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In this study, we examined the impact of various maize to maize varieties on the performance and digestibility of hu sheep. A total of thirty-six healthy male hu sheep, all of similar weight, were selected and randomly assigned to one of three groups, each comprising 12 sheep. The groups were designated as CS1 (fed HanDan 777), CS2 (fed DengHai 605), and CS3 (fed NongDa 367). The study included a pre-feeding period of 10 days followed by an experimental period of 80 days. The findings indicated that the total weight gain and average daily gain in the CS2 group were higher than those in the CS1 group (p < 0.05), and the feed-to-weight ratio in the CS2 group was lower than those in the CS1 and CS3 groups (p < 0.05). The pre-slaughter live weight in the CS2 group was higher than in the CS1 and CS3 groups. Additionally, the L* value of the CS3 group was higher than those of the CS1 and CS2 groups (p < 0.05). The shear force of the CS3 group was greater than that of the CS2 group (p < 0.05). Compared with the CS1 group, both the CS2 and CS3 groups exhibited higher water loss rates (p < 0.05). Moreover, the cooking loss of the CS2 group was higher than those of the CS1 and CS3 groups (p < 0.05). There was a significant effect of the total weight gain and average daily weight gain in the CS2 group compared to the CS1 group (p < 0.05). These findings suggest that the DengHai 605 corn variety (CS2) is a suitable option for use as silage in Hu sheep diets due to its positive impact on growth performance.
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1 Introduction


In recent times, Whole-plant maize silage has become a key feed for ruminants (e.g., dairy cows, beef cattle, and sheep) due to its palatability, storability, and weather resilience (Cheli et al., 2013). Over the past 25 years, its adoption has grown significantly, supporting efficient ruminant production worldwide (Ferraretto et al., 2018). As the second-largest maize producer globally, China has substantial potential to utilize maize for silage, offering farmers a cost-effective way to enhance profitability through optimized variety selection.


Maize silage improves ruminant growth performance and meat quality while reducing nutrient losses compared to fresh forage (ZoBell et al., 2002). Its economic and preservation advantages make it a practical choice for livestock operations. Additionally, repurposing crop by-products like maize for silage aligns with circular economy principles, promoting sustainable resource use (Ranum et al., 2014). By integrating silage into farming systems, producers can achieve both economic and environmental benefits, ensuring long-term agricultural sustainability.


Demiral et al. studied the nutritive value of silage from 12 maize varieties and found that the nutritive value of silage varies between varieties (Demirel et al., 2011). The choice of maize variety is crucial, as different varieties differ in nutritive value, harvesting time, and other factors. Additionally, the genetic background of maize varieties can affect both yield and quality. Liu et al. found that the selection of maize hybrids can influence several aspects of maize silage, including harvest yield, grain quantity at harvest time, and digestibility (Liu et al., 2021). Nazli et al. observed wide variation among maize varieties, with sweet maize typically having the lowest yields but slightly superior nutritional quality, while grain maize varieties tend to have higher yields but poorer quality (Nazli et al., 2018). Acharya and Casper found that different silage maize varieties did not affect milk production in ruminants but did result in varying economic benefits (Acharya and Casper, 2020). In contrast, Akins and Shaver (2014), in their study on the effect of maize silage hybrids on lactation performance in ruminants, found that feeding nutrient-dense silage maize increased both feed intake and milk production (Akins and Shaver, 2014). Zaralis and his colleagues demonstrated that the daily weight gain of beef cattle exclusively fed with whole-plant maize silage was notably higher than that of those fed a combination of whole-plant maize silage and forage silage (Zaralis et al., 2014). Moreover, whole-plant maize silage has the remarkable ability to effectively boost milk production, enhance the quality of milk, cut down on breeding expenses, and elevate economic returns (Hameleers, 1998).


Domestic studies have shown that, compared to maize stover silage, the inclusion of whole-plant maize silage in feed rations can improve the production performance and economic benefits of ruminants (Zhang et al., 2021; Sha et al., 2024). In light of this, the present experiment was conducted using Hu sheep as the research subjects, with whole-plant maize silage as the roughage source. We hypothesized that different varieties of maize silage would have varying effects on the growth performance, slaughter performance, and meat quality of mutton sheep. The results demonstrate that the Denghai 605 (CS2) whole-plant corn silage variety significantly enhances production performance and meat quality parameters in Hu sheep compared to other varieties.





1.1 Experimental design and animals


The experimental site was situated at Xinqun Herd, Songji Town, Linquan County, Anhui Province, China. Thirty-six weaned Hu sheep (2-month-old, body weight: 17.44 ± 1.51 kg) were selected and randomly allocated into three groups (CS1, CS2, and CS3). Each group comprised three replicate pens, with four sheep per pen. A 10-day pre-feeding period was conducted, followed by an 80-day formal feeding trial. Throughout the experiment, all sheep were managed under identical feeding conditions with ad libitum access to feed and water.






1.2 Experimental rations


The three types of maize were planted on June 7, 2023, and harvested on September 4, 2023, and the maize stover was crushed into 2–3 cm pieces, compacted with a compactor and then loaded into fermentation bags, and used for feeding experiments after 60 d of anaerobic fermentation. After 60 days of silage fermentation, the silage feed in 10 bags was randomly selected for sampling. The experimental ration was sampled using the quartering method, and the determination method referred to the approach described in “Feed Analysis and Quality Testing Technology” (Zhang Liying, Fourth Edition).


The analytical methods for feed nutritional components are as follows:


	
Dry matter (DM).

	
Method: AOAC 934.01.


