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Choline is an essential nutrient in ruminant diets, which contributes to the fundamental biological functions of the animal. However, choline is easily degraded in the rumen before it can be absorbed. Rumen-protected choline (RPC) supplementation might support the fast growth of ruminants. This study aimed to investigate the effects of supplementing graded levels of RPC in a pelleted total mixed ration for fattening lambs. Sixty three-month-old male Small Tail Han and northeast fine wool sheep hybrid lambs with a liveweight of 15.3 ± 1.8 kg (mean ± SD) were fed designated diets and randomly assigned into five treatment groups (n = 12 per group). The five treatments were the rate of RPC supplementation at 0, 1.25, 2.50, 3.75, and 5.00 g (equivalent to 0, 0.31, 0.63, 0.94, and 1.25 g of choline chloride, respectively)/kg basal diet and the RPC-supplemented feed was offered for 112 days after 12 days of adaptation. Average daily gain, dry matter intake, and nutrient digestibility were similar across treatments. The rumen pH was quadratically significant among treatments, with the lowest and highest pH observed from the 2.5 and 5 g/kg RPC supplement groups, respectively (P = 0.02). After feeding, the ruminal ammonia concentrations among treatments were different (P < 0.05), with the highest value observed from the 5 g/kg RPC supplement group. Microbial crude protein level was different, with the highest value recorded from the 0 g/kg RPC supplement group (P = 0.028). A linear effect (P < 0.05) was observed from short-chain fatty acid values among treatments before and after feeding. Serum albumin (P = 0.003) and albumin/globulin ratio (P = 0.002) had a quadratic effect, with the highest value found in the 0 g/kg RPC supplement group. Abdominal fat was higher in RPC-supplemented groups (P < 0.05) compared to the control group. Drip loss was 65% higher in RPC-supplemented groups compared to the control group (P = 0.012). Overall, the study results showed an effect of RPC on ruminal parameters, but the supplementation of low-level RPC did not improve the growth and slaughter performance of fattening lambs.
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Introduction

Lamb fattening in some countries is shifting to adopting pelleted total mixed rations (PTMR) with a high proportion of cereals, which promotes a great growth rate and high economic return (1–4). One of the issues with this fattening practice is the excessive deposition of fat in the body, and consequently, the carcasses from these lambs have unfavorable sensory attributes for consumers. It is reported that choline can modulate lipid metabolism in the animal body (5), mainly because of the involvement of choline in lipid absorption and transportation (6). Particularly, choline can potentially promote the concentration of plasma low-density lipoprotein (LDL) cholesterol and the ratio of total cholesterol to high-density lipoprotein (HDL) cholesterol. Therefore, choline could reduce fat content in tissues and improve lamb meat quality (7, 8). In addition, choline was found to improve growth performance and carcass characteristics in beef cattle and lambs (7–10).

Choline is a vitamin-like essential nutrient, and the amount required by animals is as high as several orders of magnitude of other vitamins (11, 12). Choline is naturally present in feed ingredients at different concentrations (13). However, dietary choline is susceptible to microbial degradation in the rumen and limited amounts escape the rumen intact. Therefore, the supply of choline from feed to the small intestine is marginal and supplementation of choline provided in the rumen-protected form is recommended for ruminants (14).

In the current study it was hypothesized that the supplementation of rumen-protected choline (RPC) to fattening lambs fed PTMR would improve animal growth and reduce fat deposition in the body and the requirements for choline for lambs fed with PTMR would be different from those fed with other feeds. The objectives of this study were to determine growth rate, feed digestion, rumen fermentation characteristics, slaughter performance, meat quality, and serum metabolites when fattening lambs were fed PTMR supplemented with different amounts of RPC.



Materials and methods

The research trial on animals was approved in advance by the Animal Ethics and Welfare Committee of Jilin Agricultural Science and Technology University, Jilin city, Jilin province, China (Approval Number 2019001) and conducted at the Animal Experimental Station of Jilin Agricultural Science and Technology University, Jilin City, Jilin Province, China.


