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Abstract

:

Simple Summary


Plant-based ingredients are the major constituents of poultry diets and supply a significant portion of dietary phosphorus (P). However, approximately two-thirds of the P of plant origin is bound to phytic acid, which is poorly available to monogastric animals. Broiler diets have been formulated based on non-phytate P (NPP), which might lead to the excessive use of inorganic P sources and reduced P availability for birds. Recent research has suggested using digestible P to assess availability, and due to nutritional interactions, there is also increasing interest in determining calcium (Ca) digestibility. The objectives of this study were to determine the standardized ileal digestibility (SID) of Ca and P in the feed ingredients for broilers. On day 18 post-hatch, 512 male and female broilers were individually weighed and randomly allocated to eight treatments with four replicates for each sex (eight birds/cage) in a randomized complete block design based on body weight and sex. No significant interaction between experimental diets and sex regarding the SID of Ca or P was found, and no effect of sex on the SID was observed. There were significant differences in the SID of the feed ingredients.




Abstract


This study aimed to determine the standardized ileal digestibility (SID) of calcium (Ca) and phosphorus (P) in various feed ingredients using the direct method. This study comprised eight experimental diets: a Ca–P-free diet and seven experimental diets, each containing monocalcium phosphate (MCP), dicalcium phosphate (DCP), monosodium phosphate (MSP) + limestone, corn, and soybean meal (SBM) as the sole sources of Ca and/or P. These diets provided 4.21 g/kg of non-phytate P from MCP, DCP, or MSP, and the MSP + limestone diet included 7.50 g/kg of Ca. The corn and SBM diets formulated to determine P digestibility maintained a dietary Ca/total P ratio of 1.4 through the addition of limestone. Chromic oxide was added to the diets as an indigestible index. On day 18, 256 male and 256 female broilers were individually weighed and randomly assigned to eight treatments, each with four replicates for each sex (eight birds per cage). This allocation followed a randomized complete block design based on body weight. On day 21, the birds were euthanized using carbon dioxide, and ileal digesta samples were collected from the distal two-thirds section of the ileum. No significant interactions between the experimental diets and sex regarding the SID of Ca or P were detected, and no effect of sex on the SID was observed. The standardized ileal Ca digestibility of MCP, DCP, limestone, corn, and SBM was found to be 84.7%, 70.1%, 52.6%, 88.6%, and 81.6%, respectively. The standardized ileal P digestibility of MCP, DCP, MSP, corn, and SBM was determined to be 91.8%, 76.8%, 94.4%, 73.1, and 88.4%, respectively. Given the variable digestibility of Ca and P across different feed ingredients, the consideration of the specific type of ingredients used in diet formulation is crucial.
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1. Introduction


Calcium (Ca) and phosphorus (P) are the most abundant minerals in the body and are essential for the formation and maintenance of the skeleton [1]. In plant seed-based poultry diets, the dietary Ca and P contents are commonly supplemented with inorganic sources or animal-derived ingredients to meet the poultry requirements. Dietary phosphates are typically acquired from rock phosphate [2]. Monocalcium phosphate (MCP), dicalcium phosphate (DCP), and monosodium phosphate (MSP) are often used to supply dietary P and a portion of dietary Ca, while limestone is the major Ca source in poultry diets [3,4,5]. Corn and soybean meal (SBM) contain relatively lower concentrations of Ca and P compared to inorganic sources; however, they are the major feed ingredients for energy and protein sources in the diet.



Poultry diets are commonly formulated based on the total Ca and available P ([avP], [6]). The use of dietary Ca has not transitioned toward a digestible Ca system [7,8], and this may be attributed to the relatively low cost of limestone compared with that of other mineral sources in poultry diets [3,4,9]. However, dietary P is often supplied based on avP, which is defined as the portion of dietary total P that can be utilized to meet P requirements [10]. Non-phytate P (NPP) is commonly used interchangeably with avP [1,7,11], although avP encompasses both digestible inorganic and organic P [12,13]. Mutucumarana et al. [14] reported that the digestible P content in corn and canola meal exceeded that of NPP, indicating that broiler chickens utilized a portion of the phytate-bound P. Hence, avoiding the interchangeable use of these terms is essential, as it potentially leads to inaccuracies. Li et al. [13] suggested the use of quantitative values, such as retainable P and pre-cecal digestible P, to measure avP. However, once a physiological threshold is reached, P excretion via urine increases [14]. Therefore, to exclude the contribution of urinary P excretion, ileal digestibility is preferred when determining the availability of feed ingredients [15,16].



The determination of the ileal digestibility of Ca and P has yielded varying results across various studies using different methodologies. The direct method requires only one diet using a test ingredient as the sole source of the interest component and renders it possible to obtain basal endogenous loss intuitively. Due to the influence of basal endogenous losses (BELs) on apparent ileal digestibility (AID), using standardized ileal digestibility (SID), which can be calculated using corrected AID values for endogenous loss, is recommended to ensure the validity of the additive assumption [17]. The concentrations of Ca and P in diets influence each other’s digestibility; however, most studies have measured the digestibility of only one of these minerals. Therefore, this study aimed to simultaneously determine the SID of Ca and P in various feed ingredients using the direct method.




