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Abstract 
Lupin is considered a potentially rich source of energy and protein for various livestock breeds. 

However, there are no studies on rumen fermentation and meat composition of Hanwoo (Korean native) 
steers following supplementation with lupin flakes. In vitro and in situ experiments of lupin flake-
supplemented feed were conducted using three Hanwoo cows with rumen fistulae for four weeks. The 
feeding experiment was conducted using 40 early-fattening Hanwoo steers randomly divided into four 
groups for 14 months from 16 to 30 months of age, viz., T1, T2, T3, and T4, with feed containing 0%, 
3%, 6%, and 9% lupin flakes, respectively. The pH of the ruminal fluid in vitro at 24 and 48 h was higher 
in T3 and T4 than T1. The rumen levels of acetate, propionate, butyrate, and total volatile fatty acids 
after 48 h of incubation were lower in the lupin-supplemented groups than in T1. The ruminal pH in situ 
after 9 and 12 h was higher in T3 than in T1. The strip loin in Hanwoo steers was lighter in T3 than in 
the other treatment groups. The levels of carnosine, creatinine, adenosine triphosphate, and adenosine 
monophosphate in the strip loin were higher in T3 and T4 than in T1. The levels of oleic acid and 
unsaturated fatty acids and the n-6/n-3 ratio tended to be higher in T3 than in T1. Supplementation of 
livestock feed with 6% lupin flakes had positive effects on ruminal pH and meat lightness, carnosine, 
creatinine, adenosine triphosphate, and adenosine monophosphate levels in Hanwoo beef. 
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Introduction 
Lupin (Lupinus polyphllus lindl) is considered a potentially rich source of energy and proteins for 

various livestock breeds (Nalle et al., 2011). Lupin has high protein (32%), energy (5.5% fat and 24.3% 
non-fibrous carbohydrate), and unsaturated fatty acid (80%) contents (Bertoglio et al., 2011). 
Furthermore, it contains more than 35% monounsaturated fatty acids (MUFA) (mostly oleic acid), which 
influence the taste of beef (Boschin et al., 2008; Calabrò et al., 2015). Therefore, it is used as a raw 
material for food and livestock feed worldwide (Boschin et al., 2011; Elbandy et al., 2014). 

Laudadio & Tufarelli (2011) reported that the ratio of saturated to unsaturated fatty acids and the n-
6/n-3 ratio decreased on administration of lupin-supplemented diets to broilers. In addition, Froidmont 
et al. (2005) reported that a lupin-supplemented feed not only improved the carcass grade but also 
reduced the saturated fatty acid/unsaturated fatty acid and n-6/n-3 ratios in pork. Moss et al. (1997) 
reported that the feeding of lupin had no effect on growth performance in young calves. Murphy & 
McNiven (1994) found that average daily gain was improved by supplementing growing beef cattle with 
heat-treated lupin. 

Ammonia generated during the rumen fermentation of feed proteins is used for microbial protein 
synthesis (Maeng et al., 1976). The crude protein content of microorganisms in the rumen is 8–12% (dry 
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matter basis); as protein digestibility in the rumen is 70–90%, 40–90% of the protein required by 
ruminants is constituted of microbial protein (Putri et al., 2019). The rumen by-pass protein content of 
lupin is more than 30% (Park, 2005). Furthermore, the low starch content of lupin does not cause 
acidosis in beef cattle (Park, 2005). In addition, lupin is known to have high protein utilization and 
absorption rates because of its highly effective protein degradability (Nowak and Wylegala, 2005). 

Recently, there has been a demand for an additional supply and an improvement in the quality of 
protein and energy to shorten the fattening period of Hanwoo steers (Jeong et al., 2010). Lupin is used 
as a high-energy and high-protein raw material for livestock feed (Nalle et al., 2011); however, there are 
no studies on rumen fermentation and meat composition of Hanwoo steers following 
supplementation of feed with lupin flakes. Therefore, this study was conducted to examine the 
effects of lupin-flake supplementation on the rumen fermentation characteristics and meat 
composition of Hanwoo steers. 
 

Materials and Methods  
This study was approved by the Animal Experimental Ethics Committee of the Kangwon 

National University, South Korea (approval number: KW-200820-2). Three Hanwoo cows (423.0 ± 
44.8 kg), each implanted with a ruminal fistula, were used for four weeks. The cows were raised in 
pens (one cow per pen) and were offered formula feed along with roughage twice daily at 09h00 
and 18h00. The cows had free access to water and mineral blocks. Other feeding management 
procedures were conducted according to the practices of the experimental farm. 
 

The experimental diets were divided into four feed rations, namely T1, T2, T3, and T4, 
containing 0%, 3%, 6%, and 9% lupin flakes, respectively. The chemical compositions of the 
experimental diets are listed in Table 1. The feed rations were crushed with a Wiley mill (Thomas 
Model 4 Wiley Mill, Thomas Scientific, New Jersey, USA) equipped with a 2-mm screen, and used 
in the in vitro and in situ ruminal experiments. 

 
Table 1 Chemical composition of basal diets for in vitro and in situ experiments (dry matter basis) 

Item Concentrate Rye grass 

Dry matter (%) 90.73 ± 0.35 67.84 ± 0.46 

Crude protein (%) 15.08 ± 0.14 13.48 ± 0.06 

Ether extract (%) 3.06 ± 0.07 2.78 ± 0.01 

Crude fibre (%) 3.87 ± 0.55 35.18 ± 0.16 

NDF1 (%) 47.87 ± 0.91 59.80 ± 0.27 

ADF2 (%) 10.40 ± 0.63 38.00 ± 0.16 

TDN3 (%) 75.40 ± 0.35 63.80 ± 0.29 

1NDF: neutral detergent fibre, 2ADF: acid detergent fibre, 3TDN: total digestible nutrients (calculated values) 

 
Feeding experiment: A total of 40 early-fattening Hanwoo steers (444.3 ± 32.9 kg) were randomly divided 

into four groups for 14 months from 16 to 30 months of age, viz. T1, T2, T3, and T4, receiving a 0%, 

3%, 6%, or 9% lupin flake-supplemented feed ration, respectively. The steers were raised in eight pens 
(five steers per pen) and were offered the feed ration and roughage thrice daily at 08:30, 13:00, and 
17:00 h. The ingredients and chemical composition of the experimental diets are listed in Table 2. The 
steers had free access to water and mineral blocks. Other feeding management procedures were 
conducted according to the practices of the experimental farm. 