Experimental design and animals

The experiment included five dietary treatments, i.e., RPC supplementation at 0, 1.25, 2.5, 3.75, and 5 g/kg of the basal diet DM. The RPC supplement contained 25% choline chloride (Shandong Fulikang Animal Nutrition Co., Ltd, Binzhou, Shandong, China).

Eighty, brucellosis test negative (15), 3-month-old hybrid Small Tail Han and northeast fine wool rams were purchased for the experiment. After a period of 7-day dietary transition from hay to the pellet feed, 60 healthy lambs with no behavioral abnormalities of similar liveweights (averaging 15.3 ± 1.8 kg) were chosen and randomly allocated to one of five treatment groups, with 12 animals for each group. These lambs were further adapted to pellet feed for five more days and then fed the designated treatment diets with different amounts of RPC supplementation, starting on day 13 which was the first day of the measurement period. The formal experiment had three experimental periods: fattening period 1 for 56 days, fattening period 2 for another 56 days, and a digestibility measurement period for 10 days. At the end of the experiment, lambs from groups of RPC supplemented at 0 and 5 g/kg were slaughtered. From the start of the formal experiment, lambs were weighed before morning feeding every 4 weeks with an accuracy of 0.05 kg. Average daily gain (ADG) was estimated as the slope of liveweight against time.



Feed and feeding

Lambs were fed with PTMR formulated according to the Chinese Feeding Standard for Lamb Finishing (16). The diets (Table 1) were pelleted at the Tongliao Subsidiary Company of Jiangsu Portal Agri-Industries Co., Ltd. Before pelleting, corn, cottonseed meal, sunflower meal, and soybean meal were ground and passed through a 2.0 mm mesh, and RPC was premixed with corn germ meal. After the ingredients were mixed, pelleting was performed using a pelleting machine (Model 400, Jiangsu Zhengchang Grain Machinery Co., Ltd., Liyang, Jiangsu, China). The pelleting conditions were: steam conditioning for 28 sec, pelleting at 82°C, counterflow cooling, ring die compression ratio 1:8, and ring die aperture 3.5 mm. The room temperature was 21.6°C. The pellets were 3.5 mm in diameter and 0.8–1.5 mm in length. Feed samples were collected during the two fattening periods and analyzed for dry matter (DM), crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), Ca, and P contents as described by Huo et al. (17).


TABLE 1 Ingredients and nutrient contents of experimental diets.

[image: Table 1]

Lambs were kept in a semi-open shed covered with a plastic membrane and a sunshade net during the whole experimental period. During the 7-day dietary transition period, pellet feed was increased from 250 g/d per lamb with 50 g/d steps until only pellets were fed. Corn stover was offered ad libitum during this transition period. Pelleted feed was the sole feed for the rest of the experimental periods. The feed was provided twice daily with equal portions at 08:00 and 15:00 h, and water was given ad libitum. Feed allowance was adjusted based on the previous intake to allow refusal of around 10% of feed offered. Lambs were orally dosed with albendazole at 15 mg per kg of live weight for deworming prior to each of the two fattening periods. Weather, temperature, and humidity were recorded daily, and animal behavior was observed for animal welfare concerns.



Digestibility measurements

The measurements of apparent total tract digestibility were conducted in metabolic cages using the total fecal collection method (18). The digestibility period lasted for 10 days, including 4 days for lambs to adapt to the cage housing conditions and wearing the fecal collection harness and 6 days for total fecal matter collection. Lambs were fed individually, and feed allowance was adjusted to allow 5–10% of the feed to be left. Feed refusals and feces were collected and quantified daily. These samples were processed and stored as described by Huo et al. (17). Feed, refusals and feces samples were dried at 65°C for 48 h, ground, and analyzed for DM, NDF, and ADF as described above.