2. Materials and Methods


Experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Kyungpook National University, Republic of Korea (approval number: KNU 2023-0183).



2.1. Animals and Experimental Design


Day-old Arbor Acres male and female broilers were initially housed on the floor in an environmentally controlled room from day 0 to 10 and subsequently transferred to a battery cage on day 10. On day 18, a total of 256 males and 256 females were individually weighed and assigned to eight treatments, each with four replicates for each sex in a randomized complete block design (eight birds per cage). During the experimental period, the room temperature was maintained at 27 °C, and 24 h lighting was provided. The birds had ad libitum access to diets and water from nipple drinkers.




2.2. Dietary Treatments


The experimental treatments comprised a Ca–P-free diet and seven semi-purified diets. These diets included MCP, DCP, MSP + limestone, corn, and SBM as the sole sources of Ca and/or P. The diets containing MCP, DCP, and MSP + limestone provided 4.21 g/kg of NPP. The MSP + limestone diet included 7.50 g/kg of Ca. To assess ileal Ca digestibility, corn and SBM diets were formulated with P concentrations adjusted using MSP to attain a P concentration of 4.21 g/kg. The Ca/total P ratio was maintained at 1.4 by adding limestone to evaluate P digestibility in corn and SBM. All experimental diets were provided in mashed form for 3 days, and essential amino acids of these diets met or exceeded the requirement recommended by the Arbor Acres broiler nutrition specifications [18]. Chromic oxide (5 g/kg of diet) was incorporated into all diets as an indigestible index.




2.3. Sample Collection


On day 21, all the birds were euthanized using CO2 asphyxiation to enable the collection of ileal digesta. Ileal digesta were collected from the distal two-thirds section of the ileum, between Meckel’s diverticulum and the ileocecal junction, by flushing with distilled water. The collected samples were then immediately stored at −20 °C for preservation. Subsequently, the digesta samples were dried in a forced-air oven (JSOF-150; JS Research, Gongju, Korea) at 55 °C, and all experimental diets and digesta samples were ground using a mill grinder (CT 293 Cyclotec; Foss, Eden Prairie, MN, USA) for further analysis.




2.4. Chemical Analyses and Calculations


The experimental diets were analyzed in duplicate for dry matter using a forced air-drying oven (method 930.15) [19] to calculate the BEL. The chromium concentrations in the experimental diets and ileal digesta samples were determined using the method described by Fenton and Fenton [20]. Ca and P concentrations were analyzed using procedures prescribed by the Association of Official Analytical Chemists (method 968.08) [19]. The AID, BEL, and SID of Ca were calculated using the following equations [21]:


AID (%) = 100 − [(Crdiet/Crdigesta) × (Cadigesta/Cadiet)] × 100



(1)






BEL (mg/kg of DM intake) = (Crdiet/Crdigesta) × Cadigesta,



(2)






SID (%) = AID + (BEL/Cadiet) × 100,



(3)




where Crdiet and Crdigesta represent the chromium concentrations (mg/kg) in the experimental diet and ileal digesta samples, respectively, while Cadiet and Cadigesta represent the Ca concentrations (mg/kg) in the experimental diet and ileal digesta samples, respectively. The AID, BEL, and SID of P were calculated using the same equations by substituting Ca with P.




2.5. Statistical Analyses


Data were analyzed using the MIXED procedure of SAS software 9.4 (SAS Inst. Inc., Cary, NC, USA). The dietary treatments were evaluated for the main effects, whereas the block and sex were considered random variables. The cage served as the experimental unit. Least squares means were calculated, and statistical differences were considered at p < 0.05. If dietary effects were significant, Tukey’s adjustment was used to compare mean values between the treatments.





3. Results


The calculated and analyzed composition of the experimental diets are presented in Table 1. The analyzed concentrations of Ca and total P were all close to calculated values, except for the diets containing SBM. Total P concentrations in the diets were higher than the calculated values by 1.54–1.97 g/kg. The analyzed composition of the feed ingredients is shown in Table 2. Broilers remained healthy during the experimental period, and no mortality or leg problems were recorded. Regarding the SID of Ca and P, no significant effect of sex on the SID was observed (p > 0.05). There were significant differences in the digestibility of the experimental diets (p < 0.05). The SID of Ca and P for MCP, DCP, the mixture of MSP and limestone, corn, and SBM are shown in Table 3. The ileal endogenous losses of Ca and P were determined to be 58.98 and 66.37 mg/kg of dry matter intake (DMI), respectively, and were used to calculate the SID. The results revealed that the SID of Ca ranged from 52.6% to 88.6 with the highest values observed in corn, followed by MCP, SBM, DCP, and limestone. The SID of P with the highest values were observed in MSP, followed by MCP, SBM, DCP, and corn.




