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Fungal probiotics have the potential as feed additives, but less has been explored in
ruminant feed up to date. This study aimed to determine the effect of compound
probiotics (CPs) with Aspergillus oryzae 1, Aspergillus oryzae 2 and Candida utilis
on Hu sheep’s growth performance, rumen fermentation and microbiota. A total
of 120 male Hu sheep, aged 2 months and with the body weight of 16.95 + 0.65 kg
were divided into 4 groups. Each group consisted of 5 replicates, with 6 sheep
per replicate. Group A was the control group fed with the basal diet. Group B, C
and D was supplemented with the basal diet by adding 400, 800 and 1,200 grams
per ton (g/t) CPs, respectively. The feeding trial lasted for 60 days after a 10-day
adaptation period. The results showed that the average daily gain (ADG) of sheep
in the CPs groups were significantly higher, the feed/gain were significantly lower
than those in group A in the later stage and the overall period. The addition of
CPs increased the economic benefit. The levels of CD4* and the CD4*/CD8*
ratio in the CPs groups were higher than those in Group A. The levels of GSH,
IgG, IL-2, IL-6, and IFN-y in group C were significantly elevated compared with
group A. Group B showed a significant increase in rumen NHs-N and cellulase
activity. There was no difference in VFAs content between group A and group B,
however, with the increasing addition of CPs, the butyric acid and isobutyric acid
content tended to decrease. The rumen microbiota analysis indicated that the CPs
addition increased the Firmicutes and Proteobacteria abundances, decreased the
Bacteroidetes abundance. The correlation analysis showed that Prevotella was
negatively correlated with ADG, and the addition of 400 CPs in group B reduced
Prevotella's relative abundance, indicating CPs increased sheep growth by decreasing
Prevotella abundance. The CPs addition reduced caspase-3, NF-kB and TNF-a
expression in liver, jejunum and rumen tissues. In conclusion, the addition of CPs
increased the sheep production performance, reduced inflammation, improved
rumen and intestinal health. Considering the above points and economic benefits,
the optimal addition of CPs as an additive for Hu sheep is 800 g/t.
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1 Introduction

Antibiotics, beyond controlling pathogenic microorganisms, also
affect many beneficial microorganisms, causing disturbances to the
balance of the gastrointestinal microbiota (1). The abused of antibiotics
can result in the development of drug-resistant bacteria and the
presence of antibiotic residues in livestock products, which may
subsequently enter the human body through the food chain and
adversely affect human health (2). Adding antibiotics to feed is already
banned, therefore, it is more important to study the substitutes of
antibiotics. Probiotics are a class of active microorganisms that can
be beneficial to the host by colonize the host’s body and alter the
balance of gut microbiota (1). In recent years, probiotics have gained
increasing attention as alternatives to antibiotics due to their ability to
enhance animal productivity (3), inhibit pathogenic microorganism
colonization (4), and maintain the balance of microflora of the digestive
tract of the host (5). Probiotic preparation on the market includes
bacteria, fungus and yeast (6). In the past, the application in animal
husbandry mainly focused on bacteria and yeast, while little attention
has been paid on to fungal probiotics supplementation in ruminants.

The fungal probiotic field is one of the developing fields nowadays
(7). Numerous studies have described the role of Aspergillus oryzae as one
of the most common probiotics and has been widely used as a feed
additive in ruminant production (8-10). Aspergillus oryzae enhances feed
dry matter degradation, reduces inflammation, and increases the energy
supply of total volatile fatty acids (VFAs) in the rumen (8). Additionally,
Aspergillus oryzae plays a role in the rumen and hindgut (11). Candida
utilis cell wall contains f-glucan, glucomannan and mannoprotein (12),
which have been shown to improve intestinal health, inhibit cellular DNA
damage, antioxidant, antimutagenic and antitoxic activities (13). Many
studies have shown that Candida utilis used in feed can improve animal
production performance, antioxidant capacity, immune function and
increase the villus height of the jejunum and ileum (14-16).

Even though the effectiveness of individual Aspergillus oryzae and
Candida utilis has been studied, most studies are limited to a single
strain. Still, single strains have problems such as poor stability and
insignificant application effect (12). This study aimed to investigate the
effect of combined additive with Aspergillus oryzae and Candida utilis
on growth performance, antioxidant capacity, immunity, ruminal
fermentation and microbial diversity of Hu sheep. It will provide
scientific basis for the application of compound probiotics in
ruminant production.

2 Materials and methods
2.1 Animal ethics statement

All animal experimental procedures were approved by the Animal
Care and Use Committee of Henan Agricultural University (Approval
number: HENAU-2021-025).
2.2 Materials preparation

Aspergillus oryzae 1 (CGMCC5817) used in this study was

isolated from a cow rumen, and identified by 26S rDNA, it was
preserved in China General Microbiological Culture Collection
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Center (CGMCC). Aspergillus oryzae 2 (CGMCC3.0496) and
Candida utilis (CGMCC2.
0615) were obtained from CGMCC. They were incubated according
to the published protocols to make the probiotics powder (17). Based
on the previous results obtained with response surface regression
design in vitro in our laboratory. The compound probiotics (CPs)
were prepared by the optimal ratio of Aspergillus oryzae 1, Aspergillus
oryzae 2 and Candida utilis with 1 x10**, 1x10° and 1 x 10° colony-
forming units (CFU)/ g compound probiotics powder, respectively.