Analyses of blood and rumen samples

On day 12 of fattening period 2, blood (5 ml) was collected from the jugular vein of each lamb before morning feeding. The blood was collected into a coagulation promoting tube with separating gel (Sanli Industrial Co., Ltd., Huizhou, China). The collected blood samples were centrifuged at 1,000 × g for 10 min (Model TDL-80-2B; Anting Scientific Instrument Factory, Shanghai, China) and the serum analyzed for blood biochemical parameters using an automatic biochemical analyser (Model 7160; Hitachi Ltd., Tokyo, Japan). Blood biochemical parameters assayed included total protein, albumin, globulin, blood urea nitrogen (BUN), creatinine, glucose, triglyceride, cholesterol, high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), direct bilirubin (DBIL), γ-glutamyl transpeptidase (GGT), and total bilirubin (TBIL).

Rumen contents were taken using an esophageal tube before morning feeding on day 37 of fattening period 1 and 2.5 h after morning feeding the next day. The first 50 ml sample was discarded to minimize saliva contamination and the second 50 ml sample was kept for analysis. The pH value was immediately measured using a pH meter with an accuracy of 0.01 pH units (LICHEN pH-100A, Shanghai Lichen Scientific Laboratory Instrument Ltd., Shanghai, China). Then the sample was transferred into 2-ml cryogenic vials (Corning Inc., New York, USA) and stored at −20°C. After thawing in a stream of running tap water, the sample was centrifuged at 10,000 × g for 10 min at 4°C. Then the supernatant (1 mL) was harvested and transferred to a tube containing 0.2 mL 25% (w/w) metaphosphoric acid and 60 mM crotonic acid as an internal standard and centrifuged at 10,000 × g at 4°C for 10 min. The supernatant was used to determine ammonia concentration using a modified Indigo phenol blue-spectrophotometry method (19), and short-chain fatty acids (SCFA) using gas chromatography (Model GC-9A; Shimadzu Co., Japan) coupled with a flame ionization detector (FID) and a polar capillary column (CP-WAX, 30 m × 0.53 mm × 1 μm). The settings of the gas chromatography conditions were a starting column temperature of 100°C increasing at 3°C per min and ending at 150°C. The FID was set at 200°C, the vaporization chamber was set at 200°C, N2 was used as the carrier gas and the injection volume was 0.4 μL. Microbial crude protein (MCP) was quantified using spectrophotometric and HPLC methods described by Zinn and Owens (20) and modified by Makkar and Becker (21) with yeast RNA as a standard.



Slaughter and meat quality measurements

Seven lambs from the control group and seven from the 5 g/kg RPC group were randomly chosen for slaughter. After 24 h fasting, slaughtering was conducted by cutting blood vessels, trachea, and esophagus. This was carried out by a single person to minimize experimental errors. After slaughter, fat in the abdomen, kidney, and pelvic cavity were collected and the weights were recorded. The carcass was weighed within 0.5 h and recorded as hot carcass weight (HCW). Then the carcass was halved, with the left half for the determination of meat color, marbling, and pH. Within 1 h after slaughter, fresh meat samples were taken from the cross-section of the upper eye muscle between the penultimate rib and the second rib.

Inside a room under natural light, meat color and marbling were scored by visual comparison with the American standard color and marbling scoring cards for pork. The pH values in the shoulder, longissimus dorsi, and gluteus muscles were determined at room temperature using a pH probe (Model pH-STAR; Matthäus GmbH, Poettmes, Germany) within 45 min after slaughter with the average of triplicate readings recorded. The measurement was conducted by inserting the pH probe into the meat at a depth of 15 mm. Then, about 200 g of the shoulder, back, and buttock muscles were collected for the determination of cooking loss, water loss, drip loss, tenderness, and fat content as described below.

