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Soybean peptides (SPs), a feed additive derived from soybean, exhibit nutritional function and biological activity in monogastric animals, but limited studies have been conducted in dairy cows. Our experiments were conducted to evaluate the effects of SPs on the nutrient degradability of dry matter (DM), crude protein (CP), neutral detergent fiber (NDF), and acid detergent fiber (ADF) in vitro and milk production, rumen fermentation and bacterial community, and blood parameters of dairy cows. For in vitro experiment, ruminal fluids were collected from three ruminal cannulated Holstein dairy cows. A total of three levels of SPs (0, 0.38, and 1.92 g/kg DM of SPs) were added to the total mixed ration (TMR). Nutrient degradability and fermentation fluid pH were determined at 24 and 48 h using 3.0 g samples of the substrate. Gas production after 48 h was recorded by an automated trace gas recording system using 0.5 g samples of the substrate. The results showed that DM, NDF, ADF (p < 0.01), and CP (p < 0.05) degradabilities were significantly increased at 1.92 g/kg DM of SPs at 24 h, and asymptotic gas production (p = 0.05) was increased at 48 h. For in vivo experiment, 110 lactating Holstein cows (209.7 ± 65.2 DIM; 37.2 ± 6.4 kg/d milk yield) were randomly assigned to 0 (control group, CON) or 50 g/head/day SPs (SP-supplemented group). Yields of milk (p < 0.05), milk protein (p < 0.05), and milk lactose (0.05 < p < 0.10) increased on SPs supplementation; however, the milk fat percentage decreased (p < 0.05). The concentrations of individual volatile fatty acids (VFAs) (p < 0.05) and superoxide dismutase (SOD) (p < 0.01) were also increased. Rumen bacterial diversity in SP-supplemented cows was higher (p < 0.05). The relative abundances of Rikenellaceae_RC9_gut_group, Butyrivibrio, Selenomonas, and Shuttleworthia were significantly increased and that of Coprococcus was decreased (p < 0.05). Our results showed that supplementing 1.92 g/kg DM of SPs could improve the nutrient degradability in vitro and 50 g/head/day of SPs could improve milk production and antioxidant ability of dairy cows. The rumen bacterial diversity was also enhanced by SP supplementation.
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INTRODUCTION

Soybean is the main ingredient of high-quality proteins used in livestock production. However, it generally contains many protein-type allergens and anti-nutritional factors that affect the performance of monogastric animals and ruminants (1, 2). Proteins can be administered as peptides, which are converted into microbial crude protein (MCP) more efficiently than amino acids (3). Considering intestinal absorption, peptides, especially dipeptides, can be absorbed directly and faster into enterocytes than free amino acids (FAA) (4). Peptides derived from plant proteins could exhibit biological activity both in vitro and in vivo (5, 6).

Soybean peptides (SPs) can be obtained from in vitro enzymatic hydrolysis, microbial fermentation, and gastrointestinal digestion of soybean proteins (7). They usually comprised of 2–10 amino acid (AA) residues (8), and the percentage of soybean oligopeptides with molecular weight <1,000 Da is up to 89.16% when subjected to alcalase hydrolyzation (5). SPs have shown beneficial biological functions in addition to their nutritional value. At present, research involving SPs focuses primarily on their bioactive effects on human health, such as hypertension prevention (9), prebiotic effects on intestinal microbiota (10, 11), intracellular antioxidant activity (12), anticancer activity (13), and immunomodulatory effects (5, 14). The application of SPs as feed additives has emerged in livestock production, and their beneficial effects have been demonstrated in monogastric animals. In broilers, SPs have the potential to stimulate intestinal mucosal immunity, followed by enhanced nutrient digestibility and ideal growth performance (15, 16). In sows, SPs can improve reproductive performance (17).

Ruminants have different digestion and absorption mechanisms than monogastric animals; SPs, especially those smaller than 1 kDa, are rapidly utilized by the rumen microorganisms to synthesize MCP with a balanced amino acid profile, which has high apparent digestibility in the host (18, 19). Both in vitro and in vivo experiments have shown that SPs display positive effects as feed additives for ruminants. In vitro studies have shown that SPs <1 kDa increased dry matter (DM) digestibility at 24 h; at 48 h, neutral detergent fiber (NDF) and acid detergent fiber (ADF) digestibility increased with increasing doses of SPs from 0 to 0.75% (DM basis), and gas production and total volatile fatty acid (TVFA) concentration were also significantly increased (8). However, the digestibility of DM reached its highest when SPs replaced 10% of total nitrogen (N) in a diet containing 46% non-structural carbohydrates in continuous culture, whereas the NDF and ADF digestibilities decreased linearly with SPs addition (20). An in vivo study showed that 10 g/d compound SPs significantly improved the milk yield by 3.21 kg/d (21). The growth of rumen cellulolytic bacteria, such as Butyrivibrio fibrisolvens and Succinimonas amylolytica, was stimulated when SPs were added in vitro (8). However, whether the regulation of rumen microorganisms using SPs contributes to the improvement in production performance of dairy cows needs to be further investigated.

To our knowledge, studies on the effects of SP application on the performance of lactating dairy cows are limited. SPs are a mixture of soybean protein hydrolysates, and the inclusion level of SPs varies because of their molecular weight, amino acid composition, and amino acid contents. Si et al. (21) reported that the inclusion of SPs could increase the apparent total tract digestibility (ATTD) of nutrients and immunity of dairy cows to further improve milk yield and milk characteristics. We hypothesized that SPs added at the optimal level could improve the milk production and health status of dairy cows. To test our hypothesis, SPs were introduced into an in vitro fermentation system and an in vivo experimental. The objective of this study was to determine the effect of optimal level of SPs on the highest nutrient degradability and gas production in vitro. Based on the results of the in vitro experiment, we aimed to explore the effects of administering the optimal level of SPs to lactating dairy cows on milk production, rumen fermentation, ruminal bacterial community, nutrient digestibility, and blood parameters.



