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Effects of plant-based fermented
broth on rumen fermentation,
gastrointestinal development,
and microbial populations in
fattening lambs
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Introduction: Digestive dysfunction in lamb fattening has been a concern
in recent years. The objective of this study was to investigate the effects of a
fermentation broth (FB) derived from eight plants on rumen fermentation,
gastrointestinal development, and microbial community composition in
fattening lambs through in vitro and in vivo experiments.

Methods: /n vitro rumen fermentation was performed with six FB: diet ratios
(mL/qg): 0, 1:125, 1:250, 1:500, 1:1000, and 1:2000. Fermentation parameters and
nutrient disappearance rates were measured over 48 h. Based on the results of
the in vitro test, two optimal doses of FB (1:500 and 1:1000) were selected for
further in vivo testing over a 120-day period. A total of 90 weaned small-tailed
Han lambs were assigned to three groups, receiving FB in drinking water at O
(control), 1:500, or 1:1000 (vol/vol).

Results: The results showed that three parameters of gas production
(GP), including fast-degradable fraction, slow-degradable fraction, and
theoretical GP, were significantly higher (p < 0.05) in the 1:500 and 1:1000
groups compared with other groups. In vivo tests further showed that FB
supplementation at 1:500 and 1:1000 improved rumen microstructure (papilla
length, papilla surface, mucosa thickness, and muscle thickness) and jejunal
microstructure (villus height, villus surface, and muscle thickness). Moreover,
two rumen bacterial indices, PD_whole_tree (p = 0.06) and Shannon (p = 0.07),
demonstrated increasing trends in both FB groups relative to the control
group. In the rumen, 1:500 FB supplementation increased the abundance of
Firmicutes (p < 0.01) and decreased Bacteroidota abundance (p < 0.01). In the
jejunum, 1:500 FB supplementation decreased the abundance of Euryarchaeota
and Methanobrevibacter (both p = 0.02) while increasing the abundance of
Actinomycetes and Aeriscardovia (both p = 0.01) compared to the control.
Discussion: In summary, FB supplementation in lambs’ drinking water at a
ratio of 1:500 (FB: diet, mL/g) improved rumen fermentation and promoted
microecological balance.
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1 Introduction

Human health-related antibiotics have been banned as feed
additives in the European Union and China due to concerns over drug
residues and antibacterial resistance (1). This has made the search for
effective antibiotic alternatives a persistent challenge in sustainable
animal husbandry. Natural products (e.g., Chinese herbal medicines
and plant extracts) have been widely used in monogastric animals
such as chickens (2), pigs (3), and rabbits (4) due to their safety and
low residue levels. Their use as feed additives in ruminants such as
cows (5) and sheep (6) is also increasing; however, they still present
certain limitations as antibiotic alternatives. Recent studies suggest
that modified fermentation processes can enhance the biological
activity of fermented materials by producing more probiotics and
bioactive components (e.g., polysaccharides and flavonoids), thereby
improving gastrointestinal digestion and nutrient absorption. Previous
studies have demonstrated that plant fermentation products, such as
fermented alfalfa (7) and fermented astragalus (8), promote animal
growth performance when incorporated into feed. Nevertheless, little
information is available regarding the effects of plant fermentation on
gastrointestinal microbial communities (9).

Recently, lamb fattening has been developing rapidly to meet the
growing demand for mutton in China, with intensive indoor-fattening
systems widely adopted. However, Hoque et al. (10) reported that such
feeding patterns may disrupt the gastrointestinal environment, reducing
digestibility and compromising lamb health. Although significant
progress has been made—for example, dietary probiotics and traditional
Chinese medicines can improve lamb growth to some degree (11, 12)—
maintaining gastrointestinal balance and enhancing the digestion of
nutrients remain major challenges in the fattening industry of lambs. In
this study, we evaluated fermented broth (FB) prepared from a mixture
of forage grasses and Chinese herbal medicines for its effects on
gastrointestinal development and microbiota in fattening lambs. FB was
supplemented through drinking water, a delivery method that ensures
uniform distribution and stable bioactivity (13, 14).

2 Materials and methods
2.1 Preparation of fermentation broth

A total of eight plants were used in the present study, including
four kinds of forage grasses (alfalfa, ryegrass, sudangrass, and hybrid
giant napier) and four kinds of traditional Chinese medicines
(Astragali Radix, Poria, Platycladus orientalis, and Folium Isatidis).
First, the plants were cleaned, minced, and dried at room temperature.
After being soaked for 1 h with distilled water, each plant material was
boiled for another 30 min according to 1 g of material (dry matter
(DM) basis) into 1 mL of distilled water and then filtered to collect the
filtrate. All filtrates of eight plants were mixed thoroughly in equal
proportion to obtain the mixture of all materials (M0) and then

Abbreviations: ADF, Acid detergent fiber; A/P, Ratios of acetic acid to propionic
acid; CO,, Carbon dioxide; CP, Crude protein; DM, Dry matter; FB, Fermentation
broth; GP, Gas production; MCP, Microbial protein; NHs-N, Ammonia nitrogen;
NDF, Neutral detergent fiber; OTU, Operational taxonomic units; TMR, Total mixed
ration; VFA, Volatile fatty acid.
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subpackaged into eight aliquots. Each individual filtrate was added to
MO at a volume ratio of 1:10 (vol/vol), followed by the incorporation
of 12% (g/mL) brown sugar and 1% Lactobacillus (1.7 x 10° cfu/mL).
After thorough mixing, the mixture was transferred to a closed vessel,
and its pH was adjusted to 4.0 using 2 mol/L NaOH or HCl as needed.
Fermentation was then conducted at 26-27 °C for 3 months under
controlled conditions to obtain the first batch of individual FB. Eight
individual FBs were mixed in equal proportions to produce the first
mixture (M1). Subsequently, each individual FB was added to M1 at
a 1:10 (vol/vol) ratio, and the same fermentation process was repeated
to generate the second batch of individual FB, which were then
combined to form the second mixture (M2). Finally, M2 was mixed
with MO in equal proportions and fermented for 3 months under the
same conditions to produce the final FB needed in this experiment.

