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Relationship between sheep feces scores and gastrointestinal microorganisms and their effects on growth traits and blood indicators
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Fecal scores are crucial for assessing the digestive and gastrointestinal status of animals. The Bristol fecal scoring system is a commonly used method for the subjective evaluation of host feces, there is limited research on fecal scoring standards for fattening Hu sheep. In this study, Hu sheep were collected for rumen, rectum, and colon contents for 16S rDNA sequencing. 514 Hu sheep feces were scored based on the Bristol fecal scoring system, and production performance at each stage was measured. Finally, we developed the scoring standard of the manure of Hu sheep in the fattening period (a total of five grades). The result shows that moisture content significantly increased with higher grades (p < 0.05). We analyzed the relationship between fecal scores and production traits, blood indices, muscle nutrients, and digestive tract microorganisms. The growth traits (body weight, body height, body length, average daily gain (ADG), and average daily feed intake (ADFI) during 80–180 days), body composition traits of the F3 group, and the carcass traits were found to be significantly higher (p < 0.05) than those of the F1 and F2 groups. There was no significant difference in gastrointestinal microflora diversity among all groups (p > 0.05). Significant differences were observed in Aspartate aminotransferase, Glucose, Total bilirubin, and Red Blood Cell Count between groups (p < 0.05). The mutton moisture content in group F4 was significantly higher than in the other groups, and the protein content was also the lowest (p < 0.05). The results of the correlation analysis demonstrated that Actinobacteria, Peptostreptococcaceae, Acidaminococcales, Gammaproteobacteria, and Proteobacteria were the significant bacteria affecting fecal scores. In addition, Muribaculaceae and Oscillospiraceae were identified as the noteworthy flora affecting growth performance and immunity. This study highlights the differences in production traits and blood indicators between fecal assessment groups and the complex relationship between intestinal microbiota and fecal characteristics in Hu sheep, suggesting potential impacts on animal performance and health, which suggest strategies for improved management.
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Introduction

Feces include feed residues, metabolic byproducts, mucus secreted by digestive glands, epithelial cells shed from gastrointestinal mucosa, and metabolic waste (Fernández-Ibáñez et al., 2009; Lyons et al., 2016). The morphology of fecal patterns can somewhat indicate the gastrointestinal health of livestock. The Bristol fecal scoring system (BSFS), proposed by Heaton et al. in 1997, divides fecal matter into 7 morphology-based grades, which are mainly used to identify changes in human intestinal function (Nordin et al., 2022). The BSFS has emerged as a standard for consistent fecal forms and is widely employed in research and medical settings. The manure-scoring system for pigs and cattle is relatively mature (Renaud et al., 2020; Wang et al., 2021), while the manure-scoring system for sheep is rarely reported. Fecal scoring provides a means of evaluating the digestive health of animals. The timely detection of an animal’s digestive problems can be achieved by evaluating and comparing the color, shape, and odor of feces, enabling the implementation of appropriate dietary adjustments and feeding management measures. Hence, fecal scoring holds significant importance in animal production and management.

Gut microflora plays a critical role in host health. It has the potential to regulate gastrointestinal physiology and pathophysiology (de Vos et al., 2022). Intestinal flora produces bioactive small molecule metabolites that act as ligands for G protein-coupled receptors and hormone receptors, such as short-chain fatty acids, lipids, N-acrylamides, and amino acid metabolites, thereby affecting animal growth and development (Tanes et al., 2021). Numerous studies have demonstrated that rumen microflora influences ruminant growth traits. In a study by Daghio et al. (2021), it was found that the relative abundance of bovine rumen microorganisms Ruminococcaceae UCG-01, Treponema 2, and Lachnospiraceae NK3A20 group had a negative correlation with growth performance, whereas the relative abundance of Succinivibrionaceae UCG-002, Rikenellaceae RC9 gut group, and Fibrobacter had a positive correlation with growth performance. The colon performs the role of absorbing water and electrolytes and regulating the expulsion of intestinal substances. The colon microflora interacts with various components of the colon, such as different types of mucosal epithelial cells, immune response cells, and neuromuscular tissue, to maintain the normal functioning of the colon (Moran and Jackson, 1992). Fecal dominant phyla include Firmicutes, Bacteroidetes, Proteobacteria, and Fusobacteria, and fecal microorganisms have also been associated with host growth and fat deposition (Chen et al., 2021; Zhao et al., 2022). Gastrointestinal microorganisms are closely related to host growth, development, and immunity.

The fecal score can effectively reflect animals’ digestive function and health status, and the BSFS is currently widely used. The mature rumen has important physiological functions such as absorption, transport, metabolic activity, and host protection, and the dysfunction of the intestinal mucosal barrier is an important pathophysiological feature of diarrhea. Fecal scores are widely used to judge the degree of diarrhea in animals, so previous studies have focused on diarrhea in young animals, but there have been few studies on changes in fecal scores in mature animals of the microflora, the relationship between fecal scores and phenotypes, and the effects of microorganisms on fecal scores. Therefore, this study conducted performance measurement and fecal morphology evaluation on a large scale of Hu sheep, aiming to establish a fecal scoring standard of Hu sheep, explore the relationship between fecal score and production performance and immune performance, and provide a reference for quickly understanding the growth and health status of Hu sheep.



Materials and methods


Animals and management

In this study, 514 healthy Hu sheep male lambs from Hu sheep breeding farms in Wuwei, Gansu, Hangzhou, Zhejiang, and Huzhou, Zhejiang were selected as test subjects. All lambs were weaned at 56 days of age, and after weaning, they were transferred to the experimental base in Minqin (Minqin County, Gansu Province, China, N38°34′, E102°59′, altitude 1,378 m) for single pen rearing. Pellets were fed during the all experimental period, and the experimental feeds were formulated according to the recommended formula of the Chinese sheep feeding standard (NY/T816-2004), the ration formula is shown in Supplementary Table S1, and the pellets were made by Gansu Runmu Bioengineering Limited Liability Company (Jinchang City, Gansu Province, China). All sheep underwent routine immunization procedures administered by specialized veterinarians. The test period included 14 days of the transition period, 10 days of the pre-feeding period, and 100 days of the test period, and slaughter was conducted at the end of the feeding test. Each single pen was equipped with a separate feeding trough and drinking trough, and all sheep fed and drank freely. All sheep were managed in the same way and at the same nutritional level.



Traits measurement and sample collection

All sheep were subjected to traits measurements (body weight, body height, body length, chest circumference, and cannon circumference) before morning feeding (having fasted for more than 12 h) at 80, 100, 120, 140, 160, and 180 days of age. The feed intake of each sheep was recorded every 10 days, and the difference between the feed intake and food refusal was taken as the ADFI. The calculation of feed conversion ratio (FCR) was performed according to Horodyska et al. (2017), which is (FCR) = ADFI/ADG.

All sheep were slaughtered at 180 days of age. The visceral organs of all sheep were divided according to tissue parts stripped of fat and weighed and recorded as absolute weight. Rumen content samples were collected from each sheep in 5 mL cryotube after slaughter (n = 487). Based on the grouping of fecal scores as described above, 15 Hu sheep near the median of each group were selected and feces and colon contents were collected in a 5 mL cryotube, respectively. The samples were stored at −80°C. They were subsequently sent to Novogene (Beijing, China) for 16S rDNA sequencing.

Before slaughter, 2.5 mL and 5 mL blood were collected from the jugular vein of 180-day-old Hu sheep, respectively, for the determination of blood physiological and biochemical indexes. Blood physiological indexes were determined by Mindary Automatic Animal Blood Cell Analyser BC-2800 Vet (Shenzhen, China). The collected 5 mL of blood was centrifuged, and the serum was immediately transferred to a centrifuge tube and stored in an ultra-low-temperature refrigerator at −80°C, and the blood biochemical indexes were measured by Mindary automatic biochemical analyzer BS-350S (Shenzhen, China). The collected rumen fluid was measured by a PANNA gas chromatograph (A91PLUS, PANNA Instruments Co., Ltd., China); the chromatographic column was an S.N17-11-010 capillary column (Analytical Technology, China); the chromatographic conditions were inlet temperature of 250°C, nitrogen flow rate of 5.4 mL/min, shunt ratio of 5:1, injection volume of 1 μL, programmed heating mode (190°C for 3 min, then 30°C/min to 240°C, hold for 1 min), flame ionization detector (FID) 250°C, and FID air, hydrogen and nitrogen flow rates of 300, 30 and 20 mL/min, respectively. The samples of the longest back muscle of Hu sheep were collected for the determination of routine nutrient composition (fat, moisture, salt, protein, and collagen). The routine nutrient composition determination of the longest back muscle was performed based on (Foodscan 2, fosschina, China, Beijing) with three biological replicates for each sample and two technical replicates for each biological replicate.