MATERIALS AND METHODS


Ethical Statement

Our experimental procedures were approved by the Institutional Review Board of the China Agricultural University (Protocol number: AW81102202-1-3 and 28.4.2017 of approval). During the experimental period, all animals involved in this study were managed according to the Herd Standard Protocol at the Sunlon Livestock Jinyindao Farm (Daxing County, Beijing, China).



In vitro Experiment

A total of three ruminal cannulated lactating Holstein cows (67 ± 9 DIM; 550 ± 25.4 kg BW; mean ± standard deviation) were used as the ruminal inoculum donors. Cows were fed a basal (control) diet in the in vivo experiment (Table 1). Then, 1 h before morning feeding, fresh ruminal fluid was collected and filtered via a four-layer cheesecloth into two prewarmed bottles to maintain anaerobic conditions. In the laboratory, the ruminal fluid was warmed in a 39°C water bath.


Table 1. Ingredients and chemical composition of total mixed ration (dry matter basis, %).
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The fresh TMR contained 26 kg dry matter and was mixed in the farm (MVS-16-H self-propelled vertical double auger, TATOMA, Monzón, Spain). Soybean peptides were derived from enzymatic hydrolysis of soybean in powdered form and were provided by TAIDU Biotechnology Group Co., Ltd (Hebei, China). Its AA composition is shown in Table 2. The additive amounts of SPs were based on the experiment of Si et al. (21). SPs were added to the TMR to obtain levels of 0, 0.38, and 1.92 g/kg DM of SPs, and the TMR samples were brought back to the laboratory. A total of three treatments were performed, with six bottles for each treatment at each time point. The three groups of mixed substrates were dried at 60°C for 48 h and ground to pass through a 1-mm mesh with a feedstuff mill (KRT-34; KunJie, Beijing, China). A buffer solution based on Zheng et al. (23) was prepared and continuously flushed with CO2 for approximately 30 min until the pH was approximately 6.8. About 3.0 g of TMR was dispensed into each incubation bottle (volume capacity of 300 ml). An incubation medium, containing 75 ml of ruminal fluid and 150 ml of buffer solution, was then added to each bottle and CO2 was flushed for approximately 3 s to guarantee anaerobic conditions inside the bottle. A total of 36 bottles were closed with rubber stoppers and maintained in a thermostatic incubator with 18 bottles at the 24- and 48-h time points. Another set of 18 bottles (volume capacity of 120 ml) was prepared similarly but with 0.5 g of substrates and 25 and 50 ml of ruminal fluid and buffer solution, respectively. These bottles were directly connected to an Automated Trace Gas Recording System (AGRS-III, China Agricultural University, Beijing, China) after sealing with parafilm caps. Bottles were incubated in AGRS-III at 39°C for 48 h to record total gas production and gas parameters.


Table 2. The composition and content of amino acids in soybean peptides (dry matter basis, %).
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After 24 and 48 h of fermentation, the bottles were removed from the incubator. The contents of every two of the six bottles in each treatment were randomly pooled together, poured into one preweighed nylon bag (80 mm × 150 mm size, 42 μm pores), and then washed 5 times manually in cold tap water, followed by drying at 60°C for 48 h in a forced-air oven (Wujiang Zhongda Electrical Technology Co., Ltd., Wujiang, Jiangsu, China). The content of DM, NDF, ADF, and CP of the original substrates and residual samples were determined for nutrient degradability. The fermentation liquid was treated in the same way, and pH was detected using a pH meter (pH B-4 electrode; Shanghai Chemical, Shanghai, China) immediately after fermentation was stopped.



In vivo Experiment


Experimental Design and Animal Management

The in vivo experiment was performed from 8 March to 15 May 2021. A total of one hundred and ten healthy Holstein cows (209.7 ± 65.2 DIM; 37.2 ± 6.4 kg/d milk yield; mean ± standard deviation) were housed in two separate free-stall barns, with 55 dairy cows in each barn. Holstein dairy cows in the two barns were randomly assigned to one of two isonitrogenous and isoenergetic diets with either 0 (control group, CON) or 50 g/head/day SPs (SP-supplemented group). The amount of 50 g/head/day SP addition was equivalent to 1.92 g/kg DM of SPs in the in vitro experiment. Feed ingredients and the chemical composition of the basal (control) diet are shown in Table 1.

The experimental period included 7 days of adaptation and 60 days of sampling and data collection. Dairy cows were fed at 0700, 1400, and 2030 h during the experimental period. SPs were top-dressed daily to the treatment group cows before the morning feeding. Cows were locked in headlock for 30 min after the morning milking to ensure that the SPs were taken by the cows. The diets were prepared every day, and orts were weighed and recorded every morning. The average amounts of feed offered to cows were adjusted to ensure 5–10% refusals. Cows were fed ad libitum, and fresh drinking water was available all the time.



Milk Production Performance

Cows were milked at 0830, 1500, and 2100 h at the milking parlor during the experimental period. At each milking, milk production was recorded by the DeLaval milking system (DeLaval RTSMU450, A.B. DeLaval, Sweden) to calculate the daily milk yield for each of the 55 cows in the two groups. On days 1, 15, 30, 45, and 60, approximately 50 ml of milk samples for each cow was collected and preserved with potassium dichromate at 4°C. Milk components (milk protein, fat, and lactose content) were analyzed at the DHI Testing Center (Beijing, China). The calculation formula of 3.5% fat-correct milk (3.5% FCM) yield was [milk yield (kg) × 0.4324 + milk fat (kg) × 16.218], and that for the energy-corrected milk (ECM) yield was [milk yield (kg) × 0.3246 + milk fat (kg) × 12.86 + milk protein (kg) × 7.04] [Nutrient Requirements of Dairy Cattle (22)].