2.2 In vitro rumen fermentation,
experimental design, sample collection,
and measurement

Preparation of artificial rumen fluid. Rumen fluid was collected
from healthy fistula lambs raised in the College of Animal Science and
Technology at Hebei Agricultural University in China. Approximately
2 L of rumen fluid was taken from the fistula sheep, squeezed, filtered
by four layers of gauze, and transferred into an anaerobic vacuum
bottle preheated to 39 °C. Then, carbon dioxide (CO,) was added
continually into the vacuum bottle for 5 min. The collected rumen
fluid was mixed with anaerobic buffer prepared at the ratio of 1:3 to
obtain artificial rumen fluid according to the method published by
Menke et al. (15). Before the mixture, the buffer was placed at 39 °C
in a water bath oscillator (THZ-82A, Shanghai Jinpeng Analysis
Instrument Co., Ltd., China) and added CO, continually for 1 h.
Meanwhile, the pH value of the buffer was adjusted to 6.8 using a pH
meter by adding 2 mol/L NaOH. Then, a reducing agent, including
Na,S-9H,0 and NaOH, was added to the buffer to remove all residual
oxygen. When the color of the buffer was turned light yellow, the
butter was under anaerobic conditions.

In vitro rumen fermentation design. This experiment was
performed in a completely randomized design. Based on our
pre-experiment results, the test included six groups with five replicates
for each group (a fermentation vessel of 250 mL per replicate). The five
treated groups included 1:2000 (FT1), 1:1000 (FT2), 1:500 (FT3),
1:250 (FT4), and 1:125 (FT5) by volume/mass (mL/g, DM basis), and
the control group (C) was not supplemented with FB. The basal diet
was prepared based on the concentrate: roughage of 65:35 for fattening
lamb. The detailed fermentation process was as follows: 1.0 g of diet
was put into each fiber bag and sealed, then packed into the
fermentation vessel and sealed to keep a vacuum condition. A total of
100 mL of the above artificial rumen fluid and 1 mL of diluted FB,
according to the assigned FB dose for each treatment group (with
1 mL of distilled water used for the control group), were injected into
individual fermentation vessels using an injector. Fermentation was
then conducted at 39 °C for 48 h in a water bath oscillator at 45 rpm.
The composition of the basal diet and its nutrient composition (DM
basis) are provided in Table 1.

Fermentation parameter measurement. At 2, 4, 6, 8, 10, 12, 24, 36,
and 48 h of fermentation, all gasses in each vessel were extracted using
an injector and recorded. According to the model of gas production
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TABLE 1 Composition of basal diet and nutrient composition (dry matter
basis).

Ingredient % of DM Nutrient
composition?

Whole-plant corn 3541 ME/(M]/kg) 11.51

silage

Corn 37.78 Cp 14.24

Soybean meal 9.00 NDF 24.33

Cotton meal 4.50 ADF 13.25

DDGS 4.50 Ca 0.56

Wheat middling 1.49 P 0.33

Spraying corn husk 2.72

Premix’ 2.00

NaCl 0.60

Ca(HCO;), 1.20

NaHCO; 0.80

Total 100.00

"The premix provided the following per kg of diet: VD3 (Vitamin D3) 1,500 IU, VA (Vitamin
A) 3,200 IU, VE (Vitamin E) 680 IU, Fe 30 mg, I 0.8 mg, Zn 30 mg, Se 0.3 mg, Cu 10 mg, Co
0.25 mg, and Mn 25 mg.

*ME was a calculated value, while the others were measured values.

(GP) reported by Orskov and McDonald (16), the GP for each time
period was calculated as follows:

GP,=a+b 1—e~ ),

where GP, is GP at time ¢t (mL); t is fermentation time (h); a is GP
of fast-degradable fraction (mL); b is GP of slow-degradable fraction
(mL); c is the rate of GP of slow-degradable fraction (%/h).

At the end of the fermentation process, the pH value of artificial
rumen fluid in each vessel was detected. The 10 mL of rumen fluid in
each vessel was taken and frozen at —80 °C until further analysis for
volatile fatty acid (VFA), ammonia nitrogen (NH;-N), and microbial
protein (MCP). VFA concentrations (acetic acid, propionic acid,
butyric acid, etc.) were determined by gas chromatography (17).
NH;-N and MCP concentrations were measured by the methods of
indophenol colorimetry (18) and coomassie brilliant blue staining
(19), respectively.

Nutrient disappearance rate measurement. At the end of
fermentation, the fiber bags filled with fermentation residues were
washed with distilled water and dried in an oven at 65 °C for
approximately 4 h until constant weight. The disappearance rates of
DM, crude protein (CP), neutral detergent fiber (NDF), and acid
detergent fiber (ADF) were determined according to the methods
from Bodas et al. (20). Disappearance rate (%) = 1 - nutrient content
in fermentation residue/nutrient content in diet. The contents of DM
and CP in diets and fermentation residue were detected according to
the method of Lee (21). The NDF and ADF were determined by the
method from Soest (22).

2.3 Animals and treatments

According to the results of the above in vitro rumen fermentation,
two optimal doses of FB supplements (1:500 and 1:1000, mL/g, DM
basis) were selected for further experimentation in animal production.
In this experiment, the method of adding FB to drinking water was
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conducted. Based on the feed-to-water ratio of 1:1 (volume/mass,
mL/g, DM basis) reported in our previous study by Zhao et al. (23),
the ratio of FB to drinking water was equivalent to the ratio of FB to
the diet. A total of 90 weaned small-tailed Han lambs (27.12 + 0.55 kg
initial body weight, 3-month age) were used and allocated into three
groups in a completely randomized design. The lambs in two treated
groups were offered FB at 1:1000 for the low-dose group (T1) and
1:500 for the high-dose group (T2) based on the ratio of FB to
drinking water (volume basis), and those in the control group (C)
were not provided FB in drinking water. There were 30 lambs in each
group, with five replicates per group (six lambs per replicate/pen). The
entire test lasted 130 d, including a 10-d adaptation period and a 120-d
experimental period. All lambs were provided with drinking water
twice a day at approximately 0800 and 1,600 h, and it was guaranteed
that there was residual water in the troughs for the lambs to drink
freely for 24 h. The quality of drinking water must meet the
requirements in China for drinking water for livestock and poultry
(China Standard, NY 5027) (24). A total mixed ration (TMR) was
available ad libitum and offered twice a day at approximately 0700 and
1,500 h. The composition and nutritional level of the TMR are
presented in Table 1. On the last day of the experiment, prior to early
morning feeding, six lambs from each group were randomly selected
for slaughter by the method of bloodletting through the jugular vein.
Samples were then collected for subsequent analysis.

