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Abstract

:

Simple Summary


Rice is the major cereal plant worldwide; the rice processing procedure has produced several rice byproducts that are not for human consumption but are usually used as a feed ingredient for broilers. However, due to the variation of geographic and processing methods, the quality of rice and rice byproducts is merely coincident. Thus, analysis of the chemical composition and evaluation of nutrition digestibility of rice and its byproducts in broilers and establishing the regression equation is vitally important in diet formulation and resource efficiency. Based on the above information, this study examined the differences in the chemical composition of rice, broken rice, and full-fat rice bran from the different major production areas of China, evaluated the nitrogen-corrected apparent metabolizable energy and standardized ileal amino acid digestibility in broilers by nitrogen-free diet method, established a regression equation based on partial correlation assay, and provided novel information in the diet formulation of rice, broken rice, and full-fat rice bran in broilers.




Abstract


Rice, broken rice (BR), and full-fat rice bran (FFRB) from six different origins were analyzed for their chemical composition, nitrogen-corrected apparent metabolized energy (AMEn), and standardized amino acid digestibility (SIAAD) in 14-day-old and 28-day-old Arbor Acres broilers. Results showed broilers fed with rice and BR had a similar AMEn regardless of the rice and BR having different CP, EE, NDF, ADF, and ash content. FFRB containing significantly different CP, EE, NDF, ADFm and starch presented variable AMEn (p < 0.05), suggesting that starch content in rice and its byproducts contributed most to the AMEn of broilers. The regression equation of AMEn = 14.312 − (0.198 × NDF) and AMEn = 6.491 + (0.103 × Starch) were feasible to integrally predict AMEn of broilers fed to rice and its byproducts. Moreover, 28-day-old broilers had higher SIAAD than 14-day-old ones. The SIAAD of rice were higher than BR and FFRB except for Met, Cys, Thr, and Tyr in 14-day-old broilers (p < 0.05), and the SIAAD of His, Asp, and Ser in BR were higher than FFRB (p < 0.05). In 28-day-old broilers, the SIAAD of Leu, Trp, Asp, Gly, and Pro of rice were still higher than BR and FFRB (p < 0.05), but BR and FFRB had no significant differences (p > 0.05). The regression equations to estimate the SIAAD of Thr, Lys, and Met were: Met = 81.46 + (0.578 × CP), Thr = 0.863 + (6.311 × CP), and Trp = 102.883 − (1.77 × CP), indicating that CP content in rice and its byproducts was likely a major factor for prediction of SIAAD.
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1. Introduction


Rice is the major cereal plant worldwide, approximately 480 million metric tons of milled rice are produced annually in the world [1]. Rice byproducts are generated in the milling processing that cover a broad array of methods to make rice cereal suitable for consumption. In rice processing, about 30% rice byproducts generated. Broken rice (BR) is one of the byproduct during the millings and rice bran is the brown layer of dehulled rice and includes several sub-layers within the pericarp and aleurone layers [2,3]. Rice byproducts are usually not for human consumption but could be used as a feed ingredient for livestock [4,5]. Compared with corn and wheat, rice and its byproducts are available for a lower price and valuable nutrition and could be partially substituted in animal feed. However, the geographic and processing methods vary greatly in rice production. Geographic environmental elements including air temperature, atmospheric carbon dioxide, light, water, and soil nutrients, that directly or indirectly impact rice nutrition content, especially starch quality and structure, which in turn inevitably determines rice milling and functional performance [6,7]. On the other hand, due to there being three milling systems used, one-step, two-step, and multi-stage milling, the different milling systems also significantly affect rice nutritional quality, resulting in macro and micronutrient content variation [8,9]. Thus, rice and its byproducts produced from different rice production areas and rice milling conditions may differ in chemical composition [10,11], which limits the usage of rice and rice byproducts in precise feed formulation.



Dietary energy sources represent a significant cost in poultry diets [12]. Corn is a major energy feedstuff, and energy is a costly dietary component [13]. Prices for energy-providing ingredients increased over 250% from 2006 to 2008, due to a portion of the corn and oil supply being diverted away from poultry agriculture for the production of ethanol and biodiesel [12,14]. Consequently, global demand and price for corn has rapidly increased. This trend forced producers to find the replicable feedstuffs that could be used as an alternative ingredient for corn in poultry diets.



Diet formulation is a kind of important combinatorial optimization problem, and it is vital to formulate the ingredients based on ileal digestible amino acids. Metabolized energy and amino acid digestibility of broilers are key aspects to assessing the energy utilization and protein quality of feed ingredients. Both the apparent ileal amino acid digestibility (AIAAD) or standardized ileal amino acid digestibility (SIAAD) are accepted in diet research [15]. However, AIAAD should not applied in practical diet formulation because this value ignores basal ileal amino acid outflow. SIAAD is a better predictor of the availability of the dietary amino acids and is more recommended in practical diet formulation [16,17].



Based on the above information, the objective of this study was to determine the chemical composition of rice, BR, and full-fat rice bran (FFRB) from six different origins in China, evaluate nitrogen-corrected apparent metabolized energy (AMEn) and standardized ileal amino acid digestibility (SIAAD) in 14-day-old and 28-day-old broilers, investigate the effect of different origins to chemical composition, and further to the SIAAD and AMEn of broilers feed with rice and its byproducts, establish prediction equations of AMEn and SIAAD for diet formulation in broilers.




2. Materials and Methods


The Hunan Agricultural University Animal Ethics Committee (Changsha, China) reviewed and approved all experimental protocols.



2.1. Rice and Rice Byproducts Collection


Six samples of each rice, BR, or FFRB were sourced from the main production areas of China, which were Hubei (rice1, BR1, and FFRB1), Hunan (rice2, BR2, and FFRB2), Anhui (rice3, BR3, and FFRB3), Heilongjiang (rice4, BR4, and FFRB4), Jiangsu (rice5, BR5, and FFRB5), Jiangxi province (rice6, BR6, and FFRB6), accounting for 60% of the yield of rice in China. Rice is grown in almost every province in China except for Qinghai. Three-quarters of the rice area is planted with indica rice varieties and the rest with japonica rice varieties. Indica rice varieties are generally grown in the south and japonicas in the north [18]. Rice growing conditions in China vary because of topography and weather, but the crop is basically irrigated. In southeastern China, high temperature and adequate rainfall make an ideal environment for rice during a long growth period, and many areas grow two crops of rice per year. In the Yangtze River Valley, much of the land is planted with a rice–wheat rotation. In northeastern China, low temperature, a short growth period, little rainfall, and a lack of water limit the rice area. The varieties grown in this area are typically japonica and were considered to be of higher quality than the rice grown in other areas. Some scattered rice areas are found in arid and semiarid regions of northwestern China. The samples numbered 1, 2, 5, 6 in this study were located in the south of China, number 4 was in the north, and number 3 was located between the south and the north of China.




2.2. Diet Preparation


Experimental diet formulations are presented in Table 1. A nitrogen-free diet (NFD) was used to estimate basal endogenous amino acid losses and standardized SIAAD from AIAAD. NFD was formulated according to a previous report [19], Na+, K+, and Cl− additions in NFD aimed to minimize variations in EAA losses [19]. All the diets were made into mash and fed to broilers.




2.3. Animal Management


A total of 1520 0-day-old Arbor Acres chickens were housed in an environmentally controlled room and the temperature was set at 34 °C on the first day, then descended 2 °C per week. Birds were acclimatized with a basal diet designed based on NRC (1994) and free access to water and feed. At 7 days old, 912 birds were allotted to experimental diets by using a completely randomized design with 19 treatments, 8 replicate cages of 6 birds per cage. The rest of the birds continued to be fed with a basal diet. Then, at 21 days old, the remaining 608 birds were assigned to experimental diets by using the same method with 19 treatments, 8 replicates of 4 birds per cage. Experimental diets were fed during each phase of growth for 7 d, which was composed of 4 d of adaptation and 3 d of excreta collection. During the excreta collection period, wax paper was placed under each cage. To avoid fermentation and nitrogen losses, 6 N HCl was sprinkled onto the excreta after collection. The wax paper for each cage was changed every day and collected excreta were stored at −20 °C in a freezer. After collection, all the excreta were pooled per cage and dried in a forced air oven at 65 °C, then excreta were grounded to pass through a 1-mm screen mesh and stored at −20 °C for AME measurement. At the end of the 7 d period, the 14-day-old and 28-day-old birds were euthanized to collect ileal digesta for SIAAD determination. The ileum was defined as the portion of the small intestine extending from Meckel’s diverticulum to a point of 40 mm proximal to the ileocaecal junction. Ileal digesta were freeze-dried and stored at −80 °C for AIAAD measurement.




2.4. Chemical Composition and Apparent Metabolized Energy Assay


Ingredients were ground to pass through a 1-mm screen mesh, and measured for crude protein (method 984.13; AOAC,2006), crude fat (method 920.39; AOAC,2006), calcium (method 968.08; AOAC,2006), and total phosphorus (method 964.06; AOAC,2006). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed by a fiber analyzer (ANKOM A200i; Beijing, China.). Starch was determined by a starch quantities kit (Sigma-Aldrich; Shanghai, China) according to the manuscript. The gross energy (GE) of diets and fecal samples were determined with Oxygen Bomb Automatic Calorimeter (HXR-6000, Hunan Huaxing Energy Sources Instrument Co. Ltd., Changsha, China). AME was calculated according to the following equation:


  AME =   E  diet   per   gram    −      TiO 2    per   gram   diet        TiO 2    per   gram   excreta     ×   E  excreta   per   gram     











Nitrogen-corrected AME (AMEn) was calculated by correction to zero nitrogen retention according to Hill and Anderson (1958) [20], which in brief,


  N =   N  per   gram   diet    −  (    N  per   gram   feces    ×      TiO 2    per   gram   diet        TiO 2    per   gram   feces      )   










  AMEn = AME =   E  diet   per   gram    −      TiO 2    per   gram   diet        TiO 2    per   gram   excreta     ×   E  excreta   per   gram    − 8.22 × N  











N represents nitrogen retention per gram of diet dry matter. To analyze the AA content in diets and ileal digesta, ileal digesta and diets were hydrolyzed in 6N HCl for 24 h at 110 °C under N atmosphere. The AA in the hydrolysate was subsequently determined by HPLC which equipped the amino acid analysis column (4.6 × 100 mm, 2.7 µm, Agilent; Shanghai, China).