Dry Matter Intake Calculation and Fecal Sample Analysis

The daily amounts of feed offered to cows in each barn were recorded, and refusals were weighed once before the morning feeding. Weekly diet samples were dried at 60°C for 48 h and grounded using a feedstuff mill (KRT-34; KunJie, Beijing, China) to pass through a 1-mm mesh before chemical analysis. The average dry matter intake (DMI) of each treatment was calculated based on the DM of TMR measured at 105°C.

A total of five cows with milk yield close to the average in each treatment group were selected for fecal sampling. Feces were taken as spot samples three times a day, 8 h apart on days 58, 59, and 60. At each sampling time, approximately 250 g of feces was taken from the rectum of each cow and kept at −20°C. After final sampling, the fecal samples were pooled by cow, and then, 75 ml of 10% tartaric acid was added and dried at 60°C for 48 h for apparent digestibility determination.

DM, CP, calcium (Ca), phosphorus (P), ether extract, and ash concentrations of TMR were analyzed based on the methods of the Association of Official Analytical Chemists (AOAC) (24). The NDF and ADF were analyzed based on Van Soest et al. (25). An ANKOM fiber analyzer (A2000i; American ANKOM, Macedon, NY, USA) was used for NDF and ADF measurements, and heat stable alpha-amylase (ANKOM Technology Co., Ltd., Macedon, NY, USA) was added for NDF analysis. The starch concentration was determined using a commercial assay kit (BioVision, Inc., San Francisco, CA, USA). Starch was hydrolyzed to glucose and tested at 570 nm. The ATTD of the dietary nutrients was determined using acid-insoluble ash (AIA) marker following the description by Hao et al. (26). The nutrient ATTD was calculated using the formula:
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where Ad (g/kg) and Af (g/kg) are AIA concentrations in the diet and feces, respectively; and Nd (g/kg) and Nf (g/kg) are concentrations of nutrients in the diets and feces, respectively.



Ruminal Fluid Collection and Analysis

The same five cows in each treatment group were selected for ruminal fluid collection. On day 60, the ruminal fluid was collected by an oral gastric tube (Ancitech, Winnipeg, MB, Canada) 2 h after morning feeding. To avoid saliva contamination, the first 50 ml of fluid was discarded, the next 50 ml was collected into a sterile tube, and the rumen pH was measured immediately. Then, the rumen fluid was subdivided into 2-ml freezing tubes and stored at −80°C for 16S rRNA sequencing. The remaining fluid was preserved at −20°C for fermentation parameter analysis.

The rumen fluid was thawed at 4°C for ammonia-N (NH3-N), microbial crude protein (MCP), and volatile fatty acid (VFA) concentration analysis. The phenol-sodium hypochlorite colorimetry method (27) and Coomassie brilliant blue colorimetry method (28) were used to measure the NH3-N and MCP concentrations, respectively, at 595 nm. VFA concentrations were measured by gas chromatography (TP-2060 system, B. F. TianPu, Beijing, China) (29).



Blood Sample Collection and Analysis

The same five cows in each treatment group were used for blood collection via the coccygeal vein. Approximately 8 ml of blood was collected using 10-ml evacuated heparin-coated tubes (Vacutainer; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) before the morning feeding on day 60. After centrifugating at 3,500 × g at 4°C for 15 min, the sera were dispensed into 2-ml freezing tubes and stored at −20°C.

Blood colorimetric commercial kits (DiaSys Diagnostics Systems GmbH, Frankfurt, Germany) were used for detecting the concentration of serum insulin (Ins), glucose (Glu), triglyceride (TG), total cholesterol (TC), beta-hydroxybutyric acid (BHBA), non-esterified fatty acid (NEFA), total amino acid (TAA), superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px). Bovine ELISA kits (Beijing Laibotairui Technology Development Co., Ltd, China, Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) were used for measuring the concentration of immunoglobulin A (IgA), immunoglobulin G (IgG), and immunoglobulin M (IgM).



16S rRNA Analytical Procedure

Genomic DNA of the microbial community was extracted from the rumen fluid sampled in vivo using a Stool DNA kit (Omega Bio-Tek, Norcross, GA, USA). The quality and quantity of DNA were determined using 1% agarose gel electrophoresis. The hypervariable V3–V4 region of the 16S rRNA gene was amplified using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′- GGACTACHVGGGTWTCTAAT-3′) (30). Polymerase chain reaction (PCR) amplification was performed using the ABI StepOnePlus Real-Time PCR System (Life Technologies, Foster City, CA, USA) following a previous study (26). Amplicons were extracted from 2% agarose gel electrophoresis, purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), and quantified using the QuantiFluor™ -ST system (Promega, Madison, WI, USA). Finally, purified amplicons were pooled in equimolar concentrations and pair-end sequenced on an Illumina MiSeq platform (Illumina, Inc., San Diego, CA, USA).

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered using FASTP version 0.20.0 (31), and merged using FLASH version 1.2.7 (32). The criteria of raw read filtering were the same as the study by Hao et al. (26). Thereafter, the primers were completely matched, allowing for a two-nucleotide mismatch. The Quantitative Insights into Ecology (QIIME) program (version 1.9.0) was used to process the raw sequencing data (33). Sequences with 97% similarity were clustered into the same operational taxonomic unit (OTU) using the USTRA-fast sequence analysis program (version 10.0.240) (34). The representative sequences of each OTU were screened for further annotation. The representative sequences were retained with the following criteria: (i) The sequences were ≥5 in at least three samples; (ii) the sum of sequence numbers was ≥20; and (iii) sequence numbers remained the same in accordance with the minimum number of sampling sequence. The ribosomal database project (RDP) classifier was used to assign species according to the Silva bacterial alignment database (35) with a confidence threshold of 0.7 (36). The raw reads were available at the National Center for Biotechnology Information (NCBI) database (BioProject accession ID: 779612, RUN: SRR 18218289 – SRR 18218298, https://www.ncbi.nlm.nih.gov/Traces/study/?page=2&acc=PRJNA779612&o=acc_s%3Aa), (accessed on March 4, 2022).