 
Ruminal fluid was collected from the rumen fistulas of Hanwoo cows prior to feeding at 09.00 

and filtered through four layers of cheesecloth before being stored at 39 °C in a thermos flask. This 
was followed by the infusion of O2-free CO2 gas for 30 s to eliminate air from the flask. The collected 
ruminal fluid was transferred to the laboratory and allowed to stand for 1 h in an incubator at 39 °C 
to eliminate feed particles, prior to use as an inoculum for incubation in vitro. 

 
Cultures were established by adding 400 mL of rumen inoculum to 1,596 mL of previously 

prepared artificial saliva (composed of buffer solutions A and B) following the method of McDougall 
(1948). Briefly, 1,330 mL of buffer solution A (containing 10.0 g KH2PO4, 0.5 g MgSO4·7H2O, 0.5 g 
NaCl, 0.1 g CaCl2·2H2O, and 0.5 g urea per litre of distilled water) and 266 mL of buffer solution B 
(containing 15.0 g NaCO3 and 1.0 g Na2S·9H2O per litre of distilled water) were mixed 
simultaneously, and the pH was adjusted to 6.8. 
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Table 2 The ingredient and chemical compositions of four experimental diets offered to Hanwoo steers, 
differing in lupin-flake supplementation  

Item 
Treatment1 

Rice straw 
T1 T2 T3 T4 

 ----------------------------- Ingredient composition ----------------------------- 

Concentrated feed2 (%) 30.0 22.0 19.0 17.0 - 

Lupin flake (%) - 3.0 6.0 9.0 - 

Corn flake (%) 25.0 27.3 30.0 31.0 - 

Corn gluten feed (%) 21.0 20.0 20.0 19.0 - 

Corn starch pulp (%) 9.5 11.0 8.2 6.0 - 

Ground almond hull (%) 8.0 10.0 10.0 11.0 - 

Cane molasses (%) 5.0 5.0 5.0 5.0 - 

Limestone (%) 0.8 1.0 1.1 1.3 - 

Salt dehydrate (%) 0.3 0.3 0.3 0.3 - 

Sodium bicarbonate (%) 0.3 0.3 0.3 0.3 - 

Vitamin-mineral mix3 (%) 0.1 0.1 0.1 0.1 - 

 ---------------------- Chemical composition (DM basis) ---------------------- 

Dry matter (%) 88.88 ± 0.21 88.93 ± 0.17 89.25 ± 0.20 89.33 ± 0.04 88.15 ± 0.58 

Crude protein (%) 15.58 ± 0.42 15.57 ± 0.05 15.59 ± 0.30 15.55 ± 0.24 6.44 ± 0.14 

Ether extract (%) 4.12 ± 0.31 4.31 ± 0.58 4.78 ± 0.35 4.62 ± 0.24 1.52 ± 0.03 

Crude fibre (%) 10.02 ± 0.47 9.16 ± 0.58 7.74 ± 0.71 9.35 ± 0.86 36.83 ± 0.52 

NDF4 (%) 29.97 ± 0.61 33.73 ± 1.57 37.39 ± 0.85 38.88 ± 0.66 70.41 ± 0.34 

ADF5 (%) 12.28 ± 0.58 12.43 ± 1.01 11.02 ± 0.33 10.80 ± 0.55 45.79 ± 0.79 

Ca (%) 0.70 ± 0.02 0.70 ± 0.03 0.70 ± 0.01 0.80 ± 0.02 0.20 ± 0.01 

P (%) 0.50 ± 0.01 0.50 ± 0.01 0.40 ± 0.01 0.40 ± 0.01 0.10 ± 0.01 

TDN6 (%) 82.46 ± 0.21 84.31 ± 0.17 85.21 ± 0.18 85.58 ± 0.04 44.3 ± 0.05 

1T1: 0% lupin flake-supplemented feed, T2: 3% lupin flake-supplemented feed, T3: 6% lupin flake-supplemented 
feed, T4: 9% lupin flake-supplemented feed 
2Concentrated feed contained the following percentage of ingredients: corn, 23.5%; cane molasses, 4.0%; cassava 
residue, 6.0%; wheat bran, 12.5%; corn gluten feed, 12.5%; soybean meal, 10.0%; rapeseed meal, 7.0%; coconut 
meal, 11%; palm kernel meal, 10%; animal fat, 0.3%, salt dehydrate, 0.7%; limestone, 1.9%; sodium bicarbonate, 
0.5%, vitamin-mineral premix, 0.1% 
3Vitamin-mineral premix provided the following quantities of vitamins and minerals per kilogram of diet: vitamin A, 
10,000 IU; vitamin D3, 1,500 IU; vitamin E, 25 IU; Fe, 50 mg; Cu, 7 mg; Zn, 30 mg; Mn, 24 mg; I, 0.6 mg; Co, 0.15 
mg; Se, 0.15 mg 
4NDF: neutral detergent fibre, 5ADF: acid detergent fibre, 6TDN: total digestible nutrients (calculated values) 

 
A total of 70 mL of the prepared culture solution was transferred to 100 mL bottles (120 ml glass 

bottle), each containing 2 g of the experimental diets, and O2-free CO2 gas was infused for 5 s to 
eliminate air from the culture bottles. The bottles were then incubated at 39 °C for 0, 3, 6, 9, 12, 24, and 
48 h in a shaking incubator (HB- 201SLI, Hanbaek Scientific Co, Bucheon, Korea). 

The ruminal pH of the culture solution for each incubation period was measured using a pH meter 
(Starter 2100, OHAUS Corporation, New Jersey, USA) in a 100 mL bottle. To analyse ammonia 
concentration, 10 mL of the culture solution for each incubation period was collected in a 100 mL bottle 
and centrifuged (3,000 × g, 15 min, 4 °C). This was followed by mixing of 5 mL of the supernatant with 
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0.05 mL HgCl2 prior to another step of centrifugation at 3,000 × g and 15 min for 4 °C. Then, 1 mL 
of the supernatant was collected, and the ammonia concentration was analysed according to the 
method of Chaney and Marbach (1962). 

To analyse volatile fatty acid (VFA) concentrations, 10 mL of the culture solution for each incubation 
period was collected in a 100 mL bottle. This was followed by addition of 1 mL of 20% HPO3 and 0.5 mL 
of saturated HgCl2 and centrifugation at 1,250 × g and 4 °C for 15 min. The supernatant was then 
collected, and VFA concentration was measured using gas chromatography (6890N, Agilent 
Technologies, Palo Alto, CA, USA).  

