human fecal microbes and other mammalian
gastrointestinal microbes (Costea et al., 2017; Liu et al., 2019).

Similarly, the abundance of Firmicutes was high in donor yaks in
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Functional prediction analysis of bacterial 16s rRNA and ITS gene sequences based on KEGG database and MetaCyc database, respectively.

(A) Relative enrichment of KEGG Level 2 in different treatment groups. (B) One-way ANOVA of KEGG Level 2 levels in each treatment group 5days
after weaning. (C) One-way ANOVA of KEGG Level 2 in each treatment group 15days after weaning. (D) One-way ANOVA of KEGG Level 2 in each
treatment group 20days after weaning. (E) Student's t-test was performed on the functional pathways of each treatment group based on MetaCyc
database 10days after weaning.PWY-7279 [aerobic respiration Il (cytochrome c; yeast)], PWY-3781 (aerobic respiration | (cytochrome c)),
GLYOXYLATE-BYPASS (glyoxylate cycle), PWY-5994 (palmitate biosynthesis | (animals and fungi)), PWY-7282 (4-amino-2-methyl-5-
phosphomethylpyrimidine biosynthesis (yeast)), PWY-7288 (fatty acid &beta;-oxidation (peroxisome, yeast)), PWY-7111 (pyruvate fermentation to
isobutanol (engineered)), PWY-7219 (adenosine ribonucleotides de novo biosynthesis), PWY-5690 (TCA cycle Il (plants and fungi)), PWY-6351
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our study. At different time points after weaning, the abundance
of Firmicutes in the FMT treatment groups was higher than that
in the NC and Control groups, indicating that FMT increased the
relative abundance of Firmicutes. It has been shown previously
that fecal microbiota of the recipient tends to become closer to
that of the donor (Cao et al., 2018; Smillie et al., 2018), however,
the abundance of Firmicutes varied in different FMT groups. For
example, the abundance of Firmicutes in the HFMT group was
the highest at day 5 after weaning, whereas that in the SFMT
group was the highest at day 20 after weaning, which may
be related to the tolerance of the recipient to different
concentrations of bacterial suspension or colonization of the
recipient by microorganisms from the donor fecal bacterial
suspension (Tang, 2019). Interestingly, the abundance of
Bacteroidota was lower in the LFMT group compared to that in
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untreated groups, which is consistent with previous studies
showing that combined supplementation with sodium humate
and glutamine alleviated diarrhea incidence in weaned calves by
altering gut microbiota and metabolites (Wang et al., 2021). The
interaction between treatment and time had a significant effect
indicated that
Spirochaetota abundantly express carbohydrate degradation

on Spirochaetota, and previous studies
genes (Zhou et al., 2020) and decompose cellulose, pectin, and
phosphate (Matthias et al., 2011; Wang et al., 2021). The relative
abundance of Spirochaetota was higher on days 10 and 15 after
weaning in the LFMT treatment group and suggesting that the
short chain fatty acids produced by carbohydrate degradation
were higher than those in other treatment groups. Short chain
fatty acids play an important role in improving intestinal
function, resisting pathogenic microorganisms, regulating host
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immune system function and providing energy for host epithelial
cells (Verbeke et al, 2015), which likely contributed to the
alleviation of diarrhea in calves after weaning to a certain extent.
However, interestingly, in the LEfSe analysis, Spirochaetota was a
biomarker of the NC group. This finding could be related to the
sudden increase in the relative abundance of Spirochaetota in two
samples of the NC group at day 20 after weaning, which also
shows that fecal microbiota was affected by many factors, and
there were certain differences between individual calves held
under the same drinking, feeding, and management conditions.
In addition, the diarrhea rate of the NC group did not decrease
significantly in 20 days after weaning, which may be related to the
high abundance of Spirochaetota, because in some cases, the
excessive production of short chain fatty acids may be unfavorable
to the host (Serino, 2019), so how Spirochaetota interact with the
host remains to be further studied.