Calculations and Statistical Analysis

In vitro dry matter degradability was calculated according to the description of Zheng et al. (23) using Excel (Version 2019, Microsoft Corporation, Redmond, WA, USA). The same formula was used to calculate in vitro CP, NDF, and ADF degradabilities, replacing DM with the corresponding index. Gas production (GP, ml/g, dry matter basis) and parameters were fitted according to Equation (1) using the non-linear regression (NLIN) procedure in statistical analysis system (SAS) 9.4 (SAS Institute Inc., Cary, NC, USA) (37):
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where GPt represents the gas production (mL/g DM) at incubation time t (h), A represents the theoretical maximum gas production (mL/g DM), B represents the point of inflection on curve parameter, C represents the time (h) when half of the total gas production was reached, and t represents the incubation time. Effects of treatments on the in vitro degradability, gas production, and parameters were analyzed using one-way analysis of variance (ANOVA). Tukey's multiple comparison test was used to determine the statistical differences for variables.

For in vivo experiment, data were normally distributed. The mean values of yields of milk, protein, fat, and lactose for each one of the 55 cows were calculated every 2 weeks prior to statistical analyses. The milk production performance (milk yield; percentage and yields of milk protein, fat, and lactose) was analyzed using the PROC MIXED procedure in SAS (version 9.4; SAS Institute Inc., Cary, NC, USA), with the fixed effects of diet, time, and diet × time interaction and the random effects of individual animals. Effects of treatments on the rumen fermentation profile, blood parameters, and apparent digestibility were analyzed using one-way analysis of variance (ANOVA).

Chao1, Ace, number of OTUs, and Shannon indices were calculated using QIIME (33). Beta-diversity was measured according to Bray–Curtis distance and binary Jaccard distance and displayed using principal coordinate analysis (PCoA) and hierarchical clustering analysis, respectively. Analysis of similarities (ANOSIM) with 999 permutations was employed to assess the significant differences between CON and SP groups in QIIME (33). The difference in the relative abundance of bacteria between groups was expressed as a percentage and plotted with error bars using STAMP software (38). The predicted functions of rumen bacteria were analyzed through phylogenetic investigations of communities by reconstructing unobserved states (PICRUSt2) software (version 2.2.0). GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) was used to plot the alpha-diversity indices and the function within the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways levels 2 and 3. Welch's t-test was used to calculate the p-value of the alpha-diversity indices, the difference in relative abundance of bacteria, and the predicted functions of rumen bacteria (38).

p-Value ≤ 0.01 indicates a highly significant difference, p ≤ 0.05 indicates a significant difference, and 0.05 < p ≤ 0.10 indicates tendencies.




RESULTS


In vitro Degradability, Ruminal Fluid pH, and Gas Production

In vitro DM, CP, NDF, and ADF degradabilities increased with SPs supplementation at both 24 and 48 h (Table 3). The level of 1.92 g/kg DM of the SP group showed higher DM degradability than the other diet groups (p < 0.01) at 24 h. Degradabilities of DM (p < 0.01), NDF (p < 0.01), and ADF (p < 0.01) were significantly increased in the SP-supplemented group than in the control group. After 48 h of incubation, increasing trends were found for the degradability of DM, CP, and ADF (0.05 < p ≤ 0.10), except NDF degradability (p > 0.05). SP supplementation had no apparent effects on gas production and kinetic parameters B and C (p > 0.05). Total gas production was the highest in the group supplemented 1.92 g/kg DM of SPs (p > 0.05), and kinetic parameter A in 1.92 g/kg DM of SPs group was significantly larger in than that of the CON group (p = 0.05) after 48 h of fermentation. No effects of supplemental SPs on the ruminal fermentation liquid pH were observed (p > 0.05).


Table 3. Effects of soybean peptides (SPs) on the in vitro degradability of DM, CP, NDF, and ADF, ruminal liquid pH, gas production, and kinetic parameters after 24 and 48 h of incubation.
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Feed Intake and Nutrient Digestibilities

The DMI values of the SP-supplemented group and CON group were 25.98 and 26.66 kg/ (cow·day), respectively (Table 4). The nutrient apparent total tract digestibilities of ADF were decreased when cows were supplemented with SPs (p > 0.05), whereas nutrient digestibilities of DM, CP, and NDF were increased (p > 0.05) (Table 4).


Table 4. Effects of the dietary supplementation of soybean peptides (SPs) on feed intake and apparent total tract digestibility in lactating dairy cows.
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Milk Yield and Components

The results of milk yield and components were shown in Table 5. Milk yield in the SP-supplemented group was 35.5 kg/day, which was significantly higher than 34.6 kg/day in the CON group (p < 0.05), but no effects on the 3.5% FCM and ECM were found between the two groups (p > 0.05). Percentages of milk components, including protein and lactose, were not affected by SPs supplementation (p > 0.05), but milk fat percentage was decreased (p < 0.05). Milk protein yield (p = 0.01) and milk lactose yield (0.05 < p < 0.10) were increased when cows were supplemented with SPs. Except for milk protein and lactose percentage, supplemented time effects were detected for all variables (p < 0.01). An interaction between treatment and time was only observed for the milk protein percentage (p < 0.01).