 
Evaluation of rumen fermentation in situ in Hanwoo cows: Rumen fluid was collected from 

Hanwoo cows fitted with rumen fistulas at 0, 3, 6, 9, 12, 24, and 48 h after a 14-day feed adaptation 
period. The pH of 5 mL of the ruminal fluid at each incubation time point was measured using a pH 
meter (Starter 2100, OHAUS Corporation, New Jersey, USA). To analyse ammonia concentration, 
10 mL of rumen fluid collected at each incubation time point was centrifuged (3,000 × g, 15 min, 4 
°C) and then 5 mL of the supernatant and 0.05 mL of HgCl2 were mixed and centrifuged again 
(3,000 × g, 15 min, 4 °C). One millilitre of the supernatant was then collected, and ammonia 
concentration was analysed according to the method of Chaney and Marbach (1962). 

 

Five grams of each experimental diet was placed in a nylon bag (ANKOM 5 × 10 concentrate 

bags) and inserted into the rumen of the Hanwoo cows via a fistula prior to feeding at 09.00. 
Experiments were performed by collecting nylon bags at 0, 3, 6, 9, 12, 24, and 48 h. The nylon bag 
was washed until the water ran clear and was dried in a 70 °C forced air drying oven for 72 h. The 
dried samples were weighed, and the weight was used to calculate the disappearance of the dry 
matter (DM). The samples were then ground to a particle size of 1.0 mm, and their chemical 
composition was analysed to determine the disappearance of crude protein.  

 
Evaluation of the physicochemical composition of beef from Hanwoo steers: Strip loin samples 

from cold carcasses of Hanwoo steers were used for meat composition analysis. The carcass was 
transported to the laboratory, and its quality was analysed in a low-temperature room (5 °C) after 
the removal of fat, connective tissue, and blood. 

The meat surface colour of the strip loin was measured using a Chroma Meter (Colorimeter 
CR-300, Minolta Co., Osaka, Japan). The following colour parameters were determined: lightness 
(L*), redness (a*), and yellowness (b*). For standardization, a white plate reference was used with 
a Y value of 93.60, an x value of 0.3134, and a y value of 0.3194. Myoglobin content was analysed 
according to the method described by Trout (1989). 

To analyse myoglobin content, a strip loin sample (2 g) was homogenized with phosphate buffer 
(20 mL, 40 mM, pH 6.8) at 11,200 × g for 30 s. The homogenate was centrifuged at 3,000 × g for 
10 min and filtered through a Whatman No. 1 filter paper (Cytiva, UK). The absorbance of the filtrate 
was measured at 700 and 525 nm using a microplate reader (VersaMax ELISA microplate reader, 
Molecular Devices, CA, USA). The chemical composition of the strip loin was determined on the 
basis of moisture, crude protein, ether extract, and crude ash contents, according to the standard 
AOAC (1995) methods. 

To measure the pH, a strip loin sample (10 g) was homogenized with distilled water (90 mL) 
for 1 min at 20,000 × g in a homogenizer (IKA ULTRA-TURRAX, Ika Werkes, Staufen, Germany). 
The pH of the homogenate was measured using a pH meter (Starter 2100, OHAUS Corporation, 
New Jersey, USA). To measure the water-holding capacity (WHC), a strip loin sample (0.5 g) was 
heated in a constant-temperature water bath at 80 °C for 20 min. It was then allowed to cool for 10 
min, centrifuged at 2000 × g for 20 min, and weighed. 

Thiobarbituric acid-reactive substance (TBARS) content of the strip loin was measured 
according to the method of Buege & Aust (1978). Briefly, a strip loin sample (5 g) was homogenized 
in distilled water (15 mL). To inhibit the oxidation reaction, the homogenate (1 mL) was incubated 
with 7.2% butylated hydroxyanisole (50 µL). The mixture was then added with 2 mL of trichloroacetic 
acid (TCA)/ thiobarbituric acid (TBA) reagent, heated at 90 °C for 15 min, cooled in cold water, and 
centrifuged at 2000 × g for 10 min. The absorbance of the supernatant, and a blank sample 
(prepared in a similar manner using only distilled water), at 531 nm was measured using a 
microplate reader (VersaMax ELISA microplate reader, Molecular Devices, CA, USA). The TBARS 
value was calculated by multiplying the absorbance value by 5.88. 

The contents of carnosine, anserine, creatine, and creatinine in the strip loin were analysed 
using the methods described by Mora et al. (2007). Briefly, a strip loin sample (2.5 g) was 
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homogenized with 7.5 mL of 0.01 N HCl at 11,200 × g for 30 sec. The homogenate was then centrifuged 
at 3000 × g for 30 min at 4 °C, and the supernatant was filtered using a Whatman GF/C glass microfibre 
filter (Cytiva, UK). The filtrate (250 µL) was then incubated with 750 µL acetonitrile at 4 °C for 20 min, 
followed by centrifugation at 10,000 × g for 10 min. The supernatant was then filtered through a 0.22 µm 
membrane filter and subjected to high-performance liquid chromatography (HPLC) analysis using an 
HPLC system (Agilent Infinity 1260 Series, Agilent Technologies, CA, USA). 

The contents of hypoxanthine (HX), inosine monophosphate (IMP), adenosine monophosphate 
(AMP), and adenosine triphosphate (ATP) in the strip loin were analysed using the methods described 
by Lee et al. (1987). Briefly, a strip loin sample (5 g) was homogenized with 0.7 M perchloric acid (PCA) 
using a homogenizer. The homogenate was neutralized with 5 N KOH and then centrifuged at 2000 × g 
for 15 min. The supernatant was filtered through a Whatman No. 1 filter paper (Cytiva, UK) and then 
neutralized to pH 6.5 with 5 N KOH. The sample volume was adjusted to 50 mL by adding neutralized 
PCA; the solution was then filtered through a 0.22 µm membrane filter and subjected to HPLC analysis 
using an HPLC system (Agilent Infinity 1260 Series, Agilent Technologies, CA, USA). 

