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Betaine is widely used as feed additives in animal husbandry as it can cause many benefits such as improving antioxidant ability, growth performance, and carcass traits. However, there are limited studies about the effects of betaine on the Bama mini-pigs. The present study was conducted to evaluate the effects of dietary betaine on carcass traits, meat quality, and nitrogen metabolism of pigs. Twenty-six pregnant Bama mini-pigs and then 104 weaned piglets were assigned for experimental treatments. The plasma and muscle samples were collected at 65-, 95-, and 125-d-old pigs, respectively. The results showed that betaine addition in the sow-offspring diets increased the lean meat rate in the 65-d-old pigs, whereas carcass weight, carcass yield, and loin-eye area were increased in the 95-d-old pigs, and carcass weight and backfat thickness in the 125-d-old pigs. Dietary betaine addition in the sow-offspring diets increased the contents of plasma Asp of 65-d-old, Met of 95- and 125-d-old, and Sar of 125-d-old pigs. Moreover, betaine addition increased the contents of Met, His, Ile, and Phe in Longissimus thoracis et lumborum, whereas those contents were decreased in biceps femoris and psoas major muscles at different stages. Betaine addition in the sow and piglets' diets regulated the muscle fiber-type and myogenic regulatory gene expressions. In summary, betaine addition in the sow and sow-offspring diets could improve the carcass traits and meat quality by altering the plasma biochemical parameters, amino acid composition, and gene expressions of skeletal muscle.
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INTRODUCTION

Pork is the most widely-eaten meat globally, followed by poultry and beef, and the consumption is increasing continuously (1). The demand for pork with better quality, higher nutritional value, and better taste has also increased simultaneously. Therefore, increasing attention has been paid to improve the carcass traits and meat quality (2). In the recent past, antibiotics were widely used to enhance the growth rate, feed intake, and disease resistance, as well as to improve the carcass traits and meat quality (3).

Owing to the ban on in-feed antibiotics in swine production, safer and more effective feed additives with similar effects to antibiotics are indispensable to explore. Betaine (trimethylglycine) is a non-toxic amino acid derivative commonly found in most organisms (4). Furthermore, betaine is widely used as a feed additive in animal husbandry because of its benefits on improving the antioxidant ability, growth performance, and carcass traits (5, 6). Moreover, betaine can involve in the metabolisms of protein, amino acid, and fatty acid of the body (7). Besides the dietary nutrients, betaine can also regulate the growth performance and meat quality of pigs. Maternal nutrients also play a vital role in offspring's traits. During pregnancy, fetal nutrients are derived from the mammal circulation, and the nutrition deficiency of sows may cause the intrauterine growth retardation (IUGR) of pigs (8). The IUGR pigs can hardly adapt to the environment and mainly died after delivery due to the low potential of growth, immune, and digestion (9). Moreover, several studies demonstrated that increasing the maternal diet's energy can promote the development of muscles of the piglets (10, 11). Therefore, changing the maternal nutrients may affect the growth of the offspring. However, there are limited studies about maternal betaine addition on the offspring's carcass traits, meat quality, and nitrogen metabolism.

China is the leading country for swine production, has more than 100 local pig breeds due to the variation in the natural environment and differences in socio-economic conditions (12, 13). Bama mini-pig is one of the local pig breeds in China, is genetically stable and smaller in size. Due to its anatomy and physiological similarities to humans', Bama mini-pigs are a suitable pig breed for medical models, generally used to study metabolic diseases of human beings (14–16). However, Bama mini-pig is also a high-quality local pig breed with high economic value in China because of its characteristics of high tolerance of rough feed, disease resistance, and good adaptability (17). Therefore, Bama mini-pigs play a key role in poverty alleviation through industrial development at their place of origin (18). However, the small nesting range and extensive management methods have resulted in slow growth and low lean meat rate, which may greatly decrease the economic value of Bama mini-pigs and inhibit the development of practical production. Our previous studies have found that the betaine (3,500 mg kg−1) supplementation to sows during pregnancy and lactation could enhance the reproduction performance, plasma reproductive hormones, and colostrum composition in Bama mini-pigs (19–21). Moreover, we have also found that betaine addition in sow and offspring diets could improve the average daily gain, feed to gain (F/G), and final weight of Bama mini-piglets during the 125 days trial (unpublished results). Therefore, based on the roles of betaine in pig nutrition, we hypothesized that the betaine addition in sow and offspring diets might affect the carcass traits and meat quality by regulating the nitrogen metabolism of pigs. Thus, the present study was conducted to investigate the effects of dietary betaine addition in sow and offspring diets during pregnancy and lactation on the carcass traits, meat quality, and nitrogen metabolism of Bama mini-pigs.



MATERIALS AND METHODS


Animals, Diets, and Feeding

Twenty-six healthy pregnant Bama mini-pigs with similar body conditions with three to seven parities were selected and randomly divided into two groups as follows: (a) control group, sows fed a basal diet (n = 12) and (b) betaine group, sows fed a basal diet with 3,500 mg kg−1 betaine hydrochloric (n = 14). Dietary betaine (purity; ≥ 95%) was purchased from Sunwin Biotech Shandong Co., Ltd (Shandong, China). The sows were housed individually in gestation crates (2.2 × 0.6 m) from mating to day 104 of gestation. On day 105 of gestation, the sows were transferred to individual farrowing crates (2.2 × 1.8 m) with a heated floor pad for offspring piglets with freely accessible ad libitum water. After weaning, at 35-d-old, a total of 104 piglets close to the average body weight of litter were selected from the two experimental groups (48 piglets from the control group and 56 piglets from the betaine group) and divided into three dietary treatments as follows: (a) control group, piglets from the control group fed a basal diet (n = 48); (b) sow-betaine group, piglets from the experimental group fed the basal diet (n = 28); (c) sow-offspring-betaine group, piglets from the betaine group fed a basal diet with 2,500 mg kg−1 betaine hydrochloride (n = 28). Dietary betaine was mixed with the basal diet, and the weaned piglets were fed by group.