2.3 Animals, diets, and experimental design

This experimental design was approved by the Sanmu Lvyuan
Livestock Breeding Co., Ltd. (Dengfeng, China). A total of 120 male Hu
sheep, aged 2 months and with the body weight of 16.95 +0.65kg were
divided into 4 groups. Each group consisted of 5 replicates, with 6 sheep
per replicate. Group A was fed basal diet (control group); Group B was
fed basal diet with 400 g/t CPs; Group C was fed basal diet with 800 g/t
CPs; and Group D was fed basal diet with 1,200 gram per ton (g/t) CPs.
The feeding experiment duration was 70 days, which included a 10-day
adaptation period. The pre-trial period lasted 30 days (1-30day), and
the post-trial period for 30 days (31-60 day). The sheep were fed twice
daily at 08:00 and 16:00. The amount of feed offered to each pen, as well
as leftover feed, was recorded daily. They were provided access to clean,
fresh water ad libitum. The diet was formulated according to Nutrition
Requirement of Meat Sheep in China (NY/T 816-2021) to meet the
nutritional requirements. Ingredients and chemical composition of the
total mixed diet are shown in Table 1.

2.4 The determination of growth
performance

Body weight for each replicate were recorded on day 1, 30, and 60,
respectively, to calculate the average daily gain (ADG), average daily
feed intake (ADFI) and feed/gain (F/G) for days 1 to 30, 31 to 60, and
1 to 60 (1to 60, the entire test period). ADG, ADFI, and F/G were
calculated as follows:

ADG =(finish weight — start weight )/ age (days),
provide feed amount —

ADFI= (residual feed amount

) / number of sheep,

F /G = average daily feed intake /
average daily gain

2.5 The determination of digestibility

On days 28 and 58, fecal samples were collected from five sheep
in each group for three consecutive days. Total feces from each sheep
were collected, weighed, mixed, and sampled twice daily (0900 and
1700h). Representative samples (100 g each) were mixed with 10mL
of 10% (wt/wt) hydrochloric acid and stored in a sterile plastic bag at
—20°C for further analysis. Some fecal samples were dried at 65°C for
24h and mashed to determine apparent nutrient digestibility. The
apparent nutrient digestibility was calculated according to formula:
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TABLE 1 Feed composition and nutrient levels of basal diets (%, dry
matter basis).

Feed Content Nutrient levels? Content
composition (%)

Corn meal 20.40 Metabolic energy (MJ/kg) 10.14
Soybean meal 12.80 Crude protein (%) 14.09
Wheat bran 3.56 Ether extract (%) 5.06
Corn silage 10.00 Neutral detergent fiber (%) 50.30
Peanut Straw 50.00 Acid detergent fiber (%) 22.24
NaCl 0.28 Calcium (%) 1.09
NaHCO3 0.64 Phosphorus (%) 0.43
Limestone 0.24 Ash (%) 9.06
CaHPO4 0.08

Premix compound* 2.00

Total 100.00

* Composition of premix compound (per kilogram of the diet): Cu (copper sulfate) 16.0 mg,
Fe (ferrous sulfate) 60.0 mg, Mn (manganese sulfate) 59.0mg, Zn (zinc sulfate) 120.0 mg,

I (calcium iodate) 1.4 mg, Se (sodium selenite) 0.10 mg, Co (cobalt chloride) 0.03 mg,
Vitamin A (VA) 14,4001U, VD; 4,4001U, VE 30 mg.

“Metabolic energy was a calculated value, while others was measured.

Nutrient KNutrient intake —

digestibility (% ) = || Nutrient in feces ) / Nutrient 1ntake} x100

The chemical analyses of the fecal and diets samples included
crude protein (CP; method 984.13; AOAC, 2006), ether extract (EE;
method 920.39; AOAC, 2006), Ca (method 968.08; AOAC, 2006), and
P (method 946.06; AOAC, 2006) as described by AOAC International.
The NDF and ADF content was determined using the method of Van
Soest et al. (18).

2.6 The determination of immune and
antioxidant indices

At the end of feeding experiment, one sheep from each replicate
with a similar live weight was selected for blood collection. Serum was
obtained from non-anticoagulated blood through centrifugation at
3,000rpm/min for 10min at 4°C in order to analyze serum
biochemical indicators. The concentrations of immunoglobulin M
(IgM), immunoglobulin A (IgA), immunoglobulin G (IgG),
interleukin 2 (IL-2), interleukin 4 (IL-4), interleukin 6 (IL-6),
interleukin 10 (IL-10), interferon-y (IFN-y), CD4" and CD8" were
determined with immunoglobulin-based ELISA kits (Beijing solarbio
Bio Tech Company, Shanghai, China). We used the corresponding kit
(Shanghai Meilian Bio-Tech Company, Beijing, China) to determine
the concentrations of superoxide dismutase (SOD), malondialdehyde
(MDA) and glutathione (GSH).

2.7 Rumen, hepatic, and jejunum
morphology

Following the 60-day experimental period, three Hu sheep of
comparable body weight were selected from both groups A and B
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for slaughter. The goat was weighed with empty stomach in the
morning and killed by captive bolt stunning exsanguination. For
each sheep, a 1 cm segment of the jejunum was cut with a scalpel,
approximately 2cm x 2 cm of liver tissue, and a 3cm x 3 cm of the
rumen wall were taken. These tissue samples were subsequently
washed with saline solution, fixed in 10% formalin buffer for future
morphological analysis.

Rumen, hepatic, and jejunum morphologies were detected with
hematoxylin-eosin (HE) staining. The specific experimental steps of
HE staining refer to the previous study (19, 20), and then observed
with a microscope (Olympus Co., Ltd., Tokyo, Japan).