Fecal morphology observation and moisture determination

With reference to the BSFS, staff were first arranged to train Hu sheep manure scoring. At the age of 140, 160, and 180 days of Hu sheep, the fresh feces of Hu sheep were observed and recorded by fixed personnel (to minimize the error caused by subjective factors) and then collected for the determination of fecal moisture content according to the method specified in the national standard GB5009.3–2016. Finally, Hu sheep manure scoring criteria at the fattening stage were established according to morphology and water content and with reference to the BSFS. The formula for moisture calculation was as follows: total moisture content of feces (%) = (mass of fresh feces - mass of dried feces sample at 105°C)/mass of fresh feces × 100.



Library construction and sequencing

The microbial DNA extraction method was referred to by Zhang et al. (2021). DNA from rumen contents was extracted using the EasyPure Stool Genomic DNA Kit (All Style Gold Biotech Co., Ltd., Beijing, China). The concentration and purity of DNA were checked on a 1% agarose gel, and the concentration of DAN was diluted to l ug/μL using sterile water. The library was constructed using the TruSeq® DNA PCR-Free Sample The libraries were constructed using the TruSeq® DNA PCR-Free Sample Preparation Kit, and the quality of the libraries was assessed by Qubit@2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2,100 platform, and the assessed libraries were subjected to high-throughput bipartite sequencing on the Illumina NovaSeq platform.



Species annotation

After sequencing, bipartite reads for each sample were differentiated and matched based on specific sample barcodes, and the barcodes and primer sequences were cut. The FLASH program merged the bipartite reads1 to generate Raw tags. The quality control process used QIIME (v1.9.1, http://qiime.org/scripts/split libraries fastq.html) to filter the raw tags and generate clean tags. The UCHIME algorithm2 was used to compare the clean tags with a reference database (Silva database, https://www.arb-silva.de/) to remove chimeric sequences. The final result is valid tags (Clean Data) for subsequent analysis. Sequences were de-weighted (dereplication) using QIIME 2 and clustered with 100% similarity (Identity = 100%) to obtain ASVs (Amplicon Sequence Variants, ASVs) sequences. And the species annotations of ASV sequences were performed in the Silva138 database.



Data analysis

Alpha diversity indices of samples were calculated using Qiime software (Version 1.7.0). Beta diversity was calculated using R (vegan package) to calculate sample distances (Bray-curtis) and plot PCoA. Differential microbes were analyzed using the galaxy platform.3 All means and standard errors were statistically derived from SPSS 26.0, and one-way ANOVA and LSD were used to test for differences between groups. Spearman correlation analysis was performed using RStudio software (openxlsx package, pheatmap package, psych package).




Results


Fecal scoring

After observing the fecal patterns of 514 sheep for 140 d, 160 d, and 180 d, we finally formulated the fecal scoring grades (five grades in total) for the fattening period of the sheep, and the results are shown in Figure 1A. Subsequently, the moisture content of the feces of different grades was measured (Figure 1B), and it was found that there were significant differences in moisture content among the grades. Grade 1 is dispersed granular manure with a moisture content of about 67%; grade 2 is intact pellets bonded together with a moisture content of about 69%; grade 3 has a long, stringy shape with a strangled surface and a moisture content of about 75%; grade 4 has a long, stringy shape with a smooth surface and a moisture content of about 81%; and grade 5 is soft, watery manure of no defined shape and a moisture content of about 88%. The moisture content of the feces increased significantly (p < 0.05) as the grade of fecal score increased. As shown in Figures 1C–E, the prevalence of grades 1 and 3 was higher at 140 and 160 days of age, ranging from 35 to 46%, and grade 4 was the highest at 180 days of age, with a prevalence of 34.63%.
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FIGURE 1
 Fecal scoring of Hu sheep. (A) Different fecal scoring grades of fecal morphology. (B) The moisture content of different fecal scoring levels. Different lowercase letters indicate significant differences. (C–E) Incidence of different fecal score grades at 140d, 160d, and 180d.




Characterization of rumen, colon, and rectum microflora of Hu sheep with different fecal scores


Sequencing data presentation

In this study, 16S rDNA sequencing was performed on rumen microbes of 487 Hu sheep, colon microbes of 36 Hu sheep, and rectal microbes of 45 Hu sheep. As shown in Supplementary Figure S1, the dilution curves of the rumen, colon, and rectal samples all leveled off, indicating that the depth could cover the vast majority of the microorganisms in each sample, which was in line with the analytical needs.



Diversity analysis

Based on the mean values of fecal scores of the test sheep at three stages of 140, 160, and 180 days of age, all the test sheep were divided into four groups, i.e., group F1 (1 ≤ fecal score < 2), group F2 (2 ≤ fecal score < 3), group F3 (3 ≤ fecal score < 4), and group F4 (4 ≤ fecal score < 5).

The results of Alpha diversity of rumen, colon, and rectum in different fecal scoring groups are shown in Supplementary Table S2. The results showed that the Simpson index in the rumen of group F1 was significantly higher than that of group F3 (p < 0.05), and the Chao 1 index of group F4 was significantly higher than that of group F1 (p < 0.05). There was no significant difference (p > 0.05) between the groups of Chao 1, Shannon, and Simpson in the colon and rectum. Bray_curtis distances were calculated separately for rumen, colon and rectum based on the ASV data and the Permanova test was performed. The PCoA (Principal Coordinates Analysis) results of rumen, colon, and rectum based on the Bray_curtis distances showed overlap between the F1, F2, F3, and F4 groups in different positions (Figure 2).

[image: Figure 2]

FIGURE 2
 Principal Co-ordinates analysis based on Bray_curtis distances in Hu sheep with different fecal scores. (A) Rumen; (B) colon; (C) rectum.




Analysis of species composition

The species accumulation diagrams for the rumen, colon, and rectal are shown in Figure 3. A total of 65 phyla were identified in the rumen. The dominant phyla in the rumen were Bacteroidota, Firmicutes, Spirochaetota, Proteobacteria, and Fibrobacterota. A total of 56 phyla were identified in the colon, and the dominant phyla in the colon were Firmicutes, Bacteroidota, Proteobacteria, Fibrobacterota, and Verrucomicrobiota. A total of 41 phyla were identified in the rectum and the dominant phyla in the rectum were Firmicutes, Bacteroidota, Spirochaetota, Desulfobacterota, and Proteobacteria. Differential microorganisms at the phylum level in the rumen, colon, and rectum are shown in Figure 4. There were eight rumen differential phyla in different fecal scoring groups of Hu sheep, namely Halobacterota, Bacteroidota, Bdellovibrionota, Calditrichota, Deinococcota, Dependentiae, Hydrogenedentes and Myxococcota (p < 0.05). One differential phylum of colon, Desulfobacterota (p < 0.05). six rectal differential phyla, Thermoplasmatota, Fusobacteriota, Proteobacteria, Actinobacteriota, Firmicutes, and Patescibacteria (p < 0.05). The relative abundance of Halobacterota, Bdellovibrionota, Calditrichota, Deinococcota, Dependentiae, Hydrogenedentes, and Myxococcota in the rumen was significantly higher in group F4 than in the other three groups (p < 0.05). The relative abundance of Desulfobacterota was significantly higher in the colon F4 group than in the F1 and F3 groups (p < 0.05). In the rectum, Proteobacteria and Actinobacteriota had the highest relative abundance in group F3; Fusobacteriota and Firmicutes had a significantly higher relative abundance in group F4 than in the other three groups; Patescibacteria had the highest relative abundance in group F1, and Thermoplasmatota in group F2 (p < 0.05).

[image: Figure 3]

FIGURE 3
 Species composition at the phylum level in Hu sheep with different fecal scores. (A) Rumen; (B) colon; (C) rectum.


[image: Figure 4]

FIGURE 4
 Microbial phylum that differ in Hu sheep between groups with different fecal scores. (A–H) Rumen; (I) colon; (J–O) rectum. Different lowercase letters indicate significant differences (p < 0.05).


In order to compare the differential microorganisms in the rumen, colon, and rectum of Hu sheep in different fecal scoring groups, we performed LEfSe analysis with the setting of LDA ≥ 2, and the results are shown in Supplementary Figure S2. A total of three differential microorganism were identified in the rumen, Eubacterium_sp_AB3007 and Pseudoxanthomonas enriched in group F4 and Alloprevotella_s_uncultured_organism enriched in group F2. A total of 11 differential microorganism were identified in the colon, Cellvibrionaceae, Cellvibrio, Ensifer_adhaerens enriched in group F1, Actinobacteria, Caproiciproducens, Caproiciproducens-s_uncultured_bacterium, Peptostreptococcaceae-g_uncultured-s_uncultured_bacterium, Peptostreptococcaceae-g_uncultured, Verrucomicrobia_bacterium were enriched in group F2 and Cellvibrionales, Cellvibrio_sp_OA_2007 were enriched in group F4. A total of 21 differential microorganism were identified in the rectum, Acidaminococcales, Acidaminococcaceae, Negativicutes, Gammaproteobacteria, Succinivibrio, Succinivibrionaceae, Aeromonadales, Proteobacteria enriched in group F1, Prevotella, Archaea, enriched in group F2, Phascolarctobacterium, Desulfovibrio, Desulfobacterota, Desulfovibrionia, Desulfovibrionales, Desulfovibrionaceae enriched in group F3, Peptostreptococcales_Tissierellales, Muribaculaceae, Oscillospiraceae_g_uncultured enriched in group F4.