2.4 Collection, measurement, and analysis
of rumen liquid and jejunum content
samples

A sample of rumen fluid (50 mL) from each slaughtered lamb was
collected and filtered through four layers of gauze. Part of the filtrate
(20 mL) was used to measure the pH value on the spot using a pH
meter (SevenDirect SD20 Kit, Mettler Toledo, China). The 2 mL of
filtrate from each slaughtered lamb (four lambs per group) was stored
in liquid nitrogen for further measurement of the microbial
community. Another 10 mL of filtrate from each slaughtered lamb was
added to 0.1 mL HCI (6 mol/L) and stored at —20 °C until analysis of
NH;-N by the method of indophenol colorimetry (18). The rest of the
filtrate was stored at —80 °C until analysis of VFA by gas
chromatography (17). Additionally, samples of jejunum content
(2 mL) from each slaughtered lamb (four lambs per group) were also
taken from the middle part of the jejunum and preserved in liquid
nitrogen for the measurement of microbial community. The samples
for microbial community analysis were sent immediately to Beijing
Allwegene Gene Technology Co., Ltd. for further measurement after
slaughter. Simply, DNA was extracted from rumen fluid and jejunal
content samples. Following assessment of DNA integrity and purity via
1% agarose gel electrophoresis and spectrophotometry. All 16S rRNA
genes in the hypervariable region of V3 to V4 from bacteria were
amplified by the primers of 341F (5-CCTACGGGRBGCASCAG-3")
and 806R (5-GGACTACHVGGGTWTCTAAT-3") and sequenced
using the Illumina Miseq PE300 platform by high-throughput
sequencing technique. The sequence was uploaded to the SRA database
in the National Center for Biotechnology Information (NCBI, www.
ncbinlm.nih.gov, PRINA1047089). The data of raw sequences were
split by QIIMEL1 software (v1.8.0), then filtered and spliced using Pear
software (v0.9.6). The qualified reads were clustered into operational
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taxonomic units (OTUs) at a similarity level of 97% by the UPARSE
Pipeline method using Vsearch software (v2.7.1) to obtain the species
classification information corresponding to each OTU. Then all
sequences were classified into different taxonomic groups using the
Ribosomal Database Project (RDP) classifier with reference to the
SILVA128 database. Additionally, QIIME1 software (v1.8.0) was used
to analyze the diversity indices. Finally, based on the results of species
annotation and relative abundance, R software (v4.1.2) was employed
to analyze and generate species composition bar charts.

2.5 Collection, measurement, and analysis
of rumen and jejunum tissue samples

Samples from the rumen and jejunum of all slaughtered lambs
were collected for optical microscopy. Tissue blocks (2 x 2 cm) from
the rumen back bursa and approximately 2 cm sections from the
middle jejunum were excised. After washing with physiological salt
solution, samples were fixed in 4% paraformaldehyde for 24 h and
then transferred to fresh 4% paraformaldehyde until analysis.
According to the method reported by Han et al. (25), tissue blocks
were dehydrated in graded ethanol solutions (70-100%), cleared in
xylene for 1h, infiltrated with wax at 55-60 °C, and embedded.
Sections were stained with hematoxylin and eosin, and finally, the
microstructure of the rumen and jejunum was examined using a
panoramic slice scanner (Pannoramic Scan, 3DHISTECH, Hungary).

2.6 Collection, measurement, and analysis
of the digestive tract

All slaughtered lambs were weighed individually before slaughter.
Four stomachs (rumen, reticulum, flap stomach, and abomasum), the

10.3389/fvets.2025.1584930

small intestine, and the large intestine were detached, and their
contents were removed. After being cleaned, the organs were weighed
individually, and the organ index was calculated: Organ index = organ
weight/live weight x 100% (26).

2.7 Statistical analyses

All data were analyzed by a general linear model (GLM) in SAS
9.4 software. In the in vitro rumen fermentation, with FB dose as the
fixed effect, linear and cubic effect analyses were performed using
contrast statements to determine the effects of gradient doses of FB on
fermentation parameters and nutrient disappearance rate. Data from
the in vivo test were analyzed by one-way analysis of variance
(ANOVA) using the GLM procedure as follows:

Yij=p+a;+ej,

where Y is the observed value of the dependent variable, 4 is the
overall population mean, o; is the fixed treatment effect, and ¢; is the
random error.

Data were presented as mean + standard error of mean (SEM).
Significant effects were represented at p < 0.05, extremely significant
effects were declared at p < 0.01, and tendencies were represented as
0.05 < p <0.10.

3 Results
3.1 In vitro rumen fermentation parameters

Effects of different doses of FBs on GP in vitro fermentation are
shown in Table 2. No difference (p > 0.05) was observed among all
groups in GP after 2 h or 4 h of fermentation in linear and quadratic
effects. After 6 h to 48 h, with increasing FB dosage, GP demonstrated

TABLE 2 Effects of fermentation broth (FB) on gas production during in vitro rumen fermentation.

Gas production/mL P-value!
Linear Quadratic
4h 7.98 7.40 8.30 8.04 8.14 7.88 0.51 0.92 0.57
6h 16.26" 16.46° 19.26 19.50* 17.88% 17.06° 0.63 0.92 <0.01
8h 27.02¢ 27.08° 35.36° 36.02° 31.76 30.76 0.89 0.17 <0.01
10h 42.42¢ 41.94° 61.30° 61.90° 54.46° 53.58" 1.39 <0.01 <0.01
12h 64.40° 65.50° 90.91° 91.64° 80.52° 79.42° 1.82 <0.01 <0.01
24h 97.62°¢ 102.78° 140.68" 144.76* 123.58" 115.42° 2.89 0.18 <0.01
36 h 134.72¢ 146.16¢ 193.00° 201.94° 169.52° 157.42° 3.72 0.50 <0.01
48h 155.44¢ 173.1¢ 227.42° 242.16" 197.26° 182.34¢ 4.79 0.85 <0.01
a? 13.86° 13.99°¢ 21.72° 21.42° 18.83 17.94° 0.76 0.03 <0.01
b 218.17¢ 277.42° 331.05° 357.47° 281.94° 249.21% 12.96 0.16 <0.01
c/(x10°%/h)* 0.031 0.024 0.029 0.025 0.031 0.034 0.002 0.15 0.44
a+b® 232.03¢ 291.41° 352.77° 378.89° 300.76 267.15 13.22 0.21 <0.01

'In the same row, different superscript letters indicate significant differences (p < 0.05), and the same superscript letters or no letters indicate no significant difference (p > 0.05).

%a, gas production of fast-degradable fraction (mL).
°b, gas production of slow-degradable fraction (mL).