2.8 Immunohistochemistry

Immunohistochemical staining was done using the streptavidin-
perosidase (SP) method (Thermo Fisher Scientific Company,
Shanghai, China). Inflammatory factors (Caspase-3, NF-xB, and
TNF-a) were detected by immunohistochemistry as described (21).
Only the nuclear staining pattern was considered positive. The
immunostaining was scored as “0” (negative, no or less than 5%
positive cells), “1” (5-25% positive cells), “2” (26-50% positive cells)
and “3” (more than 50% positive cells). The staining intensity was
scored as follows: 0, colorless; 1, buff; 2, brownish yellow and 3, dark
brown. The staining index was obtained by multiplying the staining
intensity score by the positive tumor cell score. Based on the
heterogeneity of the measure, we defined a staining index of 1-2 as
weak, 3-4 as moderate, and 6-9 as strong staining (22, 23).

2.9 Rumen fermentation parameters

One sheep from each replicate with a similar live weight was
selected for rumen fluid collection. The collection of ruminal fluid was
performed 2h after the morning feeding on day 60 of treatment.
Rumen fluid samples were collected through the oral cavity using a
rumen tube. To prevent saliva contamination, the initial 50 mL of fluid
was discarded, and the next 100 mL was retained. The collected
ruminal fluid was then filtered through four layers of cheesecloth. A
sample of the ruminal fluid was immediately used to measure pH with
a portable pH meter (PHB-4; Shanghai Leici Co., Ltd., Shanghai,
China). Additionally, the remaining sample was immediately brought
to the laboratory and stored in a—80°C refrigerator to analyze
ruminal bacteria, total and individual VFAs components (acetic acid,
propionic acid, and butyric acid), NH;-N, protease activity, amylase
activity and cellulase activity. Two milliliters of ruminal fluid were
immediately stored at —80°C to assess the bacterial population. Ten
milliliters of ruminal fluid were added to 2 mL of 25% metaphosphoric
acid for assay of VFAs.

Thawed rumen fluid samples were centrifuged at 6000x g for
10 min, the supernatant collected was analyzed for NH;-N based on
the protocol described by Ma et al. (24). The concentration of VFAs
was determined using crotonic acid as an internal standard by a gas
chromatography method (Agilent 7890B, Agilent, California,
United States), according to Izuddin et al. (25). The assayed cellulase
and amylase activities were measured using the 3,5-dinitrosalicylic
acid method (26, 27). Protease activity was determined using the
Azocoll assay as previously described (28).
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2.10 DNA extraction, amplification and
Miseq sequencing

Rumen samples were thoroughly homogenized, followed by
centrifugation of one milliliter of the rumen fluid for 10min at
13,200 rpm. The supernatant was discarded, and the remaining pellet
was resuspended in 400 mL of nuclease-free water. Microbial DNA
extraction was performed utilizing a Genomic DNA Extraction Kit
(Takara Biomedical Technology Co., Ltd., Beijing, China) in
accordance with the manufacturer’s protocols. After assessing the
integrity and purity of DNA, amplification and sequencing were
performed as described by Wang et al. (29). The V4-V5 region of the
bacteria 16S ribosomal RNA genes was amplified using primers of
F:5-GTGCCAGCMGCCGCGGTAA-3" and R: 5-CCGTCAATT
CCTTTGAGTTT-3" with the barcode attached. The concentrations
of PCR products were measured using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
United States), then merged according to DNA concentration. Purified
amplicons were pooled in equimolar and paired-end sequenced
(2%250) on an Illumina MiSeq platform that was finished by Shanghai
Paisennuo Biological Technology Co., Ltd. (Shanghai, China).

2.11 Data processing

QIIME2 software package was used to process the raw data. All the
raw reads generated from the Illumina sequencing were trimmed using
Trimmomatic to remove adapters and low-quality sequences with a phred
score of 33 (30). Reads quality control and the resolution of amplicon
sequence variants (ASVs) were performed using the DADA2 R package
(31). Taxonomic assignment of the ASVs was performed based on the
SILVA database (Release132 http://www.Arb-silva.de) (32). Differences in
bacterial communities between control and treatment groups were
assessed using ANOSIM with the vegan package in R.' Redundancy
analysis (RDA) was performed to analyze the correlation between
environmental factors and the rumen microbial community. RDA analysis
was carried out in reference to the method described by Song et al. (33).

2.12 Statistical analysis

All data were analyzed by one-way analysis of variance (ANOVA)
using SPSS software (version 22.0; SPSS Institute Inc., Chicago, IL,
United States), and the significant differences were compared by

Duncan’s multiple range test (p <0.05). The results were expressed as
mean values + standard deviations (mean +SD).

3 Results

3.1 Effect of compound postbiotics on the
growth performance and economic benefit
of Hu sheep

The effect of CPs on Hu sheep growth performance is
presented in Table 2. There was no significant difference for the

1 https://github.Com/vegandevs/vegan
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30 day body weights of the sheep in all groups. The body weight
of 60 day in the groups B and C was higher than that of group A
(p<0.05).

The ADFI of Hu sheep exhibited no significant differences
among the various groups during the pre-period, post-period, and
the entire trial period (p>0.05). During days 30 to 60, as well as the
entire trial period, the group supplemented with CPs exhibited a
higher ADG and a lower F/G compared to group A (control group)
(p<0.05). The addition of CPs increased the economic benefit of
Hu sheep.

3.2 Effect of compound postbiotics on the
nutrient digestibility of Hu sheep

The nutrient digestibility of Hu sheep is shown in Table 3. In the
early stage, the digestibility of EE in group B was significantly higher
compared with the other groups (p<0.05), while no significant
differences were observed among the remaining groups. In the post-
period, EE digestibility in group D was higher than in groups A, B, and
C (p<0.05); The dry matter digestibility of groups B and C was
significantly higher than that of group A. During both the pre-trial
and post-trial phases, groups B, C, and D exhibited significantly
higher Ca digestibility compared with group A (p<0.05).