	
Procedure: Weigh 2 g of the sample, dry it at 103 ± 2°C for 24 hours in a forced-air oven (Memmert UN110).DM (%)=W1​(W1​−W2​)​×100.

	
where W1​ = initial weight, W2​ = weight after drying.










	
Crude protein (CP).

	
Method: AOAC 928.08.


	
Apparatus: Shandong Haineng k9840 automatic Kjeldahl nitrogen analyzer.


	
Protocol: Weigh 0.5g of feed sample, digest it at a temperature of about 350-420°C. After digestion and cooling, use K9840 for determination.CP (%)=Nitrogen content×6.25.






	
Ether extract (EE).

	
Method: AOAC 960.39.


	
Solvent: ether (boiling point 40–60°C).


	
Procedure: Extract 2 g of the sample with the solvent for 6 hours, evaporate the solvent, and weigh the residue.






	
Ash.

	
Method: AOAC 942.05.


	
Procedure: Incinerate 2 g of the sample in a muffle furnace (Nabertherm L3/11) at 550°C for 6 hours.






	

Neutral detergent fiber (NDF).

	
Method: AOAC 973.18.


	
Reagents: Sodium Dodecyl Sulfate Solution.


	
Protocol: Reflux 0.5 g of the sample in neutral detergent solution for 1 hour(Ankom 220). Wash the residue with acetone and dry at 105°C.






	
Acid detergent fiber (ADF).

	
Method: AOAC 973.18.


	
Reagent: Cetyltrimethylammonium bromide solution.


	
Procedure: Reflux for 1 hour, filter through filter bags (Ankom 220), and dry at 105°C.






	
Quality control.

	
All analyses are performed in triplicate.


	
Certified reference materials (e.g., NIST SRM 1547) are included.


	
Blank corrections are applied to fiber analyses.


	
Results are expressed on a dry matter (DM) basis.









The composition and nutrient content of the rations are shown in the table below.






1.3 Measurement indicators and methods





1.3.1 Growth performance


At both the start and end of the experiment, the sheep were fasted for 12 hours (with free access to water) and then weighed. These measurements were recorded as the initial body weight (IBW) and final body weight (FBW), respectively. The experimental diet was provided twice daily at 8:00 and 18:00, and feed intake as well as leftover amounts were meticulously recorded throughout the entire experimental period.


The growth performance indices were calculated as follows (Equations 1–3):
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1.3.2 Slaughtering performance


At the end of the experiment, five sheep were selected from each group, fasted for 24 hours, and slaughtered. The live weight before slaughter was recorded, blood was drained, and the carcass weight was determined by removing the skin, head, hooves, offal, and testes. After removing the bones, the net meat weight was measured, and the slaughter rate and net meat rate were calculated. The eye muscle between the 12th and 13th ribs on the back was taken, and the area of the eye muscle was calculated using sulfuric acid graph paper (Equations 4, 5).
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1.3.3 Measurement of flesh color


The brightness (L*), redness (a*), and yellowness (b*) of the longest dorsal muscle were measured using a CR-400 colorimeter(Konica Minolta, Tokyo, Japan). The values were averaged based on three measurements taken at different positions.






1.3.4 Drip loss and shear force


Drip Loss: A sample of the longissimus dorsi (LD) muscle measuring 2 cm × 3 cm × 5 cm was taken, and the fascia was removed. The sample was weighed, hung with a wire, placed in a sealed plastic bag, and stored at 4°C for 24 hours. After 24 hours, the sample was weighed again, and the drip loss was calculated.


Shear Force: A sample of the LD muscle was heated in a water bath at 80°C until the center of the meat reached 70°C. After cooling, the shear force was measured using an RH-N50 instrument.






1.3.5 Cooking loss and water holding capacity


Cooking Loss: A sample of the longissimus dorsi (LD) muscle was trimmed to 2 cm × 2 cm × 3 cm, and the fascia was removed. The sample was weighed, placed in a sealed bag, and heated in a water bath for 30 minutes. After heating, the sample was placed indoors in a cool place to dry for 15 minutes and then weighed again to calculate the cooking loss. The cooking loss (%) was calculated using the following formula: Cooking loss (%)=(Pre-steaming meat weight−Post-steaming meat weight)/Pre-steaming meat weight×100%(6).


Water holding capacity: The meat sample was placed between 16 layers of filter paper (8 layers on top and 8 layers on the bottom) and positioned on a water loss rate plate. The RH-100 instrument was used to apply a pressure of 35 kg for 5 minutes. The sample was weighed immediately after pressing, and the water loss rate was calculated. The formula for water loss rate was as follows: Water holding capacity (%)=(Weight of meat before pressing−Weight of meat after pressing)/Weight of meat before pressing×100%(7).






1.3.6 Apparent digestibility of nutrients


At the end of the experiment, a 7-day digestive metabolism test was conducted, including a 3-day acclimatization period and a 4-day fecal collection period. During this time, all hu sheep were transferred to individual metabolism pens equipped with plastic sieves and plastic film underneath for fecal and urine collection. Feces and urine were collected before feeding, and the collected fresh feces were treated with 10% sulfuric acid to prevent ammonia-nitrogen volatilization. All feed and fecal samples were dried at 65°C for 48 hours, filtered through a 1-mm mesh sieve, and stored in self-sealing bags for subsequent routine nutritional analysis. The formula for calculating the apparent digestibility of nutrients was as follows: Apparent digestibility (%) = [(nutrient intake - nutrient excretion in feces)/nutrient intake] × 100%. (8).