During the trial period, the sows were fed pregnant sow diets from day 3 after mating to day 104 of pregnancy and fed lactating diets from day 105 of pregnancy to weaning. The piglets were fed with pre-nursery diets from 35- to 95-d-old and fed with late-nursery diets from 96- to 125-d-old. The basal diets' nutrient levels for sows and piglets met the Chinese local swine nutrient requirements (NY/T 65-2004), and the premixes met the National Research Council diet requirements (22, 23). The composition and nutrient levels of basal diets for sows are presented in Supplementary Table 1, and the composition and nutrient levels of basal diets for piglets are listed in Supplementary Table 2.



Sample Collection

The animals were weighed on days 65, 95, and 125 after fasted 12 h, respectively. A total of 26 pigs (including 12, 7, and 7 pigs from the control group, sow-betaine group, and sow-offspring-betaine group, respectively), were selected randomly at every stage for plasma sampling and then sacrificed under commercial conditions via electrical stunning (120 V, 200 Hz) and exsanguination (24). After slaughter, Longissimus thoracis et lumborum (LTL), biceps femoris (BF), and psoas major (PM) muscles from the right side of each carcass were sampled. One part of LTL muscle for meat quality measurement and one part of LTL, BF, and PM muscles was stored at −20°C for chemical composition analysis (including measurement of crude protein and dry matter). After that, the remaining muscle samples were stored in sealed plastic bags at −80°C prior to quantitative analysis.



Carcass Traits Analysis

After slaughter, the carcass was weighed after removing the head, feet, tail, and internal organs and calculated the carcass yield (dividing the carcass weight by live body weight). The backfat thickness (between sixth and seventh ribs on the left side of the carcass) were measured immediately using a caliper, and the width and thickness of cross-section of the LTL muscle at left thoracolumbar junction were measured by a caliper to calculate the loin-eye area, following the Chinese guidelines on performance measurement technology and regulations for pigs (GB8467-87, 1988).



Meat Quality Analysis

Meat quality was evaluated by determining marbling score, muscle color, pH, shear force, and drip loss of the LTL muscle. The marbling score was scored according to the NPPC colorimetric plate. Muscle color was measured at 24 h after slaughter by a colorimeter (Minolta CR-400; Konica Minolta, Tokyo, Japan) using the CIELAB trichromatic system as lightness, redness, and yellowness (A 90° standard observer angle, 8 mm diameter aperture, and D65 standard illuminant). The pH value was measured by direct insertion of an electrode (HI9125; Hanna Instruments, Padova, Italy) at 45 min and 24 h after slaughter stored at 4°C (1 cm deep into the LTL muscle), and the meter was previously calibrated with two buffer solutions of pH 4.0 and pH 7.0 at 25°C. The drip loss was measured 4 h after slaughter as previously described (25). Briefly, the LTL muscle samples were trimmed of adjacent fat and weighed, then hung in a plastic bag, sealed, and stored at 4°C for 24 h. Then the meat was weighed again to calculate drip loss, and defined as the loss in weight after 24 h. For the shear force analyses, the samples were cooked in a boiled water until the internal temperature reached 70°C, then the cooked samples were cooled at room temperature and cut into six stripes per sample (1 cm thick). Finally, the shear force was measured by using a texture analyzer (model HOUNSFILD-H5KS, UE).



Chemical Composition Analysis of Muscle

The muscle samples were cut into thin slices, dried in a vacuum freeze dryer at (10 ± 5) Pa and –(45 ± 5)°C for 48 h, and then ground into powder. The crude protein and dry matter contents were measured according to the GB/T 9695.15-2008 and GB5009.5-2010, respectively. Hydrolyzed amino acid contents in muscle samples were analyzed by an amino acid analyzer (L-8900; Hitachi, Japan) as previously described by Liu et al. (26).



Plasma Free Amino Acid Contents

The plasma samples were obtained by centrifuging at 6,500 × g for 10 min, and 600 μL of supernatant was taken into a new centrifuge tube. Then an equal volume of 8% sulfosalicylic acid solution was mixed, and the protein was fully precipitated at 4°C. After centrifuging at 6,500 × g for 10 min, the supernatant was filtered through a 0.22-μm membrane. Finally, using the L-8900 amino acid analyzer we measured the contents of free amino acids, including alanine (Ala), arginine (Arg), aspartic acid (Asp), glutamate (Glu), glycine (Gly), histidine (His), isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), proline (Pro), sarcosine (Sar), serine (Ser), threonine (Thr), tyrosine (Tyr), and valine (Val).



Plasma Biochemical Parameters

The levels of plasma biochemical parameters, including alanine aminotransferase (ALT), albumin (ALB), alkaline phosphatase (ALP), ammonia (AMM), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), total protein (TP), and urea nitrogen (UN) were analyzed using commercially available biochemical kits (Leadman Biochemistry Technology Company, Beijing, China) according to the manufacturers' instructions.



Real-Time PCR Analysis

Total RNA was isolated from the LTL, BF, and PM muscles using TRIzol (Invitrogen, Shanghai, China). Beta-actin and the target genes are based on the GenBank database for pigs in NCBI, and the gene-specific primers were synthesized by Invitrogen Biotech Co., Ltd. (Shanghai, China; Supplementary Table 3). The reverse transcription-polymerase chain reaction (RT-PCR) assays were conducted using the SYBR Premix Ex Taq™ Kit (TaKaRa Biotechnology Co. Ltd., Dalian, China). The quality detection of RNA, the RT-PCR, and the synthesis of cDNA were used the methods described in the previous study (27). The RT-PCR conditions were as follows: initial denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s and annealing at 60°C for 30 s, finally extension at 72°C for 30 s. The relative gene expression was calculated using the 2−ΔΔCT method (28).