3.3 Effect of compound probiotics on the
antioxidant and immune parameters of Hu
sheep serum

Table 4 showed that the contents of GSH and IgG in group C were
significantly higher than that in the other groups (p <0.05). Additionally,
the contents of IL-2 and IL-6 in group C were significantly higher than
those in group A (p<0.05). The IL-4 level in group D was significantly
higher than that in group A (p <0.05); however, no significant difference
were observed among groups B, C and D. The content of IFN-y was
significantly higher in group C compared to group A (p<0.05);
nonetheless, the difference with groups B and D was nonsignificant. The
content of CD4* lymphocytes and the CD4*/CD8" ratio were highest in
group D, but not significantly different from group C.

3.4 Effects of compound probiotics on
rumen fermentation parameters of Hu
sheep

Table 5 presents the rumen fermentation parameters, and it
showed that the NH;-N content was significantly increased in groups
B and C compared to group A, with group B exhibiting the highest
content (p <0.05). The rumen isobutyrate content in the group B was
the highest. The butyric acid content tended to decrease as the amount
of CPs added increased, however, the butyric acid content were
highest in group A, with no significant differences observed between
groups A and B. The amylase activity observed in group C was
significantly elevated compared with group A and group D (p <0.05),
however, it did not differ significantly from that in group B (p <0.05).
Furthermore, group B showed significantly higher cellulase activity
compared with all other groups.
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TABLE 2 Effects of compound probiotics on the growth performance of Hu sheep.

10.3389/fvets.2024.1440432

Items Group A Group B Group C Group D
Initial BW 16.96£0.25 17.14£0.76 17.18+0.55 16.53+0.87
Day 30 BW 21.58+0.63 21.88+0.87 22.03+£1.24 21.35+£1.32
Final BW 27.04+0.59 28.08 £0.45® 28.36+0.62* 27.53+1.23®
ADFI (g/d)

1-30d 965.18 £4.99 962.71+3.39 966.41 +£2.82 968.89+3.71
31-60d 1180.85+1.42 1179.98 £0.27 1180.85+1.19 1181.69+0.86
1-60 d 1073.30 +14.65 1071.00£1.79 1073.63£1.39 1075.29+1.93
ADG (g/d)

1-30d 153.73+£8.04 158.07+8.17 161.67 +10.27 160.67 +£12.34
31-60d 182.00+6.81° 206.73+£15.66° 211.07£17.67° 206.47 £19.55°
1-60d 167.25+13.74° 182.20+5.19° 186.37 +£15.08° 183.17£10.98°
F/IG

1-30d 6.29+0.33 6.10£0.32 5.97£0.66 6.03+0.94
31-60d 6.48+0.28" 5.71+0.43" 5.60+0.49" 5.73+0.57"
1-60 d 6.42+0.60° 5.88+0.18" 5.76+0.50" 5.88+0.43"
Economic benefit (1-60 d)

Feed intake (kg) 64.40 64.26 64.42 64.25
Feed unit price (yuan/kg) 1.720 1.728 1.736 1.744
Feed cost (yuan/kg) 110.77 111.04 111.83 112.05
Weight gain /kg 10.08 10.94 11.18 11.00
Weight gain income (yuan) 302.40 328.20 335.40 330.00
Economic benefit (yuan/sheep) 191.63 217.16 223.57 217.95

»>Within a row, means without a common superscript letter differs (p <0.05) or tends to differ (p <0.10) between treatments.

Group A: Control group; Group B: 400 g/t CPs group; Group C: 800 g/t CPs group; Group D: 1200 g/t CPs group.

BW, body weight; ADFI, average daily feed intake; ADG, average daily gain; F/G, the feed to gain ratio.

The price of mutton sheep was calculated according to the average price of local mutton sheep of 30 yuan/kg at beginning of 2023, the compound probiotics cost was 20 yuan/kg, and the

economic benefit=weight gain income - feed cost.

3.5 Effects of compound probiotics on
rumen microbial diversity of Hu sheep

The microbial richness was estimated by observed species and
Chao index, the diversity was evaluated by Shannon and Simpson
index (Table 6). The Chao index, Shannon index, and the number of
observed species in group C were significantly higher than those in
group B (p<0.05). Conversely, with the exception of Group C, no
significant differences were observed among the other groups (p>0.05).

3.6 Gut microbial community influenced by
compound probiotics

Figure 1A showed the abundances of top 10 bacteria at phylum
level. The top two major bacterial phyla were Firmicutes and
Bacteroidetes. Compared with group A, the relative abundance of
Firmicutes increased in the CPs addition groups, whereas the relative
abundance of Bacteroidetes decreased (Table 7). At the bacterial genus
level, the top 10 genera of bacteria are presented in Figure 1B and
Table 7. The predominant bacterium in the rumen among the four
groups was Prevotella, followed by Ruminococcus and Butyrivibrio.
The relative abundance of Prevotella and Anaeroplasma in group B was
lower than that in the other three groups (p > 0.05), indicating that the
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addition of 400 CPs decreased the relative abundance of Anaeroplasma
and Prevotella (Table 7).

3.7 Correlations between rumen bacteria
and ruminal fermentation parameters

To investigate the impact of rumen microflora on the
progression of rumen fermentation, a correlation analysis was
conducted using redundancy analysis (RDA). The results revealed
significant correlations between influential rumen microflora at the
genus level and ruminal fermentation parameters (Figure 2).
Prevotella and Ruminococcus were strongly correlated with
environmental factors. Specifically, Prevotella was positively
correlated with ADF; Ruminococcus was positively correlated with
ADE NDE, pH, acetic acid, propanoic acid, and butyric acid. ADG
and NH;-N were negatively correlated with both Prevotella
and Ruminococcus.

3.8 Effects of compound probiotic on the
histological structure of Hu sheep

The initial analysis of the results indicated that group B and group
C exhibited superior outcomes. However, the difference between the
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two groups was not significant. Consequently, Group B was selected
for further investigation.