To measure fatty acid composition, a strip loin sample (10 g) was incubated with 200 mL of an 
organic solvent mixture (chloroform:methanol = 2:1) and 6 mL of 0.88% KCl and stirred for 3 min. The 
sample was then centrifuged at 3000 × g for 10 min, followed by separation of the lipid layer. This 
process was repeated thrice, followed by the concentration of extracted lipids using nitrogen gas. The 
lipid methylation process was performed according to the method described by Morrison & Smith (1964). 
Briefly, the concentrated lipid fraction (10 mg) was incubated with 1 mL of freshly prepared 0.5 N 
methanolic NaOH (2 g NaOH/100 mL methanol) in a saponification reaction vessel, heated for 15 min, 
and then cooled. The mixture was then incubated with 2 mL of BF3-methanol (a methylation reagent), 
heated for 15 min, and cooled to room temperature (approximately 20 °C). The sample was then 
incubated with heptane (1 mL) and a saturated NaCl solution (2 mL) for 1 min and maintained at room 
temperature for 30 min. Fatty acid content was analysed by injecting 1 µL of the supernatant into a gas 
chromatography (GC) system (ACEM 6000 Model, Youngin Scientific, Seoul, Korea). The conditions for 
GC were as follows: column, Omegawax 320 capillary column (100 m × 0.32 mm I. D., 0.25 µm film); 
carrier gas, nitrogen; nitrogen flow rate, 1 mL/min; injection port temperature, 240 °C; detector 
temperature, 250 °C; oven temperature, 160 °C; and split ratio, 10:1. 

For amino acid analysis of the strip loin, the sample was weighed to contain about 30 mg of crude 
protein. The sample and 40 mL of 6 N HCl were placed in a decomposition bottle, mixed, and then 
hydrolysed at 110 °C for 24 h. The resultant solution was then concentrated via rotary evaporation, 
diluted with distilled water, and filtered through a filter paper. The filtered samples were analysed using 
an amino acid analyser (L-8900, Hitachi, Tokyo, Japan). 
 

Statistical analyses to obtain the average values and standard differences were performed using 
IBM SPSS (Statistical Package for the Social Sciences, SPSS Inc., Chicago, IL, USA). A one-way 
analysis of variance was used to calculate the average value for each treatment group. Statistically 
significant differences between the treatments were determined using Duncan's multiple range test 
(Duncan, 1955) at a level of significance of P <0.05. 
 

Results and Discussion 
 

Table 3 depicts the effects of lupin flake supplementation on the pH and ammonia level of the rumen 
fluid culture solution in vitro. The ruminal pH at 9 h was higher in the lupin flake-supplemented groups 
than in the T1 group. It was also higher in the T3 and T4 groups than in the T1 group at 24 and 48 h (P 
<0.05). Although there was no statistical difference, ammonia levels tended to be higher in the lupin 
flake-supplemented groups than in the T1 group until 9 h. Shim (1992) reported that lupin 
supplementation led to a slight decrease in rumen pH compared to supplementation with other cereals 
because it had a buffering effect. Furthermore, Miyaji et al. (2012) reported that the rumen levels of 
ammonia changed according to the grain variety, processing method, and feeding conditions. In the 
current study, the rumen pH remained relatively high following an increase in ammonia level because of 
the supplementation of lupin flakes. Therefore, the authors postulate that the supplementation of lupin 
flakes has a positive effect on rumen pH and ammonia levels. 
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Table 4 depicts the effects of lupin flake supplementation on VFA content in the ruminal fluid. The 

contents of acetate, propionate, and total-VFA at 3 h were lower in the lupin flake-supplemented groups 
than in the T1 group (P <0.05), and acetate content at 9 h was lower in the T2 group than in the other 
groups (P <0.05). Propionate contents at 12 h and 24 h were lower in the T3 group than in the other 
supplemented groups (P <0.05). The contents of acetate, propionate, butyrate, and total VFAs at 48 h 
were lower in the T2 and T3 groups than in the T1 group (P <0.05). 

 
Table 3 Effects of lupin flake-supplemented feed rations on pH and NH3-N concentrations in the in vitro 

rumen fluid of Hanwoo cows 

Item Time (hr) T1 T2 T3 T4 P-value 

pH 

0 6.68 ± 0.01b 6.73 ± 0.01a 6.66 ± 0.22b 6.73 ± 0.01a 0.01 

3 5.73 ± 0.01b 5.77 ± 0.01a 5.70 ± 0.01c 5.73 ± 0.01b 0.02 

6 4.80 ± 0.01 4.81 ± 0.01 4.81 ± 0.01 4.80 ± 0.01 0.66 

9 4.56 ± 0.04b 4.63 ± 0.03a 4.65 ± 0.01a 4.66 ± 0.01a 0.02 

12 4.60 ± 0.01 4.60 ± 0.01 4.58 ± 0.01 4.59 ± 0.01 0.23 

24 4.44 ± 0.01b 4.43 ± 0.01b 4.54 ± 0.01a 4.54 ± 0.01a 0.01 

48 4.22 ± 0.01c 4.23 ± 0.01c 4.35 ± 0.01b 4.48 ± 0.01a 0.01 

NH3-N (mg/dl) 

0 18.05 ± 3.42 22.75 ± 3.26 24.92 ± 3.45 25.10 ± 3.76 0.32 

3 24.74 ± 1.24 36.98 ± 4.37 34.21 ± 5.43 34.93 ± 5.76 0.18 

6 36.92 ± 4.09 40.20 ± 3.12 40.74 ± 5.67 38.33 ± 1.96 0.80 

9 41.83 ± 3.48 44.80 ± 3.56 47.65 ± 4.78 50.89 ± 4.74 0.23 

12 52.73 ± 4.63 43.21 ± 9.04 45.90 ± 4.82 44.71 ± 2.90 0.27 

24 44.88 ± 4.66 40.34 ± 3.74 40.93 ± 3.93 39.84 ± 5.01 0.67 

48 32.52 ± 4.77 34.34 ± 5.12 35.17 ± 3.82 35.22 ± 4.13 0.79 

a,b,cMeans followed by different letters in the same row are significantly different (P <0.05) 

 
Contents of VFAs vary depending on the type of grain, processing method, and management 

conditions (Miyaji et al., 2012). In addition, non-structural carbohydrates such as starch are 
converted to propionate and lactic acid by rumen microbes, which affects the rumen pH (Nishino et 
al., 2004; Keles & Demirci, 2011). Thus, when the starch content is low, the digestible protein 
synthesis of microorganisms is lowered and the concentration of VFAs is reduced (Keles & Demirci, 
2011). In this study, it was considered that the low propionate and acetate levels in the lupin-
supplemented groups after 3 h were related to the low starch (Park, 2005) and fibre (Table 2) 
contents of lupin. 