Statistical Analysis

The data were analyzed by using the general linear model in SPSS 22.0 software (IBM Corporation, 2014) to perform the one-way analysis of variance (ANOVA). The means of the different treatment groups were compared by Duncan tests. The individual pigs were considered the experimental unit. All data are presented as means ± SE unless otherwise indicated. Differences were considered statistically significant when P < 0.05.




RESULTS


Carcass Traits

To evaluate the effects of dietary betaine on carcass traits, we assessed the carcass weight, carcass yield, fat yield, lean meat rate, backfat thickness, and loin-eye area of pigs on 65-, 95-, and 125-d-old, respectively (Table 1). In the 65-d-old pigs, the lean meat rate was increased (P < 0.05) in the sow-offspring-betaine group compared with the control group. However, there were no significant differences observed in carcass weight, carcass yield, backfat thickness, and loin-eye area of the 65-d-old pigs among the three different groups. In the 95-d-old pigs, the carcass weight, carcass yield, and loin-eye area of pigs in the sow-offspring-betaine group were increased (P < 0.05) compared with the pigs in the control and sow-betaine groups. In the 125-d-old pigs, dietary betaine addition to the sow and sow-offspring diets increased (P < 0.05) the backfat thickness and loin-eye area of pigs compared with the pigs in the control group.


Table 1. Effect of dietary betaine on carcass traits of Bama mini-pigs.
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Meat Quality and Chemical Composition

The effects of dietary betaine addition in the sow and sow-offspring diets on meat quality and meat chemical composition are presented in Tables 2, 3. Compared with the control group, betaine addition to sow diets reduced (P < 0.05) the marbling score of LTL muscle of 65- and 95-d-old pigs, whereas betaine addition in the sow-offspring diets increased (P < 0.05) the shear force of LTL muscle of 65-d-old pigs and the meat brightness of 95-d-old pigs (Table 2). There were no significant differences in marbling score, meat color, drip loss, and shear force of LTL muscle of 125-d-old pigs among the three dietary groups (P > 0.05). Furthermore, the crude protein content of LTL muscle of 65-d-old pigs was increased in the sow-offspring-betaine group compared with the pigs in the sow-betaine group, whereas dry matter content of PM muscle was decreased in the sow-offspring-betaine group compared with the control group (P < 0.05). However, dietary betaine addition in the sow and sow-offspring diets did not affect (P > 0.05) the crude protein and dry matter contents of LTL, BF, and PM muscles of 95- and 125-d-old pigs (Table 3).


Table 2. Effect of dietary betaine on meat quality of Bama mini-pigs.
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Table 3. Effect of dietary betaine on routine nutrient contents of Bama mini-pigs (fresh weight basis; %).
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Plasma Free Amino Acid Contents

Plasma free amino acid contents of pigs at three different stages are presented in Table 4. Dietary betaine addition in sow-offspring diets increased (P < 0.05) the plasma Asp content of 65-d-old pigs and the plasma Met content of 95- and 125-d-old pigs compared with the pigs in the control and sow-betaine groups. In addition, the plasma Glu content of 65-d-old pigs was increased (P < 0.05) in the sow-offspring-betaine group compared with the sow-betaine group. Moreover, the plasma Sar content of 125-d-old pigs was increased (P < 0.05) in the sow-offspring-betaine group compared with the other two groups.


Table 4. Effect of dietary betaine on plasma free amino acids of Bama mini-pigs (μmol L−1).
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Plasma Biochemical Parameters

The effects of dietary betaine addition in the sow and sow-offspring diets on plasma biochemical parameters at different stages are presented in Table 5. In the 65-d-old pigs, the sow-betaine group had higher TP activity than the pigs in the control group, whereas the sow-offspring-betaine group had higher AST activity than the pigs in the other two groups (P < 0.05). In the 95-d-old pigs, the sow-offspring-betaine group showed a lower (P < 0.05) AST activity than the pigs in the sow-betaine group. In addition, both sow-betaine and sow-offspring-betaine groups showed lower (P < 0.05) LDH activity compared with the control group. However, dietary betaine had no effects (P > 0.05) on the plasma biochemical parameters of 125-d-old pigs.


Table 5. Effect of dietary betaine on plasma biochemical parameters of Bama mini-pigs.
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Hydrolyzed Amino Acid Contents in the Muscle

The changes of muscle amino acid contents in the LTL, BF, and PM muscles are presented in Table 6. In the LTL muscle, compared with the control group, betaine addition in the sow and sow-offspring diets decreased (P < 0.05) the Asp, Ile, and Lys contents, whereas betaine addition in the sow diets decreased (P < 0.05) the Phe, Val, and essential amino acid (EAA) contents of 65-d-old pigs. In the 95-d-old pigs, the contents of Asp and Ile in the sow-betaine and sow-offspring-betaine groups were increased, whereas the content of Pro was decreased compared with the control group (P < 0.05). Moreover, the contents of Glu, Gly, and Lys in the sow-betaine group and the content of Leu in the sow-offspring-betaine group were increased (P < 0.05) compared with the control group. In the 125-d-old pigs, the contents of His, Met, Phe, Thr, and Tyr were increased in the sow-betaine and sow-offspring-betaine groups, whereas the content of EAA was increased in the sow-offspring-betaine group compared with the control group (P < 0.05).