1.3.7 Rumen microbiota


At the end of the experiment, rumen fluid samples were collected from Hu sheep and aliquoted into 2 mL sterile cryovials. The samples were immediately flash-frozen in liquid nitrogen and subsequently stored at -80°C until 16S rRNA sequencing could be performed. The preserved samples.


At the conclusion of the experiment, rumen fluid samples were collected from Hu sheep and aliquoted into 2 mL sterile cryovials. The samples were immediately flash-frozen in liquid nitrogen and subsequently stored at -80°C until 16S rRNA sequencing could be performed. The preserved samples were transported on dry ice to Sangon Biotech (Shanghai) Co., Ltd., where sequencing was conducted following the company’s standardized operating procedures.


1. Total Microbial DNA Extraction.


Total microbial DNA was extracted from lamb rumen fluid samples using the OMEGA E.Z.N.A.® Mag-Bind Soil DNA Kit. Specific primers targeting the V3-V4 hypervariable region of the 16S rRNA gene were designed and synthesized to amplify the 16S rRNA gene from genomic DNA samples.


2. Sequencing and Data Processing.


Paired-end sequencing was performed on the Illumina NovaSeq platform to generate high-throughput sequence data. The sequencing reads contained barcode sequences, as well as primer and adapter sequences introduced during library preparation. Raw data were processed through the following standardized pipeline:


	
Primer/Adapter Trimming: Sequences containing primer or adapter fragments were removed using Cutadapt software with a minimum match length of 10 bp.


	
Read Merging: Paired-end reads were merged into single contigs using FLASH software, requiring a minimum overlap of 10 bp and a maximum mismatch rate of 0.2.


	
Sample Demultiplexing: Samples were distinguished based on barcode tags, allowing for 1 bp mismatch in barcode sequences to ensure accurate partitioning.


	
Quality Filtering: Reads with an average Phred score <20, single-end length <200 bp, or ambiguous bases were discarded. Each sample retained a minimum of 5,000 valid reads to ensure statistical reliability.


	
Chimera Removal: Chimeric sequences were identified and eliminated using the UCHIME algorithm against the Silva 138 reference database.





3. Bioinformatics Analysis.


	
OTU Clustering: High-quality sequences were clustered into operational taxonomic units (OTUs) at a 98% similarity threshold using Usearch software. OTUs with a minimum sequence count of 2 were retained, while singletons (OTUs with only 1 read) were filtered out.


	
Alpha Diversity Analysis: Diversity indices (Chao1, Shannon, Simpson) were calculated using Mothur software with rarefaction analysis to assess community richness and evenness. Visualization of rarefaction curves and rank-abundance plots was performed using R software, with a requirement for ≥99% sequencing depth coverage to ensure comprehensive sampling.


	
Beta Diversity Analysis: Differences in species abundance distribution between samples were quantified using Euclidean distance, Bray-Curtis distance, Unweighted UniFrac, and Weighted UniFrac metrics. Distance matrices were generated for principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS), with visualizations constructed using the R vegan package to illustrate inter-sample relationships.





All experimental and bioinformatics procedures were executed by Sangon Biotech (Shanghai) Co., Ltd. on the Illumina NovaSeq platform following established industry standards, ensuring rigorous quality control and reproducibility of microbial sequencing data.


Generated Statement: The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA128884 https://www.ncbi.nlm.nih.gov/, SUB15355450.






1.3.8 Statistical analysis


The data were subjected to one-way ANOVA analysis using SPSS 27.0 statistical software. Results are presented as mean ± SEM, with statistical significance set at p < 0.05.








2 Result





2.1 Nutritional value of silage material




Table 1
 shows that the CS3 group had a substantially greater dry matter (DM) content than the CS2 and CS1 groups (p < 0.05), and the CS2 group had a higher crude protein (CP) content than the CS1 groups (p < 0.05). Furthermore, the CS1 group had substantially greater amounts of acid detergent fiber (ADF) and neutral detergent fiber (NDF) than the CS2 and CS3 groups (p < 0.05).



Table 1 | 
The conventional nutritional value of different silage materials (%, except where otherwise stated).





	Item

	CS1

	CS2

	CS3

	
P-value






	DM
	32.14 ± 0.34c

	34.82 ± 0.30b

	37.31 ± 0.40a

	< 0.001



	CP
	7.17 ± 0.17b

	8.04 ± 0.18a

	7.70 ± 0.18ab

	0.013



	EE
	3.52 ± 0.26
	4.30 ± 0.78
	3.06 ± 0.19
	0.249



	ADF
	19.03 ± 0.20a

	17.37 ± 0.09b

	15.63 ± 0.46c

	< 0.001



	NDF
	41.05 ± 0.70a

	38.45 ± 0.56b

	34.89 ± 0.49c

	< 0.001



	PH
	4.00 ± 0.04
	3.96 ± 0.03
	4.01 ± 0.04
	0.524







Within the same row, data denoted by different lowercase letters signify statistically significant differences (p < 0.05). DM, dry matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fiber; ADF, acid detergent fiber.








2.2 Effect of different varieties of maize silage on the production performance of Hu sheep


As shown in 
Table 2
, the CS2 group exhibited significantly higher final body weight (FBW) and average daily gain (ADG) compared to the CS1 group (p < 0.05), along with a significantly lower feed-to-gain ratio than both CS1 and CS3 groups (p < 0.05). The CS3 group demonstrated significantly greater dry matter intake (DMI) than both CS1 and CS2 groups (p < 0.05).



Table 2 | 
Effect of different varieties of maize silage on the production performance of Hu sheep.