4. Discussion


Inorganic P is a non-renewable resource, and excessive P excretion can cause an unnecessary waste of resources and environmental pollution. The precise determination of dietary P digestibility in poultry diets is required to optimize dietary Ca and P concentrations to meet the requirements of birds. This optimization aims to enhance the efficiency of Ca and P utilization in diets. When assessing Ca and P digestibility, both minerals are commonly considered together, because Ca and P interact in the gastrointestinal tract [22]. For instance, P absorption is known to increase as dietary Ca concentration decreases [23]. Furthermore, an imbalanced Ca:P ratio may aggravate growth performance and bone mineralization [24]. It can also contribute to the formation of an insoluble phytate–Ca complex, potentially reducing the availability of phytate P [11,25]. However, a standardized quantity of Ca or P to be incorporated in digestibility assessments is yet to be established. Based on the observations from previous studies, broilers can adapt to wide dietary Ca concentrations [13,26]. Therefore, in this study, the dietary NPP concentration in the experimental diets was formulated to meet the requirements recommended by the breeder company [18], and the SID of Ca or P was concurrently measured within the experimental diet.



The analyzed total Ca and P concentrations in the experimental diets were close to the calculated values, except for the total P concentration in the experimental SBM-containing diets. Nevertheless, the P content is deemed to have originated from SBM and is unlikely to have influenced the digestibility measurements. Therefore, the analyzed values were utilized in digestibility calculations. The birds were healthy during the experimental period, and no mortality or leg problems were recorded.



Sex was initially set as a fixed variable, and the digestibility for each sex was calculated separately. Sex did not affect the SID of Ca and P, and this is consistent with the findings of Mirabile et al. [27], wherein no difference in the SID of P was observed between male and female broilers. Conclusively, sex was considered as a random effect, hence the replication of digestibility was set to eight.



The BEL of Ca and P was measured in the Ca–P-free diet and was found to be 58.98 and 66.37 mg/kg of dry matter intake (DMI), respectively, and the values were within the range (29 to 236 and 25 to 438 mg/kg of DMI, respectively) of previously reported values [3,28,29,30,31].



The SID of Ca in feed ingredients varies widely depending on the experimental method. David et al. [32] determined a true ileal Ca digestibility of 43% and 32% for MCP and DCP, respectively. This indicates that the SID of Ca in MCP was higher than that in DCP and is consistent with the current study. However, the Ca digestibility was lower than current observations, and the different composition of the experimental diet could influence the Ca digestibility. In the research above, dietary Ca content was maintained above the recommended value specified by the Ross 308 recommendation [33], which also exceeded that in the present study. Digestible Ca or P is assumed to be altered under deficient conditions, by increasing absorption rates and utilization efficiency to satisfy the requirement [7,34,35]. However, Zhang and Adeola [36] reported that the true ileal Ca digestibility values of DCP and limestone determined via the regression method were 67.1% and 63.7%, respectively. The authors indicated that no differences in the AID of Ca were observed in response to an increased Ca level when experimental diets were formulated to contain graded Ca levels (3.3, 4.3, and 5.3 g/kg) at a constant Ca:NPP ratio of 1.1:1. To minimize the impact of Ca and/or P deficiencies or excess on Ca digestibility, the determination of the Ca and P concentration should be prioritized. The determination of digestibility at different levels of Ca and P can contribute to establishing appropriate ranges of Ca and P concentrations for digestibility assessments. Other reasons for discrepancies among the studies could be due to differences in methodology. Anwar et al. [3] compared different methodologies and found that the direct method yielded higher Ca digestibility in DCP (0.34) than in the difference (0.21) and regression (0.13) methods. Lamp et al. [6] measured the AID of Ca for MCP (62.5%) and DCP (44.8%) in broilers aged 21 days, which is the same age as that of the broilers used in the current study. However, the adaptation period was longer (day 1 to 21) than that in the present study, and approximately 1.4 g/kg of limestone was supplemented in the experimental diets. Due to the differences in experimental methods, it becomes difficult to directly compare the results across the studies.



The Ca:NPP ratio of the limestone diet in the current study was 1.78, and Anwar et al. [3] found that the true ileal Ca digestibility coefficients of limestone were 0.63 and 0.56 at a Ca:NPP ratio of 1.5 and 2.0, respectively. In the study by Davie et al. [23], the apparent ileal Ca digestibility coefficients of limestone of two different origins were 0.50 and 0.43. The findings of previous studies aforementioned are similar to the present study. However, ileal Ca digestibility in limestone can vary depending on the dietary P content, and as the gastrointestinal tract develops, bird age can also impact the utilization of nutrients [37,38].