Blautia, Alloprevotella, and Lactobacillus are closely
associated with animal health. Earlier reports suggest that Blautia
plays a role in biotransformation and interaction with other gut
microbes that can maintain intestinal environmental balance and
prevent inflammation by upregulating intestinal regulatory T
cells and by short chain fatty acid production (Kim et al., 2014).
In addition, bacteriocin produced by Blautia inhibited
colonization of the intestine by pathogenic bacteria and affected
the composition of intestinal microbiota (Liu et al., 2021a).
Another study showed that Blautia abundance was significantly
reduced in the cecal mucosal microbiota in patients with Crohn’s
disease (Chen et al., 2014). In our study, we found that compared
with abundances in the NC and Control groups, the abundance
of Blautia in the LEMT group was higher at four time points after
weaning. In addition, abundances of Blautia in the HFMT and
SEMT groups were also higher at different time points. Thus, the
low diarrhea rates in the FMT treatment groups could be related
to the high abundance of Blautia. Some studies have pointed out
that genus Alloprevotella was related to fiber digestion and
generation of the anti-inflammatory effect. In addition, it was
showed that weaning stress in piglets reduced the relative
abundance of Alloprevotella compared to that in lactating piglets
(Downes et al., 2013; Li et al., 2018). In this study, the relative
abundance of Alloprevotella in the FMT treatment groups was
higher than that in untreated groups at day 5 after weaning,
whereas in the LEMT group, Alloprevotella abundance was the
highest at day 10 after weaning. It is speculated that FMT
treatment can alleviate weaning stress by increasing the relative
abundance of Alloprevotella.

We observed that the number of core OTUs in each group
remained basically stable. On the 5th and 10th days after weaning,
the number of HFMT specific OTUs was higher than that in
other treatment groups. With the extension of time after weaning,
the number of HFMT specific OTUs decreased, while the number
of LEMT specific OTUs increased. On the 20th day after weaning,
the number of LEMT specific OTUs was higher than that in other
treatment groups. It is speculated that FMT treatment eliminated
or inhibited some of the original microbiota of the receptor and
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established a new microbiota structure. Moreover, different FMT
treatments have different effects. The special OTU in LEMT
treatment group is mainly Lactobacillus. It is well established that
Lactobacillus species are the most common constituents of
probiotic preparations (Kazmierczak-Siedlecka et al., 2021). They
increase the expression of tight junction protein (Fata et al., 2018;
Sanders et al., 2019) and production of organic acids in the
metabolic process, which can inhibit the reproduction and
colonization of pathogenic bacteria (Aoudia et al., 2016; David
et al.,, 2016). Addition of Lactobacillus reduced incidence of
gastrointestinal infections and animal diarrhea (Azagra-Boronat
et al., 2020; Dong et al., 2021), indicating that there may be an
inverse relationship between Lactobacillus abundance and
diarrhea. It has been noted that Lactobacillus species are common
in calf intestines before weaning (Malmuthuge et al., 2019), and
that their abundance decreases with age (Uyeno et al., 2010;
Klein-Jobstl et al., 2014). Our study shows that Lactobacillus
species had low abundance or were not detected in the Control
group after weaning, which is consistent with the previous
research results (Xiang et al, 2020). Further, the relative
abundance of Lactobacillus in the LEMT group was higher than
in untreated groups, which showed that low concentration of
FMT the of
beneficial Lactobacillus.

treatment increased relative abundance

Ruminococcus was one of the most effective bacteria in
decomposing carbohydrates (Qin et al., 2021; Wu et al., 2021),
which has the function of stabilizing intestinal barrier and
reversing diarrhea (Samantha et al., 2018). On the 5th and 15th
days after weaning, FMT treatment increased the relative
abundance of Ruminococcus in rectal feces, which was conducive
to the maintenance of calf intestinal health. Romboutsia can utilize
mixtures of sugars and peptides to produce short chain fatty acids
such as isobutanoic acid and acetic acid (Wang et al., 2015; Liu
et al.,, 2022). Short chain fatty acids play an important role in the
maintenance of intestinal mucosal barrier, the regulation of
intestinal motility, and immune regulation (Feng et al., 2018).
FMT treatment had a significant effect on the relative abundance
of Romboutsia. Ten to twenty days after weaning, the relative
abundance of Romboutsia in LFMT group was higher than that in
NC and Control group, suggesting that Romboutsia may play an
important role in maintaining intestinal health.

Ascomycota and Basidiomycota were common fecal fungal
phyla in donors and recipients. The relative abundance of
Ascomycota in the donor was much higher than that of
Basidiomycota. We observed that relative abundances of
Ascomycota in the FMT treatment groups were higher than
LEMT group on days 5, 10, and 15 after weaning. Relative
abundances of were also higher than that of the Control group,
but this relationship was reversed at day 20 after weaning. It is
likely that microbiota in the recipient calves showed different
resistance and ability to coexist with the introduced donor
species (Li et al., 2016). Wallemia and Naganishia were
significantly dominant genera in the LEMT group at day 15
post-weaning. It has been shown that the presence of Wallemia
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is related to the concentration of glucose and fructose, as well
as to the activity of p-D-glucosidase in piglet colonic digest,
which may play an important role in the degradation of
complex carbohydrates in piglet hindgut (Luo et al., 2021). In
addition, Naganishia is the main yeast genus producing
extracellular enzymes (Tan et al., 2018). Extracellular enzymes
decompose macromolecular nutrients to promote metabolism
in the body. Therefore, it is speculated that the existence of
these two fungi can promote the food digestion and metabolism
of calves.