	Item

	CS1

	CS2

	CS3

	
P-value






	IW, kg
	17.23 ± 0.57
	17.76 ± 0.42
	17.33 ± 0.56
	0.748



	FW, kg
	28.64 ± 0.61b

	31.27 ± 0.93a

	29.75 ± 0.47ab

	0.040



	ADG, g/d
	142.66 ± 5.83b

	168.85 ± 7.25a

	155.21 ± 3.00ab

	0.009



	DMI, g/d
	1068.30 ± 22.93
	1028.70 ± 24.41
	1030.98 ± 21.91
	0.398



	F/G ratio
	7.49 ± 0.016a

	6.09 ± 0.15c

	6.64 ± 0.14b

	< 0.001



	IW, kg
	17.23 ± 0.57
	17.76 ± 0.42
	17.33 ± 0.56
	0.748







Within the same row, data denoted by different lowercase letters signify statistically significant differences (p < 0.05). Initial weight, IW; Final weight, FW; Average daily gain, ADG; Dry matter intake, DMI; F/G ratio, feed-to-gain ratio.








2.3 Effect of different varieties of maize silage on the quality of the longest muscle of the back of Hu sheep


The slaughter performance of the three treatment groups was compared, as indicated in 
Table 3
. In comparison to the CS1 and CS2 groups, the CS3 group’s L* value was considerably greater (p < 0.05). The water holding capacity of the CS3 group was substantially higher than that of the CS1 group (p < 0.05), while the CS3 group showed a higher shear force value than the CS2 group (p < 0.05). Furthermore, the CS2 group saw a considerably larger cooking loss than both the CS1 and CS3 groups (p < 0.05).



Table 3 | 
Effect of different varieties of maize silage on the quality of the longissimus dorsi (LD) quality of Hu sheep.





	Item

	CS1

	CS2

	CS3

	
P-value






	pH 45min

	6.55 ± 0.02
	6.52 ± 0.04
	6.61 ± 0.04
	0.177



	pH 24h

	5.79 ± 0.05
	5.82 ± 0.05
	5.86 ± 0.04
	0.609



	L*
	28.30 ± 0.23b

	28.52 ± 0.40b

	30.29 ± 0.76 a

	0.019



	a*
	17.48 ± 0.41
	18.01 ± 0.61
	18.41 ± 0.38
	0.392



	b*
	3.24 ± 1.13
	2.19 ± 0.15
	2.60 ± 0.10
	0.537



	SF, N
	36.35 ± 1.48ab

	34.95 ± 0.96b

	39.48 ± 0.91 a

	0.025



	WHC, %
	26.72 ± 0.64b

	30.45 ± 1.12a

	29.58 ± 2.03a

	0.012



	CL, %
	33.96 ± 0.89b

	37.82 ± 1.05a

	35.30 ± 0.97b

	0.011



	DL, %
	1.07 ± 0.08
	1.17 ± 0.12
	1.24 ± 0.04
	0.391







Within the same row, data denoted by different lowercase letters signify statistically significant differences (p < 0.05). Color L*: L*; Color a*: a*; Color b*: b*; Shear force, SF; Water holding capacity, WHC; Cooking loss, CL; Drip loss, DL.








2.4 Effect of different varieties of maize silage on slaughter performance of Hu sheep


The pre-slaughter live weight of the CS2 group was greater than that of the CS1 group, as seen in 
Table 4
. In terms of slaughter performance, the CS2 group’s carcass weight was considerably higher than the CS3 group’s (p < 0.05). Furthermore, there was a significant difference (p < 0.05) in the slaughter rate between the CS1 and CS3 groups. However, the eye muscle area did not differ significantly among the groups (p > 0.05).



Table 4 | 
Effect of different varieties of maize silage on slaughter performance of Hu sheep.





	Item

	CS1

	CS2

	CS3

	
P-value






	SLW, kg
	30.72 ± 1.59b

	34.78 ± 1.77a

	31.38 ± 0.82ab

	0.036



	HCW, kg
	14.40 ± 0.37ab

	15.13 ± 0.10a

	13.70 ± 0.25b

	0.012



	SR, kg
	46.64 ± 0.19a

	44.41 ± 1.08ab

	43.57 ± 0.51b

	0.024



	EMA, cm²
	12.05 ± 0.50
	11.15 ± 0.85
	10.70 ± 0.84
	0.451







Within the same row, data denoted by different lowercase letters signify statistically significant differences (p < 0.05). SLW, slaughter live weight; HCW, Hot carcass weight; SR, slaughter rate; EMA, eye muscle area.








2.5 Effect of different varieties of maize silage on the digestibility of nutrients in Hu sheep


The apparent nutritional digestibility of diets in hu sheep fed various types of maize silage was assessed, as indicated in 
Table 5
. The digestibility of dry matter (DM), organic matter (OM), crude protein (CP), ether extract (EE), neutral detergent fiber (NDF), and acid detergent fiber (ADF) did not differ (p > 0.05) between the CS1, CS2, and CS3 groups.



Table 5 | 
Effect of different varieties of maize silage on nutrient digestibility of Hu sheep (%, except where otherwise stated).





	Item

	CS1

	CS2

	CS3

	
P-value






	DM
	67.29 ± 1.61
	71.24 ± 1.61
	69.65 ± 1.71
	0.281



	OM
	69.51 ± 1.80
	72.83 ± 1.62
	71.28 ± 1.48
	0.398



	CP
	71.13 ± 2.03
	73.29 ± 1.63
	72.79 ± 0.68
	0.607



	EE
	83.82 ± 1.22
	84.41 ± 1.68
	82.41 ± 1.16
	0.591



	NDF
	51.37 ± 3.13
	52.27 ± 4.42
	49.01 ± 3.82
	0.828



	ADF
	45.24 ± 2.74
	42.76 ± 3.60
	42.77 ± 4.84
	0.872














2.6 Effect of different varieties of maize silage on nitrogen utilization in Hu sheep


As shown in 
Table 6
, the effect of whole-plant maize silage on nitrogen utilization in hu sheep is presented. There were no significant differences (p > 0.05) among the CS1, CS2, and CS3 groups in terms of ingested nitrogen, total excreted nitrogen, deposited nitrogen, nitrogen utilization, nitrogen apparent absorption, and biological value of nitrogen.