 
Table 5 depicts the effects of lupin flake supplementation on the pH, NH3-N concentrations, 

DM, and crude protein disappearance rates in the rumen. Rumen pH was higher in proportion to 
the lupin flake-supplemented levels at 3 h (P <0.05), and the pH at 9 h and 12 h was higher for the 
T3 group than for the T1 group (P <0.05). The rumen ammonia levels tended to be higher in the 
lupin flake-supplemented groups than in the T1 group during most of the incubation period, but the 
difference was not significant. The disappearance rates of DM at 3, 9, and 48 h tended to be lower 
in the T3 and T4 groups than in the T1 group. The disappearance rate of crude protein at 6 h was 
lower in the lupin flake-supplemented groups than in the T1 group (P < 0.05). In particular, the 
disappearance rates of crude protein at 9, 12, and 24 h were lower in the T4 group than in the T1 
group (P <0.05). 
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Table 4 Effects of lupin flake-supplemented rations on volatile fatty acid concentrations in rumen fluid in 
vitro 

Item 
Time 

(h) 
T1 T2 T3 T4 P-value 

Acetate 

(mg/dl) 

0 73.79 ± 1.47 73.52 ± 0.93 74.54 ± 1.42 72.90 ± 1.40 0.72 

3 121.58 ± 3.34a 109.79 ± 0.29bc 106.03 ± 0.20c 112.61 ± 1.72b 0.01 

6 135.86 ± 7.50 140.58 ± 7.01 124.88 ± 6.74 134.61 ± 3.53 0.18 

9 143.74 ± 10.0a 120.29 ± 10.50b 137.57 ± 5.64ab 147.21 ± 1.97a 0.04 

12 147.08 ± 6.75 146.48 ± 3.98 143.85 ± 6.19 144.66 ± 3.72 0.92 

24 190.24 ± 17.66 167.30 ± 2.55 164.67 ± 13.42 178.86 ± 2.94 0.18 

48 224.93 ± 3.55a 182.56 ± 5.10c 176.67 ± 10.58c 197.64 ± 0.86b 0.01 

Propionate 

(mg/dl) 

0 22.75 ± 6.52 31.55 ± 4.33 30.58 ± 2.62 32.39 ± 1.05 0.16 

3 72.00 ± 4.05a 69.29 ± 2.40b 60.97 ± 1.72b 65.87 ± 0.54b 0.01 

6 88.21 ± 7.13 85.55 ± 7.13 70.96 ± 12.50 85.26 ± 5.78 0.28 

9 88.61 ± 3.06 86.06 ± 0.64 79.17 ± 8.25 89.85 ± 4.20 0.21 

12 90.23 ± 2.89a 90.57 ± 2.86a 79.94 ± 2.36b 91.23 ± 2.44a 0.01 

24 103.26 ± 10.48a 94.55 ± 1.23ab 82.45 ± 3.84b 95.36 ± 1.28ab 0.04 

48 115.75 ± 6.73a 99.11 ± 5.49b 93.88 ± 7.79b 107.33 ± 3.61ab 0.03 

Butyrate 

(mg/dl) 

0 9.74 ± 2.56 12.51 ± 0.73 11.97 ± 0.65 14.93 ± 4.20 0.30 

3 19.10 ± 1.54 16.49 ± 1.64 15.97 ± 0.19 16.32 ± 0.12 0.08 

6 21.59 ± 2.72 22.75 ± 2.73 16.87 ± 3.47 19.47 ± 2.25 0.25 

9 20.33 ± 0.27 18.35 ± 1.13 19.96 ± 3.67 20.46 ± 1.49 0.73 

12 21.15 ± 0.77 20.40 ± 0.69 18.62 ± 1.30 21.02 ± 0.72 0.08 

24 29.35 ± 2.81 26.18 ± 0.37 24.47 ± 1.68 26.62 ± 0.39 0.12 

48 34.07 ± 1.03a 28.17 ± 1.05bc 27.06 ± 1.57c 30.50 ± 0.45b 0.01 

Total-VFA1  

(mg/dl) 

0 96.28 ± 19.54 117.58 ± 5.22 117.09 ± 4.55 120.22 ± 6.65 0.18 

3 212.67 ± 8.93ab 188.57 ± 3.67a 182.97 ± 1.84b 194.80 ± 2.37ab 0.01 

6 245.67 ± 17.32 248.88 ± 11.38 212.70 ± 21.95 239.34 ± 9.21 0.13 

9 252.68 ± 12.95 224.70 ± 11.49 236.70 ± 13.95 257.52 ± 4.50 0.06 

12 258.47 ± 10.04 257.44 ± 7.51 242.42 ± 2.64 258.91 ± 6.87 0.17 

24 322.85 ± 30.95 288.03 ± 4.12 271.83 ± 18.49 292.84 ± 4.25 0.11 

48 368.27 ± 11.31a 304.09 ± 11.58c 295.58 ± 16.05c 331.19 ± 3.95b 0.01 

a,b,cMeans followed by different letters in the same row are significantly different (P<0.05). 1VFA: volatile fatty acids. 
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Table 5 Effects of lupin flake-supplemented rations on pH, NH3-N concentrations, dry matter, and crude 
protein disappearance rates in the rumen  

Item Time (hr) T1 T2 T3 T4 P-value 

pH 

0 6.91 ± 0.17 6.79 ± 0.03 6.90 ± 0.08 6.86 ± 0.06 0.25 

3 6.46 ± 0.09c 6.52 ± 0.03bc 6.58 ± 0.07b 6.67 ± 0.04a 0.01 

6 6.45 ± 0.11 6.44 ± 0.12 6.47 ± 0.15 6.27 ± 0.13 0.08 

9 6.21 ± 0.07c 6.40 ± 0.07a 6.36 ± 0.10ab 6.28 ± 0.03bc 0.02 

12 6.13 ± 0.02b 6.21 ± 0.02b 6.34 ± 0.11a 6.33 ± 0.07a 0.01 

24 6.76 ± 0.02 6.77 ± 0.07 6.85 ± 0.03 6.84 ± 0.10 0.07 

48 6.89 ± 0.09 6.78 ± 0.04 6.81 ± 0.19 6.85 ± 0.07 0.48 

NH3-N (mg/dl) 

0 17.74 ± 0.30 19.92 ± 4.42 19.22 ± 3.02 20.16 ± 1.15 0.92 

3 19.61 ± 6.50 22.97 ± 3.85 26.03 ± 3.09 25.83 ± 3.13 0.71 

6 14.31 ± 0.45 14.89 ± 4.24 20.07 ± 4.06 20.19 ± 2.57 0.48 

9 17.12 ± 6.75 20.89 ± 5.89 20.08 ± 2.05 28.24 ± 2.09 0.48 

12 15.21 ± 2.72 14.61 ± 2.02 21.20 ± 4.50 18.91 ± 0.14 0.41 

24 19.10 ± 0.28 20.70 ± 3.64 21.09 ± 3.06 19.04 ± 2.44 0.89 

48 18.41 ± 0.97 20.76 ± 7.50 19.80 ± 2.44 19.66 ± 1.13 0.98 

Dry matter (%) 

