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Velvet antler is a regeneration organ of sika deer (Cervus nippon) and an important Chinese medicine, and nutrient metabolism affects its growth. Here, we investigated the effects of arginine supplementation on antler growth, serum biochemical indices, and the rumen bacterial community of sika deer during the antler growth period. Fifteen male sika deer (6 years old) were randomly assigned to three dietary groups, which were supplemented with 0 (n = 5, CON), 2.5 (n = 5, LArg), or 5.0 g/d (n = 5, HArg) L-arginine. The IGF-1, ALT and AST concentrations in the serum of LArg sika deer were significantly higher than those in the serum of CON (P < 0.05) and HArg deer (P < 0.05). The phyla Bacteroidetes, Firmicutes, and Proteobacteria were dominant in the rumen of sika deer among the three groups. Comparison of alpha diversities showed that the ACE and Chao1 indices significantly increased in the LArg and HArg groups compared with those in the CON group. PCoA and ANOSIM results showed that the bacterial community was significantly changed between the CON and LArg groups. Moreover, the relative abundances of Fibrobacter spp. and Prevotellaceae UCG-003 increased, but those of Clostridium sensu stricto 1 and Corynebacterium 1 decreased in the LArg and HArg groups compared with those in the CON group. Additionally, the relative abundances of 19 OTUs were significantly different between the LArg and HArg groups. These results revealed that arginine supplementation affected the sika deer rumen bacterial community and serum biochemical indices.
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INTRODUCTION

Sika deer (Cervus nippon) is an important ruminant species that not only produces traditional Chinese medicine but also provides meat and fur to humans (1). The velvet antler is an organ that can be completely regenerated each year (2, 3). Interestingly, the regeneration rate of velvet antler is even faster than the proliferation of cancer cells. Thus, there are ~800,000 farmed sika deer in China for velvet antler production (4). The improvement of velvet antler production is critical in sika deer productivity.

The growth of velvet antler is affected by several factors, such as genetic factors, dietary conditions and hormones (5, 6). Wang et al. (7) demonstrated that growth factors and receptor genes, including FGF19, FGF21, FGFBP3, PDGFD, and PDGFRL, were the genetic basis of the rapid growth of velvet antler. In addition, previous studies have demonstrated that insulin-like growth factor-1 (IGF-1) is an important hormone affecting velvet antler growth (8). Arginine is a functional amino acid that plays a key role in urea cycle regulation, hepatic detoxification and protein synthesis. Arginine supplementation increases growth hormone levels in dairy cattle (6) and stimulates the production of luteinizing hormone in prepubertal ewes (9). Interestingly, previous studies showed that supplementation with arginine in the diet increased the IGF-1 concentration in the serum of sheep and cows (10, 11). These results suggested that supplementation with arginine in the diet is likely to increase the concentration of IGF-1 in sika deer and thus improve velvet antler production.

It is well-known that the rumen microbiota plays important roles in the conversion of dietary components, such as proteins and fibers, to volatile fatty acids (VFAs), including acetate, propionate, butyrate, and ammonia, which provide the host with essential nutrients and metabolic energy (12). Of the rumen microbiota constituents, bacteria are the most diverse group and are estimated to be present at 109-1010/l (13). Thus, rumen bacteria are a key element for understanding the metabolism of nutrients. Previous studies also demonstrated that supplementation with arginine can increase the molar concentration of acetate and propionate in vitro (14). These results suggested that supplementation with arginine in the diet may affect rumen fermentation, which can be attributed to changes in the rumen bacterial community. However, how supplementation with arginine in the diet affects the rumen microbial community of sika deer is still unclear.

Thus, the present study aims to examine the effects of arginine supplementation in the diet (1) on antler production and serum metabolic parameters and (2) on the rumen fermentation and bacterial community of sika deer during the antler growth period.