Table 6 | 
Effect of different varieties of maize silage on nitrogen utilization in Hu sheep (%).





	Item

	CS1

	CS2

	CS3

	
P-value






	Nitrogen intake
	27.76 ± 1.29
	30.78 ± 0.59
	29.52 ± 0.24
	0.082



	Fecal nitrogen
	8.00 ± 0.63
	8.24 ± 0.60
	8.02 ± 0.15
	0.936



	Urine nitrogen
	5.78 ± 0.40
	6.90 ± 0.59
	6.14 ± 0.04
	0.203



	Total discharged nitrogen
	13.77 ± 0.99
	15.14 ± 0.83
	14.17 ± 0.15
	0.449



	Sedimentary nitrogen
	13.99 ± 1.42
	15.64 ± 0.54
	15.36 ± 0.33
	0.417



	Nitrogen utilization
	50.19 ± 3.68
	50.88 ± 2.02
	52.00 ± 0.75
	0.872



	Apparent digestibility
	71.13 ± 2.03
	73.29 ± 1.63
	72.79 ± 0.68
	0.607



	Biological value
	70.29 ± 3.29
	69.43 ± 2.46
	71.42 ± 0.38
	0.841














2.7 Effects of different varieties of maize silage on the alpha-diversity of rumen microorganisms in Hu sheep


To explore the impact of whole-plant maize silage on rumen microbiota in hu sheep, 16S rRNA gene sequencing was conducted on rumen fluid samples from all experimental groups. The rarefaction curve, which leveled off with an increasing number of sequences, demonstrated that the sequencing depth was adequate to capture the abundance and diversity of the majority of microbial communities present (
Figure 1
).


[image: (a) A rarefaction curve graph showing OTU Number on the y-axis versus Number of Reads Sampled on the x-axis. Multiple line graphs in different colors represent data from CS1-1 to CS3-6. (b) A Venn diagram with three overlapping circles labeled CS1, CS2, and CS3. Sections show the numbers: 1707, 431, 1843, 2576, 318, 394, and 1591.]
Figure 1 | 
The effect of using different whole-plant maize silages on the rumen microbiota of hu sheep was investigated. (a) Microbial dilution curves based on observational metrics were used to assess the depth of coverage of each sample (samples were distinguished by different colored lines). (b) Venn diagrams showing the composition of rumen microbial operational taxonomic units (OTUs) for the CS1, CS2, and CS3 groups of whole-plant maize silage. Before the end of the experiment, specimens were collected from 6 sheep per group.




Based on 97% similarity, Venn diagrams showed 2,600 common OTUs and 1,477, 1,869, and 1,852 unique OTUs in the CS I, CS II, and CS III groups, respectively.






2.8 Comparison of microbial communities (beta-diversity)


Beta diversity results are shown in 
Figure 2
. Only a small number of samples showed deviations, while the rest of the samples exhibited relative proximity and lacked any recognizable segregation. These results indicate that there were no substantial differences in the structural composition of the microorganisms among the three groups, suggesting that the use of different silage maize did not alter the composition of the rumen microorganisms in hu sheep.


[image: PCA scatter plot showing three clusters labeled CS1, CS2, and CS3, represented by brown, blue, and purple dots, respectively. The x-axis is PC1 accounting for 45.925% of variance, and the y-axis is PC2 accounting for 12.661% of variance.]
Figure 2 | 
Effect of using different silage maize on Beta diversity of rumen microorganisms.








2.9 Effect of different varieties of maize silage on the composition of rumen microflora in Hu sheep




Table 7
 shows the taxonomic composition of the top ten gastrointestinal microbial communities at the phylum level. Bacteroidota was the most abundant phylum, followed by Firmicutes. Notably, the relative abundance of Verrucomicrobia in the CS1 group was higher than that in the CS2 and CS3 groups (p < 0.05). 
Figure 3
 depicts the distribution of dominant phyla at the phylum level.



Table 7 | 
Effect of different varieties of maize silage on the level of rumen flora phylum in Hu sheep.