Fascia and attached fat were removed from the middle section of the longissimus muscle. Within 12 h post-mortem, the meat sample was steamed for 30 min. After cooling, the meat sample was weighed. The cooked meat rate was calculated as the percentage of the meat weight after cooking relative to the meat weight before cooking. The water loss rate of the longissimus muscle was measured using the filter paper press method of Grau and Hamm (22). The longissimus dorsi muscle between the 3rd and 4th rib was cut into pieces that were 5 cm in length, 3 cm in width, and 2.5 cm in height. The meat piece was weighed, placed in an aerated Polybrene bag and suspended in a freezer at 4°C. After 24 h, the meat piece was weighed again after water from the surface was swabbed. Drip loss was calculated as the percentage of weight loss. The meat sample with fat removed from the surface was put in a self-sealed bag and kept at 4°C for 24 h. Then the sample was left at room temperature for 1 h and cooked at 80°C in a thermostatic water bath until the center of the meat reached 70°C. After cooling down to room temperature, the meat sample was sliced to 1.5 cm thickness. The tenderness [expressed as Newton (N)] was determined using a circular sampler with a diameter of 1.27 cm. The average was obtained from three readings for each meat sample. Fat content was measured using the Soxhlet extraction method (AOAC 991.36) and expressed as the weight percentage of wet muscle.



Statistical analysis

Data of animal performance, digestibility, rumen fermentation characteristics and blood biochemical parameters were checked for normal distribution and analyzed with the GLM procedure for linear and quadratic responses to RPC supplementation level using GenStat 21st edition (VSN International, Hemel Hempstead, UK, 2021) (23). Animal performance was separately analyzed for the two fattening periods. Slaughter performance and meat quality of the 0 and 5 g/d RPC were analyzed using one-way ANOVA. Duncan's test was conducted for multiple treatment comparisons. The significance of difference was declared at P < 0.05 and tendency at 0.05 < P < 0.10.




Results


Growth performance and digestibility

The initial, middle and final body weights of lambs among the treatments were similar. The ADG did not show a significant difference among the treatments at any time (Table 2).


TABLE 2 Growth performance of fattening lambs fed experimental diets supplemented with nil (CON) or rumen-protected choline (RPC) (n = 12 per treatment).
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There was no significant difference in dry matter intake (DMI) and digestibility of DM and other nutrients among treatments (Table 3). However, the NDF digestibility tended (P = 0.08) to be significant increased when the RPC supplement was increased.


TABLE 3 Intake and total tract apparent nutrient digestibility of fattening lambs fed experimental diets supplemented with nil (CON) or rumen-protected choline (RPC) (n = 6 per treatment).

[image: Table 3]



Rumen fermentation and blood biochemical parameters

The rumen pH measured 2.5 h after the morning feeding was quadratically significant (P = 0.02) among treatments, with the lowest and highest pH observed for the 2.5 and 5 g/kg RPC supplement groups, respectively. Before the morning feeding, rumen ammonia (NH3) concentration was not significantly different among the treatments. However, after feeding, the NH3 concentrations among groups were significantly different (P < 0.05), with the highest value observed in the 5 g/kg RPC supplement group (Table 4).


TABLE 4 Rumen fermentation parameters of fattening lambs fed experimental diets supplemented with nil (CON) or rumen-protected choline (RPC) (n = 6 per treatment).

[image: Table 4]

Microbial crude protein level was similar among treatments before the morning feeding but was significantly different at 2.5 h after the morning feeding, with the highest value recorded for the 0 g/kg RPC supplement group (P = 0.028). A linear effect (P < 0.05) was observed for SCFA values among treatments before and after feeding, however, SCFA increased linearly pre-feeding and decreased linearly post-feed with increasing RPC level. A significant linear effect (P < 0.05) was observed for acetate, propionate, iso-butyrate, iso-valerate, and acetate: propionate ratio before feeding, while there were no significant effects detected for these parameters after feeding (Table 4).

Serum albumin (P = 0.003) and A/G (P = 0.002) had a quadratic effect, with the highest value found in the 0 g/kg RPC supplement group. Globulin and LDL had a linear effect, with the lowest value found in the 0 g/kg RPC supplement group (P < 0.05; Table 5). The ALT and ALP from the liver function panel had a quadratic effect, with the highest value found in 1.25 and 0 g/kg RPC supplement groups, respectively. The values of uric acid had shown a linear effect (P < 0.05), with the highest value found in the 5 g/kg RPC supplemented group. RPC level had no significant effect on total protein, BUN, creatinine, triglyceride, cholesterol, HDL, AST, TBIL and GGT.