Oil Red O staining was performed on liver, jejunum, and rumen
sections for groups A and B to verify the digestibility and immunity. The
hepatocytes were visualized using HE staining, with signifies the staining
of hepatocyte cytoplasm and blue denotes stained nuclei (Figure 3A).
The hepatocyte morphology was normal, with hepatic cells being orderly
arranged and no abnormalities observed. However, compared to the

10.3389/fvets.2024.1440432

control group (Figure 3Aa), the cells in the treatment group (Figure 3Ab)
exhibited a reduction in inflammatory response and bleeding point.
Figure 3B shows the morphology structure of the jejunum. Compared
with the control group, group B exhibited a significantly greater number
of villi and a higher villus height to crypt depth ratio (Table 8). The
analysis of the rumen epithelium revealed that the length and density of
the ruminal papillae were significantly increased in the CPs group
compared with the control group (Figure 3Cb).

TABLE 3 Effects of compound probiotics on nutrient digestibility of Hu sheep(%).

Items Group A Group B Group C Group D
Day 30
DM 73.86+1.15 76.08 £1.60 75.81£2.92 75.54£0.72
Cp 56.65+3.79 59.53+4.21 57.76 +3.34 60.15+2.30
EE 72.16+2.43" 7549 +£2.55" 71.55+2.25" 71.64+1.64°
NDF 54.18 +£4.00 57.51+5.08 54.03+3.63 58.44+2.40
ADF 47.48 +4.59 50.46 £5.92 46.42+4.23 47.50+3.03
Ca 20.30+1.55° 32.40+3.66" 29.37+3.82° 28.39+2.76"
P 26.61+1.43 30.61+3.76 30.16£3.78 28.08+0.65
Day 60
DM 74.38+1.35° 7833+2.01° 78.81+1.62° 76.79+1.91%
Cp 68.31+1.53 68.26+1.65 71.34+1.30 68.28+1.32
EE 77.95+2.38 77.42+2.63 80.10+2.22° 83.25+1.85
NDF 60.55+4.26 62.25+4.39 63.94+4.02 62.31+4.16
ADF 50.32+5.37 53.59+5.40 55.41+4.97 56.98 +4.74
Ca 23.52+1.49" 35.65+3.48" 32.43+£5.34° 35.29£0.59*
P 31.79+1.33 38.32+3.34 37.01+5.88 36.83+3.65

»>Within a row, means without a common superscript letter differs (p <0.05) or tends to differ (p <0.10) between treatments.

Group A: Control group; Group B: 400 g/t CPs group; Group C: 800 g/t CPs group; Group D: 1200 g/t CPs group.

DM, dry matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fiber; ADFE, acid detergent fiber.

TABLE 4 Effects of compound probiotics on antioxidant and immunity indexes of Hu sheep serum.
Items Group A Group B Group C Group D
MDA (nmol/mL) 2.64+0.14 2.35+1.01 2.47+0.32 3.05+1.79
SOD (U/mL) 65.85+1.58 66.85+6.70 67.99 £5.60 63.39+6.48
GSH (pg/mL) 283.64+46.71° 313.37+21.39 442.49 £36.94" 291.38+11.73
IgG (mg/mL) 109.74£9.91° 118.67 £7.59® 128.88+7.38° 105.74 +7.44°
IgM (pg/mL) 572.27+48.10 507.12+18.37 563.48 +36.82 584.39+£56.47

IgA (pg/mL) 454.29+32.77 505.47 +44.74 501.21+47.00 501.59+51.00
IL-2 (pg/mL) 1259.93 £94.92° 1389.64+38.05% 1438.19+73.80° 1310.65+105.47%
IL-4 (pg/mL) 70.09 +4.86 76.15+4.52% 75.83+1.57% 82.38+9.13°

IL-6 (pg/mL) 170.43£18.13° 162.96 £40.49° 222.76 £23.84° 191.2£33.64
IL-10 (pg/mL) 213.77+16.60 217.38+£4.03 218.95+20.12 213.72+13.49
IFN-y (pg/mL) 87.56+5.79" 95.49+6.53% 110.95+15.78* 103.19+6.32®
CD4" (pg/L) 12.19£2.93° 17.83£2.17° 16.40 £ 1.70% 18.51£2.09°
CD8" (pg/L) 7.94+1.33 7.38+0.10 6.81+0.60 7.49+0.71
CD4'/CD8" 1.52+0.13° 2.41£0.27° 2.4140.20° 2.50+0.52°

»>Within a row, means without a common superscript letter differs (p <0.05) or tends to differ (p<0.10) between treatments.
Group A: Control group; Group B: 400 g/t CPs group; Group C: 800 g/t CPs group; Group D: 1200 g/t CPs group.
MDA, malondialdehyde; SOD, superoxide dismutase; GSH, reduced glutathione; IgG, immunoglobulin G; IgM, immunoglobulin M; IgA, immunoglobulin A; IL-2, interleukin-2; IL-4,

interleukin-4; IL-6, interleukin-6; IL-10, interleukin-10; IFN-y, interferon-y.
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TABLE 5 Effects of CPs on rumen fermentation parameters of Hu sheep.