MATERIALS AND METHODS


Experimental Design, Animals, and Diets

A total of 15 male, 6-year-old sika deer (mean body weight = 94.1 ± 9.70 kg) were used in this study. These sika deer have a similar time point of hard antler button casting around May 15th, 2017. All animal procedures were approved and authorized by the Animal Ethics Committee of Jilin Agricultural University, and Chinese Academy of Agricultural Sciences Animal Care and Use Committee.

A total of 15 sika deer were randomly assigned to three groups, with five animals in each group. Each of the five sika deer in each group was maintained in an individual pen. The sika deer in each group were fed a diet restricted based on corn silage and concentrate (30:70, dry matter basis) and randomly assigned to one of three experimental diets (Table 1): a basal diet with 0 g/d (CON), 2.5 g/d (LArg), or 5.0 g/d (HArg) arginine. All sika deer were fed twice each day at 0700 and 1600 h [a total of 2 kg diet (dry matter)] and had free access to drinking water. The experiments were conducted for 7 weeks after the hard antler button caste, with 1 week for adaptation followed by 6 weeks of dietary treatments.


Table 1. Basic dietary composition and nutrient levels (dry matter basis).
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Sample Collection

At the end of the experiment (day 50), the animals were euthanized by injection of xylazine hydrochloride (2.0 ml/100 kg body weight) before the morning feeding. After that, velvet antlers were harvested using a sterilized saw under the guidance of the institutional velveting regime, and were weighed (15). Blood samples (10 ml) were collected by puncture of the jugular vein and centrifuged at 4,000 × g for 10 min at 4°C to obtain serum. Rumen liquid (~200 ml) was obtained via the rumen stomach before morning feeding. To avoid saliva contamination, the first 100 ml of rumen fluid was discarded. The samples were transferred into liquid nitrogen and then stored at −80°C for further analysis. The average daily gain of antler was calculated using the following formula: average daily gain (ADG) of antler (g/d) = antler weight/growing time(d).



Measuring Biochemical Indices in Serum

The concentrations of serum triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), glucose, total protein(TP), albumin (ALB), globulin (GLB), alkaline phosphatase(ALP), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were analyzed using commercial colorimetric kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) on a Beckman AU480 automatic biochemistry analyzer (VITALB Selectra E, Netherlands). ELISA kits were used to quantify the concentration of serum IGF-1 (MLbio, Shanghai, China).



Measuring Amino Acids in Serum

Samples of serum were diluted with trichloroacetic acid and then centrifuged for 5 min at 10,000 × g to precipitate protein, and the supernatant was used directly after centrifugation. The concentrations of serum amino acids were quantified by ion exchange chromatography (Hitachi L8900 amino acid analyzer, Hitachi Technology, Tokyo, Japan) (16).



Measuring VFAs in Rumen Liquid

The molar concentrations of VFAs in rumen fluid were determined according to a previous study (17). In brief, rumen liquid was centrifuged at 12,000 × g for 10 min at 4°C. Then, 0.2 ml of 2-ethylbutyric acid in meta-phosphoric acid (25% w/v) was added to 1.0 ml of the obtained supernatant. The concentrations of VFAs in the rumen were determined by gas chromatography with a flame ionization detector and a DB-FFAP column (Agilent Technologies 6890GC, CA, USA). The carrier gas was N2 at a flow rate of 2.2 ml/min. The analysis was performed with a gradient oven temperature of 80–170°C, an incremental rate of 10°C/min for optimal separation and a detector temperature of 250°C.



DNA Extraction, Amplification, Sequencing, and Bioinformatics Analysis

The total genomic DNA of microorganisms in rumen liquid was extracted using an MP Fast DNA Spin Kit (MP, Valencia, CA) according to the manufacturer's instructions. The V3–V4 region of the bacterial 16S rRNA gene was amplified using the primers 341F (5′-CCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Each primer pair contained the appropriate Illumina adapter sequence and an 8-bp barcode. The resultant amplicons were purified using a QIAquick PCR Purification Kit (QIAGEN, Valencia, CA), which were then sequenced on an Illumina MiSeq platform generating paired 250-bp reads.