2.5. Amino Acid Digestibility


SIAAD was corrected from AIAAD by eliminating the endogenous amino acid lost. Basal ileal endogenous amino acid losses were measured by NFD, and SIAAD values were calculated by the indicator TiO2 (5 g/kg) added in each diet. The SIAAD was calculated according to the formulation reported by Stein (2007) and Iyayi, E. A. (2021) [16,21]:


  AIAAD =  [  1 −  (     AA digesta     AA diet     )  ×  (       TiO 2   diet       TiO 2   digesta     )   ]  × 100  










    IAA endogenous   =   AA  NFD   digesta    ×  (       TiO 2    diet        TiO 2    NFD   digesta      )   










  SIAAD = AIAAD +  [   (     IAA endogenous     AA diet     )  × 100  ]   












2.6. Statistical Analysis


Results of the chemical composition of ingredients were expressed as mean ± SD; AME, AMEn, and SIAAD of broilers fed rice, BR, and FFRB from different origins were expressed as mean ± SEM. The significant differences of chemical composition were analyzed by one-way ANOVA, followed by Tukey’s post hoc tests with the SPSS statistical program (version 19.0, IBM Corp., Armonk, NY, USA.). Statistical significance was declared at p < 0.05. Significant differences of AME, AMEn, and SIAAD between origins, ages, and their interaction were analyzed by two-way ANOVA, followed by Tukey’s post hoc tests in SPSS statistical program, statistical significance was set at p < 0.05. The correlation tests between chemical composition and AMEn, SIAAD of broilers were performed by a partial correlation test, different ingredients and age were set as controlling coefficients. Regression of the test ingredients associated with AMEn and SIAAD were conducted using stepwise liner regression procedure in SPSS statistical program.





3. Results


3.1. Chemical Composition


The chemical composition of rice, BR, and FFRB are shown in Table 2, Table 3 and Table 4, respectively. The concentration of EE, NDF, and ADF showed significant differences in rice and BR from different sources (p < 0.05). In contrast, GE, DM, CP, total starch, ash, calcium, and total phosphorus showed no significant difference in rice and BR of different origins (p > 0.05). Thr, Met, Asp, and Ser content have significant differences in rice and broken rice from different sources (p < 0.05). Rice and BR have a similar chemical composition except that rice has a slightly lower CP, NDF, ash, Met, Ser, and Tyr content (Table 5, p < 0.05). The chemical composition of different origin FFRB presented massive significant differences in GE, CP, EE, ADF, NDF, and total starch (p < 0.05); among them, ADF, NDF, and total starch showed the most variability (p < 0.01). DM, ash, calcium, and total phosphorus in FFRB from different origins did not present differences (p > 0.05). Amino acids of Thr, Val, Lys, Asp, Ser, Glu, Pro, and Gly concentration showed significant differences (p < 0.05).




3.2. AME and AMEn Assay


The AME and AMEn of broilers fed with each experimental diet are presented in Table 6. Regardless of rice and BR, there were no differences in AME and AMEn between the different sources fed to the broilers at both ages (p > 0.05), and neither ages nor ages interacting with origins showed any significant differences (p > 0.05). However, broilers fed with FFRB from different origins presented significant differences in AME and AMEn (p < 0.05). FFRB4- and FFRB5-fed broilers presented the lowest AMEn, and among all the FFRB groups, FFRB4 had the lowest EE and total starch content, FFRB5 had the highest NDF and ADF concentration. Moreover, broilers fed with FFRB showed no statistical differences in the AME and AMEn in ages (p > 0.05). Pearson’s correlation assay was used to analyze the association between AMEn and chemical composition of experimental diets. As shown in Supplement Table S1, DM and total starch content were positively correlated with AMEn (p < 0.05), the other chemical compositions wereall negatively correlated with AMEn (p < 0.05).




3.3. Amino Acid Digestibility


The evaluation of endogenous AA loss enabled us to establish the SIAAD of feed ingredients. As shown in Table 7, the average SIAAD of Trp in 14-day-old broilers was the highest (89.60%), Trp, Phe, and His in 28-day-old broilers were the highest (92.23%, 92.18%, and 92.47%, respectively). The SIAAD of Arg and Ala of broilers fed with rice showed significant original differences (p < 0.05), and the SIAAD of His, Ile, Met, Phe, Trp, Cys, Glu, Gly, and Ser had significant age differences in broilers fed rice (p < 0.05). The SIAAD of Met had significant interaction between origin and age (p < 0.05). In Table 8, the highest SIAAD of BR were Trp and Phe (88.26% and 88.12%) in 14-day-old broilers, and the SIAAD of Glu, Phe (90.03%, 90.15%) were the highest in 28-day-old broilers. The SIAAD of Leu and Ala showed significant original differences in broilers fed with BR (p < 0.05), and His, Leu, Val, Cys, and Glu had marked differences in ages (p < 0.05). The interaction between ages and origins had no significant differences (p > 0.05). As shown in Table 9, the average SIAAD of Met of FFRB in 14-day-old broilers was the highest (87.42%), and Met and Glu in 28-day-old broilers were the highest (90.58% and 90.61%). The SIAAD of Leu, Thr, Trp, Val, and Ala in broilers fed with FFRB showed statistically significant differences (p < 0.05). Arg, His, Ile, Leu, Lys, Met, Phe, Ala, Glu, Gly, and Tyr of SIAAD had significant differences in ages (p < 0.05). Moreover, the SIAAD of Leu, Met, and Ala had significant interactions between age and origin (p < 0.05). Overall, the SIAAD of rice, BR, and FFRB increased with age after standardization, which is consistent with a previous report [17]. The significant interaction of the SIAAD of Met in rice, and Leu, Met, and Ala in FFRB suggests that with the development of digestive tract of broilers, the effect on AA digestibility may gradually be revealed due to the different chemical composition of ingredients from different origins. The SIAAD of rice was significantly higher than BR and FFRB except for Met, Cys, Thr, and Tyr in 14-day-old broilers (Table 10, p < 0.05), and the SIAAD of His, Asp, and Ser of BR were higher than FFRB in 14-day-old broilers (p < 0.05), but the SIAAD of Arg was lower (p < 0.05). In 28-day-old broilers, the SIAAD of Leu, Trp, Asp, Gly, and Pro of rice was still higher than BR and FFRB (p < 0.05). The SIAAD of BR and FFRB had no significant differences (p > 0.05).




3.4. Regression Equation


Liner regression equation of AMEn and SIAAD of broilers fed rice and its byproducts were established (Table 11) by using the stepwise method based on partial correlation assay, the age and different origins were set as controlling factors. For simplicity and practicality, the SIAAD of Thr, Lys, Met, and Trp, which are critical in practical diet formulation [22,23], were presented in the regression equation. As shown in Table 11, the AMEn of the broilers had the best correlation to the chemical composition of NDF and starch. According to the regression analysis, AMEn elevated with the concentration of starch increasing, but reduced with NDF increasing (p < 0.05). Furthermore, the SIAAD of Met increased with the protein concentration increasing (p < 0.05), however, Trp decreased with protein concentration increasing (p < 0.05). In particular, the precise of regression equation of the SIAAD of Lys was insufficient with only one chemical composition coefficient. The best fit equation was X = 62.00 + (0.938STARCH − 0.021 × NDF).





4. Discussion


The physical and chemical composition of rice and its byproducts may depend on geographic factors, the treatment of milling, and the fractionation method [3]. During the milling process, microbial activity is involved which produces lipase hydrolysates [24]. This turns the oil in BR and FFRB into glycerol and free fatty acids, which gives the product its rancid smell and bitter taste that renders the FFRB unsuitable for human consumption but acceptable as a feed ingredient for broilers. In this study, rice, BR, and FFRB from different origins were examined for their chemical composition. Rice and BR have different CP, EE, NDF, ADF, and ash content. FFRB contained significantly different CP, EE, NDF, ADF, and starch. Furthermore, the concentrations of total starch and crude protein of rice and BR were lower than suggested in a previous report [25]; NDF and EE were greater than in the previous study [25]. Several studies also suggested that FFRB has a variable chemical composition [26,27,28]. The CP content of different sources of FFRB ranged from 13.6% to 21.0%, and crude fat and NDF ranged from 4.1% to 24.4% and 2.1% to 34.3%, respectively [29]. The average CP content of FFRB in our study was 13.15 ± 0.74%, EE was 13.43 ± 1.63%, and NDF was 27.30 ± 5.91%, which had a lower CP but a higher NDF than previous study [27,29]. These data indicated that the quality of FFRB is merely coincident and limited its application in precise diet formulation. However, FFRB contains considerable nutrition, and dietary exogenous enzymes supplementation showed significant improvement in the broiler availability of FFRB [30,31,32]. Therefore, it is necessary to dynamically evaluate the nutritional value of rice bran through the regression equation.



Rice and BR in animal feedstuff are responsible for energy providing and could be directly used in broilers’ diet due to their compromised anti-nutrition factors [27,33]. FFRB, as a potential substitution for maize or wheat [32,34], has a considerable crude protein and fat content, but high NDF and ADF content may limit the utilization of FFRB in animal feed [4]. In the present study, the correlation assay between chemical composition and AMEn revealed that DM and total starch are the only two factors that had a positive association with AMEn, which may indicate that starch is principally responsible for providing metabolized energy in rice and its byproducts when fed to broilers. The total starch content of rice and BR ranged from 66.62% to 70.68% and 66.28% to 69.14%, respectively. The digestion of starch generally occurred in the small intestine, with the candidate of α-amylase. Furthermore, α-amylase inhibitors have been found in wheat, rye, triticale, and sorghum, but not in rice, barley, and maize [35]. In the present study, rice and BR with different CP, EE, NDF, ADF, and ash content did not present differences in AMEn at 14 days old or 28 days old. However, variation of AMEn in FFRB fed broilers was observed, The most significantly different chemical compositions in FFRB were NDF, ADF, and starch; NDF ranged from 20.57% to 34.83%, ADF range from 7.37% to 12.54%, and starch ranged from 18.86% to 27.57%. The different starch levels may contribute to variable AMEn, and the relative high concentration of NDF and ADF may limit the AMEn in broilers [34,36,37]. Thus, establishing the regression equation is vitally important for employing FFRB. The correlation assay revealed that NDF and ADF were most correlated to AMEn. Moreover, the regression equation of AMEn showed that NDF content was best fit for prediction, and NDF as a relatively stable composition has been used to establish the prediction equation of ME in swine fed to DDGS [38,39]. Thus, this study suggested that NDF content in rice and its byproducts may also be possible to use to predict the AMEn in broilers. On the other hand, the correlation assay showed that EE represented a significant negative correlation to AMEn. Several studies concluded that EE contributed to providing GE in corn-DDGS, but its apparent total tract digestibility was quite variable among corn-DDGS sources in both experiments, indicating that EE was not a primary factor for predicting DE or ME in growing pigs [40]. The data in swine fed different sources DDGS also suggested that the fiber component of DDGS has a greater impact on ME than does EE content [38]. This indicated that although EE is rich in FFRB and contributed to the gross energy of diet, it may not be responsible for the AMEn of broilers fed the FFRB diet. Because the EE in FFRB could easily become rancid, it is suggested that it may not be the ideal input in energy prediction equations for FFRB-fed broilers.