Items Group A Group B Group C Group D
pH 6.68+0.33 6.41+0.31 6.52+0.25 6.47+0.26
Ammoniacal nitrogen (NH;-N)(mg/100 mL) 5.50+0.38¢ 8.55+0.81* 7.18+0.74° 6.08+0.33¢
Acetic acid(mmol/L) 88.93+12.32 75.10+27.31 56.79+15.99 59.12+6.99
Propionic acid(mmol/L) 19.59+2.70 18.78+7.43 13.38+3.51 13.78+1.89
Isobutyric acid(mmol/L) 1.59+0.23¢ 1.70+0.11° 1.25+0.45® 1.13+0.11°
Butyric acid(mmol/L) 18.16 £2.38* 14.87 +£7.04" 8.97+3.63" 8.85+0.34°
Protease activity(U/mL) 27.39+7.78 27.82+5.92 34.51+7.21 37.24+9.56
Amylase activity(U/mL) 7.47 £0.66" 8.01+0.72% 9.78+0.11° 3.79+0.93¢
Cellulase activity(U/mL) 1.63+£0.58" 2.34+0.02° 1.47+£0.37° 1.44£0.07°

*>Within a row, means without a common superscript letter differs (p <0.05) or tends to differ (p<0.10) between treatments.

Control group; Group B: 400 g/t CPs group; Group C: 800 g/t CPs group; Group D: 1200 g/t CPs group.

NH;-N, Ammoniacal nitrogen.

TABLE 6 Effect of the CPs on alpha diversity of rumen microbiota of Hu sheep.
Items Group A Group B Group C Group D
Observed species 2083.33 £260.59* 2013.90 +169.47° 2351.30+39.62° 2089.60 +72.72*
Chaol 2477.85+331.03% 2350.75+275.27° 2820.81+26.84" 2505.96 +149.65%
Shannon 9.29+0.30® 9.16+0.28" 9.60+0.08* 9.46+0.08"
Simpson 0.9948 +£0.0017 0.9937+£0.0032 0.9967 +0.0004 0.9965 +0.0004

~"Within a row, means without a common superscript letter differs (p <0.05) or tends to differ (p<0.10) between treatments.
Group A: Control group; Group B: 400 g/t CPs group; Group C: 800 g/t CPs group; Group D: 1200 g/t CPs group.

3.9 Effects of compound probiotics on the

inflammatory cytokine expression of Hu A
100 — o
Sheep W= Firmicutes
" W Bacteroidetes
The histological evaluation (Table 9) of liver, jejunum, and rumen s : :e:',”i:"'is .
“ cinobacteria
specimens from groups A and B provides evidence supporting the anti- E 60 -7
inflammatory activity of CPs. The positive cell detection algorithm H Frotecbucteria
. 2 < = Synergistetes
measured the number of DAB-positive cells per mm?®. The control g 407 o Versicosicrolic
k=
group exhibited a higher number of Caspase-3, NF-kB, and TNF-a E == Spirochaetes
positive cells, with a darker color, compared with the CPs group. CPs 7 - g,’:;:ﬂ o
significantly decreased pro-inflammatory factors, including Caspase-3 o
and NF-kB, in liver and jejunal tissues compared with the control A B c D
group (lable 9; Figures 4, 5). The immunohistochemistry results Groups
indicated that group B had reduced Caspase-3 and TNF-a levels, fewer
positive cells, and lighter staining in rumen tissue compared with B 00 R
group A (Table 9% F igure 6) W Ruminococcus
S 80 = Butyrivibrio
‘é’ wm Clostridiaceae Clostridium
El - N
4 Di . Eoo —REN2
I S C u S S I O n B Oscillospira
'3 10 W _Anaeroplasma
2 W Succiniclasticum
Previously, it was shown that the compound probiotics could k- = B3l
effectively improve the rumen environment and enhance the intestinal = - . TGS
W Others
absorptive ability of the nutrients, and improve animal production e
performance (34-36). The present study showed that the compound o A B c b
probiotics significantly increased the ADG and decreased the F/G Groups
during days 31-60 and days 1-60. Guo et al. (8) reported that FIGURE 1
Aspergillus oryzae culture could improve feed dry matter degradation (B,Scrtzer[iatl' corr;poscjtions a?‘tjhabf”d;gcis Tt p:‘ylum ar;)d 9te”.“5 levels.
. . . elative abunaance O e top pnytla of rumen bacteria;
and increase the energy supply of VFAs concentration in the rumen (B) Relative abundance of the top 10 genus of rumen bacteria. Group
of Hu sheep. A previous study revealed that Aspergillus oryzae and A: Control group; Group B: 400 g/t CPs group; Group C: 800 g/t CPs
Aspergillus niger co-cultivation extract effectively improved feed group; Group D: 1200 g/t CPs group.
digestibility and enhanced bacterial diversity (). Candida utilis could
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TABLE 7 Effects of compound probiotics on the composition and structure of rumen microflora of Hu sheep(%).

10.3389/fvets.2024.1440432

Items Group A Group B Group C Group D
Phylum level

Firmicutes 48.17 £4.39° 65.22+5.32° 57.19+0.69° 58.01+4.95°
Bacteroidetes 48.57 £3.62° 32.70+4.72° 39.94+0.23" 39.33+4.07°
Tenericutes 0.82+0.41 0.45+0.15 0.68+0.22 1.14+0.54
Actinobacteria 1.12+0.89 0.22+0.32 0.41+0.09 0.18+0.24
™7 0.53+0.34 0.34+0.1946 0.40+0.02 0.20+0.04
Proteobacteria 0.21+0.07° 0.38+0.05* 0.40+0.10* 0.32+0.08®
Synergistetes 0.05+0.05° 0.07+0.05" 0.46+0.09* 0.35+£0.19*
Verrucomicrobia 0.09+0.11 0.27+0.25 0.10£0.01 0.03+0.03
Spirochaetes 0.13+0.07 0.03+£0.03 0.09+0.04 0.12+0.07
Chloroflexi 0.07+0.09 0.08+0.08 0.06+0.03 0.03+£0.02
Genus level