The ileal Ca digestibility of corn and SBM in broiler diets, as determined using the direct method, has been insufficiently investigated to enable comparison with the digestibility observed in the current results. The regression method has been employed as an alternative to estimate the ileal digestibility if applying the direct method is impractical [39]. In the present study, the regression method was presumed not to yield meaningful digestibility results as the differences in dietary Ca concentration among the assay diets, particularly the corn diets, were considered too narrow. Since the regression method is based on a linear relationship, the large differences in the digestible Ca between the assay diets are necessary [40]. In the present experiment, the analyzed Ca concentration in the corn was 0.3 g/kg. Corn is typically considered to contain a negligible amount of Ca, rendering it a suitable base for Ca-free diets [32]. Corn and SBM are the major ingredients of poultry diets with low dietary Ca concentrations. The present study revealed that the SID of Ca was 88.6% for corn and 81.6% for SBM, and these values are higher than that in DCP and limestone. Generally, corn and SBM constitute a significant proportion in poultry diets. Therefore, when considering the values based on standardized ileal digestible Ca values, the contribution of corn and SBM to the SID of Ca in the diet is likely to increase, although this may vary depending on the addition of mineral supplement sources. Therefore, further research on the Ca digestibility of plant-based ingredients is required to accurately calculate the standardized Ca concentration in feed ingredients. The low Ca concentration in test ingredients potentially increases the contribution of the BEL of Ca to the digesta. Therefore, the high SID of Ca in corn observed in the present study is speculated to be attributed to the BEL. For the SBM, a lower true ileal Ca digestibility coefficient of 0.51 was reported by David et al. [23] using 21-day-old birds. The total P concentration was similar to that in the current study; however, their dietary NPP concentration was lower than that in the present study, which included MSP as a source of dietary P. The increased Ca:NPP ratio due to the addition of MSP in the current study may contribute to the disparity in the results between the previous study and the present study.



A previous study conducted in our lab in a similar experimental environment exhibited comparable values, yielding a SID of P of 89.8% and 79.5% for MCP and DCP, respectively [41]. The variation in P digestibility assessed through a ring test described by Rodehutscord et al. [42] suggested the importance of a detailed standard methodology. Several studies have evaluated the SID of P in inorganic ingredients. Using the regression method, Shastak et al. [15] yielded a P digestibility of 30% and 67% for DCP and MSP in 21-day-old birds, respectively. Bikker et al. [43] reported a P digestibility of 78.3% and 59.0% for MCP and DCP, respectively. Trairatapiwan et al. [11] estimated P digestibility values of 69.3% and 64.6% for MCP and DCP, respectively, using the regression method. However, in a study by Cambra-López et al. [44], the P digestibility values of MCP and DCP were determined to be 87.4% and 86.6%, respectively, using the regression method. The variation in P digestibility across various studies and different laboratories highlights the need to standardize methods used for measuring P digestibility.



In the current study, each feed ingredient served as the sole source of P to determine the SID of P using the direct method. An additional P supplement is normally considered to meet the recommended requirement; however, to measure the SID of P in corn and SBM, it was impossible. Therefore, a dietary Ca/total P ratio of 1.4 was maintained by adding limestone. Using the regression method, Trairatapiwan et al. [45] generated P digestibility values of 33.8% and 42.3% for corn and SBM, respectively, and these values were lower than those found in the current study. In another study, Mutucumarana et al. [14,46] yielded a P digestibility of 67.6% and 79.8% for corn and SBM, respectively. Additionally, Mutucumarana et al. [47] reported different P digestibility coefficients of corn (0.73 and 0.43) and SBM (0.74 and 0.52) depending on the assay methodology used on 28-day-old broilers. In Method 1, the dietary Ca:NPP ratio was adjusted to 2:1 by adding limestone. In Method 2, the dietary Ca/total P ratio of 1.3:1 was achieved via limestone supplementation. The authors speculated that one of the reasons for the difference in digestible P contents between the methods could be the lower dietary Ca concentration in Method 1 than that in Method 2. The current study maintained a Ca/total P ratio of 1.4 in the corn and SBM diets, and the low Ca concentrations in current experimental diets might increase the SID of P. The study by Perryman et al. [26], reporting that the true ileal P digestibility is higher at a low Ca concentration (0.13%) compared to a high Ca concentration (0.95%), could support this observation.




5. Conclusions


In conclusion, the SID of Ca in MCP, DCP, limestone, corn, and SBM were determined to be 84.7%, 70.1%, 52.6%, 88.6%, and 81.6%, respectively. The SID of P in MCP, DCP, MSP, corn, and SBM were determined to be 91.8%, 76.8%, 94.4%, 73.1%, and 88.4%, respectively. The results of the present study indicate that the SID of Ca and P vary across different feed ingredients, indicating the types of ingredients that should be considered for accurate diet formulation.