Feed formulations based on digestible amino acids could improve the precise of nutritive value of feed ingredients and get closer to the true utilization of broilers [36]. Accumulated studies have shown that BR has a similar AA digestibility to corn in broilers [37]. A study reported that feeding rice instead of corn increased nutrients digestibility and growth performance in pigs [41,42]. BR has a higher Met, Ser, and Tyr content than rice in our study. These differences might due to the polishing process which removed the aleurone layer that is rich in amino acid [3]. Though rice and BR are not protein-rich ingredients, they have a higher digestibility and fewer anti-nutrition factors than other cereal plants [43]. FFRB including an aleurone layer and germ together has a higher protein content, which could be around 15% in FFRB and 20% in defatted rice bran [10]. In addition, rice bran contains various biological proteins, such as rice bran lipase and catalase, that have health benefits [44,45]. FRRB in this study contained 13.15 ± 0.74% CP. However, the fiber content in FFRB was variable [29], and may have a negative effect on AA digestibility [46,47]. A diet formulated based on amino acid of both full-fat or defatted rice bran will lead to variable nutrition value and finally result in the poor performance of broilers. Consistent with our study, amino acid composition in FFRB showed that Thr, Val, Lys, Asp, Ser, Glu, Pro, and Gly had significant different concentration. Thus, evaluating the SIAAD of broilers fed with FFRB and establishing a regression equation to provide the baseline for practical production is critically important. In our study, the best fit SIAAD of Met, Thr, and Trp equations were Met = 81.46 + (0.578 × CP), Thr = 0.863 + (6.311 × CP), and Trp = 102.883 − (1.77 × CP), respectively. Due to AIAAD increases corresponding to dietary AA intake [15], and endogenous AA losses remaining relatively stable, the CP content of the feed ingredients was likely a major factor for the prediction of SIAAD [15,48]. However, the precision of prediction equations for the SIAAD of Lys with CP content was insufficient. The best fit equation was X = 62.00 + (0.938STARCH − 0.021 × NDF), suggesting that starch and NDF content may affect AA digestibility, and could be considered as an alternative factor for the prediction of SIAAD.



In summary, our study demonstrated that broilers fed with rice and BR had a similar AMEn regardless of the fact that rice and BR had different CP, EE, NDF, ADF, and ash content. FFRB containing significantly different CP, EE, NDF, ADF, and starch presented variable AMEn, suggesting that starch content in rice and its byproducts contributed most to the AMEn of the broilers. The regression equations of AMEn = 14.312 − (0.198 × NDF) and AMEn = 6.491 + (0.103 × Starch) were feasible to integrally predict the AMEn of broilers fed with rice and its byproducts. Moreover, 28-day-old broilers had a higher SIAAD than 14-day-old. The SIAAD of rice was higher than that of BR and FFRB except for Met, Cys, Thr, and Tyr in 14-day-old broilers, and the SIAAD of His, Asp, and Ser of BR were higher than FFRB. In 28-day-old broilers, the SIAAD of Leu, Trp, Asp, Gly, and Pro of rice were still higher than BR and FFRB, but BR and FFRB had no significant differences. The study provided a regression equation to estimate the SIAAD of Thr, Lys, Met, and Trp in broilers fed with rice and its byproducts, and could be considered when formulating broilers’ feed.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ani11071894/s1, Table S1: Pearson’s correlation assay between chemical composition of rice and its by-products and AMEn of broiler, Table S2: Basal amino acid losses analysis by NFD method. (%).





Author Contributions


Z.S. and X.H.: conceptualization and methodology. K.X.: data curation and writing—original draft preparation. B.Z.: formal analysis and investigation. D.-X.H.: writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Technology Basement and Talent Special Project of Guangxi (Guike AD20238092); Support project for Scientific and technical talents in Hunan Province (2020TJ-Q02); Double first-class construction project of Hunan Agricultural University (SYL201802015).




Institutional Review Board Statement


All animals procedures in this paper were performed under the guidelines for care and use of laboratory animals and approved by animal ethics committee of Hunan Agricultural University (GBT2018).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no competing interests linked to this manuscript.




References


	



Muthayya, S.; Sugimoto, J.D.; Montgomery, S.; Maberly, G.F. An overview of global rice production, supply, trade, and consumption. Ann. N. Y. Acad. Sci. 2014, 1324, 7–14. [Google Scholar] [CrossRef]

	



Zhang, Y.; Ghaly, A.E.; Li, B. Physical properties of rice residues as affected by variety and climatic and cultivation onditions in three continents. Am. J. Appl. Sci. 2013, 9, 1757–1768. [Google Scholar] [CrossRef]

	



Guine, R.D.P.F.; dos Reis Correia, P.M. (Eds.) Engineering Aspects of Cereal and Cereal-Based Products; CRC Press: Boca Raton, FL, USA, 2013. [Google Scholar]

	



Casas, G.A.; Stein, H.H. Effects of microbial xylanase on digestibility of dry matter, organic matter, neutral detergent fiber, and energy and the concentrations of digestible and metabolizable energy in rice coproducts fed to weanling pigs. J. Anim. Sci. 2016, 94, 1933–1939. [Google Scholar] [CrossRef]

	



Guimarães, I.G.; Pezzato, L.E.; Barros, M.M.; Tachibana, L. Nutrient digestibility of cereal grain products and by-products in extruded diets for nile tilapia. J. World Aquac. Soc. 2008, 39, 781–789. [Google Scholar] [CrossRef]

	



Patindol, J.A.; Siebenmorgen, T.J.; Wang, Y.J. Impact of environmental factors on rice starch structure: A review. Starch/Staerke 2015, 67, 42–54. [Google Scholar] [CrossRef]

	



Zhu, L.; Sun, J.; Wu, G.; Wang, Y.; Zhang, H.; Wang, L.; Qian, H.; Qi, X.G. Identification of rice varieties and determination of their geographical origin in China using Raman spectroscopy. J. Cereal Sci. 2018, 82, 175–182. [Google Scholar] [CrossRef]

	



Atungulu, G.G.; Pan, Z. Rice industrial processing worldwide and impact on macro- and micronutrient content, stability, and retention. Ann. N. Y. Acad. Sci. 2014, 1324, 15–28. [Google Scholar] [CrossRef] [PubMed]

	



Bodie, A.R.; Micciche, A.C.; Atungulu, G.G.; Rothrock, M.J.; Ricke, S.C. Current Trends of Rice Milling Byproducts for Agricultural Applications and Alternative Food Production Systems. Front. Sustain. Food Syst. 2019, 3, 47. [Google Scholar] [CrossRef]

	



Kahlon, T.S. Rice bran: Production, composition, functionality and food applications, physiological benefits. In Fiber Ingredients: Food Applications and Health Benefits; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2009; pp. 305–321. ISBN 9781420043853. [Google Scholar]

	



Farrell, D.J. Utilization of rice bran in diets for domestic fowl and ducklings. Worlds. Poult. Sci. J. 1994, 50, 115–131. [Google Scholar] [CrossRef]

	



Donohue, M.; Cunningham, D.L. Effects of grain and oilseed prices on the costs of US poultry production. J. Appl. Poult. Res. 2009, 18, 325–337. [Google Scholar] [CrossRef]

	



Salami, R.I.; Odunsi, A.A. Evaluation of processed cassava peel meals as substitutes for maize in the diets of layers. Int. J. Poult. Sci. 2003, 2, 112–116. [Google Scholar] [CrossRef]

	



Ensslin, A.S.; Formby, B. Comparison of Cytolytic and Proliferative Activities of Human γδ and αβ T Cells from Peripheral Blood against Various Human Tumor Cell Lines. J. Natl. Cancer Inst. 1991, 83, 1564–1569. [Google Scholar] [CrossRef] [PubMed]

	



Adedokun, S.A.; Jaynes, P.; Payne, R.L.; Applegate, T.J. Standardized Ileal Amino Acid Digestibility of Corn, Corn Distillers’ Dried Grains with Solubles, Wheat Middlings, and Bakery By-Products in Broilers and Laying Hens. Poult. Sci. 2015, 94, 2480–2487. [Google Scholar] [CrossRef]

	



Stein, H.H.; Fuller, M.F.; Moughan, P.J.; Sève, B.; Mosenthin, R.; Jansman, A.J.M.; Fernández, J.A.; de Lange, C.F.M. Definition of apparent, true, and standardized ileal digestibility of amino acids in pigs. Livest. Sci. 2007, 109, 282–285. [Google Scholar] [CrossRef]

	



Adedokun, S.A.; Adeola, O.; Parsons, C.M.; Lilburn, M.S.; Applegate, T.J. Standardized ileal amino acid digestibility of plant feedstuffs in broiler chickens and turkey poults using a nitrogen-free or casein diet. Poult. Sci. 2008, 87, 2535–2548. [Google Scholar] [CrossRef] [PubMed]

	



Peng, S.; Tang, Q.; Zou, Y. Current status and challenges of rice production in China. Plant Prod. Sci. 2009, 12, 3–8. [Google Scholar] [CrossRef]

	



Adedokun, S.A.; Adeola, O.; Parsons, C.M.; Lilburn, M.S.; Applegate, T.J. Factors affecting endogenous amino acid flow in chickens and the need for consistency in methodology. Poult. Sci. 2011, 90, 1737–1748. [Google Scholar] [CrossRef]

	