Differential microbial and phenotypic correlation analysis

Correlation analyses were performed in order to investigate the correlation between differential microorganism in the rumen, colon, and rectum and the phenotypes of Hu sheep. The results of the correlation between rumen differential microorganism and phenotypes are shown in Figure 5. The results showed that Eubacterium_sp_AB3007 was significantly and positively correlated with FCR and residual feed intake (RFI), Mean corpuscular Hemoglobin Concentration (MCHC), Monocyte Count (MONO), Total bilirubin (TBIL), the percentage of valeric acid, butyrate, and isovaleric acid in Hu sheep from 80–180 d, and was significantly and negatively correlated with the (relative) weight of tail fat, Hematokrit (HCT), Mean Corpuscular Volume (MCV), and Alkaline phosphatase (ALP) (p < 0.05). Pseudoxanthomonas was significantly positively correlated with MCHC and significantly negatively correlated with HCT, MCV, Triglyceride (TG), Albumin (ALB), Aspartate aminotransferase (AST), Creatinine (CR), and Total protein (TP) (p < 0.05). Prevotella_s_uncultured_organism was significantly positively correlated with MONO, and Creatine kinase (CK) and negatively associated with TG (p < 0.05). Prevotella_s_uncultured_organism was significantly positively correlated with HCT and TG (p < 0.05). Pseudoxanthomonas was significantly negatively correlated with HCT and TG and significantly negatively correlated with TG (p < 0.05).
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FIGURE 5
 Spearman correlation analysis between rumen differential microflora and phenotype. (A) Correlation analysis between rumen differential microflora and production performance. (B) Correlation analysis between rumen differential microflora and blood physiological indexes. (C) Correlation analysis between rumen differential microflora and blood biochemical indices. (D) Correlation analysis between rumen differential microflora and VFA. * means p < 0.05, ** or *** means p < 0.01. The same below.


The correlation between colonic differential microbes and phenotypes is shown in Figure 6. The results showed that Caproiciproducens and Caproiciproducens-s_uncultured_bacterium were significantly positively correlated with pre-slaughter live weight, carcass weight, carcass length, carcass hip circumference, and ADG of 80–180 d. Actinobacteria is significantly positively correlated with perineal fat weight and relative weight, Red Cell Distribution Width-Standard Deviation (RDW-SD), MCV, and Mean Corpuscular Hemoglobin (MCH), and negatively correlated with LYPMH and Red Blood Cell Count (RBC). Verrucomicrobia_bacterium was significantly positively correlated with ALP and negatively correlated with carcass length. There was a significant negative correlation between Cellvibrionales and the birth weight of Hu sheep. Peptostreptococceaceae-g_uncultured was significantly positively correlated with CK and negatively correlated with TG.

[image: Figure 6]

FIGURE 6
 Spearman correlation analysis between colon differential microflora and phenotype. (A) Correlation analysis between colon differential microflora and production performance. (B) Correlation analysis between colon differential microflora and blood physiological indexes. (C) Correlation analysis between colon differential microflora and blood biochemical indices.


The correlation between rectal differential microbes and phenotype is shown in Figure 7. The results showed that Peptostreptococcales_Tissierellales, Muribaculaceae, and Oscillospiraceae_g_uncultured were significantly negatively correlated with body weight and tail fat weight of Hu sheep. Prevotella, Muribaculaceae were significantly positively correlated with Platelet (PLT) and Thrombocytocrit (PCT). Desulfobacterota is significantly and positively correlated with ALP, Direct bilirubin (DBIL), and GLU. Acidaminococcales were significantly negatively correlated with DBIL and Glucose (GLU).

[image: Figure 7]

FIGURE 7
 Spearman correlation analysis between rectum differential microflora and phenotype. (A) Correlation analysis between rectum differential microflora and production performance. (B) Correlation analysis between rectum differential microflora and blood physiological indexes. (C) Correlation analysis between rectum differential microflora and blood biochemical indices.





Comparison of production performance of different fecal scoring groups


Growth traits

The growth traits of Hu sheep in different fecal scoring groups were compared and the results are shown in Table 1. The results showed that the body weight of 140–180 d, ADG of 80–140 d, 80–160 d, and 80–180 d, and ADFI of 80–140 d, 80–160 d, and 80–180 d in group F3 were significantly higher than those of groups F1 and F2 (p < 0.05). The FCR of 80–120 d was significantly lower in group F3 than in the other three groups (p < 0.05). The FCR of group F3 showed a trend of being lower than that of the other three groups, and the overall trend of body height, body length, chest circumference, and cannon circumference was that group F3 was higher than that of groups F1, F2, and F4.



TABLE 1 Comparative analysis of growth traits of Hu sheep with different fecal scores.
[image: Table1]



Carcass traits

Comparative analysis of carcass traits of Hu sheep with different fecal scores is shown in Table 2. Carcass chest circumference, and hip circumference of sheep in group F3 were significantly higher than those in groups F1 and F2 (p < 0.05). the relative weight of mesenteric fat in group F4 was significantly lower than that in the other three groups (p < 0.05), and group F3 was significantly lower than groups F1 and F2 (p < 0.05).



TABLE 2 Comparative analysis of carcass traits of Hu sheep with different fecal scores.
[image: Table2]



Body composition traits

A comparison of the composition of the digestive tract of Hu sheep with different fecal scores are shown in Table 3. The absolute weight of rumen, absolute weight of reticulum, absolute weight of rumen, total weight of stomach, absolute weight of cecum, and absolute weight of colon were significantly higher in group F3 than in group F1 and F2 (p < 0.05). Duodenum weight, jejunum weight, total intestinal weight, and total weight of the digestive tract were significantly higher in group F4 than in the other three groups (p < 0.05).



TABLE 3 Comparative analysis of composition of the digestive tract of Hu sheep with different fecal scores.
[image: Table3]

The results of the comparison of the weight of tissue organ in different fecal scores groups are shown in Supplementary Table S3. Hoof weight, absolute weight of fur, absolute weight of liver, absolute weight of lung, and absolute weight of kidney of Hu sheep in group F3 were significantly higher than those in groups F1 and F2 (p < 0.05).



Comparison of blood indicators

The comparative analysis of blood biochemical and physiological indices of Hu sheep with different fecal scores is shown in Tables 4, 5, respectively. The level of AST was significantly higher in group F2 than in group F3 (p < 0.05), the level of serum GLU was significantly higher in groups F2 and F3 than in group F1 (p < 0.05), and the level of TBIL was significantly higher in group F4 than in the other three groups (p < 0.05).



TABLE 4 Comparative analysis of serum biochemical indices in Hu sheep with different fecal scores.
[image: Table4]



TABLE 5 Comparative analysis of blood physiological indices in Hu sheep with different fecal scores.
[image: Table5]




Rumen volatile fatty acids and comparison of mutton quality

The results of rumen VFA of Hu sheep in different fecal scoring groups are shown in Supplementary Table S4. The results showed that group F4 had the highest percentage of isovaleric acid and isovaleric acid, and the rest of the VFA indexes were not significantly different among the groups. In order to investigate whether there was any difference in the quality of longest back muscle of Hu sheep in different fecal scoring groups, we measured the quality of the longest back muscle, and the results are shown in Supplementary Table S5. The results showed that the moisture content of the F4 group was significantly higher than the other three groups, and the protein and collagen content of the F4 group was significantly lower than the other three groups (p < 0.05).




Discussion

Sheep farming has been intensified and housed with the development of farming technology, but problems such as high farming density and low exercise are prone to the occurrence and spread of diseases. The state of feces is one of the clinical manifestations of many diseases, so appropriate fecal scoring can provide a reference for the initial assessment of the health status of Hu sheep (Xin et al., 2021). The fecal form is closely related to the moisture content of feces (Graham et al., 2018), but the moisture content of different forms of feces has rarely been reported. Therefore, in this study, we established a fecal scoring standard for Hu sheep during the fattening period based on the Bristol fecal scoring (Nordin et al., 2022) and moisture content, and the moisture content of different grades of feces differed significantly. The fecal scores at different growth stages show dynamic changes, so effective feeding management in this situation can further improve sheep performance.