Table 6. Effect of dietary betaine on hydrolyzed amino acid content in muscle of Bama mini-pigs (fresh weight basis; %).
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The BF muscle analysis showed that betaine addition in diets can significantly affect the hydrolyzed amino acid contents. Compared with the control group, betaine addition in the sow and sow-offspring diets increased the contents of Ala, Asp, Glu, Gly, Ile, Lys, Ser, Val, non-essential amino acid (NEAA), and flavor amino acid (FAA), while decreased the content of Pro of 65-d-old pigs (P < 0.05). Moreover, betaine addition in the sow-offspring diets increased (P < 0.05) the content of total amino acids (TAA) of 65-d-old pigs compared with the pigs in the control group. In the 95-d-old pigs, the contents of Arg, Asp, Gly, Ile, Leu, Lys, Thr, TAA, and EAA were decreased in the sow-offspring-betaine group compared with the other two groups, whereas the content of Glu was increased in the sow-betaine group compared with the other two groups (P < 0.05). Moreover, the content of FAA was decreased (P < 0.05) in the sow-offspring-betaine group compared with the other two groups. In the 125-d-old pigs, the contents of Ala, Asp, Glu, Ile, Leu, Lys, Ser, TAA, EAA, and FAA were increased in the sow-offspring-betaine group compared with the other two groups, whereas the contents of Gly, Thr, Val, and NEAA were increased in the sow-offspring-betaine group compared with the control group (P < 0.05).

In the PM muscle, compared with the control group, betaine addition in the sow-offspring diets decreased (P < 0.05) the content of Asp and increased the content of Phe of 65-d-old pigs (P < 0.05). In addition, betaine addition in the sow and sow-offspring diets increased the content of Pro compared with the control group, whereas betaine addition in the sow-offspring diets decreased the content of Tyr compared with the other two groups in the 65-d-old pigs (P < 0.05). In the 95-d-old pigs, the contents of Ala, Asp, Glu, Gly, His, Leu, Met, Ser, Val, TAA, EAA, NEAA, and FAA were decreased in the sow-offspring-betaine group compared with the other two groups, whereas the contents of Arg, Ile, and Thr were decreased compared with the control group (P < 0.05). In the 125-d-old pigs, the contents of Met and Phe were increased in the sow-betaine group, whereas the content of Tyr was decreased compared with the other two groups (P < 0.05). Moreover, the contents of His and Pro in the sow-betaine and sow-offspring-betaine groups were increased (P < 0.05) compared with the control group in the 125-d-old pigs.



The mRNA Expression of Genes Related to MyHC Isoform and MRFs in the Muscle

Table 7 presents the level of mRNA gene expressions related to myosin heavy chain (MyHC) isoform and myogenic regulatory factors (MRFs) in LTL, BF, and PM muscles. In the LTL muscle, compared with the control group, the mRNA expression level of MyHC-IIb was up-regulated (P < 0.05) in the sow-betaine group and the mRNA expression level of myogenic degradation factor 5 (Myf5) was up-regulated in the 65-d-old pigs. In the 95-d-old pigs, the mRNA expression levels of MyHC-I and Myogenin (MyoG) were up-regulated in the sow-offspring-betaine group compared with the control group, whereas the mRNA expression levels of MyHC-IIx and Myf5 up-regulated in the sow-offspring-betaine group compared with the other two groups (P < 0.05). Moreover, the mRNA expression level of MyHC-IIb in the sow-betaine and sow-offspring-betaine groups was up-regulated (P < 0.05) compared with the control group in the 95-d-old pigs. In the 125-d-old pigs, the mRNA expression level of MyHC-IIx was up-regulated in the sow-offspring-betaine group compared with the control group.


Table 7. Effect of dietary betaine on the expression of genes related to MyHC isoform and MRFs in the muscle of Bama mini-pigs.
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In the BF muscle, in the 95-d-old pigs, the mRNA expression level of MyHC-IIb was up-regulated (P < 0.05) in the sow-offspring-betaine group compared with the sow-betaine group. Moreover, in the 125-d-old pigs, the mRNA expression level of MyHC-IIb was up-regulated (P < 0.05) in the sow-betaine group compared with the other two groups.

In the PM muscle, in the 65-d-old pigs, the mRNA expression levels of MyHC-I and MyHC-IIb were up-regulated (P < 0.05) in the sow-betaine and sow-offspring-betaine groups compared with the control group, and the level of MyHC-IIa was up-regulated in the sow-betaine group. The mRNA level of Myf5 of 65-d-old pigs in the sow-betaine group was up-regulated (P < 0.05) compared with the 65-d-old pigs in the other two groups. Moreover, in the 125-d-old pigs, the mRNA expression level of MyoG was down-regulated (P < 0.05) in the sow-offspring-betaine group compared with the other two groups. However, betaine supplementation had no impacts (P > 0.05) on the mRNA expression levels of PM muscle in the 95-d-old pigs.




DISCUSSION

As an antibiotic substitute in livestock production, dietary betaine has gained more attraction because of its growth-promoting effect. For example, betaine added to the diet can significantly increase the growth hormone (GH) level and total protein content in the blood to improve the utilization of the protein and the growth of finishing pigs (29). Betaine addition in the broiler chicken's diet could improve antioxidant defenses and decrease the breast muscles' lipid peroxidation (30). Furthermore, a recent study suggested that betaine (500, 1,000, and 2,000 mg kg−1) can improve the nitrogen retention, growth performance, digestive function, carcass characteristics, and meat quality of broilers under heat stress (31). Similarly, we found that the betaine addition in the sow and offspring diets significantly changes the carcass traits, meat quality, and nitrogen metabolism of Bama-mini-pigs.

Carcass traits and meat quality can intuitively reflect the digestion, absorption, and deposition of the nutrients in the body. Dietary compositions can directly or indirectly affect the metabolism of nutrients in the body and thereby change the meat quality and carcass traits. For example, Cheng et al. (32) found that low amino acid content in diets can effectively improve the meat quality, such as muscle tender and fat content. In the present study, the betaine addition to the sow and offspring diets could effectively increase the carcass weight, carcass yield, backfat thickness, and loin-eye area of 65-, 95-, and 125-d-old Bama mini-pigs. In light of the previous findings by Zhan et al. (33) in broiler chickens, dietary betaine could act as a methyl donor and increase the utilization of amino acids, thereby promote protein synthesis, increase the carcass lean meat rate, and improve carcass quality (34). Meat quality is generally measured by two parts, the sensory and nutrients indexes. The present study found that betaine addition to sows and offspring diets could significantly increase the shear force, brightness, and crude protein content of 125-d-old pigs, while betaine addition to sows could decrease the marbling score of LTL muscles of 65- and 95-d-old pigs, respectively. These findings are inconsistent with the results of Lawrence et al. (35). The possible explanation of the discrepancy may be caused by the protein deposition, which is faster than the lipid in the early life of pigs.