Author Contributions


Conceptualization, C.-W.L. and C.K.; methodology, C.-W.L. and C.K.; investigation, C.-W.L. and C.K.; data curation, C.-W.L. and C.K.; writing—original draft preparation, C.-W.L.; writing—review and editing, C.K.; supervision, C.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was carried out with the support of the “Cooperative Research Program for Agriculture Science and Technology Development (Project No. RS-2022-RD010370)” Rural Development Administration, Republic of Korea.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee of Kyungpook National University, Republic of Korea (approval number: KNU 2023-0183).




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



National Research Council; Subcommittee on Poultry Nutrition. Nutrient Requirements of Poultry: 1994; National Academies Press: Washington, DC, USA, 1994. [Google Scholar]

	



Sommerfeld, V.; Omotoso, A.O.; Oster, M.; Reyer, H.; Camarinha-Silva, A.; Hasselmann, M.; Huber, K.; Ponsuksili, S.; Seifert, J.; Stefanski, V.; et al. Phytate degradation, transcellular mineral transporters, and mineral utilization by two strains of laying hens as affected by dietary phosphorus and calcium. Animals 2020, 10, 1736. [Google Scholar] [CrossRef]

	



Anwar, M.N.; Ravindran, V.; Morel, P.C.H.; Ravindran, G.; Cowieson, A.J. Measurement of the true ileal calcium digestibility of some feed ingredients for broiler chickens. Anim. Feed Sci. Technol. 2018, 237, 118–128. [Google Scholar] [CrossRef]

	



Majeed, S.; Qudsieh, R.; Edens, F.W.; Brake, J. Limestone particle size, calcium and phosphorus levels, and phytase effects on live performance and nutrients digestibility of broilers. Poult. Sci. 2020, 99, 1502–1514. [Google Scholar] [CrossRef]

	



Sung, J.Y.; Emmert, B.J.; Karcher, D.M.; Walk, C.L.; Adeola, O. Phosphorus equivalency of exogenous phytase relative to phosphorus in monosodium phosphate in broiler chickens. Poult. Sci. 2024, 103, 103248. [Google Scholar] [CrossRef]

	



Lamp, A.E.; Mereu, A.; Ruiz-Ascacibar, I.; Moritz, J.S. Inorganic feed phosphate type determines mineral digestibility, broiler performance, and bone mineralization. J. Appl. Poult. Res. 2020, 29, 559–572. [Google Scholar] [CrossRef]

	



Proszkowiec-Weglarz, M.; Angel, R. Calcium and phosphorus metabolism in broilers: Effect of homeostatic mechanism on calcium and phosphorus digestibility. J. Appl. Poult. Res. 2013, 22, 609–627. [Google Scholar] [CrossRef]

	



Walk, C.L.; Romero, L.F.; Cowieson, A.J. Towards a digestible calcium system for broiler chicken nutrition: A review and recommendations for the future. Anim. Feed Sci. Technol. 2021, 276, 114930. [Google Scholar] [CrossRef]

	



Powell, S.; Bidner, T.D.; Southern, L.L. Phytase supplementation improved growth performance and bone characteristics in broilers fed varying levels of dietary calcium. Poult. Sci. 2011, 90, 604–608. [Google Scholar] [CrossRef]

	



Rodehutscord, M.; WPSA. Determination of phosphorus availability in poultry. World’s Poult. Sci. J. 2019, 69, 687–698. [Google Scholar]

	



Trairatapiwan, T.; Ruangpanit, Y.; Songserm, O.; Attamangkune, S. True ileal phosphorus digestibility of monocalcium phosphate, monodicalcium phosphate and dicalcium phosphate for broiler chickens. Anim. Feed Sci. Technol. 2018, 241, 1–7. [Google Scholar] [CrossRef]

	



Angel, R. Calcium and phosphorus requirements in broilers and laying hens. In Proceedings of the 22nd Annual Australian Poultry Science Symposium, Sydney, NSW, Australia, 14–16 February 2011; p. 32. [Google Scholar]

	



Li, X.; Zhang, D.; Bryden, W. Calcium and phosphorus metabolism and nutrition of poultry: Are current diets formulated in excess? Anim. Prod. Sci. 2017, 57, 2304–2310. [Google Scholar] [CrossRef]

	



Mutucumarana, R.K.; Ravindran, V.; Ravindran, G.; Cowieson, A.J. Measurement of true ileal digestibility and total tract retention of phosphorus in corn and canola meal for broiler chickens. Poult. Sci. 2014, 93, 412–419. [Google Scholar] [CrossRef] [PubMed]

	



Shastak, Y.; Witzig, M.; Hartung, K.; Rodehutscord, M. Comparison of retention and prececal digestibility measurements in evaluating mineral phosphorus sources in broilers. Poult. Sci. 2012, 91, 2201–2209. [Google Scholar] [CrossRef]

	



Babatunde, O.O.; Osho, S.O.; Park, C.S.; Adeola, O. Additivity of apparent and standardized ileal digestibility of phosphorus in mixed diets containing corn and soybean meal fed to broiler chickens. Poult. Sci. 2020, 99, 6907–6913. [Google Scholar] [CrossRef]

	