0 49.73 ± 3.26 47.82 ± 4.58 47.25 ± 1.77 45.24 ± 2.28 0.61 

3 56.41 ± 2.28a 49.47 ± 4.20b 
53.57 ± 
2.36ab 

51.53 ± 
5.34ab 

0.04 

6 
56.13 ± 
3.44ab 

54.93 ± 1.38b 53.74 ± 2.37b 57.73 ± 1.42a 0.02 

9 62.57 ± 5.82 58.56 ± 9.03 60.83 ± 1.94 58.44 ± 4.43 0.51 

12 62.62 ± 2.33 60.93 ± 4.54 63.70 ± 1.61 60.66 ± 5.14 0.39 

24 69.09 ± 3.52 68.51 ± 5.68 67.31 ± 1.70 68.45 ± 1.19 0.79 

48 78.08 ± 4.95 75.98 ± 3.55 77.46 ± 4.94 77.53 ± 3.68 0.82 

Crude protein (%) 

0 46.39 ± 0.20 45.07 ± 2.63 46.29 ± 0.23 45.89 ± 0.95 0.53 

3 59.71 ± 1.00 56.19 ± 1.07 56.20 ± 1.71 54.98 ± 2.17 0.07 

6 62.99 ± 0.37a 58.64 ± 2.12b 57.68 ± 0.58b 57.60 ± 0.36b 0.01 

9 64.29 ± 1.51a 63.11 ± 0.28a 64.35 ± 1.28a 60.29 ± 0.08b 0.01 

12 67.96 ± 0.68a 68.35 ± 0.47a 67.68 ± 0.70a 64.89 ± 0.62b 0.01 

24 74.23 ± 0.66a 75.50 ± 0.27a 74.97 ± 0.58a 71.66 ± 0.55b 0.01 

48 91.36 ± 0.43 90.32 ± 2.05 89.02 ± 0.53 90.38 ± 0.35 0.28 
a,b,cMeans followed by different letters in the same row are significantly different (P <0.05) 

 
In this study, rumen pH and ammonia levels showed a tendency to increase during most of the 

rumen fermentation period in the lupin-supplemented groups compared with those in the T1 group, 
which can be attributed to the low starch and high rumen degradable protein contents of lupin flakes 
(Park, 2005). 

The disappearance rates of rumen dry matter and crude protein showed a tendency towards 
lower concentrations in the lupin-supplemented groups than in the T1 group, which can be attributed 
to the difference in composition of ingredients between the feed rations (Table 2). The T1 ration had 
a relatively high ratio of ingredients (concentrated feed and corn gluten feed), which induced a 
higher rumen degradation rate compared with that of the lupin-supplemented groups. 
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Table 6 depicts the effects of lupin flake supplementation on surface colour and physicochemical 
composition of the strip loin of Hanwoo steers. The lightness (L*) of the strip loin was higher in the T3 
group than in the other treatment groups (P <0.05). Redness (a*), yellowness (b*), and the levels of 
myoglobin were similar among the treatment groups. Supplementation with lupin flakes did not affect 
the pH, moisture, crude protein content, ether extract, crude ash content, WHC, or TBARS in the strip 
loin. 

 
Table 6 Effect of lupin flake-supplemented feed rations on surface colour and physicochemical 
composition of the strip loin of Hanwoo steers 

Item T1 T2 T3 T4 P-value 

Surface colour       

L* (Lightness) 36.33 ± 1.54b 36.74 ± 1.80b 37.99 ± 1.96a 36.70 ± 2.29b 0.01 

a* (Redness) 20.40 ± 2.02 20.20 ± 6.72 21.16 ± 2.76 19.84 ± 2.22 0.14 

b* (Yellowness) 5.89 ± 0.99 5.79 ± 0.88 5.75 ± 1.45 5.70 ± 1.22 0.63 

Myoglobin (mg/g) 9.92 ± 1.14 10.03 ± 1.10 9.47 ± 0.84 9.62 ± 0.90 0.65 

Physicochemical composition     

pH 5.51 ± 0.05 5.51 ± 0.07 5.51 ± 0.05 5.50 ± 0.05 0.66 

Moisture (%) 66.08 ± 3.48 62.23 ± 4.99 65.14 ± 4.75 64.47 ± 4.12 0.36 

Crude protein (%) 20.96 ± 1.12 20.13 ± 0.91 20.80 ± 1.15 19.87 ± 1.33 0.16 

Ether extract (%) 21.97 ± 2.56 23.58 ± 2.82 24.26 ± 2.89 22.17 ± 3.25 0.30 

Crude ash (%) 0.83 ± 0.04 0.82 ± 0.03 0.84 ± 0.03 0.83 ± 0.04 0.77 

WHC1 (%) 41.11 ± 9.86 40.32 ± 2.72 41.12 ± 3.19 41.46 ± 9.89 1.00 

TBARS2 (mg MDA/kg) 0.16 ± 0.04 0.18 ± 0.04 0.17 ± 0.04 0.17 ± 0.03 0.66 

a,bMeans followed by different letters in the same row are significantly different (P <0.05) 
1WHC: water holding capacity, ２TBARS: thiobarbituric acid reactive substances 

 
Surface colour is an important factor in determining the quality of meat. Myoglobin in muscle cells 

is responsible for storing and distributing oxygen (Livingston et al., 1983). Previous studies (Vicenti et 
al., 2009; Lestingi et al., 2016) reported that supplementation with lupin did not affect meat surface 
colour. In addition, Lestingi et al. (2016) reported that supplementation with lupin reduces the content of 
myoglobin. However, in the current study, 6% lupin flake supplementation had a positive effect on 
surface lightness in the strip loin of Hanwoo steers. Thus, there are some differences between the 
present study and previous studies regarding the effect of lupin flake supplementation on the surface 
colour of the strip loin of Hanwoo steers. 