TABLE 5 Serum biochemical parameters of fattening lambs fed experimental diets supplemented with nil (CON) or rumen-protected choline (RPC) (n = 6 per treatment).
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Slaughter performance and meat quality

The supplementation of RPC had no significant effect on most parameters examined in terms of slaughter performance and meat quality of fattening lambs (Table 6). However, the supplementation of RPC tended to increase HCW (P = 0.097) and dressing percentage (P = 0.066). Furthermore, abdominal fat was significantly (P < 0.05) higher in RPC-supplemented group compared to the control group and drip loss was 65% higher in RPC-supplemented group compared to the control group (P = 0.012). The fat content in the hip muscle was lower (P < 0.05) in the treatment group compared to the control group.


TABLE 6 Slaughter performance and meat quality of fattening lambs fed experimental diets supplemented with nil or rumen-protected choline (RPC) (n = 7 per treatment).
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Discussion

The DMI was similar among treatments, and in the literature the effect of supplementing RPC on DMI has been inconsistent. For example, studies on goats (24, 25) noted an increase in DMI when supplemented with RPC, whereas studies with sheep (7, 8, 26) reported no effect of RPC on DMI. The effect of RPC supplementation on DMI could be influenced by many factors, such as choline purity, amount of RPC supplement offered, animal state and rumen protection rate of choline. It was found that RPC supplemented to the diet of dairy cows can be derived to trimethylamine via rumen microbial metabolism and further converted to trimethylamine N-oxide (27), while trimethylamine-N-oxide was associated with depressed DMI in some studies (28), but not in other studies (29). The use of RPC in the current study may have ameliorated the negative effects of free choline on DMI resulting in similar DMI among treatments. However, some previous studies have shown that RPC has the potential to enhance appetite in ruminants (30, 31), which was not observed in the current study.

Previous studies have shown that the supply of RPC promotes feed digestion and nutrient absorption, and increases the overall digestibility of feed in lambs (31). However, increasing the level of RPC from 0 to 5 g/kg in the basal diet of lambs in the present study did not have a significant effect on apparent total tract digestibility, which also was the case in a previous study with lambs (26) and dairy cows (32). The possible reasons for the lack of a response in digestibility may be that the highest level of RPC supplementation in our study of 5 g/kg is 20% lower than in the study of Li et al. (31) who observed an increase in apparent digestibility when lambs were supplemented with RPC at a level of 7.5 g/kg. Interestingly, the supplementation of RPC tended to increase NDF digestibility in the present study. Arce-Cordero et al. (33) found that adding unprotected choline chloride to ruminal dual-flow continuous-culture fermenters decreased the abundance of fiber-degrading bacteria, from which a decrease in NDF digestibility would be expected. The choline we used in the present study is rumen-protected. This choline can be partially released in the rumen. The amount of released choline was obviously not enough to have such an effect to decrease fiber degradation and in contrast, NDF digestibility tended to increase. We do not have an explanation for this increase, which warrants further studies.

Supplementation of RPC did not affect ADG in the present study. Similarly, a recent study by Kawas et al. (26) also noted no effect of RPC supplementation on the growth performance of Saint Croix lambs. In contrast, a study by Li et al. (7) reported statistically higher ADG of 211 g/d of lambs supplemented with 0.25% RPC compared to lambs supplemented with 0% (186 g/d), 0.5% (178 g/d) and 0.75% (170 g/d) RPC. In another study on lambs, ADG was 167, 191, and 188 g/d when supplemented with 0, 0.25, and 0.75% RPC, respectively (34). Similarly, Pinotti et al. (10) found that supplementing beef cattle with RPC increased ADG. Bryant et al. (8) found an improved growth performance of RPC-supplemented steers and lambs. Kawas et al. (26) also noted the inconsistency in animal growth performance in response to RPC supplementation among studies and they suggested that this inconsistency might be attributed to factors, such as dietary protein level, the proportion of grain in the diet and animal breed. These factors may also explain some of the differences between our study and the study by Li et al. (7), for example, the different levels of RPC supplementation, a higher concentration of CP (over 16%) in our study compared to 12% in the study by Li et al. (7) and different breeds used in the two studies. In the first period of the experiment, CP contents ranged from 178 to 193 g/kg of DM among treatments. These contents were higher than animal requirements for CP recommended by NRC (11). Thus CP contents in the diet were not a limiting factor for growth and consequently lamb growth was not affected by RPC supplementation. In addition, our study used high energy PTMR, while the effect of RPC was previously found to be greater when supplemented into low-energy diets (7, 25).