Table 5. Effects of the dietary supplementation of soybean peptides (SPs) on milk yield and milk components in lactating dairy cows.
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Rumen Fermentation Parameters

There was no significant difference in the rumen pH and NH3-N concentration between the two groups (p > 0.05), whereas MCP concentration tended to increase in the SP-supplemented group (0.05 < p < 0.10) (Table 6). Furthermore, the ruminal concentrations of TVFA, acetate, propionate, butyrate, and valerate were significantly higher in the SP-supplemented group than in the CON group (p < 0.05). However, SPs supplementation had no effect on molar proportions of the four individual VFAs and the acetate/propionate ratio (p > 0.05).


Table 6. Effects of the dietary supplementation of soybean peptides (SPs) on the rumen fluid fermentation profile of lactating dairy cows on the last day of the experiment.
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Blood Parameters

Soybean peptide supplementation significantly increased the concentrations of blood parameters, including energy metabolism, oxidative stress indicators, and immunity parameters (Table 7). Soybean peptide supplementation significantly increased the concentrations of blood parameters, including energy metabolism, oxidative stress indicators, and immunity parameters. As for energy metabolism, SPs supplementation tended to increase the TAA concentration (0.05 < p < 0.10) and significantly increased the concentration of Glu and BHBA (p = 0.05). The oxidative stress indicators SOD (p < 0.01) and IgG (p < 0.05) were significantly higher in the SP-supplemented group than in the CON group.


Table 7. Effects of the dietary supplementation of soybean peptides (SPs) on the blood parameters of lactating dairy cows on the last day of the experiment.
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Ruminal Bacterial Communities


Alpha-Diversity of Rumen Bacterial Communities

A total of 277,160 qualified sequences assigned to 860 OTUs were generated from 10 rumen fluid samples after data filtering. The coverage rate of the bacterial communities in each sample was >99.00%, implying a sufficient sequence depth to accurately describe bacterial composition. The alpha-diversity indices are plotted in Figure 1. The number of OTUs and values of Chao1 and Ace were not significantly affected by SPs supplementation (p > 0.05), whereas the Simpson (p < 0.05) and Shannon (p = 0.01) indices showed significant differences among the two groups.


[image: Figure 1]
FIGURE 1. Effects of the dietary supplementation of soybean peptides (SPs) on the alpha-diversity of rumen microbial communities. *, significant differences (p < 0.05). CON, the control group with no soybean peptide supplementation; SPs, the group with 50 g/head/day of soybean peptide supplementation.




Beta-Diversity of Rumen Bacterial Communities

The results of the PCoA with Bray–Curtis distance (R = 818, p = 0.009) and binary Jaccard distance (R = 676, p = 0.009) indicated that the bacterial communities of the two groups were visually separated from each other at the OTU level (Figure 2). The hierarchical clustering analysis based on the OTU levels of the two groups is shown in Figure 3. The ruminal bacteria of the SP-supplemented and CON groups formed two separate hierarchical clusters according to OUT level based on the Bray–Curtis distance.


[image: Figure 2]
FIGURE 2. Effects of the dietary supplementation of soybean peptides (SPs) on beta-diversity according to OTU levels. (A) PCoA of ruminal bacteria based on the Bray–Curtis distance. (B) PCOA of ruminal bacteria based on Binary Jaccard distance. CON, the control group with no soybean peptide supplementation; SPs, the group with 50 g/head/day of soybean peptide supplementation.



[image: Figure 3]
FIGURE 3. Hierarchical clustering according to OTU levels. (A) Hierarchical clustering of ruminal bacteria based on Bray – Curtis distance. (B) Hierarchical clustering of ruminal bacteria based on Binary Jaccard distance. CON, the control group with no soybean peptide supplementation; SPs, the group with 50 g/head/day of soybean peptide supplementation.




Composition of Ruminal Bacteria

The relative abundances of rumen bacteria are shown in Figure 4. The dominant bacterial phylum (relative abundance > 1%) was Firmicutes (48.77% ± 11.72%), followed by Bacteroidetes (46.04% ± 11.60%), Actinobacteriota (1.72% ± 1.49%), Proteobacteria (1.37% ± 1.58%), and Patescibacteria (1.05% ± 0.44%). The top 25 genera with relative abundances >1% are also shown in Figure 4.


[image: Figure 4]
FIGURE 4. Effects of the dietary supplementation of soybean peptides (SPs) on the composition of (A) phyla and (B) genera of bacterial communities in CON and SPs groups. CON, the control group with no soybean peptide supplementation; SPs, the group with 50 g/head/day of soybean peptide supplementation.


The top 10 clearly classified genera in the two groups are shown in Figure 5. All these genera belonged to Firmicutes, except for Rikenellaceae_RC9_gut_group. Compared with the CON group, the SP-supplemented group had significantly increased relative abundance of Rikenellaceae_RC9_gut_group (p < 0.01), Butyrivibrio, Selenomonas, Anaeroplasma, Lachnospiraceae_ND3007_group, Anerovibrio, Blautia, and Streptococcus (p < 0.05). In contrast, the relative abundance of Shuttleworthia (p < 0.05) and Coprococcus (p < 0.01) was decreased with SP supplementation.


[image: Figure 5]
FIGURE 5. Effects of the dietary supplementation of soybean peptides (SPs) on genera relative abundance in CON and SPs groups. *, significant differences (p < 0.05); **, highly significant differences (p < 0.01). CON, the control group with no soybean peptide supplementation; SPs, the group with 50 g/head/day of soybean peptide supplementation.