An, S.H.; Kong, C. Standardized ileal digestibility of amino acids in feed ingredients for broiler chickens. Korean J. Poult. Sci. 2020, 47, 135–142. [Google Scholar] [CrossRef]

	



Acres, A. Arbor Acres Broiler Nutrition Specifications; Aviagen: Huntsville, AL, USA, 2022. [Google Scholar]

	



AOAC. Official Methods of Analysis of AOAC International; AOAC International: Gaithersburg, MD, USA, 2016. [Google Scholar]

	



Fenton, T.; Fenton, M. An improved procedure for the determination of chromic oxide in feed and feces. Can. J. Anim. Sci. 1979, 59, 631–634. [Google Scholar] [CrossRef]

	



Kong, C.; Adeola, O. Evaluation of amino acid and energy utilization in feedstuff for swine and poultry diets. Asian-Australas. J. Anim. Sci. 2014, 27, 917–925. [Google Scholar] [CrossRef]

	



Adedokun, S.A.; Adeola, O. Calcium and phosphorus digestibility: Metabolic limits. J. Appl. Poult. Res. 2013, 22, 600–608. [Google Scholar] [CrossRef]

	



David, L.S.; Abdollahi, M.R.; Bedford, M.R.; Ravindran, V. Comparison of the apparent ileal calcium digestibility of limestone in broilers and layers. Br. Poult. Sci. 2021, 62, 852–857. [Google Scholar] [CrossRef]

	



Walk, C.L.; Wang, Z.; Wang, S.; Wu, J.; Sorbara, J.O.B.; Zhang, J. Determination of the standardized ileal digestible calcium requirement of male Arbor Acres Plus broilers from hatch to day 10 post-hatch. Poult. Sci. 2021, 100, 101364. [Google Scholar] [CrossRef]

	



Bai, S.; Yang, Y.; Ma, X.; Liao, X.; Wang, R.; Zhang, L.; Li, S.; Luo, X.; Lu, L. Dietary calcium requirements of broilers fed a conventional corn-soybean meal diet from 1 to 21 days of age. J. Anim. Sci. Biotechnol. 2022, 13, 11. [Google Scholar] [CrossRef] [PubMed]

	



Perryman, K.R.; Masey O’Neill, H.V.; Bedford, M.R.; Dozier, W.A., 3rd. Effects of calcium feeding strategy on true ileal phosphorus digestibility and true phosphorus retention determined with growing broilers. Poult. Sci. 2016, 95, 1077–1087. [Google Scholar] [CrossRef] [PubMed]

	



Mirabile, C.G.; Rocha, G.C.; Albino, L.F.T.; Tavernari, F.C.; Brito, C.O.; Nunes, R.A.; Oliveira, C.H.; Dias, K.M.M.; Vale, B.G.; Calderano, A.A. True ileal phosphorus digestibility of soybean meal for male and female broiler chickens. Anim. Feed Sci. Technol. 2020, 270, 114649. [Google Scholar] [CrossRef]

	



Anwar, M.N.; Ravindran, V. Influence of methodology on the measurement of ileal endogenous calcium losses in broiler chickens. J. Appl. Anim. Res. 2020, 48, 264–267. [Google Scholar] [CrossRef]

	



David, L.; Abdollahi, M.; Bedford, M.; Ravindran, V. True ileal calcium digestibility in soybean meal and canola meal, and true ileal phosphorous digestibility in maize-soybean meal and maize-canola meal diets, without and with microbial phytase, for broiler growers and finishers. Br. Poult. Sci. 2021, 62, 293–303. [Google Scholar] [CrossRef]

	



Dilelis, F.; de Freitas, L.W.; Quaresma, D.V.; Machado, N.D.B.; Reis, T.L.; Souza, C.S.; de Lima, C.A.R. Standardized ileal phosphorus digestibility of meat and bone meal and poultry byproduct meal for broilers. Rev. Bras. Zootecn. 2021, 50, e20200086. [Google Scholar] [CrossRef]

	



Mutucumarana, R.K.; Ravindran, V. Measurement of endogenous phosphorus losses in broiler chickens. J. Poult. Sci. 2021, 58, 58–63. [Google Scholar] [CrossRef]

	



David, L.S.; Abdollahi, M.R.; Ravindran, G.; Walk, C.L.; Ravindran, V. Studies on the measurement of ileal calcium digestibility of calcium sources in broiler chickens. Poult. Sci. 2019, 98, 5582–5589. [Google Scholar] [CrossRef]

	



Ross. Ross 308 Broiler: Nutrition Specification; Ross Breeders Limited: Scotland, UK, 2014. [Google Scholar]

	



Yan, F.; Angel, R.; Ashwell, C.; Mitchell, A.; Christman, M. Evaluation of the broiler’s ability to adapt to an early moderate deficiency of phosphorus and calcium. Poult. Sci. 2005, 84, 1232–1241. [Google Scholar] [CrossRef]

	