Prevotella 9.34+£2.98* 3.62+2.67° 7.43+£0.26" 11.46£1.96*
Ruminococcus 4.48+2.45 1.44+0.63 2.25+1.18 2.91+0.57
Butyrivibrio 0.56+0.366 0.96+0.766 0.81+£0.24 1.13£0.35
Clostridiaceae Clostridium 0.76+0.226 0.78+0.44 0.93+0.01 0.84+0.26
REN20 0.75+0.06 0.52+0.27 0.98+0.64 0.60+0.26
Oscillospira 0.40+0.44 0.35£0.20 0.32+0.13 0.83+£0.43
Anaeroplasma 0.45+0.20® 0.15+0.08° 0.37 £0.05® 0.88+0.58*
Succiniclasticum 0.26+0.32° 0.29+0.18" 0.22+0.04° 1.02+0.32*
BF311 0.21+0.09 0.42+0.37 0.22+0.07 0.22+0.1
TG5 0.05+0.05° 0.07+0.05" 0.46+0.09* 0.35+£0.19*

»>Within a row, means without a common superscript letter differs (p <0.05) or tends to differ (p<0.10) between treatments.
Group A: Control group; Group B: 400 g/t CPs group; Group C: 800 g/t CPs group; Group D: 1200 g/t CPs group.

improve feed utilization and intestinal health, consequently enhancing
growth performance (37, 38). The present results were consistent with
the above studies. However, no significant effects on ADG and F/G
were observed during days 1-30, possibly due to the early stage being
the colonization period of probiotics in the rumen. The present study
indicated that CPs could increase calcium digestibility. Probiotics may
influence gut morphology and gene expression to stimulate calcium
absorption (39). Studies have indicated that the gut microbiome plays
arole in enhancing calcium absorption, increasing calcium retention,
and improving various measures of bone health (40), with serum
calcium levels improving significantly after probiotic supplementation
(41). Probiotics can change the rumen microbial ecosystem in
ruminants and promote nutrient digestibility and feed efficiency.
IgM, IgA, and IgG are important immune factors, IgG is the sera’s
major immunoglobulin, accounting for approximately 75% of
immunoglobulin (42). Studies have shown that many immunoglobulins
can improve the non-specific ability of the body’s immunity (43). The
present study shows that the serum IgG content increased significantly
in group C compared with group A. This result corroborates the
findings of previous work on CPs, which can enhance animal immunity
and anti-infection ability (44, 45). Strong antioxidant-destroying free
radicals were formed when the soybean flour were fermented with
Aspergillus oryzae (46). In addition, probiotics have been shown to
increase GSH levels and reduce intestinal oxidative stress in several
experimental models (47, 48). In the study by Lutgendorft et al. (49), it
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FIGURE 2
Correlation between bacteria and fermentation parameters in the
rumen. VFA is the sum of AA, PA and BA, and NH;-N is ammonia
nitrogen. AA, acetic acid; PA, propionic acid; BA, butanoic acid.

was shown that multispecies probiotics promoted the production of
GSH and elevated its levels both in the pancreas and throughout the
body. This study is consistent with previous work showing an
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FIGURE 3

control group (Group A), b: the CPs group (Group B).

Effects of compound probiotics on the histological structure of Hu sheep (x50). (A) Liver tissue; (B) Jejunum structure; (C) Rumen structure. a: the

TABLE 8 Effects of compound probiotics on villus height, crypt depth,
and villus height/crypt depth ratio of the jejunum of Hu sheep.

Items Group A Group B p-value
Villus height (pm) 657.96+78.45 737.13+£96.01 0.073
Crypt depth (pm) 130.04+10.72 125.44+16.59 0.495
Villus height/Crypt depth 5.08+0.67 5.91+0.65 0.017

Group A: Control group; Group B: 400 g/t CPs group.

antioxidant role of CPs. A cytokine is a group of proteins synthesized
and secreted by immune and non-immune cells when stimulated (50).
In the present study, the levels of cytokines IL-2, IL-4, IL-6, and IFN-y
in the serum of experimental sheep from the CPs groups were
significantly upregulated compared with the control group. Studies
have shown that CD4" T cells are classified into Th1 and Th2 types,
which secrete IFN-y, IL-2 and IL-15 related to cellular immune
responses, and IL-4, IL-6, and IL-10 that regulate the production of
antibodies (51, 52). Thus, our study implicates that CPs effectively
stimulated the Th1 and Th2 type cellular immune responses in sheep.
Notably, group C showed the highest levels of both cellular and
humoral immunity; however, there was no difference in serum CD4*
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content among the three levels of CPs groups. The above results
suggested that CPs could protect against oxidative stress, improve the
body’s immunity, and enhance immune function.

Probiotics have been reported to elevate the efficiency of rumen
function by stabilizing rumen pH (25, 53). Study has shown that yeast
(Candida albicans) can maintain rumen pH stability (54), which was
consistent with this study that CPs did not change the rumen pH. The
probiotic treatment did not affect the concentrations of major ruminal
VFAs, acetic acid and propionic acid in the present study. This agrees
with previous reports in which ruminal main VFAs was not affected
by a probiotic (55, 56). The levels of butyric acid and isobutyric acid
showed a decreasing trend with higher CPs addition (800 CPs and
1,200 CPs). This outcome may be attributed to CPs (Yeast) stimulating
the expression of transporters in the rumen epithelium, which could
increase the rate of VFAs absorption and thereby decrease in the levels
of butyric acid and isobutyric acid (57, 58). The present study showed
that the 400 CPs probiotics addition increased the concentration of
NH;-N, probably due to the reproduction of microorganisms, which
increased protein degradation and produced more NH;-N (25).
Aspergillus oryzae 1 and Aspergillus oryzae 2 have been proven by our
previous research to have the ability to secrete proteases, amylase, and
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TABLE 9 Immunohistochemical analysis tissue and immunohistochemistry scores of live, jejunum, and rumen of Hu sheep.