The paired sequences were first assembled into contigs using FLASH v1.2.7 (18). The obtained contigs were then processed using quantitative insights into microbial ecology (QIIME v1.9.1) (19). After that, the sequences were clustered into operational taxonomic units (OTUs) using UPARSE at 97% sequence similarity. The possible chimeric sequences were removed using UCHIME (20). The representative sequences of each OTU were assigned against the SILVA database (v138) using the RDP classifier with a 0.80 confidence threshold (21). Alpha-diversity analysis including Chao 1 and ACE indices (richness estimates) and Shannon index (diversity indices) was calculated using QIIME v1.9.1 (19). Principal coordinate analysis (PCoA) was used to analyze the bacterial communities among the three groups (22). Analysis of similarities (ANOSIM) was performed to indicate group similarity, where 0 = indistinguishable and 1 = dissimilar (23). Adonis was employed to describe the strengths and significance of the differences among the microbial communities. For ANOSIM and Adonis analysis, the P-values were determined based on 999 permutations. The sequences from the present study have been deposited in the SRA database under accession numbers SRR12210973-SRR12210987.



Statistical Analysis

One-way analysis of variance (ANOVA) was used to test the statistical significance of alpha diversity indices, antler growth performance, serum biochemical indices, serum amino acids and the relative abundance of bacteria among the three groups. If ANOVA tests indicated a significant difference between means, then Fisher's exact-test was used to determine which of the means differed from each other. All P-values were corrected for a false discovery rate (FDR) of 0.05 using the Benjamini–Hochberg method (24), and FDR-corrected P-values below 0.05 were considered significant.




RESULTS


Antler Weight and Concentrations of Metabolites and Hormones in Serum Among the Three Groups

The results showed that there were no significant differences in the average daily gain and final weight of velvet antler among the three groups (Table 2). As reported in Table 2, the concentration of IGF-1 in serum from the LArg and HArg groups was significantly higher than that in serum from the CON group, but the concentration of AST was lower (P < 0.05). Moreover, the concentration of ALT in the LArg group was significantly lower than that in the CON group (P < 0.05).


Table 2. Effects of arginine supplementation on antler growth performance and serum parameters of sika deer during the antler growth period.
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Concentrations of Amino Acids in Serum Among the Three Groups

The results showed that the concentrations of citrulline, sarcosine and ornithine in the HArg group (P < 0.05) were significantly higher than those in the CON group, whereas the concentration of ammonia was lower (P < 0.05). Moreover, arginine supplementation significantly decreased the concentration of lysine in serum (P < 0.05; Table 3). With arginine supplementation, the concentrations of urea and arginine also tended to increase in serum.


Table 3. Comparing the concentration of amnio acids of sika deer in serum among the three groups.
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Concentrations of Rumen Fermentation Indicators Among the Three Groups

There were no significant differences in molar concentrations of acetate, propionate, butyrate, isobutyrate, isovalerate, valerate, TVFAs and ammonia in the rumen fluid among the three groups (Table 4).


Table 4. Effects of arginine supplementation on rumen fermentation parameters of sika deer.
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Bacterial Community Composition Among the Three Groups

The present study obtained a total of 1,183,284 16S rRNA gene sequences from the three groups, with a range of 50,444 to 93,256 sequences for each sample. We subsampled the sequences in each sample to 50,000 to decrease the effect of sequencing depth. A total of 3,890 OTUs were identified at 97% sequence similarity. Good's coverage ranged from 0.989 to 0.992.