Liu, J.B.; Chen, D.W.; Adeola, O. Phosphorus digestibility response of broiler chickens to dietary calcium-to-phosphorus ratios. Poult. Sci. 2013, 92, 1572–1578. [Google Scholar] [CrossRef]

	



Zhang, F.; Adeola, O. True ileal digestibility of calcium in limestone and dicalcium phosphate are additive in diets of broiler chickens. Poult. Sci. 2018, 97, 4290–4296. [Google Scholar] [CrossRef]

	



An, S.H.; Kong, C. Influence of age and type of feed ingredients on apparent and standardized ileal amino acid digestibility in broiler chickens. J. Anim. Sci. Technol. 2022, 64, 740–751. [Google Scholar] [CrossRef]

	



David, L.S.; Anwar, M.N.; Abdollahi, M.R.; Bedford, M.R.; Ravindran, V. Calcium nutrition of broilers: Current perspectives and challenges. Animals 2023, 13, 1590. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, J.H.; Kong, C.S. Determination of ileal digestibility of tryptophan in tryptophan biomass for broilers using the direct and regression methods. Anim. Feed Sci. Technol. 2023, 304, 115732. [Google Scholar] [CrossRef]

	



Fan, M.Z.; Sauer, W.C. Determination of apparent ileal amino-acid digestibility in peas for pigs with the direct, difference and regression methods. Livest. Prod. Sci. 1995, 44, 61–72. [Google Scholar] [CrossRef]

	



An, S.H.; Sung, J.Y.; Kong, C. Ileal digestibility and total tract retention of phosphorus in inorganic phosphates fed to broiler chickens using the direct method. Animals 2020, 10, 2167. [Google Scholar] [CrossRef] [PubMed]

	



Rodehutscord, M.; Adeola, O.; Angel, R.; Bikker, P.; Delezie, E.; Dozier, W.A., 3rd; Umar Faruk, M.; Francesch, M.; Kwakernaak, C.; Narcy, A.; et al. Results of an international phosphorus digestibility ring test with broiler chickens. Poult. Sci. 2017, 96, 1679–1687. [Google Scholar] [CrossRef]

	



Bikker, P.; Spek, J.W.; Van Emous, R.A.; Van Krimpen, M.M. Precaecal phosphorus digestibility of inorganic phosphate sources in male broilers. Br. Poult. Sci. 2016, 57, 810–817. [Google Scholar] [CrossRef]

	



Cambra-López, M.; Moset, V.; del Carmen López, M.; Sebastián Mesa, J.; Carpintero, L.; Donadeu, A.; Dupuy, J.; Macías-Vidal, J.; Cerisuelo, A.; Ferrer, P. Evaluation of phosphorus digestibility from monocalcium and dicalcium phosphate sources and comparison between total tract and prececal digestibility standard methods in broilers. Animals 2021, 11, 3427. [Google Scholar] [CrossRef]

	



Trairatapiwan, T.; Ruangpanit, Y.; Songserm, O.; Attamangkune, S. Determination of true ileal phosphorus digestibility of maize and soybean meal and true ileal calcium digestibility of soybean meal for broiler chickens. Anim. Prod. Sci. 2019, 59, 681–687. [Google Scholar] [CrossRef]

	



Mutucumarana, R.K.; Ravindran, V.; Ravindran, G.; Cowieson, A.J. Measurement of true ileal digestibility of phosphorus in some feed ingredients for broiler chickens. J. Anim. Sci. 2014, 92, 5520–5529. [Google Scholar] [CrossRef]

	



Mutucumarana, R.K.; Ravindran, V.; Ravindran, G.; Cowieson, A.J. Measurement of true ileal phosphorus digestibility in maize and soybean meal for broiler chickens: Comparison of two methodologies. Anim. Feed Sci. Technol. 2015, 206, 76–86. [Google Scholar] [CrossRef]








 





Table 1. Ingredient and chemical compositions of experimental diets on an as-fed basis.






Table 1. Ingredient and chemical compositions of experimental diets on an as-fed basis.