Hill, F.W.; Anderson, D.L. Comparison of metabolizable energy and productive energy determinations with growing chicks. J. Nutr. 1958, 64, 587–603. [Google Scholar] [CrossRef] [PubMed]

	



Iyayi, E.A.; Adeola, O. Standardisierte ileale aminosäurenverdaulichkeiten von futtermitteln für broiler. Eur. Poult. Sci. 2014, 78, 1–12. [Google Scholar] [CrossRef]

	



Farkhoy, M.; Modirsanei, M.; Ghavidel, O.; Sadegh, M.; Jafarnejad, S. Evaluation of protein concentration and limiting amino acids including lysine and Met + Cys in prestarter diet on performance of broilers. Vet. Med. Int. 2012, 2012, 394189. [Google Scholar] [CrossRef]

	



Hussein, A.S.; Cantor, A.H.; Pescatore, A.J.; Gates, R.S.; Burnham, D.; Ford, M.J.; Paton, N.D. Effect of low protein diets with amino acid supplementation on broiler growth. J. Appl. Poult. Res. 2001, 10, 354–362. [Google Scholar] [CrossRef]

	



Kim, H.Y.; Hwang, I.G.; Kim, T.M.; Woo, K.S.; Park, D.S.; Kim, J.H.; Kim, D.J.; Lee, J.; Lee, Y.R.; Jeong, H.S. Chemical and functional components in different parts of rough rice (Oryza sativa L.) before and after germination. Food Chem. 2012, 134, 288–293. [Google Scholar] [CrossRef]

	



National Research Council. Nutrient Requirements of Poultry: Ninth Revised Edition; The National Academies Press: Washington, DC, USA, 1994; ISBN 978-0-309-04892-7. [Google Scholar] [CrossRef]

	



Casas, G.A.; Jaworski, N.W.; Htoo, J.K.; Stein, H.H. Ileal digestibility of amino acids in selected feed ingredients fed to young growing pigs. J. Anim. Sci. 2018, 96, 2361–2370. [Google Scholar] [CrossRef] [PubMed]

	



Casas, G.A.; Almeida, J.A.S.; Stein, H.H. Amino acid digestibility in rice co-products fed to growing pigs. Anim. Feed Sci. Technol. 2015, 207, 150–158. [Google Scholar] [CrossRef]

	



Bultum, L.E.; Emire, S.A.; Wolde, Y.T. Influence of full fat rice bran from Ethiopian rice milling industries on nutritional qualities, physicochemical and sensory properties of bread and biscuits. J. Food Meas. Charact. 2020, 14, 2253–2261. [Google Scholar] [CrossRef]

	



Kaufmann, C.; Sauer, W.C.; Cervantes, M.; Zhang, Y.; He, J.; Rademacher, M.; Htoo, J.K. Amino acid and energy digestibility in different sources of rice bran for growing pigs. Can. J. Anim. Sci. 2005, 85, 355–363. [Google Scholar] [CrossRef]

	



Erlank, H.; Elmann, A.; Kohen, R.; Kanner, J. Polyphenols activate Nrf2 in astrocytes via H2O2, semiquinones, and quinones. Free Radic. Biol. Med. 2011, 51, 2319–2327. [Google Scholar] [CrossRef]

	



El-Ghamry, A.A.; Al-Harthi, M.A.; Attia, Y.A. Possibility to improve rice polishing utilisation in broiler diets by enzymes or dietary formulation based on digestible amino acids. Arch. Geflugelkd. 2005, 69, 49–56. [Google Scholar]

	



Alshukri, A.Y.; Areaaer, A.H.; Almrsomi, T.S.; Alfartosi, K.A. Effect of Partial Substitution of Rice Bran for the Yellow Corn (Maize) on Broiler Performance. Int. J. Sci. Res. 2016, 5, 2003–2005. [Google Scholar] [CrossRef]

	



Rutherfurd, S.M.; Chung, T.K.; Moughan, P.J. The effect of microbial phytase on ileal phosphorus and amino acid digestibility in the broiler chicken. Br. Poult. Sci. 2002, 43, 598–606. [Google Scholar] [CrossRef]

	



Shaheen, M.; Ahmad, I.; Anjum, F.M.; Syed, Q.A.; Saeed, M.K. Effect of processed rice bran on growth performance of broiler chicks from Pakistan. Bulg. J. Agric. Sci. 2015, 21, 440–445. [Google Scholar]

	



Svihus, B.; Uhlen, A.K.; Harstad, O.M. Effect of starch granule structure, associated components and processing on nutritive value of cereal starch: A review. Anim. Feed Sci. Technol. 2005, 122, 303–320. [Google Scholar] [CrossRef]

	



Lemme, A.; Ravindran, V.; Bryden, W.L. Ileal digestibility of amino acids in feed ingredients for broilers. Worlds. Poult. Sci. J. 2004, 60, 423–437. [Google Scholar] [CrossRef]

	



Ullah, Z.; Ahmed, G.; Nisa, M.; Sarwar, M. Standardized Ileal amino acid digestibility of commonly used feed ingredients in growing broilers. Asian-Australas. J. Anim. Sci. 2016, 29, 1322–1330. [Google Scholar] [CrossRef]

	



Urriola, P.E.; Li, M.; Kerr, B.J.; Shurson, G.C. Evaluation of prediction equations to estimate gross, digestible, and metabolizable energy content of maize dried distillers grains with solubles (DDGS) for swine based on chemical composition. Anim. Feed Sci. Technol. 2014, 198, 196–202. [Google Scholar] [CrossRef]

	



Urriola, P.E.; Stein, H.H. Effects of distillers dried grains with solubles on amino acid, energy, and fiber digestibility and on hindgut fermentation of dietary fiber in a corn-soybean meal diet fed to growing pigs. J. Anim. Sci. 2010, 88, 1454–1462. [Google Scholar] [CrossRef]

	



Kerr, B.J.; Dozier, W.A.; Shurson, G.C. Effects of reduced-oil corn distillers dried grains with solubles composition on digestible and metabolizable energy value and prediction in growing pigs. J. Anim. Sci. 2013, 91, 3231–3243. [Google Scholar] [CrossRef]

	



Lyu, Z.; Li, Y.; Liu, H.; Li, E.; Li, P.; Zhang, S.; Wang, F.; Lai, C. Net energy content of rice bran, defatted rice bran, corn gluten feed, and corn germ meal fed to growing pigs using indirect calorimetry. J. Anim. Sci. 2018, 96, 1877–1888. [Google Scholar] [CrossRef]

	



Fan, L.; Huang, R.; Wu, C.; Cao, Y.; Du, T.; Pu, G.; Wang, H.; Zhou, W.; Li, P.; Kim, S.W. Defatted rice bran supplementation in diets of finishing pigs: Effects on physiological, intestinal barrier, and oxidative stress parameters. Animals 2020, 10, 449. [Google Scholar] [CrossRef]

	



Hoogenkamp, H.; Kumagai, H.; Wanasundara, J.P.D. Rice Protein and Rice Protein Products. In Sustainable Protein Sources; Academic Press: Cambridge, MA, USA, 2017; pp. 47–65. ISBN 9780128027769. [Google Scholar]

	



Prabhu, A.V.; Tambe, S.P.; Gandhi, N.N.; Sawant, S.B.; Joshi, J.B. Rice bran lipase: Extraction, activity, and stability. Biotechnol. Prog. 1999, 15, 1083–1089. [Google Scholar] [CrossRef]

	



Hamada, J.S. Characterization and functional properties of rice bran proteins modified by commercial exoproteases and endoproteases. J. Food Sci. 2000, 65, 305–310. [Google Scholar] [CrossRef]

	



Han, S.W.; Chee, K.M.; Cho, S.J. Nutritional quality of rice bran protein in comparison to animal and vegetable protein. Food Chem. 2015, 172, 766–769. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Li, F.; Wu, W. Effects of rice bran rancidity on the oxidation and structural characteristics of rice bran protein. LWT 2020, 120, 108943. [Google Scholar] [CrossRef]

	



Sadighi Sheikhhasan, B.; Moravej, H.; Ghaziani, F.; Esteve-Garcia, E.; Kim, W.K. Relationship between chemical composition and standardized ileal digestible amino acid contents of corn grain in broiler chickens. Poult. Sci. 2020, 99, 4496–4504. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Experiment diet formulation (g/kg as-fed basis).






Table 1. Experiment diet formulation (g/kg as-fed basis).












	
	Rice
	BR
	FFRB
	NFD 1





	Ingredient g/kg
	
	
	
	



	Corn starch
	0
	0
	0
	198



	Dextrose
	0
	0
	0
	640



	Feed ingredient
	924
	924
	924
	0



	NaHCO3
	0
	0
	0
	7.5



	KCl
	0
	0
	0
	7.5



	MgO
	0
	0
	0
	2



	Solkafloc
	25
	25
	25
	50



	Soy oil
	0
	0
	0
	50



	Monocalcium phosphate
	20
	20
	20
	19



	Choline chloride
	3
	3
	1
	3



	Limestone
	15
	15
	12
	13



	Sodium chloride
	3
	3
	3
	0



	Vitamin mineral premix 2
	5
	5
	5
	5



	TiO2
	5
	5
	5
	5



	Total
	1000
	1000
	1000
	1000







1 NFD = Nitrogen-free diet. 2 Provided per kilogram of diet: vitamin A, 9500 IU; vitamin D3, 62.5 μg; vitamin K3, 2.65 mg; vitamin B1, 2 mg; vitamin B2, 6 mg; vitamin B12, 0.025 mg; vitamin E, 30 IU; biotin, 0.0325mg; folic acid, 1.25 mg; pantothenic, 12 mg; niacin, 50 mg; Cu, 8 mg; Zn, 75 mg; Fe, 80 mg; Mn, 100 mg; Se, 0.15 mg; I, 0.35 mg.
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Table 2. Analyzed nutrition and amino acid composition of different sources rice (%).






Table 2. Analyzed nutrition and amino acid composition of different sources rice (%).

