“c, rate of gas production of slow-degradable fraction (%/h).
*a + b, theoretical gas production (mL).
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a quadratic pattern (p < 0.01), and the values in the FT2 and FT3 groups
reached the peaks, which were greater (p < 0.05) than those in other
groups, except for those after 6 h in the FT4 group. Additionally, the
three parameters (a, b, and a+b) of GP were affected (quadratic,
P <0.01) when different doses of FBs were supplemented. The values of
a,b,and a + b in FB-offered groups increased (p < 0.05) compared to the
control group, except for the values of b and a + b in the FT'’5 group and
avalue in the FT1 group. Particularly, the values of a, b, and a + b in the
FT2 and FT3 groups were greater (p < 0.05) than those in other groups.

Effects of FB supplements on the nutrient disappearance rate in
fermentation in vitro are listed in Table 3. With increasing FB doses,
the disappearance rates of CP and NDF followed a quadratic pattern
(p < 0.05), with values in the FT2 and FT3 groups significantly higher
(p < 0.05) than those in other groups. Compared to the control group,
CP and NDF increased by 6.99 and 7.60% the FT2 group and by 7.36
and 8.42% in the FT3 group, respectively. No significant differences
(p > 0.05) were observed in DM or ADF among groups.

The effects of FB supplementation on pH, NH;-N, MCP, and VFA
levels in in vitro fermentation are shown in Table 4. Compared to the
control group, NH;-N concentrations decreased (p < 0.05) by 6.86—
9.06% across all FB groups. MCP concentrations increased
significantly (p < 0.05) only in the FT2 and FT3 groups, by 16.22 and
18.92%, respectively. A quadratic tendency (p = 0.06) in MCP was
observed with increasing FB doses. For VFA, all FB-supplemented
groups exhibited reduced (p < 0.05) acetic acid concentration and
acetic acid/propionic acid (A/P) ratio compared to the control group.
With the increasing FB doses, the acetic acid concentration and A/P
showed a linear decrease (p = 0.04). The concentrations of other VFAs
and total VFA were not affected (p > 0.05) by FB supplements.

Based on the results in Tables 2-4, when FBs were supplemented
at 1:1000 (FT2) and 1:500 (FT3) in rumen fermentation in vitro, the
effect was optimal, and the two doses of FB were used for the following
experiment in this study.

3.2 Rumen fermentation parameters in
fattening lambs

When FBs were supplemented in the drinking water of fattening
lambs, the results on rumen fermentation parameters, including pH,
NH;-N, MCP, and a panel of VFA, are shown in Table 5. Compared to
the control group, the NH;-N concentration in the T2 group decreased
by 15.82% (p = 0.04), and the MCP increased by 11.01% (p < 0.01).
Though total VFA levels were not affected (p>0.05) by FB
supplements, the concentration of propionic acid demonstrated an
increase (p < 0.05) in two FB groups compared to the control group,
and the value in the T2 group was greater (p < 0.05) than that in the

10.3389/fvets.2025.1584930

T1 group, while the A/p values in two FB groups were lower (p < 0.01)
than control, with the decreases by 13.99% in the T1 and 26.24% in
the T2 group. Besides, the concentration of isobutyric acid
demonstrated a reduced tendency (p = 0.06) when lambs were offered
FBs in drinking water. There was no difference (p > 0.05) among
groups in the levels of other VFA.

3.3 Microstructure of rumen and jejunum
in fattening lambs

Microstructural changes of the rumen and the jejunum from
lambs offered FBs are shown in Figure 1 and Table 6. The four
parameters in the rumen, including papilla length, mucosa thickness,
muscle thickness, and papilla surface, were positively affected
(p < 0.01) by FB supplements in drinking water. The effects observed
in the T2 group were greater (p < 0.05) than those in the T1 group.
Compared with the control group, the T1 group showed increases of
17.07, 17.28, 8.20, and 19.59% in the four parameters mentioned
above, while the T2 group exhibited increases of 37.62, 38.68, 29.51,
and 36.08% (Figure 1A; Table 6). Moreover, FB supplementation
improved the microstructure of the jejunum, with increases (p < 0.05)
0f 6.06% in the T'1 group and 19.7% in the T2 group for villus height;
17.65 and 50.0% for muscle thickness; 9.33 and 24.0% for villus surface
area; and 5.16 and 15.48% for the villus height/crypt depth ratio,
respectively, compared to the control group (Figure 1B; Table 6).

3.4 Organ index of the digestive tract in
fattening lambs

Organ indexes of the digestive tract for fattening lambs offered
FBs are shown in Table 7. There was no difference (p > 0.05) observed
in all organ indexes among all groups.

3.5 Microbial diversity in the rumen and
jejunum in fattening lambs

The FB supplements improved the diversity of the bacterial
community in the rumen and jejunum, as shown in the Venn diagram
in Figure 2. In both the rumen and jejunum, the OTU numbers in the
two FB groups were greater than in the control. The common OTU in
all groups were observed with 2,361 in rumen and 1,514 in jejunum,
while unique OT'U in the control group, T1, and T2 groups were 901,
1,282, and 1725 in rumen, respectively, and 1,020, 1,419, and 1,572 in
jejunum, respectively.

TABLE 3 Effects of fermentation broth (FB) on nutrient disappearance rates in in vitro rumen fermentation.

Nutrient P-value!

Linear Quadratic
DM 54.10 55.07 57.00 61.59 55.10 53.85 2.15 0.66 0.06
Cp 64.51° 66.12° 69.02° 69.26" 67.34 67.11° 0.40 0.10 <0.01
NDF 44.99° 45.82° 48.41° 48.78* 45.71° 4523° 0.74 0.18 0.04
ADF 28.78 28.86 30.93 30.97 29.36 27.68 0.82 0.16 0.15

'In the same row, different superscript letters indicate significant differences (P < 0.05), and the same superscript letters or no letters indicate no significant difference (P > 0.05).
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TABLE 4 Effects of fermentation broth (FB) on pH, NH;-N, MCP, and VFA concentrations during in vitro rumen fermentation.

P-value!