	
Ingredient, g/kg

	
Ca–P-Free

	
MCP

	
DCP

	
MSP + Limestone

	
Non-Phytate P, 4.21g/kg

	
Ca/Total P, 1.4:1




	
SBM1

	
Corn1

	
SBM2

	
Corn2






	
 Corn

	
–

	
–

	
–

	
–

	
–

	
810.00

	
–

	
810.00




	
 Soybean meal

	
–

	
–

	
–

	
–

	
386.42

	
–

	
386.42

	
–




	
 Sucrose

	
300.00

	
300.00

	
300.00

	
300.00

	
–

	
–

	
–

	
–




	
 Cornstarch

	
455.37

	
435.91

	
433.13

	
418.32

	
539.63

	
58.54

	
548.77

	
67.44




	
 Cellulose

	
50.00

	
50.00

	
50.00

	
50.00

	
–

	
–

	
–

	
–




	
 Soybean oil

	
30.00

	
30.00

	
30.00

	
30.00

	
30.00

	
30.00

	
30.00

	
30.00




	
 Dried egg albumen

	
90.00

	
90.00

	
90.00

	
90.00

	
–

	
–

	
–

	
–




	
 Potassium carbonate

	
10.40

	
10.40

	
10.40

	
10.40

	
–

	
6.20

	
–

	
6.20




	
 Sodium bicarbonate

	
1.00

	
1.00

	
1.00

	
–

	
–

	
–

	
–

	
1.00




	
 Limestone

	
–

	
–

	
–

	
20.45

	
–

	
–

	
5.50

	
7.30




	
 Monocalcium phosphate

	
–

	
19.80

	
–

	
–

	
–

	
–

	
–

	
–




	
 Dicalcium phosphate

	
–

	
–

	
22.95

	
–

	
–

	
–

	
–

	
–




	
 Monosodium phosphate

	
–

	
–

	
–

	
17.85

	
14.64

	
17.20

	
–

	
–




	
 Magnesium oxide

	
0.90

	
0.56

	
0.19

	
0.65

	
–

	
–

	
–

	
–




	
 Sodium chloride

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00




	
 Vitamin premix 1

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50




	
 Mineral premix 2

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50




	
 Choline chloride

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00




	
 Chromium oxide

	
5.00

	
5.00

	
5.00

	
5.00

	
5.00

	
5.00

	
5.00

	
5.00




	
 L-Arg

	
8.64

	
8.64

	
8.64

	
8.64

	
1.19

	
9.81

	
1.19

	
9.81




	
 L-His

	
3.51

	
3.51

	
3.51

	
3.51

	
0.41

	
3.85

	
0.41

	
3.85




	
 L-Ile

	
4.17

	
4.17

	
4.17

	
4.17

	
1.05

	
6.11

	
1.05

	
6.11




	
 L-Leu

	
6.46

	
6.46

	
6.46

	
6.46

	
1.00

	
6.58

	
1.00

	
6.58




	
 L-Lys-HCl

	
8.44

	
8.44

	
8.44

	
8.44

	
2.51

	
12.27

	
2.51

	
12.27




	
 L-Met

	
2.51

	
2.51

	
2.51

	
2.51

	
3.11

	
3.95

	
3.11

	
3.95




	
 L-Cys

	
2.03

	
2.03

	
2.03

	
2.03

	
2.16

	
2.98

	
2.16

	
2.98




	
 L-Phe

	
2.79

	
2.79

	
2.79

	
2.79

	
–

	
4.70

	
–

	
4.70




	
 L-Thr

	
4.53

	
4.53

	
4.53

	
4.53

	
1.89

	
5.92

	
1.89

	
5.92




	
 L-Trp

	
1.02

	
1.02

	
1.02

	
1.02

	
–

	
1.49

	
–

	
1.49




	
 L-Val

	
4.23

	
4.23

	
4.23

	
4.23

	
1.99

	
6.40

	
1.99

	
6.40




	
Calculated value

	

	

	

	

	

	

	

	




	
 AME, kcal/kg

	
3708.6

	
3629.4

	
3618.1

	
3557.8

	
3226.0

	
3376.2

	
3263.2

	
3412.5




	
 Crude protein

	
122.5

	
122.5

	
122.5

	
122.5

	
190.0

	
124.5

	
190.0

	
124.5




	
 Calcium

	
0.26

	
3.87

	
5.11

	
7.50

	
1.35

	
0.24

	
3.30

	
2.83




	
 Non-phytate phosphorus

	
0.10

	
4.21

	
4.21

	
4.21

	
4.21

	
4.21

	
0.84

	
0.25




	
 Total P

	
0.10

	
4.21

	
4.21

	
4.21

	
5.73

	
5.98

	
2.36

	
2.03




	
Analyzed value

	

	

	

	

	

	

	

	




	
 Calcium

	
0.30

	
4.20

	
5.10

	
7.30

	
1.90

	
0.23

	
4.30

	
2.90




	
 Total P

	
0.15

	
4.90

	
4.40

	
4.70

	
7.70

	
6.20

	
3.90

	
2.10








AME = apparent metabolizable energy; MCP = monocalcium phosphate; DCP = dicalcium phosphate; MSP = monosodium phosphate; SBM = soybean meal; P = phosphorus. 1 Supplies the following quantities per kilogram of diet: vitamin A, 2,400,000 IU; vitamin D3, 800,000 IU; vitamin E, 10,000 IU; vitamin K3, 640 mg; thiamin, 640 mg; riboflavin, 1720 mg; nicotinic acid, 12,000 mg; pantothenic acid, 4000 mg; pyridoxine, 900 mg; cobalamin, 4 mg; folacin, 440 mg; biotin 44 mg. 2 Supplies the following quantities per kilogram of diet: Mn, 24,000 mg; Zn, 22,000 mg; Fe, 10,000 m