At the phylum level, a total of 25 phyla were identified in the three groups. The phyla Bacteroidetes (CON = 59.3 ± 6.1%, LArg = 60.6 ± 4.9%, and HArg = 59.9 ± 9.8%), Firmicutes (CON = 33.7 ± 5.9%, LArg = 31.7 ± 3.6%, and HArg = 31.7 ± 7.5%), and Proteobacteria (CON = 2.1 ± 0.5%, LArg = 1.6 ± 0.7%, and HArg = 1.8 ± 0.6%) were the most abundant bacteria in rumen fluid among the three groups. At the genus level, Prevotella 1, accounting for a more than 20% proportion (CON = 21.8 ± 12.2%, LArg = 24.1.6 ± 5.5%, and HArg = 20.96 ± 9.4%), was the most abundant bacteria in rumen fluid among the three groups. Rikenellaceae RC9 (CON = 10.1 ± 2.9%, LArg = 9.3 ± 2.8%, and HArg = 9.6 ± 1.8%), Christensenellaceae R7 (CON = 6.1 ± 0.2%, LArg = 5.9 ± 0.1%, and HArg = 5.8 ± 0.2%), Prevotellaceae UCG-003 (CON = 3.3 ± 0.8%, LArg = 3.7 ± 0.8%, and HArg = 4.5 ± 0.3%) and Ruminococcaceae NK4A214 (CON = 2.9 ± 0.9%, LArg = 2.4 ± 0.3%, and HArg = 2.4 ± 0.7%) were also prevalent in rumen fluid among the three groups (Figure 1). Moreover, in comparison with those in the CON group, the OTU numbers and ACE and Chao1 indices were significantly increased in the LArg and HArg groups (P < 0.05, Figure 1); however, the difference between the LArg and HArg groups was not significant (Figure 2).
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FIGURE 1. The bacterial composition in the rumen of sika deer at the phylum (A) and genus (B) levels. *indicate P < 0.05.
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FIGURE 2. Comparisons of the Alpha diversity of the bacteria in the rumen of sika deer. *indicate P < 0.05.


The PCoA results showed that the bacterial community composition in the rumen fluid of the LArg and HArg groups was clearly separated from that in the rumen fluid of the CON group based on unweighted UniFrac distance (ANOSIM: P = 0.02; Adonis: R2 = 0.17, P = 0.02 Figure 3B). However, the PCoA results based on the Bray-Curtis dissimilarity matrix (ANOSIM: P = 0.06; Adonis: R2 = 0.15, P = 0.33 Figure 3A) and weighted UniFrac distance (ANOSIM: P = 0.45; Adonis: R2 = 0.07, P = 0.75 Figure 3C) showed no significant differences among the three groups. Furthermore, we also compared the relative abundance of the bacterial genera in rumen fluid among the three groups (Figure 4A). The relative abundances of Fibrobacter spp. and Prevotellaceae UCG-003 were significantly higher in the LArg and HArg groups than in the CON group. In contrast, the proportions of Corynebacterium 1 and Clostridium sensu stricto 1 were significantly lower in the LArg and HArg groups than in the CON group. Moreover, the relative abundance of Bacteroides spp. was significantly higher in the LArg group than in the CON (0.23 ± 0.16%) and HArg (0.28 ± 0.03%) groups. In contrast with those in the CON group, the relative abundances of 19 OTUs were significantly different between the LArg and HArg groups (Figure 4B). For instance, the proportions of f_Ruminococccaceae, g_Lachnospiraceae NK3A20 and o_Mollicutes RF9 were lower in the LArg and HArg groups than in the CON group; in contrast, the relative abundances of the other 16 OTUs were higher in the LArg and HArg groups than in the CON group.
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FIGURE 3. Comparisons of the bacterial communities in the rumen of sika deer. Principal coordinate analyses based on unweighted UniFrac distances (A), Bray cuits distance (B) and weighted UniFrac distance (C).
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FIGURE 4. Features characterizing the bacteria in the rumen of sika deer. Bar plots showing differences in the relative abundance of bacteria at genus level across three groups (A) and heat map showing the significant differences OTUs in the rumen of LArg and HArg groups comparing to CON group (B). *indicate P < 0.05.