PICRUSt2 Analysis

The predicted functions of rumen bacteria were analyzed using PICRUSt2. A number of ten most important functions were detected for ruminal bacteria (Figure 6). These functions were “Carbohydrate metabolism,” “Amino acid metabolism,” “Metabolism of cofactors and vitamins,” “Energy metabolism,” “Translation,” “Replication and repair,” “Nucleotide metabolism,” “Membrane transport,” “Glycan biosynthesis and metabolism,” and “Signal transduction.” For the SP-supplemented group, the “Amino acid metabolism” predicted the function of the KEGG level 2 pathway was increased, whereas “Translation” and “Replication and repair” were decreased compared with those in the CON group (p < 0.05). “Alanine, aspartate, and glutamate metabolism” (p < 0.05), “Arginine biosynthesis” (p < 0.05), “Valine, leucine, and isoleucine degradation” (p < 0.01), “Phenylalanine metabolism” (p < 0.01), and “Lysine degradation” (p < 0.01) and the KEGG level 3 pathway of “Amino acid metabolism” were significantly upregulated in the SP-supplemented group. “Carbon metabolism” of the KEGG level 3 pathway, that is the subway of “Global and overview maps,” was significantly increased in the SP-supplemented group compared with that in the CON group (p < 0.01).
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FIGURE 6. Predicted bacterial functions using PICRUSt analysis in CON and SP groups. (A) KEGG level 2 pathways. (B) KEGG level 3 pathways of “Global and overview maps” and “Amino acid metabolism” in the two groups. *, significant differences (p < 0.05); **, highly significant differences (p < 0.01). CON, the control group with no soybean peptide supplementation; SPs, the group with 50 g/head/day of soybean peptide supplementation.






DISCUSSION


In vitro Experiment

The in vitro experiment aimed to determine an effective addition level of SPs for further application in animal feeding. The in vitro degradability of nutrients has been extensively used as an indicator of their degradability in vivo (39). Gas production in vitro is an index of the fermentation degree of feedstuffs and activity of rumen microbes (40). Our results showed that the group supplemented with 1.92 g/kg DM of SPs showed the highest degradability of DM, NDF, ADF, and CP of TMR at 24 and 48 h. The results of DM degradability were anticipated because a previous in vitro experiment documented that DM degradability was increased with the addition of SPs ranging from 0 to 0.75% (DM basis) after 24 and 48 h of incubation (8). The total tract digestion of NDF and ADF was also increased with ruminal small peptides infusion at the rates of 100, 200, and 300 g/d, and it mainly contributed to the improved rumen fermentation ability (41). Nutrients are degraded by microorganisms in the rumen; thus, the elevated degradability may be related to the enhanced microbial activity. Peptides can be degraded and deaminated to ammonia, and SPs can facilitate the growth of the rumen microbe, in particular, of cellulolytic bacteria that use ammonia for microbial protein synthesis (41); thus, 1.92 g/kg DM of SPs may provide a richer ruminal pool of ammonia-N and resulted in higher NDF and ADF degradability at two time points in our study. However, these observations were different from those of Wang et al. (8), who showed that NDF and ADF degradabilities decreased after 48-h incubation with increasing SPs inclusion up to 0.75% (DM basis). The inconsistent results may be attributed to the differences in the basal diet and fiber concentration (8), addition level of peptides (8, 42), composition of peptides (43), and dietary concentrate to forage ratio (42). Rumen pH is an important index for measuring the rumen fermentation environment. Ruminal pH was lower with soybean peptides (8) and tri-peptides addition (44), whereas in our study, rumen pH remained constant at two measuring time points. The various findings may result from the differences in rumen fluid donors, substrate composition, and peptide amino acid composition. The total and asymptotic gas production at high levels of SPs (1.92 g/kg DM of SPs) was the highest, and it could positively indicate a corresponding high DM degradability. In line with the current in vitro results, 1.92 g/kg DM of SPs generally improved the degradability of nutrients without changing the rumen fermentation environment; therefore, the in vivo experiment was conducted.



In vivo Experiment

In the in vitro experiment, 1.92 g/kg DM of SPs supplementation showed the greatest digestibility and gas production. The amounts of additional SPs were calculated according to 26 kg DM in the TMR, and 1.92 g/kg DM of SPs was equivalent to 50 g/head/day SPs supplementation in animal feeding experiment. Thus, the in vivo experiment was carried out to investigate the effects of 0 and 50 g/head/day SPs supplementation on lactating dairy cows. Our experiment was conducted with large-scale herd in two separate barns, and the influence of barns was an uncontrollable factor in the theoretical study. Nevertheless, the herd protocol including feeding time and milking process was the same between the two barns, which could mitigate the effects of barns.

Soybean peptide supplementation had no effects on the DM and NDF digestibility, and the DMI of cows with SPs supplementation was higher compared to that of the control diet. In contrast, ruminal infusion of soybean small peptides at 100, 200, and 300 g/d was reported to increase the ATTD of DM and NDF in cattle (41). The discrepancy in nutrient digestibility between these results may be due to the addition level of soybean peptides and the NDF and ADF concentrations of the basal diets. In dairy cows, the positive response of DMI was consistent with higher NDF digestibility (45). In this study, the chemical composition of the basal diet and NDF digestibility were consistent between the two groups. Cows fed SPs had higher yields of milk and milk components; thus, we speculated that the DMI in the SPs group was increased to achieve the nutrient and energy requirements of increased milk production. In addition, the improved DMI provided more substrate to rumen microorganisms and produced more VFAs. These findings highlight the potential of SPs to stimulate nutrient intake and maintain a better nutrient utilization status of the body. However, we should be aware that the DMI in our study was averaged for the whole barn and was not provided for individual cows; thus, we did not perform statistical analysis of DMI. However, there was a difference of almost 0.7 kg between the two groups numerically. Meanwhile, to reduce the stress to cows caused by sampling, fecal samples were collected for 3 days, which is a short time for digestibility calculation and may not reflect the effects of SPs on digestibility accurately.

Supplemental SPs decreased the milk fat percentage from 4.63 to 4.57%, but the milk fat yield was not affected. The ruminal concentrations of acetate (59.19 vs. 69.95 mmol/ml) and butyrate (8.92 vs. 10.75 mmol/ml) for the CON and SP-supplemented groups may reflect the ability of mammary epithelial cells to synthesize fatty acids de novo (46), thus promoting milk fat yield. We hypothesized that the unexpected lower milk fat percentage in the SP-supplemented cows was due to the improved milk yield.