The growth trait is one of the most important traits in meat livestock. It is a complex quantitative trait with medium to high heritability, and the growth performance of meat livestock is closely related to the economic benefits of farm (Van De Stroet et al., 2016). Studies on growth performance found that there were differences in the growth performance of Hu sheep in different fecal scoring groups, with body weight, ADG, body height, body length, chest circumference, and cannon circumference being higher in the F3 group than in the other three groups, which suggests that fecal scoring may reflect the growth performance of Hu sheep to a certain extent. The increase in mass and volume of visceral tissues and organs as well as the change in internal structure are important factors for the healthy growth and development of animals, which are of great significance in guiding theoretical research and production practice (Wang et al., 2021). The weight of visceral tissue organs of sheep in F3 group was significantly higher than that of F1 and F2 groups. The gastrointestinal tract of sheep is the organ and tissue of the organism that ingests food, absorbs nutrients, maintains the balance of body fluids and electrolytes, maintains the health of the organism, and discharges wastes (Cheng et al., 2010; Chase, 2018). Therefore, we speculate that sheep in group F3 may have stronger digestive absorption and immune ability. Carcass traits are important evaluation indexes for the meat production performance of livestock, some studies found that carcass traits were affected by genetic factors, sex, season, and age (Utrera and Van Vleck, 2004; Niu et al., 2021). Carcass chest circumference, carcass hip circumference, and leg bone circumference of sheep in the F3 group were significantly higher than those of the F1 and F2 groups, while carcass weight showed a significant trend. In summary, the Hu sheep in group F3 showed better production performance compared to the other groups.

Blood has multiple functions, such as the transport of gases, nutrients, hormones, anti-infective as well as coagulation roles, and hematological parameters have been correlated with immune function (Cohn, 2015). AST is an organ non-specific enzyme that regulates the metabolic activity of the body and is involved in gluconeogenesis in the liver and kidneys, glycerol de novo in the adipose tissue as well as in protein synthesis (Otto-Ślusarczyk et al., 2016). GLU also reflects the catabolic and anabolic capacity of the body to break down glucose and synthesize it. GLU is a major factor in the metabolism of glucose, and obesity is accompanied by insulin resistance. Metabolism and obesity are accompanied by insulin resistance, so obese animals tend to be accompanied by lower glucose catabolism (Ahmed et al., 2021). TBIL has multiple functions, signaling, regulating metabolism, antioxidants, etc., but more recent studies have found that TBIL has immunomodulatory properties and can inhibit inflammation (Jangi et al., 2013). In this study, AST was significantly higher in group F2 than in group F3, which indicated that sheep in group F2 had higher glycogen synthesis, fat degradation, and protein synthesis. GLU was significantly higher in groups F2 and F3 than in group F1, which indicated that group F2 might have higher glycogen anabolism and group F3 might have lower glucose catabolism. Erythrocytes are the most abundant blood cell type in the blood and function in gas transport and immunity (Wang et al., 2022). The mechanism of accelerated biological erythrocyte removal is immune-mediated (Mock et al., 2022), which may contribute to the lower erythrocyte content in the F3 and F4 groups.

The ecosystem composed of ruminant rumen, colonic and rectal microorganism determines the digestive and absorptive potential of ruminants and affects the productivity of the animal, so it is important to understand the composition and function of the microorganisms of the gastrointestinal tract. In this study, the Simpson’s index of the rumen of group F1 was significantly higher than that of group F3, indicating that the diversity of the rumen microbial community was significantly higher in group F3 than in group F1. The Chao1 index of the rumen of group F4 was significantly higher than that of group F1, indicating that the abundance of the rumen microbial community was significantly higher in group F4 than in group F1. The results of Beta diversity showed that the microbial composition of the rumen, colon, and rectum in different fecal score groups showed that the higher the fecal score level, the greater the difference in microbial composition among samples. The above results indicated that the microbial community composition in the rumen, colon, and rectum of Hu sheep from different fecal scoring groups was different, and the higher the fecal scoring grade, the more microbial diversity and richness increased, the results of the present study are similar to those of previous studies (Yang et al., 2019).

Bacteroidota, Firmicutes, Proteobacteria, Actinobacteria, and Spirochaetota are the dominant phyla of rumen microorganism, which agrees with the results of a previous study (Li et al., 2022). The primary function of Bacteroidota is to degrade non-fibrous substances, participate in energy metabolism, and correlate with the body’s obesity level (Ma et al., 2022). Calditrichota is able to reduce nitrate to nitrite (Youssef et al., 2019). Deinococcota is known for its ability to consume toxic substances (Battista et al., 1999). Myxococcota has been associated with fermentation, allochthonous nitrite reduction, and allochthonous sulfate reduction (Langwig et al., 2022). Desulfobacterota increased abundance related to intestinal inflammation, and it has been shown that this phylum is able to convert choline into trimethylamine, which is relevant to the health of the body (Ramireddy et al., 2021; Wang et al., 2022). Fusobacteriota is common in colorectal cancer and it is associated with an inflammatory response (Castellarin et al., 2012). Thus, different flora abundances have a role to play in the intestinal microecological environment, which results in sheep exhibiting different fecal scoring grades.

The core microorganism Desulfobacterota at the portal level is enriched in group F4, Desulfobacterota has also been detected in the human colon and is the dominant flora, and increased abundance of Desulfobacterota has been found to be associated with intestinal inflammation (Wang et al., 2022). Desulfovibrio is a sulfate-reducing anaerobic bacterium, and it has been Studies have reported that Desulfovibrio spp. are widespread in the gut and their increased abundance has been associated with colonic disease (Hagiya et al., 2018; Sayavedra et al., 2021). Previous studies have shown that Peptostreptococcaceae promote lesions in the gastric mucosa by modulating cellular inflammatory factors (Chen et al., 2019). In this study, we found that Cellvibrionales, Cellvibrio_sp__OA_2007 were significantly enriched in group F4, while Cellvibrionaceae, Cellvibrio were significantly enriched in group F1, and that this type of genera was negatively correlated with the growth performance, which may be the reason leading to the growth performance in group F3. This may be the reason for the best growth performance of F3 group. In summary in the colon Actinobacteria, Peptostreptococcaceae were the key flora influencing fecal scoring and immunity. Cellvibrionales flora, Caproiciproducens-s_uncultured_bacterium, and Caproiciproducens were the key flora influencing growth performance. Acidaminococcales, and Acidaminococcaceae were identified to carry antibiotic resistance genes, and their relative abundance in the feces of the healthy group was significantly higher than that of the diarrhea group, which is in agreement with our findings (Díaz-Regañón et al., 2023). Gammaproteobacteria include Enterobacteriales, Pseudomonas, etc., which are the hallmark flora of intestinal inflammation and diarrhea (Williams et al., 2010). Pseudoxanthomonas, a Gram-negative bacterium, is one of the markers of pancreatic tumors and its abundance affects blood physiological and biochemical indices (Riquelme et al., 2019). In this study, Pseudoxanthomonas was significantly correlated with blood physiological and biochemical indices in Hu sheep. Gammaproteobacteria was positively correlated with body weight, daily weight gain, carcass length, and negatively correlated with TP and EO. Along with the accompanying maturation of the microflora, fecal microorganism have a tremendous capacity for self-regulation, and some bacteria that regulate inflammation were enriched in the high fecal score group. In summary, Acidaminococcales flora, Gammaproteobacteria, and Proteobacteria are the key genera influencing fecal scores. Muribaculaceae, Oscillospiraceae-g__uncultured are key flora affecting growth performance and immunity.



Conclusion

In summary, based on large-scale fecal morphology observation and moisture content determination, the present study developed fecal grade scoring standards for fattening Hu sheep and found that the production performance with fecal scores between grades 3 and 4 were better than those of other grades. The composition of rumen, colon, and rectum microorganism were different in different fecal scoring groups, and the lower the fecal scoring grade, the more stable the microbial community structure. Differential microorganisms were closely related to the fecal score and growth performance of Hu sheep. The Actinobacteria, Peptostreptococcaceae, Acidaminococcales, Gammaproteobacteria, and Proteobacteria were closely related to fecal scoring grades, and the Cellvibrionales, Caproiciproducens-s_uncultured_bacterium, and Caproiciproducens were strongly associated with growth performance. Muribaculaceae, Oscillospiraceae-g__uncultured were strongly associated with growth performance and immunity.



Data availability 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 in the article/Supplementary material.