	Item

	CS1

	CS2

	CS3

	
P-value






	Cyanobacteria
	1.78 ± 0.08
	1.72 ± 0.15
	1.73 ± 0.12
	0.942



	Verrucomicrobiota
	1.18 ± 0.24a

	0.59 ± 0.11b

	0.48 ± 0.05b

	0.015



	Proteobacteria
	4.43 ± 1.43
	1.94 ± 0.18
	3.49 ± 0.48
	0.165



	Bacteroidota
	48.38 ± 1.06
	50.05 ± 1.73
	47.55 ± 1.46
	0.477



	Desulfobacterota
	0.45 ± 0.14
	0.36 ± 0.92
	0.32 ± 0.11
	0.680



	Fusobacteriota
	1.39 ± 0.04
	1.21 ± 0.15
	1.42 ± 0.03
	0.247



	Planctomycetota
	0.56 ± 0.11
	0.59 ± 0.18
	0.48 ± 0.06
	0.822



	Euryarchaeota
	0.68 ± 0.22
	0.87 ± 0.22
	0.20 ± 0.08
	0.056



	Firmicutes
	38.87 ± 1.94
	40.59 ± 1.61
	42.10 ± 1.61
	0.437



	Patescibacteria
	0.83 ± 0.16
	0.64 ± 0.11
	0.78 ± 0.17
	0.630



	Other
	1.46 ± 0.16
	1.43 ± 0.22
	1.43 ± 0.21
	0.996










[image: Two histograms compare the relative abundance of bacterial groups across samples. Histogram (a) shows a dominance of two main groups, while histogram (b) presents a more diverse distribution with multiple groups represented. Both charts share a similar y-axis labeled “Relative Abundance (%)” from zero to one hundred, and samples labeled CSI, CSH, and CSM. Each bar segment is color-coded to represent different bacterial groups identified in the legend below each chart.]
Figure 3 | 
Relative abundance of each group of bacteria (a) phylum level (b) genus level.




The dominant microorganisms at the genus level are depicted in 
Figure 3
. The taxonomic composition of the top 10 intestinal microbial communities at the genus level is detailed in 
Table 8
 Prevotella spp. showed the highest relative abundance, followed by Rikenellaceae. The relative abundance of Christensenellaceae in the CS3 group was higher than that in the CS1 group. Similarly, the relative abundance of Bacteroidales in the CS1 group was greater than that in the CS2 and CS3 groups.



Table 8 | 
Effect of different varieties of maize silage on the level of rumen flora genus in Hu sheep.





	Item

	CS1

	CS2

	CS3

	
P-value






	Cyanobacteria
	1.78 ± 0.08
	1.72 ± 0.15
	1.73 ± 0.12
	0.942



	Verrucomicrobiota
	1.18 ± 0.24a

	0.59 ± 0.11b

	0.48 ± 0.05b

	0.015



	Proteobacteria
	4.43 ± 1.43
	1.94 ± 0.18
	3.49 ± 0.48
	0.165



	Bacteroidota
	48.38 ± 1.06
	50.05 ± 1.73
	47.55 ± 1.46
	0.477



	Desulfobacterota
	0.45 ± 0.14
	0.36 ± 0.92
	0.32 ± 0.11
	0.680



	Fusobacteriota
	1.39 ± 0.04
	1.21 ± 0.15
	1.42 ± 0.03
	0.247



	Planctomycetota
	0.56 ± 0.11
	0.59 ± 0.18
	0.48 ± 0.06
	0.822



	Euryarchaeota
	0.68 ± 0.22
	0.87 ± 0.22
	0.20 ± 0.08
	0.056



	Firmicutes
	38.87 ± 1.94
	40.59 ± 1.61
	42.10 ± 1.61
	0.437



	Patescibacteria
	0.83 ± 0.16
	0.64 ± 0.11
	0.78 ± 0.17
	0.630



	Other
	1.46 ± 0.16
	1.43 ± 0.22
	1.43 ± 0.21
	0.996







Within the same row, data denoted by different lowercase letters signify statistically significant differences (p < 0.05).









3 Discuss


Maize silage is commonly used in ruminant production, and studies have shown that harvest date and variety of maize are the two main factors affecting the yield and quality of maize silage, in addition to climatic differences (Nazli et al., 2019; Wang X. et al., 2020). Terler studied the nutritional value of nine different maize silages over a three-year period and concluded that variety and harvest date had a significant effect on CP and NDF (Terler et al., 2019b). Terler et al. demonstrated that even when the nutrient composition of different maize varieties does not differ significantly, incorporating distinct maize varieties into the diet significantly influences ruminal degradability (Terler et al., 2019a). Liu et al. found that dual-purpose maize silage had higher MT(milk-per-acre) and energy values, while silage-specific maize silage had lower yields per unit of DM and MA(milk-per-ton index), probably because dual-purpose maize silage has higher yields per unit of DM and energy values (Liu et al., 2021). We observed that in this experiment, according to 
Table 9
, there were differences in DM, CP, ADF, and NDF of different maize silages, and the planting time and harvesting time were the same. Some studies have shown that none of the energy values were consistent among different maize varieties, while in this experiment, the differences may be due to the differences in varieties.



Table 9 | 
Nutritional composition and nutrient levels of diets (% DM, except where otherwise stated).





	Item

	CS1

	CS2

	CS3

	
P-value






	Content (%)
	Whole maize silage
	45
	45
	45



	Soybean meal
	20
	20
	20



	Peanut seedling
	20
	20
	20



	Wheat bran
	12
	12
	12



	Premix1

	1.3
	1.3
	1.3



	NaCl
	0.8
	0.8
	0.8



	NaHCO3
	0.6
	0.6
	0.6



	CaHPO4
	0.3
	0.3
	0.3



	Nutrient
	DM
	48.79
	50.38
	51.6



	NDF
	36.95
	36.19
	35.56



	ADF
	18.33
	16.78
	16.05



	CP
	14.87
	15.53
	15.31



	ASH
	7.53
	7.85
	7.35



	EE
	3.77
	4.31
	3.03







1The premix composition per kilogram of diet was as follows: Vitamin A at 200,000 IU, Vitamin D3 at 80,000 IU, Vitamin E at 200 IU, Iron (Fe) at 600 mg, Zinc (Zn) at 600 mg, Copper (Cu) at 100 mg, Manganese (Mn) at 400 mg, Iodine (I) at 40 mg, and Cobalt (Co) at 25 mg.