In the current study, the 2.5 g RPC/kg supplement group was the only group with a pH value below 5.5 at 2.5 h after the morning feeding. The reason for this low pH in the 2.5 g/kg supplement group is not clear. In a recent study by Leal et al. (35) supplementing lambs with biocholine powder had no effects on rumen pH either. However, we used RPC as a source of choline, whereas biocholine was used in the study of Leal et al. (35).

In our study, MCP level was similar among treatments before feeding, and they became significantly different 2.5 h after the morning feeding, with the highest value (5.2 g/L) recorded for the 0 g/kg RPC supplement group and the lowest value (2.9 g/L) recorded for the 5 g/kg supplement group. Possible reasons for the low concentration of MCP in the RPC-supplemented group in the current study are unclear but might be due to partial degradation of RPC by rumen microbes in the rumen. To our knowledge, no other study has determined the effect of RPC on MCP. Therefore, this effect needs further investigation.

As observed in the study by Li et al. (7), the supplementation of RPC had little effect on blood lipids, except the LDL concentration increased with higher RPC levels. The increase in LDL concentration with high levels of RPC may be due to the synthesis of phosphatidylcholine, which is enhanced by the supply of choline (36, 38). The effects of adding choline to the diet on serum triglycerides have been inconsistent (7, 26, 37). For example, Mohsen et al. (37) found that RPC supplementation led to a significant decrease in the concentrations of plasma cholesterol and triglycerides. However, similar to the study of Li et al. (7), we did not find an association between RPC supplementation and the concentrations of serum total triglycerides and cholesterol. The variation in response may be due to the different animal breeds, diets, and physiological stages (7).

Most slaughter performance and meat quality parameters of fattening lambs fed 0 or 5 g/kg were similar in this study but HCW and dressing percentage tended to increase. This is consistent with findings of studies by Li et al. (7) and Kawas et al. (26) who also reported no effects of RPC supplementation on slaughter performance and carcass characteristics of lambs. In contrast, Dong et al. (39) recorded less abdominal fat with 2.2 g/d rumen-protected betaine (RPB) and abdominal fat was higher in the 5 g/kg supplemented group compared to the un-supplemented group. The difference between this and our study might be because our study used RPC whereas the study of Dong et al. (39) used RPB, and choline needs to be further oxidated into betaine in the mitochondrion before metabolism (40). Drip loss was 65% higher in the 5 g/kg supplemented group than in the control group in the current study. This is not a desirable result because excessive drip losses not only cause financial losses but also result in losses in valuable vitamins, minerals, flavor compounds and water which can affect overall eating quality, producing meat that can be described as tough, and having poor mouthfeel characteristics (41). In contrast, Li et al. (7) found drip loss was smaller in the RPC supplemented lambs than in the un-supplemented lambs. More studies are needed to clarify this discrepancy.

As discussed above, there were some biological effects of RPC when it was supplemented to PTMR for fattening lambs. However, the levels of RPC supplementation in the current study did not result in a significant improvement in animal growth and slaughter performance. Therefore, supplementation of RPC at levels used in the current study cannot be recommended for fattening lambs fed PTMR.



Conclusion

In conclusion, supplementation of RPC at 0, 1.25, 2.5, 3.75, and 5 g/kg did not affect lamb growth performance but tended to increase HCW and dressing percentage. Rumen MCP concentrations were similar among treatments before feeding, and they became significantly different 2.5 h after the morning feeding, with the highest value recorded for the control without RPC supplementation. The results of the current study suggest that there is little benefit when supplementing 5 g/kg or less RPC in the PTMR diet of fattening lambs.
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