Linear Quadratic
pH 6.27 6.20 6.30 6.30 6.23 6.28 0.03 0.29 0.38
NH;-N, mg/dL 17.48* 16.28" 15.98° 15.87° 16.04° 16.11° 0.68 0.48 0.11
MCP, mg/mL 0.37° 0.40 0.43* 0.44* 0.41® 0.41%® 0.01 0.26 0.06
Acetic acid, 44.72° 41.96° 41.66 40.97° 41.87° 41.42° 0.76 0.04 0.17
mmoL/L
Propionic acid, 16.84 18.19 18.17 18.28 18.12 18.17 0.58 0.42 0.31
mmoL/L
Isovaleric acid, 0.57 0.60 0.52 0.55 0.61 0.62 0.06 0.39 0.82
mmoL/L
Butyric acid, 9.76 9.92 10.56 10.31 9.52 9.93 0.37 0.59 0.94
mmoL/L
Isobutyric acid, 1.15 1.24 1.22 1.21 1.15 1.17 0.07 0.65 0.99
mmoL/L
Valeric acid, 1.16 1.18 1.21 1.22 1.17 1.15 0.04 0.46 0.47
mmoL/L
Total VFA, 61.55 60.16 59.83 59.70 59.99 59.13 1.36 0.26 0.65
mmoL/L
Acetic acid/ 2.66* 2.31° 2.30° 2.24° 2.32° 2.27° 0.07 0.04 0.07
propanoic acid
ratio

'In the same row, different superscript letters indicate significant differences (P < 0.05), and the same superscript letters or no letters indicate no significant difference (P > 0.05).

The alpha-diversity indexes of bacterial communities in the
rumen and jejunum are listed in Figure 3. Two indices of PD_whole_
tree (p = 0.06) and Shannon (p = 0.07) for rumen showed an increased
trend when doses of FB were provided to lambs (Figure 3A),
suggesting that FB improved the diversity of the rumen bacterial
community. However, no difference (p > 0.05) was found among all
groups in all alpha-diversity indexes for the jejunum (Figure 3B).
Additionally, from the beta-diversity analysis (Figures 4A,B), no
overlap was observed among all groups for rumen, which suggested
that there was a great difference among groups in the bacterial
community. However, there was a small overlap among groups for the
jejunum, suggesting that the microbial composition presented some
similarity among groups. ANOSIM analysis also showed that the
bacterial communities among groups demonstrated the differences in
rumen (R = 0.0.7986, p = 0.001) and jejunum (R = 0.6713, p = 0.001)
(Table 8).

3.6 Microbial composition in rumen and
jejunum in fattening lambs

The effects of FBs on species compositions at the phylum level
of bacterial community in rumen and jejunum are shown in
Figure 5 and Table 9. Bacteroidota and Firmicutes were observed as
dominant bacteria in the rumen. In the T2 group, the relative
abundance of Firmicutes increased by 70.75% (p < 0.01), while the
abundance of Bacteroidota decreased by 20.97% (p <0.01),
compared to the control group. In contrast, no significant differences
(p > 0.05) in the abundances of either Bacteroidota or Firmicutes
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were observed between the T1 and the control groups (Figure 5A;
Table 9). In the jejunum, the dominant bacterial phyla were
Firmicutes, Euryarchaeota, and Actinobacteota. The relative
abundances of these three phyla in the T1 group showed no
difference (p > 0.05) between the T1 and the control group.
However, compared to the control group, the abundances of
Firmicutes (p = 0.01) and Euryarchaeota (p = 0.02) in the T2 group
decreased by 21.59 and 41.62%, respectively, while Actinobacteota
abundance increased by 1.59 times in the T2 group (Figure 5B;
Table 9).

Bacterial compositions at the genus level in the rumen and
jejunum were affected by FB supplements, and the results are shown
in Figure 6 and Table 10. In rumen bacteria, compared to the control
group, the abundance of Prevotella, as a main dominant genus,
demonstrated a decrease (p <0.01) in the T2 group, while the
Rikenellaceae_RC9_gut_group, as the second dominant genus, was
increased (p = 0.05) by FB supplements, exhibiting the increases by
35.46% in the T1 and 4.77% in the T2 groups. Meanwhile, the
abundance of Muribaculaceae (non-dominant genus) in the T2 group
was 2.94 times greater (p <0.01) than that in the control group
(Figure 6A; Table 10). Additionally, two dominant bacteria in the
jejunum, including Methanobrevibacter and Lachnospiraceae_
NK3A20_group, were also altered by FB supplements, revealing a
decline of 41.68% (p = 0.02) and 32.60% (p = 0.01) in the T2 group,
respectively, compared to the control group. Besides, the abundance
of Aeriscardovia in the jejunum in the T2 group was 2.16 times greater
(p = 0.01) than in the control, while the Ruminococcus (p = 0.02) and
Acetitomaculum (p = 0.01) in the T2 group demonstrated a decrease
(Figure 6B; Table 10).
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TABLE 5 Rumen fermentation parameters in fattening lambs fed fermentation broth (FB).

pH 6.67 6.83 6.60 0.24 0.63
NH;-N, mg/dL 9.04* 8.50% 7.61° 0.47 0.04
MCP, mg/mL 427 436" 4.74° 0.09 <0.01
Acetic acid, mmoL/L 44.03 45.23 45.05 3.05 0.84
Propionic acid, mmoL/L 12.84¢ 15.35" 17.80° 0.96 <0.01
Isovaleric acid, mmoL/L 0.61¢ 0.76 0.95° 0.04 <0.01
Butyric acid, mmoL/L 9.61 9.99 10.35 0.65 0.61
Isobutyric acid, mmoL/L 1.38 1.20 1.26 0.05 0.06
Valeric acid, mmoL/L 1.05 1.24 1.31 0.10 0.11
Total VFA, mmoL/L 69.52 73.77 76.72 6.21 0.52
Acetic acid/propanoic acid 3.43° 295 2.53¢ 0.11 <0.01
ratio

'In the same row, different superscript letters indicate a significant difference (P < 0.05), and the same superscript letters or no letters indicate no significant difference (P > 0.05). C - control
group, T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in drinking water at 1:500.

TABLE 6 Gastrointestinal morphology of fattening lambs fed fermentation broth (FB).

Variable

Rumen Papilla length/mm 2.02¢ 237° 2.78° 0.05 <0.01
Papilla width/mm 0.48 0.49 0.48 0.01 0.30
Mucosa thickness/mm 2.43¢ 2.85° 3.37¢ 0.04 <0.01
Muscle thickness/mm 1.22¢ 1.32° 1.58* 0.03 <0.01
Papilla superficial area/mm?* 0.97¢ 1.16° 1.32° 0.02 <0.01

Jejunum Villus height/mm 0.66° 0.70° 0.79* 0.01 <0.01
Villus width/mm 0.11 0.12 0.12 0.01 0.61
Crypt depth/mm 0.43 0.43 0.44 0.01 0.13
Muscle thickness/mm 0.34¢ 0.40° 0.51* 0.01 <0.01
Villus superficial area/mm? 0.075° 0.082° 0.093° 0.002 <0.01
Villus height/Crypt depth 1.55¢ 1.63° 1.79* 0.02 <0.01

'In the same row, different superscript letters indicate a significant difference (P < 0.05), and the same superscript letters or no letters indicate no significant difference (P > 0.05). C - control
group, T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in drinking water at 1:500.