Ethics statement

The animal studies were approved by Institutional Animal Care and Ethics Committee of Gansu Agricultural University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

XY: Conceptualization, Formal analysis, Methodology, Writing – original draft. JW: Writing - review and editing. JC: Data Curation, Methodology, Writing - review and editing. DZ: Supervision, Writing - review and editing. KH: Writing - review and editing. YukZ: Data curation, Writing - review and editing. XL: Supervision, Writing - review and editing. YuZ: Supervision, Writing - review and editing. LZ: Writing - review and editing. DX: Methodology, Writing - review and editing. ZM: Writing - review and editing. JL: Writing - review and editing. ZH: Writing - review and editing. CL: Methodology, Writing - review and editing. HT: Writing - review and editing. XW: Project administration, Supervision, Writing - review and editing. WW: Resources, Supervision, Writing - review and editing. XZ: Methodology, Resources, Writing - review and editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Key R&D Program of China (grant no. 2021YFD1300901), the National Key R&D Program of China (grant no. 2022YFD1302000), National Natural Science Foundation of China (grant no. 32260818), Major Science and Technology Projects in Gansu Province (grant no. 22ZD6NC069), Discipline Team Project of Gansu Agricultural University (no: GAU-XKTD-2022-20).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1348873/full#supplementary-material



Footnotes

1   http://ccb.jhu.edu/software/FLASH/

2   http://www.drive5.com/usearch/manual/uchime_algo.html

3   http://huttenhower.sph.harvard.edu/galaxy/



References

 Ahmed, B., Sultana, R., and Greene, M. W. (2021). Adipose tissue and insulin resistance in obese. Biomed. Pharmacother. 137:111315. doi: 10.1016/j.biopha.2021.111315


 Battista, J. R., Earl, A. M., and Park, M. J. (1999). Why is Deinococcus radiodurans so resistant to ionizing radiation? Trends Microbiol. 7, 362–365. doi: 10.1016/S0966-842X(99)01566-8 

 Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M., Strauss, J., et al. (2012). Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma. Genome Res. 22, 299–306. doi: 10.1101/gr.126516.111 

 Chase, C. C. L. (2018). Enteric immunity: happy gut, healthy animal. Vet. Clin. North Am. Food Anim. Pract. 34, 1–18. doi: 10.1016/j.cvfa.2017.10.006 

 Chen, C., Fang, S., Wei, H., He, M., Fu, H., Xiong, X., et al. (2021). Prevotella copri increases fat accumulation in pigs fed with formula diets. Microbiome 9:175. doi: 10.1186/s40168-021-01110-0 

 Chen, X. H., Wang, A., Chu, A. N., Gong, Y. H., and Yuan, Y. (2019). Mucosa-associated microbiota in gastric Cancer tissues compared with non-cancer tissues. Front. Microbiol. 10:1261. doi: 10.3389/fmicb.2019.01261 

 Cheng, L. K., O'Grady, G., Du, P., Egbuji, J. U., Windsor, J. A., and Pullan, A. J. (2010). Gastrointestinal system. Wiley Interdiscip. Rev. Syst. Biol. Med. 2, 65–79. doi: 10.1002/wsbm.19


 Cohn, E. J. (2015). Blood: a brief survey of its chemical components and of their natural functions and clinical uses. Blood 126:2531. doi: 10.1182/blood-2015-10-676718 

 Daghio, M., Ciucci, F., Buccioni, A., Cappucci, A., Casarosa, L., Serra, A., et al. (2021). Correlation of breed, growth performance, and rumen microbiota in two rustic cattle breeds reared under different conditions. Front. Microbiol. 12:652031. doi: 10.3389/fmicb.2021.652031 

 de Vos, W. M., Tilg, H., Van Hul, M., and Cani, P. D. (2022). Gut microbiome and health: mechanistic insights. Gut 71, 1020–1032. doi: 10.1136/gutjnl-2021-326789 

 Díaz-Regañón, D., García-Sancho, M., Villaescusa, A., Sainz, Á., Agulla, B., Reyes-Prieto, M., et al. (2023). Characterization of the fecal and mucosa-associated microbiota in dogs with chronic inflammatory enteropathy. Animals 13:326. doi: 10.3390/ani13030326


 Fernández-Ibáñez, V., Fearn, T., Soldado, A., and de la Roza-Delgado, B. (2009). Spectral library validation to identify ingredients of compound feedingstuffs by near infrared reflectance microscopy. Talanta 80, 54–60. doi: 10.1016/j.talanta.2009.06.025 

 Graham, A. N., Renaud, D. L., Duffield, T. F., and Kelton, D. F. (2018). Short communication: calf cleanliness does not predict diarrhea upon arrival at a veal calf facility. J. Dairy Sci. 101, 3363–3366. doi: 10.3168/jds.2017-14113 

 Hagiya, H., Kimura, K., Nishi, I., Yamamoto, N., Yoshida, H., Akeda, Y., et al. (2018). Desulfovibrio desulfuricans bacteremia: A case report and literature review. Anaerobe 49, 112–115. doi: 10.1016/j.anaerobe.2017.12.013 

 Horodyska, J., Hamill, R. M., Varley, P. F., Reyer, H., and Wimmers, K. (2017). Genome-wide association analysis and functional annotation of positional candidate genes for feed conversion efficiency and growth rate in pigs. PLoS One 12:e0173482. doi: 10.1371/journal.pone.0173482 

 Jangi, S., Otterbein, L., and Robson, S. (2013). The molecular basis for the immunomodulatory activities of unconjugated bilirubin. Int. J. Biochem. Cell Biol. 45, 2843–2851. doi: 10.1016/j.biocel.2013.09.014 

 Langwig, M. V., De Anda, V., Dombrowski, N., Seitz, K. W., Rambo, I. M., Greening, C., et al. (2022). Large-scale protein level comparison of Deltaproteobacteria reveals cohesive metabolic groups. ISME J. 16, 307–320. doi: 10.1038/s41396-021-01057-y 

 Li, M., Wei, L., Sun, J., Zhu, Q., Yang, H., Zhang, Y., et al. (2022). Association of gut microbiota with idiopathic membranous nephropathy. BMC Nephrol. 23:164. doi: 10.1186/s12882-022-02797-5 

 Lyons, G., Sharma, S., Aubry, A., Carmichael, E., and Annett, R. (2016). A preliminary evaluation of the use of mid infrared spectroscopy to develop calibration equations for determining faecal composition, intake and digestibility in sheep. Anim. Feed Sci. Technol. 221, 44–53. doi: 10.1016/j.anifeedsci.2016.08.014


 Ma, Y., Deng, X., Yang, X., Wang, J., Li, T., Hua, G., et al. (2022). Characteristics of bacterial microbiota in different intestinal segments of Aohan fine-wool sheep. Front. Microbiol. 13:874536. doi: 10.3389/fmicb.2022.874536 

 Mock, D. M., Stowell, S. R., Franco, R. S., Kyosseva, S. V., Nalbant, D., Schmidt, R. L., et al. (2022). Antibodies against biotin-labeled red blood cells can shorten posttransfusion survival. Transfusion 62, 770–782. doi: 10.1111/trf.16849 

 Moran, B. J., and Jackson, A. A. (1992). Function of the human colon. Br. J. Surg. 79, 1132–1137. doi: 10.1002/bjs.1800791106 

 Niu, Q., Zhang, T., Xu, L., Wang, T., Wang, Z., Zhu, B., et al. (2021). Integration of selection signatures and multi-trait GWAS reveals polygenic genetic architecture of carcass traits in beef cattle. Genomics 113, 3325–3336. doi: 10.1016/j.ygeno.2021.07.025 

 Nordin, E., Hellström, P. M., Brunius, C., and Landberg, R. (2022). Modest conformity between self-reporting of Bristol stool form and fecal consistency measured by stool water content in irritable bowel syndrome and a FODMAP and gluten trial. Am. J. Gastroenterol. 117, 1668–1674. doi: 10.14309/ajg.0000000000001942 

 Otto-Ślusarczyk, D., Graboń, W., and Mielczarek-Puta, M. (2016). Aminotransferaza asparaginianowa – kluczowy enzym w metabolizmie ogólnoustrojowym człowieka [Aspartate aminotransferase--key enzyme in the human systemic metabolism]. Postepy Hig. Med. Dosw. 70, 219–230. doi: 10.5604/17322693.1197373 

 Ramireddy, L., Tsen, H. Y., Chiang, Y. C., Hung, C. Y., Chen, F. C., and Yen, H. T. (2021). The gene expression and bioinformatic analysis of choline trimethylamine-lyase (CutC) and its activating enzyme (CutD) for gut microbes and comparison with their TMA production levels. Curr. Res. Microb. Sci. 2:100043. doi: 10.1016/j.crmicr.2021.100043 

 Renaud, D. L., Buss, L., Wilms, J. N., and Steele, M. A. (2020). Technical note: is fecal consistency scoring an accurate measure of fecal dry matter in dairy calves? J. Dairy Sci. 103, 10709–10714. doi: 10.3168/jds.2020-18907 

 Riquelme, E., Zhang, Y., Zhang, L., Montiel, M., Zoltan, M., Dong, W., et al. (2019). Tumor microbiome diversity and composition influence pancreatic Cancer outcomes. Cell 178, 795–806.e12. doi: 10.1016/j.cell.2019.07.008 

 Sayavedra, L., Li, T., Bueno Batista, M., Seah, B. K. B., Booth, C., Zhai, Q., et al. (2021). Desulfovibrio diazotrophicus sp. nov., a sulfate-reducing bacterium from the human gut capable of nitrogen fixation. Environ. Microbiol. 23, 3164–3181. doi: 10.1111/1462-2920.15538 

 Tanes, C., Bittinger, K., Gao, Y., Friedman, E. S., Nessel, L., Paladhi, U. R., et al. (2021). Role of dietary fiber in the recovery of the human gut microbiome and its metabolome. Cell Host Microbe 29, 394–407.e5. doi: 10.1016/j.chom.2020.12.012 

 Utrera, A. R., and Van Vleck, L. D. (2004). Heritability estimates for carcass traits of cattle: a review. Genet. Mol. Res. 3, 380–394.