Protein is the most important and nutritious component of meat, and consumers are concerned most about it (36). The composition and content of amino acid shape the nutritional value and flavor of the meat. Therefore, we evaluated the amino acid content in the plasma and muscle to investigate how dietary betaine affects the metabolism of amino acid. The results showed that the betaine addition in the sow-offspring diets significantly improved the contents of various free amino acids in the plasma, such as Asp, Met, Ser, and Glu at different stages. Meanwhile, Glu plays an important role in intestinal, cardiovascular, and neurodevelopment, and Met and Ser are the important FAAs (37). Because of the methyl donor properties, dietary betaine addition can enhance the methionine, and produce a variety of secondary metabolites to promote the synthesis of other EAAs, such as glycine and serine, eventually improves muscle flavor and meat quality (38). In the present study, the amino acids contents in different muscles (LTL, BF, and PM) and different stages (65-, 95-, and 125-d-old) of pigs were varied, several EAAs like Met, His, Ile, Lys, and Phe were significantly increased in the LTL muscle, whereas those EAAs were decreased in the BF and PM muscles. The reduction of these EAAs in the PM muscle may be caused by the different enzyme activities in different tissues, and further studies are necessary to reveal the specific mechanism.

The plasma biochemical parameters are the important indicator for judging the body's health, which can reflect the nutritional metabolism and the functions of various tissues and organs. Total protein content can reflect protein synthesis and metabolism to a certain extent and positively correlated with muscle rate (39). The plasma AST is an important transaminase in the process of amino acid metabolism; its activity is closely related to the body's liver physiological functions and the intensity of amino acid metabolism (40). The present study showed that the betaine addition in sow diets increased the plasma TP content in the 65-d-old pigs, while betaine addition in sow and offspring diets increased the plasma AST content. These findings indicated that dietary betaine could promote protein synthesis, including the low-density lipoproteins in the liver.

Skeletal muscle is the main meat-producing tissue of pigs. The number and diameter of muscle fibers are important factors in muscle formation (41). Moreover, the growth and development of muscle fibers also play an important role in meat quality. The type of muscle fiber has been determined during the fetal period. The muscle fiber types of pigs during the fetal period are mainly MyHC-I and MyHC-IIa, and the muscle fiber types of newborn piglets are mainly MyHC-I, MyHC-IIa, and MyHC-IIx. While MyHC-IIb is less, and MyHC-IIb muscle fibers will continue increasing with muscles developing (42, 43). In the present study, betaine addition in sow-offspring diets up-regulated the mRNA expression levels of MyHC-I, MyHC-IIx, MyHC-IIb, and MyoG genes of the muscles at different stages. The results were consistent with the previous findings by Zhuo et al. (44) who studied the effects of methyl donor supplementation in the sow diet on piglets' muscle growth. In addition, the present study also found that betaine addition to sows and their offspring' diets significantly up-regulated the Myf5 and MyoG gene expressions in the LTL muscle. The Myf5 and MyoG belong to the MRF genes family. The expression of MRF has great significance to the growth, development, and differentiation of skeletal muscle (45). Therefore, the present study indicated that dietary betaine can regulate the expression level of muscle-derived regulatory factors and genes related to muscle fiber types to influence the growth and development of skeletal muscle.



CONCLUSIONS

In summary, betaine addition in the sow and piglets' diets could increase the carcass weight, carcass yield, lean meat rate, meat color, shear force, and crude protein content of muscles at different stages. Furthermore, betaine addition in sow-offspring diets upregulated the expression level of MyHC-I, MyHC-IIx, MyHC-IIb, and MyoG, while dietary betaine addition in the sow and sow-offspring diets improved the contents of muscle amino acids. However, betaine addition in the sow-offspring diet had more distinct effects than the betaine addition in sow diet. Therefore, these findings provide the reference for research into dietary betaine addition in the sow and piglets diets to improve the carcass traits and meat quality of Bama mini-pigs.
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1.87 £ 0.18°
1.93 & 0.19°
151 +0.07°
2.14£028°
0.55 %004
051 %005
068 +0.11
0.82 % 0.10
0.81 £ 0.08
1.08 % 021
0.81 £ 0.26°
0.82 % 0.10
1.00 £ 047
0.77 004
0.72 005
0.84 %0112
0.93 004
0.84 & 0.05°
103 +0.12
0.67 004
0.49 % 0.13
0.75 + 008
100 + 0,08
0.92 005
119 £ 0.14%
19.35 £ 0,81
16.97 + 0.84°
21.73 + 2.49°
7.85 £ 043
691 % 032°
9.04 & 1.16°
11.50 £ 0.45°
10.06  0.55
12.69 £ 1.33°
967 £ 037
8.38 & 0.44°
1051 + 1.19°
1.1 007