The quality of beef is affected by its chemical properties (Muchenje et al., 2009). Vienti et al. (2009) 
and Lestingi et al. (2016) reported that lupin supplementation had no effect on the chemical composition 
of beef, which is consistent with the results of the present study. Further, Lestingi et al. (2016) reported 
that lupin supplementation did not affect the pH of strip loin, which was again in accordance with the 
results of the current study. TBARS values indicate the content of malondialdehyde (which is the final 
product of lipid peroxidation) and the rancidity of meat (Cho et al., 2019). TBARS values of <0.2 mg and 
4.0 mg malondialdehyde/kg meat indicate the freshness and rancidity of meat, respectively (Brewer et 
al., 1992; Sung et al., 2013). In the current study, although the value of TBARS was not investigated 
during the storage period, it was found to be less than 0.2 mg malonaldehyde (MA)/kg for all treatment 
groups. Therefore, it was presumed that lupin flake supplementation had little effect on pH, moisture, 
crude protein content, ether extract, crude ash content, WHC, and TBARS in the strip loin of Hanwoo 
steers. 
 

Table 7 depicts the effects of lupin flake supplementation on dipeptide and nucleic acid content of 
the strip loin of Hanwoo steers. Lupin flake supplementation had little effect on anserine and creatine 
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contents of the strip loin. Carnosine and creatinine contents were higher in the T3 and T4 groups 
than in the T1 group (P <0.05). The HX, inosine, and IMP contents of the strip loin were similar in 
all the treatment groups and ATP and AMP contents were higher in the T3 and T4 groups than in 
the T1 group (P <0.05). 
 
Table 7 Effect of lupin flake-supplemented feed rations on dipeptide and nucleic acid contents in the 
strip loin of Hanwoo steers 

Item T1 T2 T3 T4 P-value 

Dipeptide 

Carnosine (mg/100g) 337.1 ± 27.41b 348.2 ± 9.88b 378.1 ± 29.54a 377.4 ± 26.69a 0.01 

Anserine (mg/100g) 83.95 ± 7.42 80.91 ± 10.70 80.70 ± 3.24 79.15 ± 7.03 0.64 

Creatine (mg/100g) 451.5 ± 18.68 454.4 ± 26.62 489.9 ± 28.07 466.6 ± 37.36 0.06 

Creatinine (mg/100g) 7.54 ± 0.57b 7.99 ± 0.63ab 8.55 ± 0.33a 8.58 ± 0.87a 0.01 

Nucleic acid 

Hx1 (mg/100g) 16.14 ± 1.06 16.85 ± 0.63 16.45 ± 1.02 16.81 ± 1.05 0.39 

Inosine (mg/100g) 23.48 ± 2.50 24.54 ± 2.71 23.16 ± 1.85 23.27 ± 1.71 0.65 

IMP2 (mg/100g) 155.7 ± 15.27 153.3 ± 13.98 154.3 ± 19.06 158.7 ± 14.05 0.89 

AMP3 (mg/100g) 5.09 ± 0.73c 5.88 ± 0.94bc 6.44 ± 0.36ab 6.82 ± 0.86a 0.01 

ATP4 (mg/100g) 4.84 ± 0.66b 5.35 ± 0.64b 6.14 ± 0.65a 6.19 ± 1.06a 0.01 
a,bMeans followed by different letters in the same row are significantly different (P <0.05) 
1Hx: hypoxanthine, 2IMP: inosine monophosphate, 3AMP: adenosine monophosphate, 4ATP: adenosine 
triphosphate 

 
The dipeptides, including carnosine, anserine, creatine, and creatinine, are the functional and 

bioactive components of meat (Peireti et al., 2012). Creatine and creatinine, in particular, are 
involved in muscle energy metabolism and provide the energy required for muscle contraction (Mora 
et al., 2007). Carnosine is involved in imparting the characteristic taste of meat and the savoury 
taste (Ahn & Park, 2002) and, like anserine, is known to influence the antioxidant properties of 
tissues (Decker, 2000). The results of the current study suggest that lupin flake supplementation 
can help to improve the flavour of beef by increasing carnosine content in the strip loin of Hanwoo 
steers. The nucleotides in meat are converted to IMP by AMP generated in the muscle during ATP 
hydrolysis. Inosine, produced from IMP, is converted to HX during the storage period (Komatsu et 
al., 2019). IMP has been reported to influence the taste of meat (Rotola‐Pukkila et al., 2015; Li et 
al., 2016). Although changes in the levels of nucleic acid-related substances (IMP and inosine) were 
not investigated during the storage period in this study, it was observed that ATP and AMP contents 
of the strip loin increased with lupin flake supplementation. Therefore, it is expected that lupin flake 
supplementation might lead to an increase in the contents of IMP and inosine. 

Because the activity of AMP deaminase remains constant regardless of the site (Aberle and 
Merkel, 1968), 5'-nucleotidase, which degrades IMP, exhibits a constant activity (Tsai et al., 1972). 
In this study, the increase in the contents of ATP and AMP in the strip loin following 6% or 9% lupin 
flake supplementation was regarded as being caused by increased muscle ATP accumulation 
during the fattening period. Therefore, it can be considered that the increase in the energy content 
of the feed ration, rather than the supplementation of lupin, affects the content of the nucleic acid 
substances (ATP and AMP) that determine the flavour of beef. 
 

Table 8 depicts the effects of lupin flake supplementation on fatty acid composition of the strip 
loin of Hanwoo steers. The oleic acid and unsaturated fatty acid (UFA) contents of the strip loin 
were slightly, but not significantly, higher in the lupin flake-supplemented formulated feed groups 
(especially the T3 group) than in the T1 group. The n-6/n-3 ratios in the strip loin tended to be lower 
in the lupin flake-supplemented feed ration groups (especially the T3 group) than in the T1 group, 
but the difference was not significant. 
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Table 8 Effect of lupin flake-supplemented feed rations on the fatty acid composition of the strip loin of 
Hanwoo steers 