 Van De Stroet, D. L., Calderón Díaz, J. A., Stalder, K. J., Heinrichs, A. J., and Dechow, C. D. (2016). Association of calf growth traits with production characteristics in dairy cattle. J. Dairy Sci. 99, 8347–8355. doi: 10.3168/jds.2015-10738 

 Wang, H., Kim, K. P., and Kim, I. H. (2021). Evaluation of the combined effects of different dose levels of zinc oxide with probiotics complex supplementation on the growth performance, nutrient digestibility, faecal microbiota, noxious gas emissions and faecal score of weaning pigs. J. Anim. Physiol. Anim. Nutr. 105, 286–293. doi: 10.1111/jpn.13493 

 Wang, S., Tan, K. S., Beng, H., Liu, F., Huang, J., Kuai, Y., et al. (2021). Protective effect of isosteviol sodium against LPS-induced multiple organ injury by regulating of glycerophospholipid metabolism and reducing macrophage-driven inflammation. Pharmacol. Res. 172:105781. doi: 10.1016/j.phrs.2021.105781 

 Wang, J., Wang, X., WeiminWang, L. F., Zhang, D., Li, X., et al. (2022). Molecular characterization and expression of RPS23 and HPSE and their association with hematologic parameters in sheep. Gene 837:146654. doi: 10.1016/j.gene.2022.146654 

 Wang, J., Zhu, X., Li, Y., Guo, W., and Li, M. (2022). Jiedu-Yizhi formula alleviates Neuroinflammation in AD rats by modulating the gut microbiota. Evid. Based Complement. Alternat. Med. 2022, 1–19. doi: 10.1155/2022/4023006


 Williams, K. P., Gillespie, J. J., Sobral, B. W., Nordberg, E. K., Snyder, E. E., Shallom, J. M., et al. (2010). Phylogeny of gammaproteobacteria. J. Bacteriol. 192, 2305–2314. doi: 10.1128/JB.01480-09 

 Xin, H., Ma, T., Xu, Y., Chen, G., Chen, Y., Villot, C., et al. (2021). Characterization of fecal branched-chain fatty acid profiles and their associations with fecal microbiota in diarrheic and healthy dairy calves. J. Dairy Sci. 104, 2290–2301. doi: 10.3168/jds.2020-18825 

 Yang, Q., Huang, X., Wang, P., Yan, Z., Sun, W., Zhao, S., et al. (2019). Longitudinal development of the gut microbiota in healthy and diarrheic piglets induced by age-related dietary changes. MicrobiologyOpen 8:e923. doi: 10.1002/mbo3.923 

 Youssef, N. H., Farag, I. F., Hahn, C. R., Jarett, J., Becraft, E., Eloe-Fadrosh, E., et al. (2019). Genomic characterization of candidate division LCP-89 reveals an atypical Cell Wall structure, microcompartment production, and dual respiratory and fermentative capacities. Appl. Environ. Microbiol. 85:e00110-19. doi: 10.1128/AEM.00110-19 

 Zhang, Y., Zhang, X., Li, F., Li, C., Zhang, D., Li, X., et al. (2021). Exploring the ruminal microbial community associated with fat deposition in lambs. Animals 11:3584. doi: 10.3390/ani11123584


 Zhao, G., Xiang, Y., Wang, X., Dai, B., Zhang, X., Ma, L., et al. (2022). Exploring the possible link between the gut microbiome and fat deposition in pigs. Oxidative Med. Cell. Longev. 2022, 1–13. doi: 10.1155/2022/1098892



Copyright
 © 2024 Yang, Wang, Cheng, Zhang, Huang, Zhang, Li, Zhao, Zhao, Xu, Ma, Liu, Huang, Li, Tian, Weng, Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Relationship between sheep feces scores and gastrointestinal microorganisms and their effects on growth traits and blood indicators



		Introduction



		Materials and methods



		Animals and management



		Traits measurement and sample collection



		Fecal morphology observation and moisture determination



		Library construction and sequencing



		Species annotation



		Data analysis









		Results



		Fecal scoring



		Characterization of rumen, colon, and rectum microflora of Hu sheep with different fecal scores



		Sequencing data presentation



		Diversity analysis



		Analysis of species composition



		Differential microbial and phenotypic correlation analysis









		Comparison of production performance of different fecal scoring groups



		Growth traits



		Carcass traits



		Body composition traits



		Comparison of blood indicators









		Rumen volatile fatty acids and comparison of mutton quality









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-15-1348873-t005.jpg
Traits

No.

Red Blood Cell Count (RBC), M/uL. 1425£0.10° 1425£0.09° 13824012 1334£086" 0.009
Hemoglobin (HGB), g/dL 12044006 12032007 11832007 11712060 0209
Hematokrit (HCT), % 33224028 33562025 32572030 33532190 0.17
Mean Corpuscular Volume (MCV), L. 2345024 2682018 2742027 25462138 0255
Mean Corpuscular Hemoglobin (MCH), pg 848£005 855005 861£0.06 8865031 0237
Mean corpuscular Hemoglobin Concentration

MCHO L 3645023 36182022 3654024 3508085 0.455
Red Cell Distribution Width-Standard

Deiston (RDV-SD). 1L, 26214029 2662027 27192029 20062152 0062
Red blood cell Distribution Width-Coefficient

o Verkion (ROW-CYI% 2912022 12992018 12272025 12362085 0099
Reticulocyte (RET), K/ul. 3332019 3564014 3492019 336068 0785
Reticulocyte Percentage (RET), % 0022000 0.03£0.00 0.03£0.00 0.03£0.01 0631
Platelet (PLT), K/ul. 596421078 608.058.37 6072151314 632.63£47.07 0786
Mean Platelet Volume (MPV), L. 8115004 8074003 8.14£0.05 8014020 056
“Thrombocytocrit (PCT), % 0492001 0494001 050£0.01 0514004 0874
White Blood Cell Count (WBC), K/ul. 1236£0.22 12.64£0.19 12794021 12975137 0.603
Neutrophil Count (NEUT), K/ul. 5175015 527015 526£0.13 5682143 0907
Lymphocyte Count (LYMPH), K/ul. 5432012 5528008 556£0.12 5232047 0797
Monocyte Count (MONO), K/uL. 1542005 163004 1724006 181021 0.124
Eosinophil Count (EO), K/ul. 0.12£001 0.12£0.01 0.15£0.01 0142003 0.132
Basophil Count (BASO), K/ul. 0092000 0.10£0.00 0.10£0.00 0114002 0.444
Neutrophil Percentage (NEUT), % 41452068 10662062 10982068 085504 078
Lymphocyte Percentage (LYMPH), % 44142064 44182057 4359066 12582383 0875
Monocyte Percentage (MONO), % 12684038 12964028 13482041 14382146 0.409
Eosinophil Percentage (EO), % 0982006 1002004 1152009 1284028 0.195
Basophil Percentage (BASO), % 075£0.03 0.80£0.02 080£0.04 093£0.18 0.497
Reticulocyte Hemoglobin Content (RET-He), pg 13884059 13862033 14382050 14042232 0865

Red Cell Hemoglobin Content (RBC-He), pg 10974004 1100003 1101£0.04 11295022 0.247





OPS/images/fmicb-15-1348873-t004.jpg
Traits

(\[-
Albumin (ALB), g/l

Alkaline phosphatase (ALP), U/L
Aspartate aminotransferase (AST), U/L
Creatine kinase (CK), U/L

Creatinine (CR), pmol/L.

Direct bilirubin (DBIL), pmol/L.
Glucose (GLU), mmol/l

Lactate dehydrogenase (LDH), U/L
Total bilirubin (TBIL), pmol/L.
Triglyceride (TG), mmol/L.