0.95 & 0.06°
111008
127 £0.11
1.12 £ 0.04°
1.27 £ 007
1.61 £ 0.15>
1.48 £ 0.07°
1,62 0.10
2.83 £ 0.30
2.43 % 0.10°
2.90 022
0.88 % 0.11
0.77 & 0.06°
0.83 %005
0.84 %019
0.65 & 0.04°
0.83 + 0.06°
0.86 % 007
0.83 & 0.03°
091 %005
153 +0.15
1.41 2 006"
1.50 & 0.07
171015
158 £ 0,07
176 £0.11
0.57 % 006
052 % 0,02
056 £ 0,03
094 £ 0.12°
075 £ 0.05°
0.90 + 0.04°
1.00 0.12°
078+ 0.14
1,05  0.08*
0.75 + 0.11
062 £ 0,03
0.74 £ 0.06
0.89 £ 0,08
0.79  0.04°
093+ 004
0.44 £ 0.31°
066 £ 0.08
0.76  0.04°
099 £ 0.11
0.89 + 0.04°
099 £ 0.06
1824 £1.73
16.22 £ 061>
18.66 £ 0.94
7.49 £ 067
6.77 £ 0.26°
756 £ 0.36
10.74 £ 1.09
9.45 £ 0.37°
11.11£058
9.09 £ 086
7.82 029
918+ 054

lincludes aspartate plus asparagine; 2includes glutamate plus glutamine. EAA includes Thr, Ve, Met, lle, Leu, Phe, Lys, His, Arg, and Pro; NEAA includes Asp, Ser, Glu, G, Ala, and

Tyr.
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d-old Nutrient ingredients Control group Sow-betaine group Sow-offspring-betaine group

Longissimus thoracis et lumborum muscle

65 Dry matter 29.12 + 2.30 27.33 £ 0.84 28,04 + 0.63
Crude protein 2825 + 2,06 22.27 £ 0.99° 2457 + 0.78°
9% Dry matter 2833 + 194 2821 £ 1.11 2870 + 228
Crude protein 22,08 + 1.69 22.80 + 0.90 22.92 + 1.30
125 Dry matter 27.82 204 2854 £ 3.92 26,00 + 051
Crude protein 2220 £ 0.70 2251 + 0.66 2257 + 061
Biceps femoris muscle
65 Dry matter 2680 + 085 2594 % 1.11 2653 & 1.01
Crude protein 2223 + 155 21.97 £ 0.85 2278 +0.98
95 Dry matter 26.74 £ 1.43 25.85 £ 0.81 2619+ 0.79
Crude protein 23.12 + 1.63 22.27 +0.70 2214+ 077
125 Dry matter 27.44 + 2.90 26.94 + 1.54 26.10 + 1.00
Crude protein 2207 £ 1.14 21.26 £ 1.01 2065 + 2.40
Psoas major muscle
65 Dry matter 2822 + 1.38° 2684 £ 1.77% 26.07 + 1.25°
Crude protein 2228 +8.29 21.62 + 1.39 2260 £ 0.72
% Dry matter 25.92 + 2.05 25.96 + 0.87 24.95 + 1.30
Crude protein 22.92 + 225 22.47 £ 0.66 2158 % 1.32
125 Dry matter 24.80 + 1.17 24.58 + 0.87 2397 +£0.74
Crude protein 2118 % 0,61 2151 % 0.47 2098 + 0.56

Data are presented as means  SE. Values in the same row without a common superscript letter are significantly different (P < 0.05).
At 65-, 95-, and 125-d-old, the replicates of control group were 12, 11, and 8; sow-betaine group was 6, 7, and 6; and sow-offspring-betaine group was 7, 7, and 6, respectively.
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Items d-old Control group Sow-betaine group Sow-offspring-betaine group

Ala 65 418.20 + 28.10 366.88 + 4.03 408.44 + 60.46
96 340.23 + 37.44 348.82 + 68.59 251.02 + 25.80
126 284.27 4 25.04 372.51 4+ 30.33 302.42 + 42.99
Arg 5 78.01 £ 6.84 77.68 £5.39 73.65 = 13.23
96 82.09 +£9.84 94.02 £7.17 96.94 + 6.38
125 88.44 + 6.68 98.39 + 22.84 11329 + 11.8
Asp 65 7.63 £ 0.94° 9.58 + 0.66° 14.84 + 1.42*
95 1295 £2.14 13.89 £ 227 9.44 £ 054
125 11.44 £ 1.42 1052 + 0.48 1001 £ 0.70
Cit 65 2682+ 1.17 2923 £ 1.22 29.76 £ 417
95 36.31 £ 2.46 37.50 £ 2.29 39.63 + 1.95
126 4161 +£3.78 32.39 £ 2.81 3523 £2.71
Glu 65 215.96 % 21.03% 178.54 + 18.64° 296.66 + 35.112
96 190.71 + 17.09 22211 £21.23 196.33 + 19.22
126 167.72 + 13.03 183.79 + 16.01 198.18 + 14.02
Gly 65 561.72 + 54.19 488.64 + 88.64 364.64 & 29.09
96 483.85 + 56.50 568.49 + 60.88 625.81 + 20.54
125 546.26 + 20.07 549.24 £ 72.80 690.19 £ 91.14
His 65 37.39 £ 1.80 40.06 £ 2.75 4061 £ 3.12
96 41.06 +£2.37 36.42 £ 227 4113 £ 295
125 4272 £ 2.42 43.69 £2.73 49.33 + 4.02
lle 65 100.93 + 6.16 108.55 + 9.33 110.45 + 9.42
9% 89.86 + 6.62 89.28 4 2.39 100.88 + 11.88
126 86.29 + 3.02 101.02 + 8.80 133.51 + 16.71
Leu 65 160.52 + 9.45 167.17 + 12.35 178.92 + 14.11
96 136.37 +£ 9.49 137.69 + 4.30 151.66 + 18.55
126 142.49 + 4.53 144,58 + 4.59 203.97 + 24.05
Lys 65 141.13 £ 10.87 165.82 + 17.66 134.42 + 14.15
96 120.29 + 12.11 133.92 + 11.65 126.11 + 6.61
126 129.19 + 4.75 13362 + 5.85 174.85 + 22.84
Met 65 12,75 + 0.85 11.44 £ 0.46 10.14 £ 1.52
96 6.03 + 1.80° 11.07 £ 0.38° 12.56 + 0.65%
125 14.01 & 0.90° 14.32 & 1.56° 20.41 £ 0.19*
Omn 65 53.65 + 4.68 55.48 + 2.82 68.64 + 5.32
95 64.81 + 8.56 71.09 + 14.08 52.84 +3.38
126 66.05 + 6.37 50.73 + 3.56 68.89 + 16.00
Phe 65 78.14 + 261 84.38 4 9.68 84.83 +£2.38
95 80.88 + 3.84 75.84 + 5.65 83.18 + 6.41
126 89.31 £ 6.39 88.79 + 6.85 91.26 + 317
Pro 65 17123 £ 9.61 178.72 + 48.20 182.06 + 27.55
95 153.18 + 13.21 160.59 + 19.97 181.47 £ 14.77
126 190.08 + 14.21 208.01 £ 20.92 166.44 + 20.78
Sar 65 845+ 1.75 6.77 £0.87 13.09 £ 1.79
96 492 +1.83 2.85+0.56 252 +0.74
125 2.26 + 024> 3.07 +£0.37° 5.37 + 1.45%
Ser 65 79.55 + 5.83 83.43 £ 9.67 87.97 £7.28
95 7337 £6.20 85.57 £ 5.90 76.41 = 5.50
126 79.78 £ 1.91 88.48 + 3.36 98.55 + 8.40
Thr 65 121.52 £ 10.11 134.77 + 22.12 113,67 £ 10.10
96 110.77 £ 10.26 129.64 + 16.82 112.06 + 5.7
126 122.96 + 7.01 133.82 + 14.29 126.65 + 14.93
Tyr 65 41.76 £ 5.09 56.40 £ 4.31 48.91 £ 097
95 50.56 + 4.41 59.97 + 5.33 66.60 + 6.31
125 62.65 £ 3.92 59.71 £ 4.97 68.97 + 6.70
Val 65 243.90 + 14.39 243.20 & 17.59 276.04 £ 23.11
95 22992 & 14.16 214.00 & 4.55 247.18 £ 31.97
125 237.37 £ 9.88 267.48 + 17.08 34517 £ 43.46