	Nutrition
	Rice 1
	Rice 2
	Rice 3
	Rice 4
	Rice 5
	Rice 6
	p-Value
	Mean
	SD





	GE (MJ/kg)
	17.45
	17.43
	17.73
	18.41
	18.37
	17.59
	0.124
	17.83
	0.45



	Dry matter
	89.09
	88.13
	88.20
	88.63
	89.47
	90.58
	0.204
	89.02
	0.92



	Crude protein
	7.03
	6.92
	6.74
	6.97
	7.17
	7.11
	0.325
	7.31
	0.15



	Ether extract
	1.19
	1.41
	3.22
	3.79
	2.35
	3.33
	0.012
	2.55
	1.08



	NDF 1
	2.38
	3.74
	1.17
	1.83
	3.02
	3.34
	0.044
	2.58
	0.97



	ADF 1
	0.71
	0.67
	0.71
	0.21
	0.45
	1.21
	0.031
	0.66
	0.33



	Total Starch
	66.62
	70.68
	69.59
	66.84
	69.56
	69.79
	0.334
	68.85
	1.69



	Ash
	0.45
	0.38
	0.37
	0.47
	0.47
	0.36
	0.102
	0.41
	0.05



	Calcium
	0.044
	0.034
	0.045
	0.025
	0.033
	0.035
	0.078
	0.04
	0.01



	Total phosphorus
	0.22
	0.28
	0.24
	0.21
	0.19
	0.24
	0.504
	0.23
	0.03



	Indispensable AA
	
	
	
	
	
	
	
	
	



	Arg
	0.44
	0.46
	0.38
	0.54
	0.46
	0.52
	0.305
	0.46
	0.06



	His
	0.15
	0.21
	0.13
	0.29
	0.2
	0.31
	0.208
	0.21
	0.07



	Ile
	0.25
	0.28
	0.22
	0.31
	0.28
	0.3
	0.341
	0.27
	0.03



	Leu
	0.48
	0.61
	0.45
	0.65
	0.6
	0.64
	0.445
	0.57
	0.09



	Lys
	0.28
	0.34
	0.29
	0.37
	0.37
	0.36
	0.550
	0.34
	0.04



	Met
	0.22
	0.16
	0.18
	0.14
	0.16
	0.15
	0.037
	0.17
	0.03



	Phe
	0.36
	0.39
	0.34
	0.44
	0.39
	0.43
	0.459
	0.39
	0.04



	Thr
	0.36
	0.26
	0.38
	0.34
	0.3
	0.31
	0.032
	0.32
	0.04



	Trp
	0.12
	0.16
	0.19
	0.12
	0.11
	0.11
	0.328
	0.14
	0.03



	Val
	0.3
	0.38
	0.3
	0.44
	0.4
	0.42
	0.259
	0.37
	0.06



	Total
	3.14
	3.36
	3.03
	3.81
	3.40
	3.69
	0.215
	3.39
	0.30



	Dispensable AA
	
	
	
	
	
	
	
	
	



	Ala
	0.36
	0.43
	0.33
	0.47
	0.44
	0.46
	0.187
	0.41
	0.06



	Asp
	0.63
	0.64
	0.57
	0.71
	0.69
	0.71
	0.021
	0.66
	0.06



	Cys
	0.18
	0.11
	0.17
	0.17
	0.13
	0.14
	0.683
	0.15
	0.03



	Glu
	1.27
	1.45
	1.2
	1.55
	1.41
	1.56
	0.150
	1.41
	0.15



	Gly
	0.31
	0.33
	0.29
	0.37
	0.34
	0.37
	0.124
	0.33
	0.03



	Pro
	0.39
	0.58
	0.39
	0.45
	0.43
	0.36
	0.162
	0.43
	0.08



	Ser
	0.36
	0.38
	0.35
	0.42
	0.37
	0.41
	0.013
	0.38
	0.03



	Tyr
	0.18
	0.14
	0.16
	0.18
	0.12
	0.15
	0.113
	0.16
	0.02



	Total
	3.5
	3.95
	3.29
	4.15
	3.80
	4.02
	0.009
	3.78
	0.33







1 NDF means neutral detergent fiber, ADF means acid detergent fiber. Data were presented as mean ± SD, each ingredient from the different origins were used with a stratified sampling method and tested four times as replicates.
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Table 3. Analyzed nutrition and amino acid composition of different sources BR (%).
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	Nutrition
	BR 1
	BR 2
	BR 3
	BR 4
	BR 5
	BR 6
	p-Value
	Mean
	SD





	GE (MJ/kg)
	17.40
	17.12
	17.68
	17.18
	18.05
	17.67
	0.329
	17.52
	0.35



	Dry matter
	89.02
	88.38
	88.55
	90.20
	89.78
	92.68
	0.269
	89.77
	1.59



	Crude protein
	7.95
	7.58
	7.38
	7.61
	7.05
	7.65
	0.428
	7.54
	0.30



	Ether extract
	3.95
	4.79
	2.27
	3.19
	4.00
	3.37
	0.016
	3.60
	0.86



	NDF 1
	7.48
	3.27
	5.02
	4.02
	8.84
	3.35
	0.008
	5.33
	2.32



	ADF 1
	0.79
	0.66
	0.86
	0.43
	0.56
	0.71
	0.041
	0.67
	0.16



	Total Starch
	69.14
	66.78
	68.46
	66.28
	68.02
	69.03
	0.846
	67.95
	1.18



	Ash
	0.52
	0.54
	0.71
	0.56
	0.60
	0.68
	0.340
	0.47
	0.08



	Calcium
	0.032
	0.026
	0.041
	0.035
	0.034
	0.028
	0.103
	0.03
	0.01



	Total phosphorus
	0.27
	0.21
	0.22
	0.18
	0.22
	0.19
	0.664
	0.22
	0.03



	Indispensable AA
	
	
	
	
	
	
	
	
	



	Arg
	0.55
	0.7
	0.61
	0.45
	0.52
	0.4
	0.402
	0.54
	0.11



	His
	0.23
	0.26
	0.34
	0.26
	0.32
	0.24
	0.274
	0.28
	0.04



	Ile
	0.28
	0.26
	0.24
	0.24
	0.27
	0.25
	0.449
	0.26
	0.02



	Leu
	0.62
	0.78
	0.58
	0.53
	0.61
	0.56
	0.586
	0.61
	0.09



	Lys
	0.32
	0.31
	0.31
	0.33
	0.36
	0.33
	0.724
	0.33
	0.02



	Met
	0.24
	0.23
	0.16
	0.29
	0.29
	0.25
	0.049
	0.24
	0.05



	Phe
	0.4
	0.46
	0.41
	0.4
	0.39
	0.39
	0.604
	0.41
	0.03



	Thr
	0.34
	0.37
	0.28
	0.29
	0.28
	0.4
	0.017
	0.33
	0.05



	Trp
	0.13
	0.15
	0.11
	0.1
	0.11
	0.12
	0.432
	0.12
	0.02



	Val
	0.39
	0.45
	0.41
	0.4
	0.39
	0.4
	0.341
	0.41
	0.02



	Total
	3.5
	3.97
	3.45
	3.29
	3.54
	3.34
	0.283
	3.67
	0.24



	Dispensable AA
	
	
	
	
	
	
	
	
	



	Ala
	0.42
	0.52
	0.45
	0.43
	0.48
	0.43
	0.246
	0.46
	0.04



	Asp
	0.66
	0.66
	0.65
	0.79
	0.72
	0.72
	0.028
	0.7
	0.05



	Cys
	0.13
	0.14
	0.21
	0.12
	0.19
	0.16
	0.899
	0.16
	0.04



	Glu
	1.73
	1.77
	1.55
	1.44
	1.52
	1.45
	0.198
	1.58
	0.14



	Gly
	0.32
	0.36
	0.37
	0.39
	0.43
	0.4
	0.132
	0.38
	0.04



	Pro
	0.32
	0.36
	0.33
	0.47
	0.35
	0.4
	0.213
	0.37
	0.06



	Ser
	0.38
	0.46
	0.41
	0.52
	0.56
	0.6
	0.017
	0.49
	0.09



	Tyr
	0.18
	0.2
	0.23
	0.22
	0.18
	0.17
	0.517
	0.2
	0.02



	Total
	4.01
	4.33
	3.99
	4.26
	4.24
	4.17
	0.042
	4.17
	0.14







1 NDF means neutral detergent fiber, ADF means acid detergent fiber. Data were presented as mean ± SD, each ingredient from the different origins were used with a stratified sampling method and tested four times as replicates.
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Table 4. Analyzed nutrition and amino acid composition of different sources FFRB (%).
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	Nutrition
	FFRB1
	FFRB2
	FFRB3
	FFRB4
	FFRB5
	FFRB6
	p-Value
	Mean
	SD





	GE(MJ/kg)
	19.74
	20.52
	18.10
	18.30
	18.16
	20.65
	0.001
	19.25
	1.20



	Dry matter
	86.13
	86.33
	87.2
	88.01
	86.14
	87.29
	0.671
	86.85
	0.77



	Crude protein
	13.35
	13.02
	11.89
	13.08
	13.41
	14.16
	0.036
	13.15
	0.74



	Ether extract
	15.35
	12.22
	13.7
	11.28
	12.83
	15.17
	0.012
	13.43
	1.63



	NDF 1
	20.57
	24.56
	33.31
	28.51
	34.83
	22.03
	<0.001
	27.30
	5.91



	ADF 1
	7.91
	7.37
	12.26
	11.98
	12.54
	8.53
	<0.001
	10.10
	2.40



	Total Starch
	27.06
	27.57
	25.25
	18.86
	21.23
	21.63
	<0.001
	23.60
	3.53



	Ash
	8.36
	8.62
	8.91
	9.24
	7.25
	9.27
	0.062
	8.61
	0.75



	Calcium
	0.30
	0.22
	0.20
	0.20
	0.20
	0.18
	0.881
	0.22
	0.04



	Total phosphorus
	2.03
	2.19
	1.88
	1.93
	2.13
	1.97
	0.223
	2.02
	0.12



	Indispensable AA
	
	
	
	
	
	
	
	
	



	Arg
	1.04
	1.1
	0.84
	0.8
	0.85
	1.1
	0.075
	0.96
	0.14



	His
	0.39
	0.37
	0.35
	0.33
	0.38
	0.49
	0.068
	0.39
	0.06



	Ile
	0.45
	0.52
	0.47
	0.41
	0.45
	0.49
	0.334
	0.47
	0.04



	Leu
	0.95
	0.83
	0.88
	0.9
	0.81
	1.08
	0.178
	0.91
	0.10



	Lys
	0.7
	0.78
	0.55
	0.54
	0.71
	0.8
	0.037
	0.68
	0.11



	Met
	0.23
	0.23
	0.25
	0.27
	0.21
	0.29
	0.533
	0.25
	0.03



	Phe
	0.54
	0.55
	0.56
	0.61
	0.54
	0.64
	0.745
	0.57
	0.04



	Thr
	0.69
	0.74
	0.77
	0.67
	0.59
	0.79
	0.012
	0.71
	0.07



	Trp
	0.16
	0.22
	0.16
	0.22
	0.2
	0.23
	0.328
	0.20
	0.03



	Val
	0.6
	0.61
	0.56
	0.53
	0.57
	0.8
	0.019
	0.61
	0.10



	Total
	5.75
	5.95
	5.39
	5.28
	5.31
	6.71
	0.025
	5.73
	0.55



	Dispensable AA
	
	
	