Total protein (TP), g/L

19.76£052
201.6447.82
67.46£246"
19737£8.73
29754079
073£0.04
7.67£021"
3758141135
0.41£0.03%
0.12£0.00

50334144

1997£0.36

209494582

71214165

196.57£6.81

29334051

0.79£0.03

8374013

388.81£8.05

0.36£0.02°

0.12:£0.00

5085+ 1.01

1848051
18671 £6.54
63.06+2.09"
17371£8.80
28384074
071£0.04
839£0.16°
358141105
044003
0.11£0.00

47474136

19.06+2.04
2000043331
66.79£8.96"
163.7£19.84
293£199
0.85£0.09
7.83£1.00"
337.86:£40.04
075017
013001

58.6447.44

0125

0133

0.042

0.159

0615

0346

0.009

0135

0.005

0436

0115





OPS/images/fmicb-15-1348873-t003.jpg
Rumen

Reticulum

Omasum

Abomasum

Total weight

of stomach

Duodenum

Jejunum

Tleum

Cecum

Colon

Total weight

of intestinal

Total weight
of digestive

tract

Traits

Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %

Absolute weight, kg

Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %

Absolute weight, kg

Relative weight, %

746.24£10.66"
0.012£0.00
11518 174"
0.00£0.00
141542.60
0.00£0.00
173212297
0.00:£0.00
1176.1714.22°
0.03:£0.00
37.69£0.60°
0.000£0.00"
811.08+1247
0.02£0.00°
27324059
0.00:£0.00
58074105
0.00:£0.00
440.04£5.74°
0.01:£0.00
1368.61%17.89°
0.03£0.00°

2535.3343139°

0.06£0.00°

757.99£8.15"
0.02£0.00
115.63+1.27
0.00£0.00"
13962176
0.00+0.00
174.62£2.26"
0.00£0.00
1187.86 £ 10.59"
003000
38.63:4£0.52%
0.00£0.00"
852.1449.15°
0.02£0.00"
2608041
0.00£0.00
59.27£0.85"
0.00£0.00
457.8445.24"
0.01£0.00
143396 13.09°
0.03£0.00"

2621.82+19.96"

0.06£0,00b°

792,88+ 12.02"
0.02£0.00
12162+ 1.94°
0.00:£0.00"
143.08+2.68
0.00:£0.00
184.66:+3.38"
0.00£0.00
1242.23+15.80°
0.03:£0.00
40.03£0.82°
0.00+0.00"
89823+ 13,81
0.02:£0,00"
27124064
0.00:£0.00
62.8221.24"
0.00£0.00
477.15£7.54%
0.01:£0.00
1505.35£19.15"
0.03£0.00"

2747.58£29.99°

0.060.00"

802.13£44.22°
0.02:£0.00
13099+9.36"
0.00£0.00°
13839£10.83
0.00:£0.00
18934£9.96"
0.00:£0.00
12608545197
0.03:£0.00
47.51£2.08
0.00£0,00°
997.22445.18°
0.02£0,00°
28.66+3.49
0.00:£0.00
6609692
0.00:£0.00
479.71£33.49°
0.010£0.00
1619.19457.66'
0.04£0,00°

2880.0580.67"

0.07£0.004

0023

0.195

0.007

0.016

0735

0549

0,032

0.169

0.007

0.061

0.001

0.001

0.000

0.000

0214

0.108

0.016

0.756

0.003

0.668

0.000

0.000

0.000

0.000





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Relationship between sheep feces
scores and gastrointestinal
microorganisms and their effects
on growth traits and blood
indicators












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-15-1348873-g005.jpg
g_Prevotellas_uncultured_organism
005

s_Eubacterium_sp._AB3007

_Pseudoxanthomonas

9_Pseudoxanthomonas 04
s_Eubacterium_sp._AB3007

g_Prevotella.s_uncultured_organism

g__Prevotella.s__uncultured_organism | 0.1

0.05
s__Eubacterium_sp._AB3007
0
g__Pseudoxanthomonas .0.05
-0.1
s__ Eubacterium_sp._AB3007 0.1
g_Prevotella.s__uncultured_organism
0.05

o__Pseudoxanthomonas

-0.05





OPS/images/fmicb-15-1348873-g006.jpg
V4

[

s_commaas
[ ———

RER T r—
- I

s
R
§3§%?$3§3?f!;§%§gy

<_cinobactera
5 Vermucomicrosia bactriom
{_Poptosreptococcaceae g_unculured s_uncultred_bactrim
{_Peptosireptococcaceas o_unculured

(9_Caproicproducens.

‘9__Caproicproducens.s_unculured_bacterum

NN -

[
[ om0 on s
'\
‘

i 1_Colvivionacese
51

[ o_cetviro

c_Actinobacteria
's_Verrucomicrobia_bacterium
s_Ensifer_adhaerens.
f_Cellvibrionaceae
9_Callvibrio
o_Callvbrionales
s_Cellvibrio_sp._OA.2007

1_Peptostreptococcaceae.g_uncultured.s_uncultured_bacterium

1_Peptostreptococcaceae.g_uncultured

9_Caproiciproducens.

9_Caproiciproducens.s_uncultured_bacterium

CEFFSE R ESEF

o

Iu

04

02

02

04





OPS/images/fmicb-15-1348873-g003.jpg
Relative Abundance

Relative Abundance

Relative Abundance

09

o8

01

06

04

03

02

01

o

0

08

07

06

04

03

02

00

F1

Group

Group.

P2
Group

¥3

F1 P2 3 F4

F1 ¥ 3 F4

WS4
= p_Thermotogota
= pPoribacteria

& p_Modulibactera

#p_Deferrisomatota
p_ Nanoarchacota

= p_Entotheonclacota

" Sumerlacota

~ p_Deinococcats

= p_Crenarchacota

= Ladbacero

24_cladeMarine_group_B
= p_Bellovibrionot

(=
= p_Desulfobacterota
b Acimobaccriots

P_uncultured
dbacteria
P_Thermotogota
p_Synergistota
p_Margulishacteria
=p_Hydrothermae
p_FCPUS2G
p_Deinococcota
“p_Calditrchota
p_Caldatribacteriota
= p_Acetothermi
p_Micrarchacota

p_Sumerlacota
P_SAR324_cladeMarine_group_B
P_MBNTIS

p_Dependentiac

= p_Planclomycetota

= p_Armatimonadota

= p_Nitrospirota
“p_Baellovibrionota
p_Gemmatimonadota
ap_Patescibacteria
p_Acdobacteriota

= p_Actinobacteriots

= p_Desulfobacterota
“p_Spirochactota
p_Bacteroidota

“p_wrs2
P_RCPS4
“p_Deferrbacterota
ap_ws2
#p_Dependentae
p_SARIY_dladeMarine_group_B
p_Fusobacteriota
p_NBL
“p_Planctomycctota
p_Methylomirabiiota
“p_p_unclasificd_NA
p_Mysococcota
“p_Chlorofex
p_Flusimicrobiota
A
Compilobacterola
p_Cyamobacteria
p_Fibrobacterota
p_Desulfobacterota
p_Spirochactota

obacteriota

p_Firmicutes

=
=
=]
=
=

o
[

W2
TXIAS
NKBIS
Margulisbacteria
FCPUAZS
seicas
2

e
\dmmmn\l

p_Eury
< p_Protcobacteria

l

P
wp_l
\__Fervidibacteria
»__Dictyoglomot

.

“p_l
p
=p_
wp_
mp_)
=p_]

[
p
o Latescibacterota

.

=p_]
=p_

Firmicates

Svandss
LCP-89

Deferribacterota
Caldisericota
Aquificata
Thermoplasmato
wrs2

Fusobacteriota

NBLj
Entothconellacot

yarogenedentes
RCP2S4

¢
=p_)

Chloroflesi
Myxococcots

mp_)
wp_l

Verrucomicrobiota
Fibrobacterota
P_Proteobacteria

= p_Firmicutes

~p_Svandss

L

Deinococcota

#p_Crenarchacota

L
.

o
r.
ot
p_L
up_?
2

#p_Gemmatimonadota

i
\_Acidobacteriota

-

)
L
ot
p_L

Hydrogenedentes
Synergistota
Bdllovibrionota

_Armatimonadota

Entotheonellacota
Latescibacterota
MBNTIS

Nitrospirota

Thermoplasmatota

Euryarchacota
roblota
Halobacterots

Verrucon

Proteobacteria
Bacteroidota





OPS/images/fmicb-15-1348873-g004.jpg
=
2

0.00004

0.00003

0.00002

0.00001

0.00000

0.00035

0.00030.

0.00025-

0.00020

0.00015

0.00010.