Data are presented as means = SE. Values in the same row without a common superscript letter are significantly different (P < 0.05).

At 65-, 95-, and 125-d-old, the replicates of the control group were 12, 11, and 8; the sow-betaine group were 6, 7, and 6; and the sow-offspring-betaine group were 7, 7, and
6, respectively.

Ala, alanine; Arg, arginine; Asp, aspartic acid; Glu, glutamate; Gly, glycine; His, histicine; lle, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Sar,
sarcosine; Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine.
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Items

Longissimus thoracis et lumborum muscle
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s
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125
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125
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125
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125
65
95
125
65
95
125
65
95
125
65

95
125
65
95
125
65
95
125
65
95
125
65
95
125
65
95
125
65
95
125
65

5885885

Control group

1.00 + 0.25

1.00 + 0.36°
1.00 +0.19
1.00 £ 0.20
1.00 & 0.10
1.00 & 028
1.00 & 0.06
1.00 + 0.15°
1.00 + 0.22°
1.00 £ 0.11°
1.00 £ 0.10°
1.00 & 0.17
1.00 & 009
1.00 £ 0.15
100 £0.15
1.00 +0.47°
1.00 & 0.08°
100 +0.21
100 £0.13
1.00 & 0210
100 £0.12
1.00 + 0.50

100 £0.72
0.83 £ 017
1.00 £ 1.91
101 £ 046
113£048
101 +0.41
100 +£0.78
112+£063
1.00 & 043
1.00 + 0.45%
0.64 & 0.45°
1.00 £ 1.08
1.00 073
100 +0.42
1.00 & 0.36
1.00 & 1.18
1.01 095
1.00 + 1.99
1.00 & 0.69
095 + 036
1.00 + 0.43°

1.00 & 0.44
1.00 & 112
1.00 + 0.59°
1.00 037
1.00 £ 023
1.00 % 065
1.00 + 0.80
1.00 +0.72
1.00 % 0.86°
1.00 & 097
1.00 061
1.00 + 051
1.00 + 038
1.00 4 0.48
1.00 + 0.39
1.00  0.66
1.00 + 0.88
1.00 4 054°
1.00 & 0.42
1.00 4 0.20°

Sow-betaine group

0.84 + 0.20

1.93 + 0.26%
074 +0.18
0.75 % 007
1.01 4008
0.82 + 0,06
159 & 033
1.25 +£027°
2.21 £ 0.53%®
1.67 £ 020
2.03 & 0.40°
126 £0.14
1.00 & 022
0.89 +0.18
1.06 %013
0.81 £ 0.11°
1.16 £ 0.23°
0.60 & 0,07
112+ 008
1.64 £ 0.20%
0.83 % 0,09
1.64 +0.68

093 +034
1.36 + 051
071 +053
0.70 £ 0.18
093+ 054
204 £ 085
061 +0.10
092 +0.72
132024
0.67 + 0.31°
180 & 1.06°
0.68 %044
0.60 % 0.30
134 +£082
1.62 4 092
0.41+023
1.49 & 181
0.5 + 0.48
067 £ 021
108 + 031
3.64 +220°

1.04 £ 0.47
0.93 + 0.64
497 £ 454
0.89 + 0.35
1.80 & 1.43
0.67 + 0.47
162 +1.05
2.00 +2.29
3.62 + 2.88%
0.99 + 0.48
0.87 £ 044
721+ 11.44
219 £ 265
0.98 + 0.51
1.67 £ 0.70
121 +£1.35
1.05 £ 1.27
6.25 + 6.75%
0.90 + 0.37
0.95 + 0.30%

Data are presented as means + SE. Values in the same row without a common superscript letter are significantly different (P < 0.05).
At 65-, 95-, and 125-d-old, the replicates of the control group were 12, 11, and 8; the sow-betaine group were 6, 7, and 6; and the sow-offspring-betaine group were 7, 7, and

6, respectively.