Milk protein and milk lactose percentages were not influenced by SPs supplementation; however, the yields of milk protein and lactose were significantly higher in the SP-supplemented group than in the CON group. Milk protein is closely associated with dietary CP levels and specific essential amino acid (EAA) supplementation (47). Previous research showed that ruminal infusion of soybean small peptides increased the flux of each of 17 AAs, TAAs, and essential AAs (EAAs) to the small intestine (41). We supposed that SPs may be broken down to amino acids in the rumen and the small intestine, but when the basal diet with 16.7% CP met the nutritional requirement of dairy cows, the SPs had no beneficial effects on protein synthesis. In our study, the lower NH3-N and higher MCP in the rumen of SP-supplemented cows may lead to the elevated concentration of metabolizable protein flowing to the small intestine. MCP combined with undegradable SPs provides more absorbed available AAs in the blood, which are removed by the mammary cells from the vascular supplies to synthesize milk protein. As far as our experiment is concerned, the ruminal degradability of soybean peptides needs further investigation. Milk lactose synthesis is influenced by udder health (48), metabolism, and energy balance in dairy cows (49). Propionate accounts for half of the hepatic glucose output, which in turn accounts for two-thirds of the glucose required for milk lactose synthesis (50, 51). Therefore, the higher milk lactose yield in the SP-supplemented group was derived from its higher ruminal propionate concentration (28.08 mmol/L) when compared to the CON group. As an important osmotic component of milk, lactose drives the secretion of water into the mammary glands from the bloodstream (49). Thus, the yield of milk lactose was the main reason for the improvement in the milk yield.

Glucogenic AAs include most AAs and can be converted into glucose in the liver. TAA and plasma glucose were higher in SP-supplemented cows, which exhibited better gluconeogenesis in the liver induced by AAs. Plasma BHBA is an incomplete oxidation product of NEFA in the liver. Blood BHBA concentration is detected to determine hyperketonemia in early lactation, and most researchers apply 1.2 mmol/L of BHBA as the threshold of hyperketonemia (52). The BHBA concentration in the two groups of our in vivo experiment was within the acceptable limits (<1.2 mmol/L), although the SP-supplemented group tended to present higher BHBA concentration than the CON group. Butyrate is the precursor of BHBA, and an elevated BHBA concentration may have been derived from the higher butyrate concentration in the rumen of SP-supplemented cows than CON cows (46). The concentration of antioxidant substances in the SP-supplemented group was higher than that in the CON group. GSH-Px, SOD, and CAT are considered oxidative stress markers and are crucial antioxidant enzymes in biological systems (53, 54). The antioxidant capacity of peptides depends on their AAs profile, and methionine, histidine, lysine, and tryptophan are considered to be antioxidative AAs (55). The underlying mechanism is that more active R bases of amino acids in soybean protein are exposed during hydrolysis (55). Plasma IgA concentration tended to decrease, and IgG concentrations increased when SPs were fed to cows. IgG is the predominant antibody in blood and plays an essential role in humoral immunity (56). SPs have shown immunomodulatory activity in vitro (5). Furthermore, SPs reduce the impact of coccidia challenge by downregulating the expression of plasma IgA in broiler chickens (16). In this study, the fluctuation of plasma IgA within the normal range (21, 26) along with the elevated IgG concentration could reflect the healthier status of SP-supplemented cows.

Rumen harbors a complex community of microorganisms, and the VFA concentration in the rumen depends on the fermentation rate of diet components by the microbial community and the respective energy provision rate to dairy cows. TVFAs and individual VFAs were higher in SP-supplemented cows than in CON cows. Increased concentration of TVFAs agrees with the results of previous reports, in which SPs were either added in vitro or infused ruminally (8, 41). The acetate/propionate ratio did not change in this study, reflecting a stable fermentation pattern, but it was inconsistent with that observed in previous studies (8). The discrepancy in the effects of SPs on the rumen fermentation profile might be due to the supplementation method, experimental animal, basal diet composition, and supplementation level.

We also studied the effects of SPs supplementation on the rumen bacterial community of dairy cows. As mentioned previously, to reduce the stress of sampling and influence of herd protocol in the farm, we only selected five cows from each group for rumen fluid collection and analysis of microbial communities. Although the dairy cows we selected were under healthy physiological conditions and had similar production performance, the sample size should be expanded in the future to reduce the variability. From the results, significant differences in the structure of microorganisms emerged between the two groups, suggesting that SPs can modulate the rumen bacterial community. In addition, Firmicutes and Bacteroidetes were the dominant microorganisms at the phylum level, which is consistent with ruminal bacteria studies (57, 58). The results of alpha-diversity implied that bacterial richness was improved by SPs supplementation and beta-diversity showed that SPs play distinct roles in regulating the bacterial community. The relative abundance of Butyrivibrio was increased in the SP-supplemented group, similar to that previously reported for the relative abundance of Butyrivibrio fibrisolvens using real-time PCR (8). Bacteria within the Butyrivibrio genus are cellulolytic bacteria, and their fermentative product in the rumen is mainly butyrate. SPs supplementation has been shown to improve the growth of acetate-producing bacteria such as Rikenellaceae_RC9_gut_group and Lachnospiraceae_ND3007_group (59, 60). Bacteria associated with cellulose degradation were also stimulated by SPs supplementation. The Rikenellaceae_RC9_gut_group was found to be related to structural carbohydrate fermentation (59), and Anaeroplasma was related to crude fiber digestibility in pigs (60). The relative abundances of these two fibrolytic bacteria were higher in the SP-supplemented group than in the CON group. Therefore, SPs supplementation may improve cellulose degradation through microbial regulation. The explicit function of Shuttleworthia is unclear. Hao et al. (61) found that Shuttleworthia was highly positively correlated with MCP and short-chain VFA production in postweaning calves. However, Shuttleworthia is a pathogen in the gut of rats, and its level decreases when rats are fed prebiotic isomaltulose (62). Ruminal microbiota are complex and interactive, and the role of Shuttleworthia in ruminants and monogastric animals needs to be explored in the future. We speculated that the lower relative abundance of Shuttleworthia in the SP-supplemented group may indicate a healthier body condition, which is supported by increased blood immunity parameters. The researchers found that nitrate supplementation enhanced ammonia incorporation into Selenomonas microbial protein in dairy cows (63, 64), so the higher relative abundance of Selenomonas may reflect the higher concentration of ammonia-N derived from degradative SPs that were incorporated in the Selenomonas.