	
	
	
	
	
	



	Ala
	0.76
	0.84
	0.73
	0.71
	0.65
	0.85
	0.751
	0.76
	0.08



	Asp
	1.26
	1.39
	0.96
	0.95
	1.24
	1.38
	0.012
	1.20
	0.20



	Cys
	0.22
	0.21
	0.25
	0.22
	0.21
	0.27
	0.624
	0.23
	0.02



	Glu
	2.13
	2.09
	1.56
	1.52
	1.69
	1.91
	0.001
	1.82
	0.27



	Gly
	0.58
	0.61
	0.43
	0.59
	0.61
	0.75
	0.024
	0.60
	0.10



	Pro
	0.73
	0.7
	0.55
	0.5
	0.5
	0.54
	0.022
	0.59
	0.10



	Ser
	0.6
	0.64
	0.43
	0.53
	0.54
	0.65
	0.033
	0.57
	0.08



	Tyr
	0.32
	0.32
	0.28
	0.25
	0.25
	0.32
	0.342
	0.29
	0.03



	Total
	12.35
	12.75
	10.58
	10.55
	11
	13.38
	0.009
	11.77
	1.22







1 NDF means neutral detergent fiber, ADF means acid detergent fiber. Data were presented as mean ± SD, each ingredient from the different origins were used with a stratified sampling method and tested four times as replicates.
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Table 5. Comparison of nutrition and amino acid of rice and BR ingredients.






Table 5. Comparison of nutrition and amino acid of rice and BR ingredients.












	Item%
	Rice
	BR
	SEM
	p-Value





	GE (kcal/kg)
	17.83
	17.52
	0.23
	0.206



	DM
	89.02
	89.77
	0.75
	0.340



	Crude protein
	6.99
	7.54
	0.14
	0.003



	Ether extracts
	2.55
	3.60
	0.56
	0.092



	NDF 1
	2.58
	5.33
	1.03
	0.023



	ADF 1
	0.66
	0.67
	0.15
	0.957



	Total Starch
	68.85
	67.95
	0.84
	0.313



	Ash
	0.42
	0.60
	0.04
	0.001



	Calcium
	0.04
	0.03
	0.00
	0.418



	Total phosphorus
	0.23
	0.22
	0.02
	0.425



	Indispensable AA
	
	
	
	



	Arg
	0.47
	0.54
	0.05
	0.183



	Cys
	0.15
	0.16
	0.02
	0.659



	His
	0.22
	0.28
	0.03
	0.115



	Ile
	0.27
	0.26
	0.02
	0.296



	Leu
	0.57
	0.61
	0.05
	0.424



	Lys
	0.34
	0.33
	0.02
	0.656



	Met
	0.17
	0.24
	0.02
	0.008



	Phe
	0.39
	0.41
	0.02
	0.404



	Thr
	0.33
	0.33
	0.03
	0.953



	Trp
	0.14
	0.12
	0.02
	0.348



	Val
	0.37
	0.41
	0.03
	0.233



	Total
	3.41
	3.67
	0.16
	0.121



	Dispensable AA
	
	
	
	



	Ala
	0.42
	0.46
	0.03
	0.183



	Asp
	0.66
	0.7
	0.03
	0.216



	Glu
	1.41
	1.58
	0.08
	0.068



	Gly
	0.34
	0.38
	0.02
	0.057



	Pro
	0.43
	0.37
	0.04
	0.148



	Ser
	0.38
	0.49
	0.04
	0.016



	Tyr
	0.16
	0.2
	0.01
	0.013



	Total
	3.79
	4.17
	0.15
	0.026







1 NDF means neutral detergent fiber, ADF means acid detergent fiber.
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Table 6. Nitrogen-corrected apparent metabolized energy of different sources test ingredients in broilers (%).






Table 6. Nitrogen-corrected apparent metabolized energy of different sources test ingredients in broilers (%).





	
Item

	
AME (MJ/kg)

	
AMEn (MJ/kg)




	
14-Day-Old

	
28-Day-Old

	
14-Day-Old

	
28-Day-Old






	
Rice 1

	
13.91

	
13.66

	
13.82

	
13.32




	
Rice 2

	
14.12

	
13.79

	
13.35

	
13.13




	
Rice 3

	
13.69

	
13.62

	
13.27

	
13.93




	
Rice 4

	
13.82

	
13.67

	
13.79

	
13.31




	
Rice 5

	
14.29

	
13.95

	
13.01

	
13.04




	
Rice 6

	
14.07

	
13.68

	
13.33

	
13.76




	
Mean

	
13.98

	
13.73

	
13.43

	
13.42




	
SEM

	
0.09

	
0.05

	
0.13

	
0.14




	
p-value

(Origin)

	
0.762

	
0.694




	
p-value

(Age)

	
0.308

	
0.422




	
p-value

(Origin × Age)

	
0.894

	
0.920




	
BR 1

	
14.35

	
14.14

	
13.58

	
13.54




	
BR 2

	
14.11

	
14.08

	
13.63

	
13.50




	
BR 3

	
14.03

	
13.99

	
13.37

	
13.38




	
BR 4

	
14.33

	
14.18

	
13.65

	
13.52




	
BR 5

	
14.35

	
14.11

	
13.74

	
13.69




	
BR 6

	
14.11

	
14.08

	
13.76

	
13.66




	
Mean

	
14.21

	
14.10

	
13.62

	
13.55




	
SEM

	
0.06

	
0.03

	
0.06

	
0.05




	
p-value

(Origin)

	
0.335

	
0.155




	
p-value

(Age)

	
0.764

	
0.622




	
p-value

(Origin × Age)

	
0.853

	
0.775




	
FFRB 1

	
12.35

	
11.92

	
11.99

	
11.57




	
FFRB 2

	
10.92

	
10.47

	
10.24

	
9.82




	
FFRB 3

	
9.15

	
8.72

	
7.57

	
7.19




	
FFRB 4

	
8.53

	
8.09

	
7.73

	
7.28




	
FFRB 5

	
8.27

	
7.81

	
7.23

	
6.81




	
FFRB 6

	
10.84

	
10.30

	
10.28

	
9.77




	
Mean

	
10.01

	
9.55

	
9.17

	
8.74




	
SEM

	
0.66

	
0.66

	
0.79

	
0.79




	
p-value

(Origin)

	
0.001

	
0.001




	
p-value

(Age)

	
0.079

	
0.687




	
p-value

(Origin × Age)

	
0.749

	
0.837
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Table 7. Standardized amino acid digestibility of different sources rice in broilers (%).






Table 7. Standardized amino acid digestibility of different sources rice in broilers (%).





	
Item

	
14-Day-Old

	
28-Day-Old

	
p-Value (Origin)

	
p-Value (Age)

	
p-Value (Interact)




	
Rice 1

	
Rice 2

	
Rice 3

	
Rice 4

	
Rice 5

	
Rice 6

	
Mean

	
SEM

	
Rice 1

	
Rice 2

	
Rice 3

	
Rice 4

	
Rice 5

	
Rice 6

	
Mean

	
SEM






	
Indispensable AA

	

	

	




	
Arg

	
84.00

	
92.45

	
82.62

	
87.12

	
87.08

	
90.47

	
87.29

	
1.15

	
87.79

	
88.75

	
84.02

	
90.38

	
90.98

	
90.60

	
88.75

	
1.00

	
0.048

	
0.450

	
0.805




	
His

	
87.79

	
90.97

	
84.48

	
89.56

	
88.88

	
88.24

	
88.32

	
0.87

	
92.93

	
94.31

	
88.98

	
92.85

	
93.56

	
88.17

	
92.47

	
0.67

	
0.238

	
0.030

	
0.279




	
Ile

	
83.41

	
83.61

	
83.83

	
86.1

	
87.50

	
90.66

	
85.85

	
0.94

	
89.67

	
94.74

	
84.81

	
90.02

	
90.63

	
91.35

	
90.20

	
1.57

	
0.105

	
0.033

	
0.355




	
Leu

	
86.18

	
94.26

	
85.42

	
88.95

	
87.86

	
92.52

	
89.20

	
1.11

	
91.37

	
95.99

	
87.42

	
91.36

	
91.92

	
93.00

	
91.84

	
1.11

	
0.059

	
0.179

	
0.101




	
Lys

	
81.34

	
89.23

	
84.96

	
89.01

	
88.12

	
91.30

	
87.33

	
3.08

	
91.40

	
96.68

	
86.04

	
90.58

	
90.19

	
93.19

	
91.35

	
1.41

	
0.066

	
0.078

	
0.464




	
Met

	
87.77

	
77.12

	
81.88

	
84.22

	
86.26

	
90.51

	
84.63

	
3.80

	
89.90

	
90.43

	
86.71

	
88.81

	
88.14

	
91.16

	
89.19

	
1.33

	
0.658

	
0.049

	
0.044




	
Phe

	
87.82

	
88.48

	
84.67

	
88.82

	
88.14

	
93.19

	
88.52

	
1.08

	
92.55

	
95.33

	
87.14

	
91.82

	
92.58

	
93.64

	
92.18

	
0.81

	
0.362

	
0.044

	
0.557




	
Thr

	
81.82

	
90.39

	
78.01

	
80.32

	
83.39

	
84.03

	
82.99

	
1.29

	
83.91

	
81.83

	
80.49

	
83.31

	
83.84

	
83.90

	
82.88

	
0.79

	
0.560

	
0.952

	
0.434




	
Trp

	
85.57

	
91.70

	
90.46

	
90.58

	
87.57

	
91.71

	
89.60

	
1.91

	
93.17

	
92.66

	
91.46

	
91.58

	
91.89

	
92.66

	
92.23

	
0.16

	
0.100

	
0.031

	
0.370




	
Val

	
76.54

	
89.41

	
85.97

	
87.15

	
87.88

	
91.79

	
86.46

	
1.54

	
88.55

	
90.71

	
86.14

	
90.07

	
91.05

	
91.70

	
89.70

	
1.48

	
0.149

	
0.189

	
0.171




	
Dispensable AA

	