TABLE 7 Organ index of the digestive tract for fattening lambs fed fermentation broth (FB).

Rumen 14.11 14.63 15.06 0.59 0.34
Reticulum 3.26 3.12 3.34 0.29 0.76
Omasum 3.75 3.81 3.71 0.23 0.91
Abomasum 4.94 4.69 4.77 0.30 0.72
Small intestine 17.77 17.58 17.90 0.54 0.84
Large intestine 11.44 11.15 11.35 0.36 0.73

C - control group; T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in drinking water at 1:500.
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water at 1:1000; T2 - FB supplement in drinking water at 1:500.

Microstructure of the rumen (A) and jejunum (B) in fattening lambs fed fermentation broth (FB). C - control group; T1 - FB supplement in drinking

TABLE 8 ANOSIM analysis of bacterial communities in the rumen and
jejunum of fattening lambs fed fermentation broth (FB).

R statistic P-value
Rumen Jejunum Rumen Jejunum
C-T1 0.6042 0.5729 0.025 0.069
C-T2 0.9167 0.7500 0.029 0.027
T1-T2 1.0000 0.7500 0.029 0.021
All 0.7986 0.6713 0.001 0.001

C - control group, T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in
drinking water at 1:500.

4 Discussion
Fermentation parameters involving GP and nutrient
disappearance rates were investigated in this study when the FB was
supplemented to artificial rumen fluid in the experiment of in vitro
fermentation. Generally, GP plays an important role in rumen
fermentation, and it is positively correlated with nutrient degradation
rates (27). Our study shows that the 48-h GP of fast-and
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slow-degradable fractions, as well as theoretical GP, increased
significantly with FB supplementation at doses ranging from 1:1000
to 1:250. Notably, the 1:1000 and 1:500 doses produced the highest GP
among all FB levels, suggesting that FB may promote the degradation
of nutrients by microorganisms. This finding is consistent with the
higher disappearance rates of CP and NDF observed at these two
doses in this study. However, the GP of the slow-degradable fraction
and the theoretical GP were not affected by the highest dose of FB
(1:250). The reports from Bachmann et al. (28) indicated that low or
high levels of prebiotics might reduce GP of in vitro fermentation, and
our present results also suggest that only appropriate doses of FBs
could promote the degradation of nutrients.

The effects of FBs on fermentation parameters (pH, NH;-N, and
MCP) in both in vitro and in vivo tests were also examined in this
study. The NH;-N is a main nitrogen source of MCP synthesis for
ruminants and reflects the balance between synthesis and degradation
of proteins in the substrate. Moreover, MCP in the rumen also affects
the utilization of ruminal NH;-N by microorganisms, and more MCP
production contributes to the enhancement of the utilization
efficiency of nitrogen (29), which is generally related to microbial
diversity in the rumen. Our data in the present study demonstrate a
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FIGURE 2

water at 1:500.

Venn diagram showing OTU distribution in bacterial communities in the rumen (A) and jejunum (B). The overlapping area indicates shared OTUs, while
the non-overlapping area shows unique OTUs. C - control group, T1 - FB supplement in drinking water at 1:1000, T2 - FB supplement in drinking
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FIGURE 3

Alpha-diversity indexes of bacterial communities in the rumen (A) and jejunum (B) of fattening lambs fed fermentation broth (FB). C - control group,
T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in drinking water at 1:500. Differences in alpha-diversity metrics in rumen and
jejunum: (1) Rumen: Chaol (p = 0.21), Observed_species (p = 0.11), PD_whole_tree (p = 0.06), and Shannon (p = 0.07). (2) Jejunum: Chaol (p = 0.94),

Observed_species (p = 0.62), PD_whole_tree (p = 0.60), and Shannon (p = 0.39).

significant decrease in NH;-N concentration and a significant
increase in MCP concentration when the FB of 1:500 was added to
drinking water, which could be explained by the changes in microbial
diversity in the rumen or jejunum. From the Venn diagram and
alpha-diversity index, whether in rumen or jejunum, the FB
supplements of 1:500 to 1:1000 significantly improved the diversity of
the bacterial community, exhibiting that the unique OTU number
increased by 42.3 to 91.5% in rumen and 39.1 to 54.1% in jejunum.
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The changes of bacterial community could promote the
transformation of NH;-N to MCP and meanwhile consume more
NH,-N, which is in agreement with Ghorbani et al. (30). Also, our
present results of NH;-N and MCP in the in vivo experiment are
consistent with those in the fermentation experiment in vitro. In an
in vitro experiment, different levels of FBs reduced the NH;-N content
in artificial rumen fluid. Particularly for the FB doses between 1:500
and 1:1000, the NH;-N decreased by 8.58 to 9.21%, while the MCP
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Beta-diversity analysis of bacterial communities in the rumen (A) and jejunum (B) of fattening lambs offered fermentation broth (FB), based on
weighted UniFrac distance. C - control group, T1 - FB supplement in drinking water at 1:1000, T2 - FB supplement in drinking water at 1:500.
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FIGURE 5

Composition and relative abundance of bacterial communities in the rumen (A) and jejunum (B) of fattening lambs fed fermentation broth (FB) at the
phylum level. C - control group, T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in drinking water at 1:500.
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increased by 16.22 to 18.92% when compared to the control group.
These results suggest that probiotics or other unknown active
ingredients in FB may have some positive effects. Previous studies on
probiotics (e.g., Bacillus) also showed a decrease in NH;-N content
and an increase in MCP in rumen or the intestine (31), with which
our present results are in agreement.

A panel of VFA parameters in the rumen of lambs offered FB
supplements was also measured in this study. The content of
isobutyric acid was increased by the FB supplements of 1:500 or
1:1000 in drinking water in the in vivo test. Published literature has
demonstrated that isobutyric acid might accelerate the reproduction
of rumen cellulolytic bacteria, resulting in the enhancement of
nutrient digestion, particularly cellulose (32, 33). In this case, the
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NDF degradation rate was elevated by 1:500 or 1:1000 FB offered in
drinking water, which suggests that FB would prefer to promote the
degradation of cellulose to some degree. However, the isobutyric acid
content did not show differences among all groups in the in vitro test.
This is due to different experimental conditions between the in vivo
and in vitro tests. Similarly, the propionic acid content also increased
in two FB-offered groups in the in vivo test, though the content
demonstrated no differences among all groups in the in vivo test.
Propionic acid, as an important VFA in the rumen, has been proven
in recent studies to have its augmentation promote more energy to
translate into body weight in fattening animals, providing greater
benefits for weight gain (34). Moreover, in this experiment, whether
in vivo or in vitro, the A/P ratio in rumen liquid demonstrates a
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TABLE 9 Composition and relative abundance of bacterial communities
in the rumen and jejunum of fattening lambs fed fermentation broth (FB)
at the phylum level (relative abundance > 0.1%).