Item T1 T2 T3 T4 P-value 

Octanoic (C8:0, %) 0.09 ± 0.04 0.09 ± 0.06 0.07 ± 0.02 0.11 ± 0.07 0.57 

Decanoic (C10:0. %) 0.11 ± 0.06 0.15 ± 0.07 0.16 ± 0.20 0.15 ± 0.10 0.81 

Lauric (C12:0, %) 0.03 ± 0.02 0.06 ± 0.04 0.04 ± 0.02 0.06 ± 0.02 0.41 

Myristic (C14:0, %) 3.01 ± 0.40 2.78 ± 0.38 2.91 ± 0.51 3.05 ± 0.71 0.69 

Palmitic (C16:0, %) 27.08 ± 1.35 25.80 ± 1.92 25.56 ± 3.05 27.66 ± 1.84 0.13 

Palmitoleic (C16:1n-9, %) 6.33 ± 0.74 6.36 ± 0.84 6.56 ± 0.97 5.89 ± 1.01 0.49 

Stearic (C18:0, %) 11.89 ± 2.79 12.14 ± 2.64 10.34 ± 1.98 11.41 ± 1.47 0.43 

Oleic (C18:1n-9, %) 47.73 ± 2.64 48.52 ± 3.16 49.64 ± 2.93 48.41 ± 3.51 0.66 

Linoleic (C18:2n-6, %) 2.71 ± 0.74 2.81 ± 0.99 3.16 ± 1.30 2.52 ± 0.33 0.54 

Linolenic (C18:3n-3, %) 0.19 ± 0.15 0.47 ± 0.75 0.54 ± 0.51 0.15 ± 0.04 0.22 

Arachidic (C20:0, %) 0.82 ± 0.52 0.81 ± 0.53 1.03 ± 0.71 0.59 ± 0.24 0.42 

SFA1 43.04 ± 2.44 41.83 ± 2.68 40.10 ± 3.92 42.98 ± 2.63 0.18 

UFA2 56.96 ± 2.44 58.17 ± 2.68 59.90 ± 3.92 57.02 ± 2.63 0.18 

n-6/n-33 20.87 ± 11.69 12.62 ± 6.64 10.42 ± 5.68 17.12 ± 3.09 0.41 

UFA/SFA 1.33 ± 0.13 1.40 ± 0.15 1.52 ± 0.25 1.34 ± 0.15 0.13 
1SFA: saturated fatty acid, 2UFA: unsaturated fatty acid, 3n-6/n-3: linoleic acid/linolenic acid 

 
Fatty acid is an important component that determines the characteristics, quality of fat, and the 

palatability of beef (Anderson et al., 1975). Amongst fatty acids, oleic acid is critical to the taste and 
flavour of meat (Lee et al., 2004; Cho et al., 2008). Furthermore, the ratio of MUFA to saturated fatty 
acid can be an indirect indicator of meat flavour (Anderson, 1976). Lupin has a high unsaturated fatty 
acid (UFA) content (80%), with more than 35% MUFA (mostly oleic acid) and 10% linolenic acid (Uzun 
et al., 2007; Boschin et al., 2008; Calabrò et al., 2015). In terms of the fatty acid composition of lupin, 
the authors predicted that fatty acid composition of the strip loin might be altered following 
supplementation of the formula feed with lupin. However, in this study, there was no significant effect of 
lupin flake supplementation on the fatty acid composition of the strip loin. Nevertheless, addition of 6% 
lupin flakes resulted in some positive effects on the levels of oleic acid and UFA and the n-6/n-3 ratio. 

 
Lupin flake supplementation did not affect the individual, essential, non-essential, or total amino 

acid composition of the strip loin of Hanwoo steers (Table 9). This could have been because the protein 
content of the formulated feeds was the same in all the treatment groups. The authors suggest that there 
was no difference in the amino acid composition of beef because there was no difference in the amino 
acid supply in the feed rations. 

 
Conclusion 

Based on the results of this study, it can be inferred that supplementation of livestock feed with lupin 
flakes helps to maintain a stable pH without affecting the NH3-N or volatile fatty acid content in the rumen. 
In addition, it is suggested that supplementation of livestock feed with 6% lupin flakes has a positive 
effect on the surface lightness and the levels of carnosine, creatinine, ATP, and AMP in the strip loin of 
Hanwoo steers. Therefore, the results of the present study indicate that the appropriate level of 
supplementation of lupin flakes is 6% in Hanwoo steers. However, since the size of the group (number 
of steers) was small in this study, further studies with increased group size may be needed to determine 
the optimal level of lupin flake supplementation. 
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Table 9 Effect of lupin flake-supplemented feed rations on amino acid composition of the strip loin of 
Hanwoo steers 

Item T1 T2 T3 T4 P-value 

EAA1 

Arginine (%) 1.20 ± 0.07 1.14 ± 0.13 1.14 ± 0.03 1.17 ± 0.13 0.82 

Histidine (%) 0.85 ± 0.05 0.78 ± 0.07 0.78 ± 0.02 0.83 ± 0.09 0.48 

Isoleucine (%) 0.96 ± 0.08 0.94 ± 0.09 0.94 ± 0.03 0.98 ± 0.10 0.91 

Leucine (%) 1.64 ± 0.11 1.56 ± 0.17 1.32 ± 0.43 1.61 ± 0.17 0.40 

Lysine (%) 1.88 ± 0.12 1.78 ± 0.18 1.80 ± 0.02 1.87 ± 0.19 0.76 

Phenylalanine (%) 0.81 ± 0.05 0.76 ± 0.08 0.78 ± 0.01 0.80 ± 0.08 0.74 

Threonine (%) 0.91 ± 0.04 0.85 ± 0.08 0.87 ± 0.01 0.89 ± 0.09 0.67 

Valine (%) 1.09 ± 0.08 1.05 ± 0.09 1.05 ± 0.03 1.09 ± 0.10 0.85 

Total (%) 9.36 ± 0.60 8.86 ± 0.87 8.67 ± 0.42 9.25 ± 0.95 0.64 

NEAA2 

Alanine (%) 1.19 ± 0.07 1.13 ± 0.11 1.13 ± 0.02 1.16 ± 0.12 0.78 

Aspartic acid (%) 1.87 ± 0.12 1.76 ± 0.18 1.76 ± 0.01 1.81 ± 0.19 0.75 

Glutamic acid (%) 3.07 ± 0.21 2.86 ± 0.31 2.95 ± 0.03 3.00 ± 0.32 0.76 

Glycine (%) 0.85 ± 0.04 0.81 ± 0.09 0.82 ± 0.04 0.83 ± 0.08 0.93 

Proline (%) 0.80 ± 0.05 0.75 ± 0.07 0.77 ± 0.03 0.82 ± 0.08 0.48 

Tyrosine (%) 0.60 ± 0.03 0.56 ± 0.06 0.56 ± 0.01 0.57 ± 0.06 0.61 

Serine (%) 0.75 ± 0.04 0.69 ± 0.06 0.72 ± 0.02 0.73 ± 0.07 0.52 

Total (%) 9.14 ± 0.54 8.54 ± 0.88 8.71 ± 0.10 8.93 ± 0.91 0.74 

1EAA: essential amino acids, 2NEAA: non-essential amino acids 
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