0.00005-

0.00000 4

EE 2

Relative Abundance

Halobacterota B
L 05

04

03

02

Relative Abundance

ab 01

00
)

»_Deinococcota F

000020
00001
000016
000014
000012
00000
000008

Relative Abundance

0.00006
0.00004
b 000002
000000

b b

FI F2 F3 F4

p_Desulfobacterota
0.0010

0.0008

0.0006

ab
0.0004

Relative Abundance

0.0002

0.0000
FIl F2 F3 F4

P_Actinobacteriota
06

04

03

02

Relative Abundance

(%)

00

FI F2 F3 F4

p__Bacteroidota

ab ab

FI F2 F3 F4

p_Dependentine

FI F2 F3 F4

p_Thermoplasmatota

w
bt
A
»_Firmicutes
.
-
)
F1 F2 F3 F4

0.0006

0.0005

0.0004

0.0003

0.0002

Relative Abundance

0.0001

0.0000

0.000035

0.000030

0.000025

0.000020

0.000015

Relative Abundance

0.000010
0.000005

0.000000

K

0.0007
0.0006
0.0005
0.0004

0.0003

Relative Abundance

0.0002

0.0001

0.0000 4

0.0020
00018
0.0016
0.0014
0.0012
0.0010
0.0008

Relative Abundance

0.0006
0.0004
0.0002

0.0000

p_Bdellovibrionota

Fl F2 F3 F4

p__Hydrogenedentes

b

Fl F2 F3 F4

p_Fusobacteriota

b

FI F2 F3 F4

p_Patescibacteria

ab

FI F2 F3 F4

Relative Abundance

Relative Abundance

D
0.00040

0.00035

0.00030

0.00025

0.00020

0.00015

0.00010

0.00005

0.00000

0.0025

0.0020

0.0005

Relative Abundance

p_Myxococcota

p_Proteobacteria





OPS/images/fmicb-15-1348873-t002.jpg
Traits

Absolute weight, kg
Perirenal fat
Relative weight, %
Absolute weight, kg
Mesenteric fat
Relative weight, %
Absolute weight, kg
Tail fat
Relative weight, %
Dressing percentage, %
Carcass weight, kg
Carcass length, cm
Carcass chest circumference, cm

Hip circumference, cm

Leg bone perimeter, cm

0.64£0.03
0.0140.00
0.01£0.00
0.02:£0.00"
117£0.04
0.03:£0.00
054001
25234034
8139035
7427£028"
60.54£0.24"

621£0.03

0.68:£0.03
0.01£0.00
0.01:£0.00
0.02:£0.00"
110£002
0.02:£0.00
054:£0.00
25514025
8101026
7470£0.21%
6110£0.19%

621£0.04°

0.59:£0.03
0.01£0.00
0.01:£0.00
0.02£0.00°
1192004
0.02:£0.00
054001
2639042
82274046
75654035
6181£0.32°

637£0.034"

0.49:£0.11
0.01£0.00
0.01:£0.00
0.01£0.00°
1.09£0.26
0.02:£0.01
0524001
23.96+1.83
82.63£2.49
74.13£1.48"
60.63£1.72"

6.40£0.09

0.250

0.105

0.105

0.002

0.245

0.266

0.591

0.074

0.060

0.012

0.016

0.039





OPS/images/fmicb-15-1348873-g007.jpg
|
|

Y L

il B

o_Desutovcaaa

| |

[ | oswane

TS —
r——

[ ——
I ——
o_Prociois

_Mrbacuscoss

(-

SOE ESESFSEIEF P S8

[ | |
FEFFP P F &

< Nogavises
_Acaminooceacase

o_Actaminococcies





OPS/images/fmicb-15-1348873-t001.jpg
Traits

80d 20324028 20414020 20864031 20.66£0.90 0554
100d 25454032 25324026 26374039 25464165 0137
120d 3093036 30.65£0.29" 32184044 3091£241° 0.029
Bk 140d 36.61£041° 36.56£031% 38.284049" 3490297 0.010
160d 42.10£0.45" 42.05£034" 44064053 40314346 0.005
180d 46.40+£0.46" 46.68+0.35" 48.864057" 45134327 0.002
80d 53.0840.22 53.26£0.15 53614025 54.00£0.68 0324
100d 56.63021" 56.78£0.16" 57.524025" 59.50£ 115" 0.001
120d 60.01£0.19" 60.03£0.16" 60.69+0.27" 61.75£1.05" 0.028
S 140d 62.26£0.20° 62.330.16" 63.00£0.24" 63.50£0.98" 0.037
160d 64.86:£0.18 64.61£0.15 65.36£0.27 65254113 0.053
180d 66.02:£0.20° 66.34£0.15 66.60£0.26" 68.00£1.56" 0.078
80d 56824027 56.94£0.19 57.364028 57.8741.06 0395
100d 61.30£0.24" 61.36£0.19" 6241£0.27" 63.25£ 146 0.003
120d 65344023 65.19+0.19 6617032 65,634 167 0.039
fleem 140d 69.01£0.24 68.67£0.18 69.58+0.29 69.50£2.07 0.051
160d 72514024 7189£0.18 73174029 71884185 0.002
180d 74.35£0.24° 74.21£0.19" 753140310 7338206 0.009
80d 60.21£0.29 6046021 6050034 6119:£0.82 0.802
100d 65.5540.29 65374023 65.96+0.34 64814119 0.461
120d 69.794£0.29 69.62£0.22 70474034 69.5641.13 0.183
ChC, em
140d 74684030 7448024 75194036 72444156 0124
160d 78794029 7894024 79.674036 76444162 0.051
180d 82774032 82714025 8381038 82634168 0.074
80d 657£0.04 6524005 6.61£0.07 678+0.14 0.566
100d 7.13£0.04 7.04£0.05 7.08£0.07 735£0.18 0447
120d 7.66+0.04 7.634£0.04 7.77£0.04 753£015 0.148
GGem 140d 7.9740.04 7.97:£0.03 8024008 803£0.16 0,830
160d 823£0.04 824003 8.36+0.040 833£0.18 0.062
180d 839£0.04 8434003 8.58£0.05 856£0.13 0.006
80-100d 0252001 0.24:£0.00 027001 024£005 0.016
80-120d 0.26£0.00 0.25:£0.00 0.28£0.01 025£0.05 0.001
ADG, kg/d 80-140d 027£0.00" 0.26+0.00" 029+0.00° 0.23£0.04" 0.001
80-160d 027£0.00 0.27£0.00" 0.29£0.00° 024004 0.001
80-180d 026£0.00" 0.26£0.00" 0.28£0.00° 024003 0.000
80-100d 1242002 1232002 1.28£003 1212014 0.387
80-120d 141£0.02 139£002 147003 1360.16 0.066
ADFL kg/d 80-140d 156£0.02 1552002 163+0.02° 146017 0.034
80-160d 168£0.02° 169£0.02" 1.76£0.02° 15720.18" 0.028
80-180d 177£0.02% 178£0.02" 186+0.02° 168017 0.016
FCR 80-100d 534£022 536061 5524061 879£3.13 0.659
80-120d 543008 5644009 5.32£0,09" 6524126 0.018
80-140d 5.83+0.08" 5.8640.06" 5.68+0.07" 679£0.66" 0.005
80-160d 626£0.07 629:£0.05 6.12£0.07 671£036 0.086
80-180d 6.84£0.07 684£0.05 6.68£0.07 692£0.14 0254

Data in the table are mean +standard error; different lowercase leters in the same row of shoulder labels indicate significant differences, the same below. BW, Body weight; BH, Body height
BL, Body length; ChC, Chest circumference; CaC, Cannon circumference.






OPS/images/fmicb-15-1348873-g001.jpg
Sheep fecal scores

Grade 1 Grade 2 Grade3 Grade 4 Grade 5
Scattered granular Adherent granular Stripes with grooves  Stripes with smooth surface  Water sample, no shape
100 ° o 331%. _0.78%
% ki
b
80 N
d
{70 BGrade 1
g o ®Grade2
2% ®Grade 3
Z 40 WGrade 4
2
= 30 B Grade 5
20
10
0 Incidence of each grade of 160d

Grade1 Grade2 Grade3 Grade4 GradeS fecal score (%)

E

D
7.20% 1.75% 4.67' A’W
‘ = Grade 1 ‘ = Grade 1
= Grade 2 = Grade 2
= Grade 3 = Grade 3
= Grade 4 = Grade 4
= Grade 5 = Grade 5
Incidence of each grade of 140d Incidence of each grade of 180d

fecal score (%) fecal score (%)





OPS/images/fmicb-15-1348873-g002.jpg
PC0A2(7.55%)

PCOA2(7.34%)

PCOA2(7.78%)

153, p=0.114

g

g

025

55

oo
PCOAL(12.34%)

PERMANOVAF=1.646, p=0.001

o 000 B3 050
PCOA1(11.66%)