	

	




	
Ala

	
84.24

	
87.83

	
79.43

	
90.56

	
90.15

	
90.88

	
87.18

	
4.37

	
89.22

	
87.96

	
81.85

	
91.84

	
93.22

	
81.17

	
87.54

	
2.10

	
0.029

	
0.179

	
0.609




	
Asp

	
85.16

	
86.56

	
84.10

	
88.64

	
86.88

	
91.92

	
87.21

	
0.99

	
90.22

	
91.20

	
87.01

	
90.90

	
90.76

	
91.65

	
90.29

	
0.94

	
0.088

	
0.078

	
0.342




	
Cys

	
81.87

	
90.63

	
83.28

	
82.82

	
90.01

	
87.83

	
86.07

	
3.38

	
89.83

	
93.46

	
86.29

	
91.88

	
92.00

	
89.50

	
90.49

	
0.73

	
0.185

	
0.042

	
0.216




	
Glu

	
85.77

	
88.34

	
86.49

	
90.50

	
87.38

	
91.81

	
88.38

	
0.79

	
90.83

	
92.54

	
90.29

	
91.02

	
91.29

	
92.24

	
91.37

	
0.73

	
0.342

	
0.049

	
0.378




	
Gly

	
86.17

	
93.38

	
85.90

	
87.95

	
87.00

	
91.37

	
88.63

	
1.08

	
90.64

	
92.67

	
88.67

	
90.29

	
90.91

	
90.61

	
90.63

	
0.77

	
0.084

	
0.044

	
0.806




	
Pro

	
85.71

	
89.32

	
85.55

	
85.43

	
86.68

	
90.57

	
87.21

	
0.83

	
91.34

	
87.30

	
88.79

	
88.29

	
89.08

	
90.41

	
89.20

	
0.87

	
0.594

	
0.952

	
0.772




	
Ser

	
81.11

	
91.84

	
82.18

	
85.28

	
87.79

	
89.35

	
86.26

	
1.18

	
87.64

	
89.25

	
84.65

	
87.48

	
87.79

	
88.46

	
87.54

	
0.99

	
0.108

	
0.031

	
0.551




	
Tyr

	
80.36

	
90.82

	
78.07

	
77.02

	
83.78

	
83.28

	
82.22

	
5.52

	
88.27

	
85.44

	
85.26

	
85.71

	
81.82

	
82.37

	
84.81

	
2.15

	
0.144

	
0.189

	
0.435








SIAAD was corrected from AIAAD by eliminating basal ileal endogenous AA loses.
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Table 8. Standardized amino acid digestibility of different sources BR in broilers (%).






Table 8. Standardized amino acid digestibility of different sources BR in broilers (%).





	
Item

	
14-DAY-Old

	
28-Day-Old

	
p-Value (Origin)

	
p-Value (Age)

	
p-Value (Interact)




	
BR 1

	
BR 2

	
BR 3

	
BR 4

	
BR 5

	
BR 6

	
Mean

	
SEM

	
BR 1

	
BR 2

	
BR 3

	
BR 4

	
BR 5

	
BR 6

	
Mean

	
SEM






	
Indispensable AA

	

	

	




	
Arg

	
81.17

	
89.61

	
76.45

	
84.28

	
87.58

	
87.64

	
84.45

	
1.47

	
82.04

	
83.00

	
81.61

	
87.97

	
88.56

	
88.18

	
85.23

	
1.00

	
0.059

	
0.757

	
0.638




	
His

	
85.16

	
88.34

	
85.18

	
86.92

	
89.58

	
85.61

	
86.80

	
0.73

	
90.88

	
89.60

	
86.93

	
90.80

	
91.51

	
86.11

	
89.30

	
0.67

	
0.238

	
0.041

	
0.369




	
Ile

	
80.58

	
80.79

	
77.67

	
83.28

	
86.34

	
87.83

	
82.75

	
1.30

	
86.74

	
91.80

	
75.21

	
87.09

	
87.70

	
88.42

	
86.16

	
1.57

	
0.105

	
0.250

	
0.145




	
Leu

	
83.83

	
81.91

	
83.07

	
86.60

	
88.84

	
90.17

	
85.74

	
0.97

	
89.17

	
93.79

	
81.89

	
89.16

	
89.72

	
90.80

	
89.09

	
1.11

	
0.034

	
0.042

	
0.180




	
Lys

	
77.60

	
88.83

	
77.90

	
85.27

	
86.39

	
87.57

	
83.93

	
1.54

	
84.22

	
92.84

	
78.86

	
86.74

	
86.35

	
89.34

	
86.39

	
1.41

	
0.078

	
0.398

	
0.157




	
Met

	
85.75

	
78.44

	
79.86

	
82.20

	
84.24

	
88.49

	
83.16

	
1.98

	
86.47

	
82.34

	
81.95

	
87.38

	
86.71

	
89.73

	
85.76

	
1.33

	
0.658

	
0.216

	
0.100




	
Phe

	
85.70

	
90.02

	
85.88

	
86.70

	
89.34

	
91.07

	
88.12

	
1.10

	
90.53

	
93.31

	
85.12

	
89.80

	
90.56

	
91.62

	
90.15

	
0.81

	
0.352

	
0.195

	
0.298




	
Thr

	
73.56

	
83.46

	
75.75

	
76.73

	
79.79

	
80.44

	
78.29

	
1.31

	
76.98

	
78.23

	
80.23

	
79.71

	
80.25

	
80.30

	
79.28

	
0.79

	
0.560

	
0.541

	
0.989




	
Trp

	
89.23

	
88.70

	
87.46

	
87.58

	
87.90

	
88.70

	
88.26

	
0.24

	
89.67

	
89.15

	
87.96

	
88.08

	
88.39

	
89.16

	
88.73

	
0.16

	
0.100

	
0.270

	
0.932




	
Val

	
73.94

	
86.80

	
83.36

	
84.54

	
87.61

	
89.18

	
84.24

	
1.57

	
86.19

	
89.69

	
87.12

	
87.72

	
88.69

	
89.34

	
88.13

	
0.48

	
0.149

	
0.022

	
0.190




	
Dispensable AA

	

	

	




	
Ala

	
74.00

	
85.92

	
68.52

	
86.98

	
89.91

	
87.30

	
82.11

	
2.22

	
81.96

	
82.37

	
88.59

	
88.58

	
89.96

	
75.58

	
84.51

	
2.10

	
0.004

	
0.580

	
0.432




	
Asp

	
82.75

	
84.14

	
81.68

	
86.22

	
87.80

	
89.50

	
85.35

	
0.92

	
87.94

	
88.92

	
81.40

	
88.62

	
88.48

	
89.37

	
87.45

	
0.94

	
0.088

	
0.254

	
0.990




	
Cys

	
79.02

	
88.44

	
80.42

	
79.96

	
87.15

	
84.97

	
83.33

	
2.08

	
85.15

	
87.45

	
83.61

	
89.20

	
87.52

	
86.95

	
86.65

	
0.73

	
0.155

	
0.031

	
0.097




	
Glu

	
84.59

	
87.16

	
85.31

	
89.31

	
89.53

	
90.63

	
87.75

	
0.62

	
89.77

	
91.48

	
87.57

	
89.96

	
90.23

	
91.18

	
90.03

	
0.73

	
0.312

	
0.036

	
0.314




	
Gly

	
83.31

	
93.86

	
83.04

	
85.09

	
87.47

	
88.51

	
86.88

	
1.15

	
88.16

	
90.19

	
82.85

	
87.80

	
88.42

	
88.12

	
87.59

	
0.77

	
0.059

	
0.722

	
0.434




	
Pro

	
83.29

	
85.24

	
83.13

	
83.01

	
85.93

	
88.15

	
84.79

	
1.05

	
88.53

	
84.49

	
82.65

	
85.48

	
86.27

	
87.60

	
85.84

	
0.87

	
0.594

	
0.406

	
0.253




	
Ser

	
78.26

	
98.90

	
79.33

	
82.43

	
84.94

	
86.50

	
85.06

	
1.82

	
85.43

	
87.04

	
79.11

	
85.27

	
85.58

	
86.24

	
84.78

	
0.99

	
0.108

	
0.933

	
0.676




	
Tyr

	
73.30

	
76.78

	
74.34

	
69.96

	
76.72

	
79.55

	
75.11

	
1.10

	
79.95

	
70.79

	
75.61

	
79.39

	
78.83

	
79.38

	
77.32

	
1.15

	
0.144

	
0.291

	
0.377








SIAAD was corrected from AIAAD by eliminating basal ileal endogenous AA loses.













[image: Table] 





Table 9. Standardized amino acid digestibility of different sources FFRB in broilers (%).






Table 9. Standardized amino acid digestibility of different sources FFRB in broilers (%).