Sow-offspring-betaine group

1.26 £ 0.26

331+ 1,05
1,60 & 0.36
0.99 & 0.12
1144025
1.20 % 031
152 023
2.49 & 0.15°
381 % 1220
161 £ 0.20%
2.14 %0260
120 £0.28
065+ 0.13
162 % 0.45
128019
194 + 0.49°
281067
0.90 & 0.26
102:£014
227 £039°
0.66 % 0.10
146 £1.15

1.61 £ 0.90
1.14 £ 037
0.55 + 0.49
1.27 £ 0.50
133 £ 0.51
1,67 + 1.61
0.89 +0.27
1.06 + 0.35
26.54 £ 58.19
2.00 + 1.74*
0.55 + 0.24°
223+ 348
1.03 + 041
1.05 £ 0.33
4.92 £ 6.02
0.85+0.73
051 +0.25
0.88 + 1.21
0.90 + 0.25
0.81+0.23
258 + 1.43*

0.69 & 022
0514025
2.47 £ 2.19%
0.85 % 0.41
1.29 £ 1.60
050 & 0.42
137 + 052
1.02 4088
322+ 1940
0.79 % 0.30
078 %024
1544079
2234131
1.15 & 051
1.20 + 0.86
168 & 1.02
0914058
1.88 & 0.64°
063 %036
0.60  0.20°

MyHC-lla, Myosin heavy chain-lla; MyHC-llb, Myosin heavy chain-Ilb; Myl5, Myogenic degradation factor; MyHC-1, Myosin heavy chain-1; MyHC-lix, Myosin heavy chain-lix; MyoG,

Myogenin; MSTN, Myostation.
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Items d-old Control group Sow-betaine group Sow-offspring-betaine group

Carcass weight (kg) & 493 +0.16 5354018 530+ 036
%5 805 + 0.63° 6.89 0,65 1037 £ 0.68°
125 13.56 + 1.48° 16.45 + 1.32% 19.87 & 1.67%
Carcass yield (%) 3 54.05 +0.77 5489+ 1.77 54.49 + 362
9% 54.86 + 1.08° 56.66 + 4.90° 60.78 & 1.24°
125 5612+ 1.83 60.70 + 158 61.21+ 082
Fat yield (%) 3 582095 6.1 £ 257 568208
9% 7.65+1.79 7224184 760+ 1.21
125 17.90 £ 3.05 20.49 + 254 20,64 % 197
Lean meat rate (%) 3 1023 £ 1.18° 11.10 £ 091 1219 £ 1.74°
% 10.76 + 1.10 1131 + 153 1195 £ 1.12
125 2254262 2439+ 183 2453+ 025
Back fat thickness (mm) [ 13.27 £ 0.59 13.49 £ 1.20 1218 £ 105
£ 1801 £ 1.42 15.89 £ 1.00 19.11£1.16
125 25.00 & 1.41° 27.12 & 1.22% 30.42 + 1.09°
Loin-eye area (cm?) 65 412£014 420 011 498+055
9% 4.43 £ 0.34° 4.98 + 0.62° 7.89+092°
125 6.69 & 056 7.72 056 895+ 1.17

Data are presented as means + SE. Values in the same row without 2 common superscript letter are significantly different (P < 0.05).
At 65-, 95, and 125-d-0ld, the replicates of the control group were 12, 11, and 8; the sow-betaine group were 6, 7, and 6; and the sow-offspring-betaine group were 7, 7, and
6, respectively.
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Items d-old Control group Sow-betaine group Sow-offspring-betaine group

Marbling score 65 1.67 £0.14° 1.00 £ 0.00° 1.48 £ 0.20%
%5 178 £ 0,19 1.00 £ 0.00° 1.29 £ 0.18%
125 1.60 +0.19 1.67 + 021 1.67 £ 021
Meat color
65 4922 + 1.00 50.60 + 191 47.19 £ 0.50
o5 5025 + 0.75° 4939 % 1.78° 5433 4 1.33°
125 5122+ 1.98 51.15 £ 2.36 47.86 % 1.12
65 19.47 % 0,87 21,60 + 1.63 19.43 % 1.40
a* 96 1869 + 0.70 18.73 +£ 0.39 18.86 + 0.83
125 18.03 % 0.77 15.71 £ 0.70 16.42 % 0.73
65 6.99+0.13 6.60 % 0.14 634 + 049
b 95 6.57 % 0.37 604 %019 622+ 024
125 6.99 +0.38 743+ 0.71 6.19 + 066
65 6.54 % 0,05 566 + 068 6.18 + 005
pHasmn % 6.45 +0.08 6.56 % 0.04 667 +0.10
125 643+ 008 651 +0.11 651+004
65 558+ 0,05 5.60 + 028 570+ 0.10
pHzan % 5.47 £ 002 5.44 £ 001 554+ 004
126 65.46 + 0.02 56.50 + 0.02 651 £0.01
65 585+ 071 575+ 113 533+ 059
Drip loss (%) % 348054 2.87 % 0,60 312+ 038
125 4.44+£068 278+ 051 311+ 054
65 6237 + 395 7783 +2.62°° 84.99 £ 9.77°
Shear force (N) 9% 7068 + 532 64.81 + 4.56 7441+ 612
125 9351 & 8.42 90.41 % 10.09 67.08 % 5.04

Data are presented as means -+ SE. Values in the same row without a common superscriot letter are significantly different (P < 0.05).

At 65-, 95-, and 125-d-0ld, the replicates of the control group were 12, 11, and 8; the sow-betaine group were 6, 7, and 6; and the sow-offspring-betaine group were 7, 7, and
6, respectively.

L*, lightness; a", redness; b, yellowness.
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