As expected, PICRUSt revealed that the predicted functions of bacteria in the AA metabolic pathways are different among the two groups. SPs are a mixture of AAs, and the concentration of individual AAs is different. Valine, leucine, and isoleucine are branched-chain amino acids (BCAAs), which are vital for milk protein synthesis and glycolipid metabolism (65). SPs supplementation significantly increased the predicted functions of valine, leucine, and isoleucine degradation, which may explain the enhanced microbial CP synthesis and the energy regulation of the body in SP-supplemented cows.




CONCLUSIONS

Soybean peptides supplemented at the level of 1.92 g/kg DM have the potential to increase DM, CP, NDF, and ADF degradabilities after 24 and 48 h of fermentation in vitro. In the in vivo study, at 50 g/head/day supplementation level, SPs tended to increase DMI, which resulted in improved milk production. The elevated milk lactose yield, originating from increased rumen propionate and blood glucose concentration, also contributed to the improvement of milk production in SP-supplemented cows. About 50 g of SPs per day also improved the antioxidant capacity and immunity of dairy cows. We observed that dietary SPs supplementation improved rumen bacterial richness, thus resulting in a different structure of the community. The relative abundances of cellulolytic bacteria, such as Rikenellaceae_RC9_gut_group and Butyrivibrio, were increased in the SP-supplemented group, and Selenomonas was increased because of the strong capacity of peptides, AA utilization, and VFA productivity. The predicted AA metabolic pathway functions of bacteria were influenced by SPs supplementation, but the relationship between the amino acid composition of SPs and the ruminal amino acid degradation needs further investigation. In addition, the in vivo experiment was conducted with a large-scale herd, which was limited by a small number of sampling cows. Therefore, more frequent sampling is required to further determine the role of added SPs on dairy cows.
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Acetate (mmol/mL) 59.2 700 212 001
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Valerate (mmol/ mL) 1.46 1.70 0,053 002
Acetate, % 62.2 623 036 091
Propionate, % 249 249 041 096
Butyrate, % 939 952 0.150 067
Valerate, % 158 152 0024 087
Acetate: Propionate ratio 253 251 0,053 088

NH;-N, Ammonia Nitrogen; MCP, Microbial Crude Protein; TVFA, Total Volatile Fatty Acid.
5CON, the Control Group With no Soybean Peptide Supplementation; SPs, the Group
With 50 g/Head/day of Soybean Peptide Supplementation.
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Protein, % 326 328 0014 052 020 <001

Protein, kg/day 112 147 0.008 001 <001 014

Fat, % 463 447 0.040 003 <001 062

Fat, kg/day 1.58 159 0017 093 <001 067

Lactose, % 508 5.04 0013 083 008 063

Lactose, kg/day 1.75 1.79 0.011 0.07 <0.01 0.87

23,5% FCM = Milk Yield (kg) x 0.4324 + Mik fat (kg) x 16.218. ECM = mikk yield (kg) x 0.3246 + mik fat (kg) x 12.86 -+ milk protein (kg) x 7.04. °CON, the Control Group With no
Soybean Peptide Supplementation; SPs, the Group With 50 g/Head/day of Soybean Peptide Supplementation.
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Peptide Supplementation; SPs, the Group With 50 g/Head/day of Soybean Peptide
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Variable' SPs (g/kg DM) SEM P

0 0.38 192
Degradabilty (%)
DM
24h 59.7° 63.0° 65.2° 0.84 <001
48h 64.6 67.4 703 1.08 0.07
cP
24h 51.40 52.4% 55.9° 082 0.02
48h 662 663 725 141 0.10
NDF
24h 28.2° 34.9° 4042 182 <001
48h 348 410 46.9 253 0.22
ADF
24h 23.8° 32.7% 37.8° 214 <001
48h 265 37.2 435 3.16 008
pH
24h 6.46 6.49 653 0020 0.10
48h 654 6565 658 0020 076
GPagn (MU/g) 1416 147.3 1585 3.67 018
A(ml) 145.9° 157.3% 163.2° 4.57 005
B 147 1.28 121 0075 037
ch 634 5.88 6.42 0299 075

*8Values denoted by different superscript letters in the same row indicate significant differences (o < 0.05), whereas those denoted by the same letters or no letters indicate no significant
differences (o > 0.05). SEM, standard error of the mean.
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Chemical composition, % of DM
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Ca

P
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Content

12.80
3.64
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0.31
0.56
0.23
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1.08

56.9
293
18.2
16.7
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07
03
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DM, dry Matter; NDF, Neutral Detergent Fiber; ADF, Acid Detergent Fiber; CP. Crude

Protein; NEL: net Energy for Lactation.

bOne kg Premix Containing 204,881 U Vitamin A; 23,685 IU Vitamin D; 900 1U Vitamin E.
°Estimated From the Nutrient Requirements of Dairy Cattle (22). Accordling to the Nutrient

Composition of the Analyzed Ingredients.
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