Body weight, daily weight gain, and dry matter intake in ruminants are positively correlated with the CP content in feed (Devincenzi et al., 2019). Studies have demonstrated that as the energy level of the diet increases, daily weight gain and dry matter intake significantly rise, while the feed-to-meat ratio significantly decreases (Wang et al., 2021). In this experiment, the using different maize silage varieties resulted in significant variations in ADG of Hu sheep. This phenomenon can be primarily attributed to the divergent nutrient compositions that emerged after silage fermentation among various maize varieties, which in turn influenced the growth and development of Hu sheep. Previous research has shown that the protein content of feed can significantly influence dietary intake, health status, and growth performance of livestock (Wang X. et al., 2020; Lee et al., 2021). Moreover, ADG and total weight gain are critical indicators of animal growth performance, reflecting the growth rate and nutrient utilization efficiency of animals. The ADG and total weight gain of the CS2 group were significantly higher than those of the CS1 and CS3 groups, and the feed-to-weight ratio was significantly lower than those of the CS1 and CS3 groups. Daily weight gain serves as the most direct measure of the digestive and absorptive efficiency of feeds (Li et al., 2024). Most previous experiments have verified that protein and energy within a certain range jointly influence animal metabolism, growth, and development. However, there are also experiments showing that the primary factor affecting animal weight gain is the varied protein-to-fat ratios of raw materials in the diet (Arriola Apelo et al., 2014). The daily weight gain of the CS2 group was significantly higher than that of the CS1 and CS3 groups, which may be because silage raw materials in the CS2 group had the highest content of crude protein. The use of silage maize from the CS2 group had a promotional effect on the production performance of the hu sheep in the present experiment, making it the most suitable additive.


Carcass traits are key indicators of ideal livestock production in animal husbandry (Luo et al., 2019; Silva et al., 2019) and are closely related to feed composition (Francisco et al., 2020). The results showed that feeding different varieties of maize silage had a greater effect on the pre-slaughter live weight, carcass weight, and slaughter rate of hu sheep. Su et al. showed that the use of silage could increase the level of protein in the muscle (Su et al., 2020). Wang et al. showed that with the increase in the level of protein in the diet, the daily weight gain and dry matter intake increased dramatically, the feed conversion ratio significantly decreased, and the pre-slaughter live weight and carcass weight significantly increased (Wang Q. et al., 2020). It has been suggested that higher carcass weights reflect higher feed consumption, promoting muscle growth (Atsbha et al., 2021). In line with the present experiment, there was a trend of higher protein intake in the CS2 group than in the CS1 and CS3 groups, while the pre-slaughter live weight and daily weight gain in the CS2 group were significantly higher than those in the CS1 group, which is consistent with the results discussed above. It has been confirmed that muscle fiber diameter and density are closely related to muscle tenderness and tension force (Mandell et al., 1997). In this experiment, the CS2 group had the highest cooking loss, the lowest shear force, and ultimately the highest water loss rate. The results were similar to those of Mandell et al. The smaller the muscle diameter, the greater the density of muscle fibers, indicating more intramuscular fat accumulation and the more tender the meat. In contrast, when the muscle diameter is larger, the meat becomes tougher (Fahey et al., 2005). In this experiment, there were many factors that affected the shear force, as reported by Hocquette et al (Hocquette et al., 2010). Intramuscular fat can indirectly affect meat tenderness, and factors such as pH, genetic factors, and the age of the animal can also affect shear force (Hopkins et al., 2006; de Rezende et al., 2020). Some studies have shown that the increase in lamb meat tenderness may be a result of the decrease in fiber content, the decrease in connective tissue strength, and the decomposition of myofibrillar proteins and connective tissues (Jama et al., 2008; Qi et al., 2019). An et al. demonstrated that the addition of fermented feed to the diets of hu sheep was able to reduce the diameter and area of the muscle fibers, suggesting that the addition of fermented feeds can reduce the diameter of muscle fibers, making the meat more tender (An et al., 2021). Muscle tenderness was positively correlated with the amount of fermented feed added. In this experiment, it was found that the shear force of the CS2 group was lower than that of the CS1 group and significantly lower than that of the CS3 group. This may be due to the high proportion of fermented feed added in this experiment and the significant differences in nutrient composition between maize varieties, which influenced muscle characteristics and intramuscular fat deposition. The above experimental results showed that the addition of silage maize from the CS2 group improved the meat quality of the hu lambs.


Meat color, represented by parameters such as L*, a*, and b*, is a crucial visual indicator of meat quality (Devincenzi et al., 2019; Salim et al., 2022; Li et al., 2022c). It directly influences consumers’ assessment of meat quality and their purchasing intent. The L*, a*, and b* values are the key metrics used to characterize meat color. Within an appropriate range, a higher a* value indicates better meat quality and freshness. Moreover, a higher L* value of the meat color implies that the meat appears glossier and lighter in shade. Notably, the a* value has a positive correlation with meat quality, whereas the b* and L* values exhibit an inverse relationship with it (Li et al., 2016). The CS3 group significantly increased the luminosity (L*) value of the meat without having any impact on the hue (a*) and saturation (b*) levels, as well as the dripping loss. Typically, for small ruminants, the cooking loss values of their meat fall within the range of 14-41% (Ayeb et al., 2016).In the present experiment, the values obtained by observing the changes in luminosity were similar to those in the study by Ocak et al (Ocak et al., 2016). In this experiment, the L* values of the CS3 group were significantly higher than those of the CS2 and CS1 groups. This finding may be attributed to the different intramuscular fat content among the three groups, which was confirmed in the literature (Wu et al., 2021). In addition, Ledward et al. reported that the meat pH value at 45 min may also be another reason influencing the L* of meat (Ledward et al., 1986), but the exact mechanism underlying this effect needs to be explored in depth.