DISCUSSION

In this study, the results showed that the concentration of IGF-1 in serum increased with arginine supplementation, with the highest amount in the LArg group (Table 2). Previous studies have shown that arginine stimulates the hypothalamus to release growth hormone (GH) (25), which is one of the most important factors stimulating IGF-I production (26). Yoji Tsugawa et al. (27) demonstrated that arginine can directly increase the IGF-1 concentration in the endoplasmic reticulum of mouse hepatocytes. Together, these results suggested that arginine supplementation improves the production of IGF-1 during the velvet antler growth period of sika deer. In addition, previous studies demonstrated that the concentration of IGF-1 in serum was strongly associated with the growth rate of velvet antler (5). However, the weight and daily gain of velvet antler did not significantly increase as the concentration of IGF-1 increased (Table 2). A previous study also found that it is not IGF-1 but testosterone which is responsible for the intensity of antler growth in subadult and adult red deer (28). Moreover, Romero et al. (29) demonstrated that IGF-1 acts as a negative feedback regulator of growth hormone gene expression when IGF-1 levels reach a certain threshold. These results suggested a possible threshold or signal of IGF-1 concentration in affecting velvet antler growth. Moreover, the limitation of the present study is the small sample size of the animal number, which affected the significant difference among the three groups. Therefore, the effect of changed concentrations of IGF-1 on the growth of sika deer velvet antler needs to be further explored using transcriptome analysis of liver and velvet antler based on a large number of animals, which will provide more direct evidence of the role of arginine in affecting the production of IGF-1 and the growth of velvet antler in future studies.

In this study, the levels of ALT and AST in the serum decreased with arginine supplementation in the diet. Consistent with this finding, Jaja et al. (30) also found that supplementation with arginine in the diet improved liver function and reduced the ALT and AST concentrations in the liver. Interestingly, the liver is also the main site for IGF-1 secretion, and its function directly affects the production of IGF-1. Aksu et al. (31) found that an increased concentration of IGF-1 was strongly associated with decreased concentrations of ALT and AST in serum. Taken together, these results indicated that arginine supplementation in the diet decreased the ALT and AST concentrations in serum.

A previous study revealed that arginine can enter the small intestine and then be converted to citrulline (32). In the liver and kidneys, citrulline is converted to arginine again and then released to surrounding tissues and blood (33). Consistent with these findings, we also found that the concentrations of arginine and citrulline in serum were increased with arginine supplementation in the diet. Moreover, an increase in arginine in serum will promote the urea cycle to hydrolyze arginine and ammonia into urea and ornithine (34), which leads to a decrease in the ammonia concentration and an increase in the urea and ornithine concentrations in blood. Similarly, we found that dietary arginine supplementation caused a decreased concentration of ammonia in blood. In this study, the concentration of lysine in serum decreased in the arginine supplementation groups compared with the CON group (Table 3). Similarly, Teixeira et al. (35) also found a decrease in lysine concentration in the serum when more arginine supplementation was added to diet. Arginine and lysine share common chemical properties and are absorbed in the small intestine by the same transporters; thus, greater supplies of arginine in the small intestine could potentially compete with lysine for transport and cause a decreased supply in the serum (36). Lysine is the first limiting amino acid in most grain- and cereal-based animal diets, and previous studies have also demonstrated the potential for metabolic antagonism between lysine and arginine (37). This is also another possible reason for the non-significant increase in velvet antler production in the arginine supplementation groups. The effects of arginine and lysine on velvet antler growth and production warrant further examination.

The results showed that the genus Prevotella 1 was the predominant bacteria across all three groups, which is consistent with previous studies of sika deer (4, 12, 38, 39). Prevotella spp. were also widely present in the gastrointestinal tract of other ruminant species, such as roe deer, moose, elk, white lipped deer and reindeer (40–43), and they are involved in the degradation of protein and carbohydrates. In addition, we also found that Rikenellaceae RC9, Christensenellaceae R7, and Ruminococcaceae NK4A214 were prevalent in the rumen fluid of sika deer in this study. Pitta et al. (44) demonstrated that Rikenellaceae RC9 was involved in structural carbohydrate degradation. As demonstrated by a metagenomic approach, members of the Ruminococcaceae family are important for the degradation of plant fibers (45). Christensenellaceae have been shown to play an important role in biofilm formation and rumen degradation of starch and fiber (46). These results suggested the important role of these bacteria in the carbohydrate metabolism of sika deer.