SEM  P-value!

Rumen

Bacteroidota 71.52° 72.47° 56.52° 2.95 <0.01
Firmicutes 21.81° 20.63" 37.24° 3.11 <0.01
Proteobacteria 2.51 241 0.89 0.88 0.17
Euryarchaeota 2.32 1.22 1.35 1.28 0.66
Actinobacteriota 0.21° 0.40° 1.78* 0.22 <0.01
Patescibacteria 0.60 0.63 0.68 0.23 0.94
Fibrobacterota 0.15° 0.27° 0.15 0.05 0.04
Cyanobacteria 0.30 0.14 0.12 0.19 0.61
Jejunum

Firmicutes 52.05" 53.59° 40.81° 3.67 0.01
Euryarchaeota 31.62° 29.99* 18.46° 3.87 0.02
Actinobacteriota 12.06° 11.91° 31.28° 5.31 0.01
Bacteroidota 0.92° 0.72° 5.12* 0.78 <0.01
Proteobacteria 1.30 1.73 1.45 1.01 0.91
Patescibacteria 0.72 0.65 0.51 0.21 0.58
Acidobacteriota 0.29 0.15 0.11 0.17 0.54

'In the same row, different superscript letters indicate a significant difference (P < 0.05), and
the same superscript letters or no letters indicate no significant difference (P > 0.05). C -
control group, T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in
drinking water at 1:500.

10.3389/fvets.2025.1584930

decrease due to the addition of FB. However, the greater reduction
magnitudes for the 1:500 and 1:1000 groups were observed in the
in vivo test compared to the in vitro test (26.24% vs. 15.79% for 1:500;
13.99% vs. 13.53% for 1:1000). These results suggest a potential shift
in rumen fermentation pattern toward propionic acid-producing
pathways. This pattern is usually deemed a highly efficient mode of
energy utilization in animals or microorganisms. The decrease of A/P
here may be explained by the fact that our FB contains many
bioactive components such as polysaccharides, saponins, and
flavonoids, which could promote the digestion and absorption of
nutrients and improve the energy utilization. Early studies have
demonstrated that dietary polysaccharides, saponins, or flavones
supplements improved the growth performance involving weight
gain and feed conversion rate in animals (35-37). Moreover, the
bioactive substances would stimulate the development of the rumen
and alter its microstructure to help digestion (38). It is well known
that rumen development is very important for ruminants, and a well-
developed rumen contributes to feed conversion and energy
utilization (39). In this study, under a microscope, the rumen
microstructure was influenced by FB supplements, and the increases
in papilla length, mucosa thickness, muscle thickness, and papilla
surface were observed. In general, papilla length and its surface are
important indices to evaluate rumen morphology. Particularly, the
papilla surface may be directly associated with the chance of chyme
touching the rumen, which suggests that more papilla surface would
facilitate nutrient absorption in the rumen (40). In addition, the
jejunum, as a part of the small intestine, has strong decomposing and
absorbing functions on nutrients (41). In this experiment, FB
supplementation promoted jejunum development in lambs.

TABLE 10 Composition and relative abundance of bacterial communities in the rumen and jejunum of fattening lambs fed fermentation broth (FB) at
the genus level (relative abundance > 1%).

Rumen

Prevotella 31.50° 29.45* 15.20 2.96 <0.01
Rikenellaceae_RC9_gut_group 11.73° 15.89° 12.29° 1.57 0.05
Muribaculaceae 345" 4.07° 13.58" 1.42 <0.01
F082 5.84 6.97 4.53 1.14 0.16
Prevotellaceae_UCG-001 4.06 3.68 3.04 0.61 0.29
Bacteroidales_RF16_group 5.61* 3.04° 1.24¢ 0.52 <0.01
P-251-05 3.00 1.67 1.98 0.69 0.18
Prevotellaceae_UCG-003 2.44° 2110 1.28 0.32 0.02
Succiniclasticum 1.19 2.21 1.78 0.50 0.17
Methanobrevibacter 2.32 1.22 1.31 1.28 0.65
Jejunum

Methanobrevibacter 31.12° 29.54° 18.15° 3.90 0.02
Lachnospiraceae_NK3A20_group 18.56% 20.31* 12.51° 2.01 0.01
Aeriscardovia 9.35 9.32° 29.54* 5.97 0.01
Ruminococcus 9.72° 9.99* 6.10° 1.23 0.02
Acetitomaculum 6.33° 6.49° 4.98" 0.42 0.01
Marvinbryantia 1.06" 2.00° 1.08° 0.34 0.04

'In the same row, different superscript letters indicate a significant difference (P < 0.05), and the same superscript letters or no letters indicate no significant difference (P > 0.05). C - control
group, T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in drinking water at 1:500.

Frontiers in Veterinary Science

11

frontiersin.org


https://doi.org/10.3389/fvets.2025.1584930
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhang et al.

10.3389/fvets.2025.1584930

i I I
— I
= = — [y Bl Pinnn o 3
_ _— - . o_ssciroases 6511 gugoup [ a_tacovscins
) — ] B oz oo a_p251-05
g i | [l c_Stecernen coponargoren o [ s_ronses
g o_cwetenertscose -7 gowp [l o_ et 510 r0p
3 e | [l o vesonetscese_ucs-oon a_Prscistacese UCG-001
H - -
[l o_repiwace a_rm2
g
H [ 5_cowssa wco-on [ P
2 [ p—— o Pouemicnee R8s oop
| . [~ p—
L §_Succiniciasticum
3

FIGURE 6

Composition and relative abundance of bacterial communities in the rumen (A) and jejunum (B) of fattening lambs fed fermentation broth (FB) at the
genus level. C - control group, T1 - FB supplement in drinking water at 1:1000; T2 - FB supplement in drinking water at 1:500.
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Microstructural parameters, including villus height, muscle
thickness, villus surface, and the villus height/crypt depth ratio, were
improved, thereby increasing the contact area between nutrients and
the jejunum and enhancing nutrient absorption (42). Previous
studies suggested that the development of the gastrointestinal tract
was also associated with feed additives, gastrointestinal microecology,
and diet composition (43). In our experiment, the FB contained
some saponin, which is extracted mainly from alfalfa. Saponin has
been reported to promote the reproduction of beneficial bacteria in
the gastrointestinal tract (44). This may be due to its ability to
modulate the microenvironment suitable for gastrointestinal
microorganisms, thereby promoting the development of the rumen
and jejunum (45).