The coexistence network topologies of the intestinal
microbiota in the NC, Control, and FMT groups were different.
The complexity of the intestinal microbiota coexistence network
in the FMT groups was high, which may be caused by altered
interactions between intestinal microorganisms after FMT
treatment. We found that the LEMT group had the highest
network complexity, and the composition of this complex network
was mainly caused by the enhanced correlation between genera of
the phylum Firmicutes. In addition, Lactobacillus, Romboutsia,
and Blautia, whose presence positively correlates with animal
health, were more abundant in the LFMT group, and their
correlation with other bacterial genera also became more complex,
which is consistent with the results of our previous study (Liu
et al.,, 2021b). In addition, genera Lactobacillus, Romboutsia, and
Blautia positively correlated with each other. The complexity of
the fungal network was mainly caused by the changes in the
relationship between Ascomycota genera. It has been pointed out
that complex networks increase the resistance to pathogen
invasion (Wei et al., 2015; William et al., 2018). In addition, in the
LEMT group, the connectivity between bacteria and fungi was
very high. When the body is invaded by pathogens or there is a
lack of specific microbial niche, the adjacent niche supplements
any gap, limiting the nutritional supply of any invading
microorganisms and leading to the extinction of pathogens (Liu
et al,, 2021Db). Therefore, the complex microbial networks in the
likely
external influences.

FMT groups conferred stronger resistance to

Gut microbiota is involved in regulating various metabolic
pathways closely related to the health of the host. In this study,
PICRUSt2 software was used to predict bacterial and fungal
gene functions based on KEGG and MetaCyc databases. It was
found that carbohydrate metabolism and amino acid
metabolism were the most enriched pathways in the KEGG
level 2 functional pathway, indicating that fecal microorganisms
were active in various physiological states. We found that
different FMT treatments had distinct effects on fecal microbial
functional pathways, such as increasing the relative abundance
of the nucleotide metabolism pathway to different degrees at
different time periods. Nucleotides have the functions of
regulating immune function, promoting the development of
gastrointestinal tract and reducing the incidence of diarrhea
(Jang and Kim, 2019). We speculate that the enhancement of
nucleotide metabolism has a positive effect on alleviating
diarrhea in weaned calves by increasing the content of
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nucleotides in the intestine. PWY-922 mevalonate pathway I is
an important metabolic pathway involved in the synthesis of
isoprenoids, which are essential for cell growth and a variety of
cellular processes (Buhaescu and Izzedine, 2007). This pathway
was enriched in the LFMT group, presumably promoting
growth and development of weaned calves. In addition, the
LEMT treatment increased the relative abundance of 23
functional pathways, such as glycogen biosynthesis II,
D-galactose degradation V, pentose phosphate pathway,
superpathway of pyrimidine nucleobases salvage, aerobic
respiration I, aerobic respiration II, glyoxylate cycle, and others.
This suggests that LEMT intervention may promote related
metabolic processes and cellular processes. It is speculated that
LFMT treatment improves the anti stress level of animals by
enhancing the metabolic function of some pathways. Overall,
the FMT treatment improved the ability of gut microbes to
stimulate adaptability of the host to environmental changes. A
limitation of this study was that metagenomic sequencing of
fecal microbes was not performed to provide more accurate and
direct evidence for future functional studies of gut microbiota.

Conclusion

Taken together, our findings suggest that FMT significantly
affected fecal microbial composition of weaned calves, increasing
the relative abundance of beneficial gut microbiota and enhancing
the richness and diversity of bacterial microbiota. The FMT
treatment increased the complexity of the fecal microbial network
of weaned calves, presumably improving resistance to pathogens.
In addition, the LEMT treatment was better than HFMT and
SEMT in reducing the occurrence of calf weaning diarrhea, so the
mechanism of action and optimal dosage of fecal microbiota need
to be further explored in future studies. The results of this study
may serve as a reference for the treatment and prevention of calf
weaning diarrhea and, potentially, other intestinal diseases in
ruminants. In addition, our study provided useful information for
further research on effective and safe non-antibiotic alternatives
for the prevention and treatment of calf diarrhea.
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