10.3389/fvets.2024.1440432

ltems Group Positive cells, % Score Positive color Score Total score
A 20 1 Tan 3 3
Caspase-3
B 10 1 Pale yellow 1 1
A 70 3 Brown yellow 2 6
Liver NF-xB
B 80 3 Pale yellow 1 3
A 30 2 Pale yellow 1 2
TNF-a
B 10 1 Pale yellow 1 1
A 50 3 Tan 3 9
Caspase-3
B 10 1 Brown yellow 2 2
A 40 2 Brown yellow 2 4
Jejunum NF-kB
B 10 1 Brown yellow 2 2
A 5 0 Pale yellow 1 0
TNF-a
B 5 1 Pale yellow 1 0
A 60 3 Pale yellow 1 3
Caspase-3
B 40 2 Pale yellow 1 2
A 10 1 Brown yellow 2 4
Rumen NF-kB
B 10 1 Pale yellow 1 1
A 30 2 Pale yellow 1 3
TNF-a
B 0 0 Colorless 0 0
S G e 7,
¢ 4;’;!1 Y. / s
a2 —_
FIGURE 4
The expression of inflammatory factor in Hu sheep liver tissue (x50). (A) Caspase-3; (B) NF-Kb; (C) TNF-a. a: the control group (Group A), b: the
CPs group (Group B).
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FIGURE 5

group (Group B).

The expression of inflammatory factor in Hu sheep jejunal tissue (x50). (A) Caspase-3; (B) NF-Kb; (C) TNF-a. a: the control group (Group A), b: the CPs

cellulase activity (59, 60). The incorporation of 400 CPs probiotics also
improved the amylase and cellulase activity in the rumen, which
contributed to improving the digestibility of nutrients.

In this study, the relative abundances of bacteria at the phylum
level showed that Firmicutes in the CP groups were significantly higher,
while Bacteroidetes were significantly lower than those in the control
group. It was reported that the low ratio between Bacteroidetes and
Firmicutes was beneficial to fat deposition (61), so it can be inferred
that CPs addition contributes to sheep body weight gain by decreasing
the ratio. At genus levels, the Prevotella, Ruminococcus, and Butyrivibrio
were the three dominant genera. The genus Prevotella plays an
important role in polysaccharide degradation and fermentation in the
rumen. Carbohydrates are fermented by Prevotella to produce acetic
acid (62). This is in keeping with the decrease of acetic acid content in
the 400 CPs groups. Furthermore, Prevotella and Ruminococcus showed
a positive correlation with environmental factors. The correlative
analysis showed that Prevotella was negatively correlated with ADG,
while group B with 400 CPs added decreased its relative abundance,
indicating CPs increased sheep growth by decreasing Prevotella
abundance. The specific mechanism needs further study. Ruminococcus
is a cellulolytic bacterium, producing various cellulolytic enzymes,
including cellulase (63, 64). The correlation analysis suggested that
there was positive correlation between Ruminococcus and NDE. In this
study, Group B exhibited the lowest relative abundance of
Ruminococcus, although this difference was not statistically significant
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compared with the other groups. Nevertheless, Group B demonstrated
the highest cellulase activity, suggesting that the CPs possess the
capacity to produce cellulase for the degradation of cellulose.
Intestinal morphology is directly linked to intestinal development
and health status (65). The increase in villus height and the ratio of
villus height to crypt depth resulted in improved intestinal digestion
and absorption efficiency, due to an increase in the absorption area
(66). In this experiment, the villus height and the ratio of villus height
to crypt depth in the jejunum of sheep fed on CPs were improved
compared with the control group. In a study by Yang et al. (37), it was
found that Candida utilis supplementation increased the villus height
of the ileal mucosa and the ratio of villus height to crypt depth while
decreasing the crypt depth. These findings suggest that Candida utilis
has the potential to promote the health of intestinal tissues. This is one
of the reasonable explanations for the CPs that can improve the
performance and digestibility of the above study. Alkaline protease
secreted by Aspergillus oryzae has anti-inflammatory activity, which
may be useful for treating TNF-a-dependent inflammatory bowel
diseases (67). TNF-a increases the phagocytic activity of neutrophils
and stimulates the inflammatory response (68, 69). In the present
study, the number of TNF-a and Caspase-3 positive cells in the liver
and rumen in the CPs group was significantly lower than that in the
control group. Previous studies have suggested that TNF-« can cause
hepatocyte apoptosis via activating the caspase-3 signaling pathway
(70, 71); the results of this study are consistent with those previous
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group (Group B).

The expression of inflammatory factor in Hu sheep rumen tissue (x50). (A) Caspase-3; (B) NF-Kb; (C) TNF-a. a: the control group (Group A), b: the CPs

findings. In this study, the number of NF-kB and Caspase-3 positive
cells in the jejunum in the CPs groups was significantly decreased
compared with the control group. Furthermore, research has indicated
that the NF-kB signaling pathway can activate caspase-3 (72), and there
is a positive correlation between the expression of caspase-3 and NF-kB
(73). This mechanism reasonably explains the decrease in NF-kB and
Caspase-3 observed in the present study. Taken together, these findings
suggest that CPs decrease the amount of inflammatory cytokines and
the degree of inflammation, thereby reducing cell damage.

5 Conclusion

Based on the analysis presented above, it is concluded that adding
800 g/t of composite probiotics to the diet of Hu sheep yielded the
most favorable outcomes. These included increased daily weight gain,
improved feed-to-meat ratio, enhanced immune and anti-
inflammatory functions, improved live, rumen and jejunum tissue
structure, increased villus height and crypt depth in the jejunum,
improved rumen fermentation function, and increased the relative
abundance of Firmicutes and Proteobacteria at the phylum level. In
conclusion, the findings of this study indicated the potential utility of
compound probiotics in ruminant production.
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