The majority of published studies have reported that maintaining
a balance of gastrointestinal microorganisms is helpful to protect
animal health and improve its digestibility (46-48). The FB in this
study may enrich a variety of bioactive ingredients (such as alfalfa
flavonoid, alfalfa saponin, and astragalus polysaccharide), as well as
some probiotics such as Lactobacillus. Many studies on probiotics
improving microbial communities have been reported in the past few
decades (49, 50). It is generally believed that probiotics enter the
gastrointestinal tract via dietary mixture and then compete with,
inhibit, and coexist with inherent gastrointestinal-colonizing
bacteria, eventually forming a stable and healthy gastrointestinal
environment (51). In this study, three analysis methods of data,
including Venn diagram, alpha-diversity, and beta-diversity, were
used to analyze the effects of FBs on the microbial community in the
gastrointestinal tract of fattening lambs. The FB supplements in
drinking water significantly improve the diversity of microbial
communities in the rumen and jejunum, particularly in the rumen.
As mentioned above, the unique OTU in the rumen increased by
91.5% when the FB of 1:500 was provided in drinking water for
lambs, and the PD_whole_tree and Shannon index in the rumen had
an increased tendency for FB groups compared with the control
group. The reasons may be related to the flavonoids contained in the
FBs. Flavonoids have some positive effects on microbial communities
in the digestive tracts, e.g., improving microbial diversity, increasing
beneficial bacteria (e.g., Bifidobacteria and Lactobacillus) count, and
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inhibiting the reproduction of harmful bacteria by destroying the cell
membrane and slowing down their metabolism (52, 53). Similar
studies also showed that dietary flavonoid supplements could
effectively inhibit the reproduction of Escherichia coli in the gut and
enhance the abundance of Bifidobacteria (54). Additionally, the
microbial composition and abundance of FB-offered lambs at the
phylum and genus levels were also investigated in this study. Two
dominant bacterial phyla in the rumen were found, including
Bacteroidota and Firmicutes, which agrees with previous results (55,
56). Bacteroidota plays an important role in decomposing
polysaccharides, while Firmicutes can increase the activity of gene-
coding enzymes, promote rumen development, and improve the
absorption capacity of starch and cellulose (57). The results of this
experiment show that FB supplementation at 1:500 in drinking water
increased the abundance of phylum Firmicutes in the rumen by
70.75% and decreased the abundance of phylum Bacteroidota
compared with the control group. However, two rumen bacteria
subordinate to the phylum Bacteroidota, including Rikenellaceae_
RC9_gut group (dominant bacterial genus) and Muribaculaceae
(non-dominant bacterial genus), demonstrated significant increases
in abundance, with the Muribaculaceae abundance in the 1:500 group
being 2.9 times greater than the control. The study by Berry et al. (58)
indicated that Rikenellaceae_RC9_gut_group mainly exerts the effects
in promoting the digestion and absorption of carbohydrates, which
are known as a main energy source in ruminants and can be converted
into VFA to provide more energy. Though the Muribaculaceae is not
the dominant bacterium in the rumen, it has some functional
diversity in decomposing complex carbohydrates. However, little
relevant information is available (59). Thus, the FB supplements in
drinking water in our study could promote the degradation of
carbohydrates in the rumen under the synergistic action of the
bacterial population. From analysis of microbial composition in the
jejunum, Firmicutes, as the main dominant bacterial phylum, were
not affected in abundance by FB supplements. Euryarchaeota, the
second dominant bacterial phylum, is traditionally called the
methanogenic bacteria because it is mainly involved in methane
production. The abundances of phylum Euryarchaeota and
Methanobrevibacter (the main dominant bacterial genus) subordinate
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to phylum Euryarchaeota were lowered by the 1:500 addition of
FB. Results from Djemai et al. (60) indicated that the genus
Methanobrevibacter mainly participates in methane production
under anaerobic conditions. The decrease in the abundance of
methanogenic bacteria in our data may be due to the fact that
flavonoids from alfalfa, Platycladus orientalis, and Astragali Radix in
the FB inhibit the activity of methanogenic bacteria (61), which
would lead to the reduction of methane production and improve the
energy utilization for ruminants. A recent study also suggested that
saponin in alfalfa could reduce the methane-producing bacteria
count or their activity, thereby reducing methane concentration (62).
In addition, the addition of 1:500 FB increased the phylum
Actinomycetes abundance in the jejunum. Evidence has demonstrated
that Actinomycetes take part in the degradation of organic matter
and nutrient absorption and reduce the occurrence of diarrhea (63).
The Aeriscardovia abundance in the jejunum, belonging to the
phylum Actinomycetes, increased when 1:500 FB was provided to
lambs by the addition to drinking water. This genus, Aeriscardovia,
which is subordinate to the family Bifidobacteriaceae, has been
proven to have these positive functions, e.g., inhibiting harmful
bacteria growth, maintaining a balanced microenvironment in
gastrointestinal tracts, and improving immunity (64). The reason for
this change in our study is associated with polysaccharides in FB. A
published study from Shang et al. (65) has demonstrated that this
bioactive ingredient can promote the growth of Bifidobacteria.
Meanwhile, the Lactobacillus in FB may play an important role in
improving the microbial structure of the rumen and jejunum. It can
not only effectively inhibit the colonization and proliferation of
harmful bacteria by competing with intestinal pathogenic bacteria for
adhesion sites and nutritional resources, thereby maintaining
intestinal microbiota homeostasis, but also metabolically produce
new bioactive substances (such as enzymes, vitamins, bacitracin).
These substances can inhibit the reproduction of intestinal pathogenic
bacteria, thus enhancing the efficiency of intestinal digestion and
absorption of nutrients (66, 67). Therefore, from all results of our two
experiments (in vivo and in vitro), the positive effects involving
digestive tract development and microbial community caused by FB
supplements would be comprehensive responses to FB products.

5 Conclusion

The data from in vitro and in vivo experiments suggest that FB
supplementation can modulate rumen fermentation in fattening
lambs. In in vitro rumen fermentation, FB at ratios of 1:1000 or 1:500
yielded optimal GP and nutrient disappearance rates. Moreover,
1:500
gastrointestinal development and improved microbial community

supplementation  at in drinking water promoted
structure, thereby enhancing the digestion and absorption

of nutrients.
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