This study also found that the ACE and Chao1 indices were significantly increased by arginine supplementation. The ANOSIM and Adonis analysis based on unweighted UniFrac distance showed that the rumen bacterial community in the rumen fluid of sika deer in the LArg group significantly differed from that in the rumen fluid of sika deer in the CON group. These results suggested that the bacterial community was changed in the rumen fluid of the LArg group. Further comparison of bacterial genera revealed that supplementation with arginine led to a significant increase in the relative abundances of Fibrobacter spp. and Prevotellaceae UCG-003 and a decrease in the relative abundances of Clostridium sensu stricto 1 and Corynebacterium 1. Consistent with our observation, Chanthakhoun et al. (47) found that an increased level of dietary protein resulted in an increase in the abundance of Fibrobacter spp. Cherdthong et al. (48) reported the relative abundance of Fibrobacter Spp. increased with urea supplementation in the diet. Dietary protein is degraded into ammonia in the rumen, which is one of the main sources of nitrogen for Fibrobacter spp. Moreover, the concentration of ammonia was slightly increased in the rumen of sika deer from the LArg and HArg groups. Thus, these results indicated that supplementation with arginine in the diet increased the abundance of Fibrobacter spp. Consistent with this study, Zhang et al. (49) indicated that dietary L-arginine supplementation inhibited intestinal Clostridium spp. colonization in broilers. These results suggested that an arginine supplementation diet is likely to affect the growth of Clostridium sensu stricto 1. This study demonstrated that the LArg group had the highest abundance of Bacteroides spp. A previous study showed that endogenous arginine flux was positively correlated with the relative abundance of Bacteroides spp. (50). This finding may also explain the increased abundance of Bacteroides spp. in this study. However, the abundance of Bacteroides spp. was not significantly different between the HArg and CON groups. This result may be related to the degradation rate of amino acids in the rumen. Velle et al. (51) indicated that the degradation rate of high-dose amino acids in the rumen was greatly reduced compared with that after low-dose amino acid supplementation.

Moreover, we further examined the significantly differentially abundant OTUs among the three groups. For instance, the abundances of g__Prevotellaceae UCG-004, g__Prevotellaceae UCG-001, o__Clostridiales, g__Prevotellaceae UCG-004, g__Fibrobacter and g__Alloprevotella were increased in the LArg and HArg groups, which were close to Eubacterium xylanophilum (90.91%, similarity), Treponema bryantii (90.51%, similarity), Ruminococcus flavefaciens (83.34%, similarity), Prevotella (94.90%, similarity), Prevotella (95.27%, similarity) and Saccharofermentans acetigenes (95.24%, similarity). Eubacterium xylanophilum ferments only cellobiose, xylan and aesculin (52). Treponema bryantii uses soluble sugars released from cellulose by cellulolytic bacteria (53). Ruminococcus flavefaciens is a predominant cellulolytic rumen bacterium that forms a multienzyme cellulose complex that plays an integral role in the ability of this bacterium to degrade plant cell wall polysaccharides (54). Saccharofermentans acetigenes ferments several hexoses, polysaccharides, and alcohols (55). Together, these findings further suggested that arginine supplementation in the diet may affect the degradation of structural or non-structural carbohydrates in the rumen of sika deer. However, this observation needs to be further examined using the shotgun metagenomics approach. The present study found no significant differences in concentrations of VFAs among three groups (Table 4). Moreover, the molar concentrations of VFAs in our study were lower than the previous findings (12, 17, 56), which is likely related to the time point of collecting rumen liquid, and the rumen physiology of sika deer (57).



CONCLUSION

In the present study, we investigated the effect of arginine supplementation in the diet on the antler growth performance of sika deer and found that supplementation with arginine affected the production of IGF-1. Moreover, the rumen bacterial composition of sika deer also changed with supplementation with arginine in the diet.
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