Variation in nutrient digestibility in ruminants depends on the chemical composition of their diet. Li et al. found that when different roughages were added to ruminant diets, only the digestibility of dry matter and organic matter differed significantly, while other aspects did not (Li et al., 2022a). Brask et al. found that the use of maize silage instead of grass clover silage had little effect on the apparent digestibility of nutrients in ruminants (Brask-Pedersen et al., 2023). Protein utilization and amino acid deposition by the ruminant organism can be reflected by nitrogen metabolism (Zeitz et al., 2018). When feed enters the rumen, proteins are initially broken down by extracellular proteases secreted by pepsin and protein-hydrolyzing bacteria, resulting in the production of peptides and amino acids (El-Shazly, 1952). These compounds are further degraded into ammonia, which is utilized by rumen microorganisms to synthesize microbial proteins, providing the animal with a high-quality nitrogen source. However, a significant portion of the ammonia enters the liver via blood circulation, where it is converted into endogenous urea (Getahun et al., 2019). This urea can then re-enter the rumen, where it is hydrolyzed back into NH3, serving as a nitrogen source for microbial protein synthesis and contributing to the animal’s energy supply (Jin et al., 2018).In this experiment, the use of three different varieties of silage maize had almost no effect on the apparent digestibility of nutrients and nitrogen utilization in hu sheep, and only the CS2 group had a trend toward higher protein intake, fecal nitrogen, deposited nitrogen, and higher digestibility of CP or apparent absorption of N than the CS1 and CS3 groups. This may be partly because our roughage source, harvesting, and production methods were consistent in terms of source, harvesting, and production methods, and t this may also suggest that different roughages have minimal influence on nutrient apparent digestibility on the apparent digestibility of nutrients. Some studies have shown that different roughages have minimal effect on the apparent digestibility of nutrients in ruminants, and since we used the same type of roughage, we hypothesize that this is the main reason for the minimal effect on the digestibility.


The rumen, a unique digestive organ in ruminants, harbors a vast and diverse population of microorganisms, including bacteria, fungi, archaea, protozoa, and others, with anaerobic bacteria being the dominant group (Pitta et al., 2016). Research has demonstrated that rumen microorganisms are closely linked to the production performance and meat quality of ruminants (Matthews et al., 2019). When feed enters the rumen, it undergoes fermentation and decomposition by these microorganisms, enabling efficient nutrient absorption by the animal. Studies have shown that feed is the primary factor influencing the composition of the rumen microbial community, which in turn affects nutrient digestion, absorption, and energy supply (Henderson et al., 2015). Moreover, the structure of the rumen microbial community is critical for enhancing feed digestion and absorption, as well as improving animal performance. In this experiment, we observed that Bacteroidota and Firmicutes were the dominant phyla in the rumen of ruminants, consistent with findings from previous studies (Maga et al., 2014; Zhou et al., 2017; Bi et al., 2018). Bacteroidota plays a significant role in the degradation of non-fibrous materials, while Firmicutes are primarily involved in the breakdown of fibrous materials (Evans et al., 2011). In this study, we observed that the use of different varieties of whole-plant maize silage exerted no significant effects on the relative abundances of Bacteroidetes and Firmicutes at the phylum level in the rumen microbiota of Hu sheep. Huang et al. found that feeding fermented feeds can promote the growth and proliferation of Bacteroides and Firmicutes in the rumen of Hu sheep, which is conducive to the degradation of fibrous materials in the diets (Huang et al., 2023). This phenomenon likely contributes to the non-significant differences in nutrient apparent digestibility observed in our trial. Furthermore, we found that feeding Hu sheep with different varieties of maize silage exerted no significant effects on either α-diversity or β-diversity of the rumen microbiota. The underlying mechanism may be attributed to the similar nutritional matrix of the feed ingredients: even though the nutritional values differed considerably across varieties, such differences did not fundamentally alter the nature of the roughage, resulting in negligible impacts on microbial α- and β-diversity.


In this study, we found that using different varieties of maize silage fed to Hu sheep had no significant effect on rumen microbial α- or β-diversity. We hypothesized that this was because all the maize used was silage, which did not change the nature of the feed although the varieties differed in their nutritional value, ultimately leading to non-significant differences in rumen microbial populations. The dominant genera in the rumen of hu sheep were Prevotella, Rikenellaceae, Christensenellaceae, Muribaculaceae, and Bacteroidales_BS11. This is not entirely consistent with previous studies, and it is hypothesized that it may be due to the differences in nutrient composition between different maize varieties (Li et al., 2022b). The highest relative abundance of Prevotella 1 in the rumen of hu sheep was consistent with previous results, but the difference between the groups was not significant, which was presumed to be due to the fact that all the maize silage used were similar feed types, and there was not much difference in the feeds between the groups, ultimately leading to the non-significant difference between the groups (Jiao et al., 2025).






4 Conclusions


In the present experiment, after undergoing 60 days of silage fermentation, the three distinct maize varieties showed notable differences in nutritional composition. The incorporation of silage maize into the animal diet led to a notable improvement in the microbial flora in the animals’ digestive tracts. Specifically, based on comprehensive evaluations of growth performance (final body weight, average daily gain, and feed-to-gain ratio), slaughter traits, meat quality parameters, apparent nutrient digestibility, and nitrogen utilization efficiency—all of which showed significant improvements—DengHai 605 (CS2) exhibited superior performance compared to other varieties under the same feeding conditions. These findings suggest that the CS2 corn variety presents potential for cultivation and practical application in practical livestock production.
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