	
Item

	
14-Day-Old

	
28-Day-Old

	
p-Value (Origin)

	
p-Value (Age)

	
p-Value (Interact)




	
FFRB 1

	
FFRB 2

	
FFRB 3

	
FFRB 4

	
FFRB 5

	
FFRB 6

	
Mean

	
SEM

	
FFRB 1

	
FFRB 2

	
FFRB 3

	
FFRB 4

	
FFRB 5

	
FFRB 6

	
Mean

	
SEM






	
Indispensable AA

	

	

	




	
Arg

	
84.09

	
84.03

	
83.94

	
82.20

	
83.81

	
77.45

	
82.59

	
0.89

	
90.15

	
90.02

	
92.07

	
88.14

	
86.44

	
81.50

	
88.05

	
0.91

	
0.188

	
0.015

	
0.074




	
His

	
85.33

	
84.09

	
82.80

	
83.85

	
84.35

	
80.51

	
83.49

	
0.69

	
90.91

	
90.10

	
92.33

	
91.66

	
89.25

	
84.28

	
89.76

	
0.90

	
0.339

	
0.001

	
0.239




	
Ile

	
81.90

	
82.24

	
84.58

	
83.25

	
82.36

	
80.37

	
82.45

	
0.61

	
89.59

	
89.54

	
92.44

	
90.61

	
87.94

	
83.15

	
88.88

	
0.73

	
0.112

	
0.001

	
0.106




	
Leu

	
84.02

	
79.36

	
83.83

	
84.91

	
77.97

	
71.53

	
80.27

	
1.59

	
90.26

	
87.80

	
91.48

	
91.17

	
82.67

	
79.88

	
87.21

	
1.26

	
0.001

	
0.037

	
0.071




	
Lys

	
81.73

	
82.57

	
85.38

	
77.93

	
76.86

	
74.65

	
79.85

	
1.25

	
90.94

	
91.42

	
90.85

	
79.85

	
87.96

	
89.52

	
88.42

	
1.01

	
0.079

	
0.005

	
0.083




	
Met

	
88.20

	
86.53

	
84.94

	
86.79

	
86.97

	
91.10

	
87.42

	
0.98

	
90.76

	
90.60

	
88.67

	
89.06

	
91.87

	
92.49

	
90.58

	
0.62

	
0.051

	
0.013

	
0.040




	
Phe

	
81.77

	
82.66

	
83.77

	
84.55

	
80.65

	
88.64

	
83.67

	
0.84

	
89.27

	
89.44

	
91.71

	
91.93

	
84.22

	
89.86

	
89.41

	
0.67

	
0.254

	
0.005

	
0.357




	
Thr

	
83.84

	
79.70

	
71.37

	
79.14

	
82.90

	
89.94

	
81.15

	
1.51

	
89.02

	
84.06

	
82.07

	
85.15

	
87.31

	
91.75

	
86.56

	
0.81

	
0.037

	
0.091

	
0.651




	
Trp

	
80.53

	
83.81

	
87.99

	
76.01

	
67.11

	
62.40

	
76.31

	
2.19

	
85.73

	
87.60

	
93.90

	
85.73

	
75.92

	
76.43

	
84.22

	
1.53

	
0.001

	
0.139

	
0.239




	
Val

	
79.57

	
80.25

	
80.33

	
78.27

	
63.08

	
89.90

	
78.57

	
2.90

	
87.64

	
86.24

	
88.54

	
85.30

	
72.56

	
92.99

	
85.55

	
2.16

	
0.001

	
0.154

	
0.303




	
Dispensable AA

	

	

	




	
Ala

	
79.13

	
81.06

	
79.81

	
84.08

	
79.98

	
70.53

	
79.10

	
1.26

	
88.47

	
88.11

	
89.08

	
89.01

	
83.41

	
76.54

	
85.77

	
1.15

	
0.032

	
0.036

	
0.041




	
Asp

	
78.15

	
77.86

	
79.42

	
79.10

	
81.47

	
65.46

	
76.91

	
1.43

	
85.41

	
85.84

	
86.52

	
84.97

	
85.84

	
69.67

	
83.04

	
1.48

	
0.091

	
0.116

	
0.204




	
Cys

	
87.09

	
87.77

	
75.16

	
84.98

	
83.45

	
66.34

	
80.80

	
2.45

	
88.47

	
90.48

	
92.03

	
90.75

	
88.47

	
76.74

	
87.82

	
1.35

	
0.055

	
0.119

	
0.274




	
Glu

	
86.76

	
86.91

	
84.30

	
83.55

	
84.65

	
85.09

	
85.21

	
0.60

	
92.22

	
92.25

	
92.67

	
90.82

	
89.65

	
86.07

	
90.61

	
0.57

	
0.299

	
0.001

	
0.313




	
Gly

	
79.80

	
79.05

	
75.92

	
79.82

	
80.14

	
76.73

	
78.58

	
0.80

	
87.52

	
86.97

	
85.98

	
86.51

	
83.10

	
77.71

	
84.63

	
0.91

	
0.265

	
0.005

	
0.064




	
Pro

	
81.70

	
80.71

	
81.12

	
79.48

	
77.60

	
66.28

	
77.82

	
1.45

	
89.02

	
85.68

	
87.53

	
87.40

	
83.31

	
72.72

	
84.28

	
1.37

	
0.159

	
0.088

	
0.682




	
Ser

	
78.46

	
78.73

	
74.71

	
77.04

	
79.21

	
68.98

	
76.19

	
1.14

	
86.86

	
87.46

	
86.52

	
85.79

	
83.59

	
73.75

	
84.00

	
1.18

	
0.180

	
0.015

	
0.123




	
Tyr

	
81.88

	
83.55

	
85.68

	
79.03

	
82.52

	
76.91

	
81.60

	
1.02

	
89.98

	
90.24

	
93.44

	
87.84

	
87.47

	
82.32

	
88.55

	
1.02

	
0.098

	
0.006

	
0.150








SIAAD was corrected from AIAAD by eliminating basal ileal endogenous AA loses.
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Table 10. Analyzed standardized amino acid digestibility (SIAAD) of experiment diets of broilers (%).






Table 10. Analyzed standardized amino acid digestibility (SIAAD) of experiment diets of broilers (%).





	
Item

	

	
14-Day-Old Broilers

	

	
28-Day-Old Broilers




	
Rice

	
BR

	
RB

	
p-Value

	
SEM

	
Rice

	
BR

	
RB

	
p-Value

	
SEM






	
Indispensable AA




	
Arg

	
87.29 a

	
77.87 c

	
82.59 b

	
0.027

	
1.19

	
88.75

	
84.13

	
88.05

	
0.744

	
0.95




	
His

	
88.32 a

	
86.42 a

	
83.49 b

	
0.001

	
0.61

	
91.80

	
89.06

	
89.76

	
0.244

	
0.71




	
Ile

	
85.85 a

	
82.29 b

	
82.45 b

	
0.011

	
0.60

	
90.20

	
86.87

	
88.88

	
0.492

	
0.79




	
Leu

	
89.20 a

	
82.48 b

	
80.27 b

	
0.001

	
1.25

	
91.84 a

	
89.18 ab

	
87.21 b

	
0.041

	
0.92




	
Lys

	
87.33 a

	
79.45 b

	
79.85 b

	
0.006

	
1.25

	
91.35

	
87.93

	
88.42

	
0.220

	
0.95




	
Met

	
84.63

	
83.49

	
87.42

	
0.161

	
0.83

	
89.19

	
87.31

	
90.58

	
0.286

	
0.58




	
Phe

	
88.52 a

	
84.35 b

	
83.67 b

	
0.007

	
0.80

	
92.18

	
89.22

	
89.41

	
0.088

	
0.67




	
Thr

	
82.99

	
78.33

	
81.15

	
0.475

	
1.07

	
82.88

	
84.87

	
86.56

	
0.069

	
0.81




	
Trp

	
89.60 a

	
81.65 b

	
76.31 b

	
0.002

	
1.91

	
92.24 a

	
83.93 b

	
84.22 b

	
0.006

	
1.33




	
Val

	
86.46 a

	
81.86 ab

	
78.57 b

	
0.039

	
1.55

	
89.70

	
87.52

	
85.55

	
0.129

	
1.08




	
Dispensable AA




	
Ala

	
87.18 a

	
74.87 b

	
79.10 b

	
0.004

	
1.54

	
87.54

	
83.64

	
85.77

	
0.475

	
1.01




	
Asp

	
87.21 a

	
83.56 a

	
76.91 b

	
0.001

	
1.34

	
90.29 a

	
87.52 ab

	
83.04 b

	
0.011

	
1.20




	
Cys

	
82.22

	
77.33

	
81.60

	
0.773

	
0.97

	
84.81

	
82.43

	
88.55

	
0.054

	
0.92




	
Glu

	
88.38 a

	
85.49 b

	
85.21 b

	
0.014

	
0.56

	
91.37

	
88.52

	
90.61

	
0.574

	
0.58




	
Gly

	
88.63 a

	
84.95 b

	
78.58 c

	
0.001

	
1.12

	
90.63 a

	
86.95 ab

	
84.63 b

	
0.003

	
0.89




	
Pro

	
87.21 a

	
81.59 b

	
77.82 b

	
0.001

	
1.31

	
89.20 a

	
86.51 ab

	
84.28 b

	
0.039

	
0.97




	
Ser

	
86.26 a

	
82.31 a

	
76.19 b

	
0.001

	
1.29

	
87.55

	
85.44

	
84.00

	
0.083

	
0.81




	
Tyr

	
86.07

	
82.28

	
80.80

	
0.123

	
1.35

	
90.49

	
88.46

	
87.82

	
0.238

	
0.88




	
Mean

	
86.85 a

	
81.70 b

	
80.66 b

	
0.001

	
0.80

	
89.56

	
86.64

	
87.07

	
0.083

	
0.60








a–c within a row means those without a common letter are significantly different (p < 0.05). SIAAD was corrected from AIAAD by eliminating basal ileal endogenous AA loses
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Table 11. The linear regression equation of AMEn and SIAAD of selected amino acids.
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	Item
	Liner Regression Equation
	R2
	p-Value 3





	AMEn
	 Y2 = 14.312 − (0.198 × NDF)
	0.928
	0.001



	
	 Y = 6.491 + (0.103 × Starch)
	0.843
	0.001



	SIAAD
	
	
	



	Thr
	 X3 = 44.65 + (2.151 × GE)
	0.317
	0.005



	
	 X = 81.07 + (0.067 × NDF)
	0.406
	0.044



	
	 X = 0.863 + (6.311 × CP)
	0.949
	0.001



	Lys
	 X = 99.59 − (0.717 × GE)
	0.037
	0.469



	
	 X = 87.88 − (0.142 × NDF)
	0.157
	0.103



	
	 X = 91.82 − (0.608 × CP)
	0.171
	0.088



	
	 X = 62.00 + (0.938STARCH − 0.021 × NDF)
	0.863
	0.007



	Met
	 X = 56.59 + (1.673 × GE)
	0.870
	0.016



	
	 X = 85.47 + (0.112 × NDF)
	0.183
	0.077



	
	 X = 81.46 + (0.578 × CP)
	0.889
	0.022



	Trp
	 X = 151.99 − (3.585 × GE)
	0.295
	0.012



	
	 X = 90.84 − (0.364 × NDF)
	0.438
	0.003



	
	 X = 102.883 − (1.77 × CP)
	0.701
	0.001







Chemical composition coefficient in liner regression equation represented their concentration (%) in rice, BR, and FFRB. Y2 represents AMEn (MJ/kg). X3 represents standardized amino acid digestibility (%). p-Value 3 represents the probabilities of significance for the slopes of the regression equation.
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