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ABSTRACT 
 

 Broiler nutrition can be affected by many different factors, and diets can be made up of a 

wide variety of components. Feed enzymes, different Ca sources, and various ingredient particle 

sizes all contribute to broiler nutritional status and need to be investigated to determine their full 

effects on the bird. The objective of the first study was to evaluate various Ca sources and 

microbial phytases using an in vitro assay to simulate broiler digestion. The trial measured total 

Ca and P, soluble Ca and P, and pH. It involved limestone, dicalcium phosphate, highly soluble 

Ca (HSC), whey, and a control with no added Ca. Each diet was supplemented with 0 or 500 

FTU/kg of phytase 1 or phytase 2. Diets were analyzed for total Ca and P and then were 

subjected to a gastric phase digestion, including the addition of HCl and pepsin, with incubation 

times of 5, 10, or 20 min. They were also subjected to a gastric phase and a SI phase digestion, 

including the addition of HCl, pepsin, NaHCO3, and pancreatin with incubation times of 5, 10, 

20, or 60 min. The objective of the second study was to evaluate various particle sizes, Ca 

sources, and source locations using the same in vitro assay. Large, medium, and fine particle 

sizes, as well as limestone from 4 different locations and HSC were subjected to the same assays 

and conditions as in the first trial. These studies suggest that HSC is a highly soluble Ca source, 

phytase improves P solubility in vitro, fine particle size is more soluble than large particle size in 

vitro, and location from which the Ca source is obtained can affect Ca and P solubility. The in 

vitro assay utilized in this study is a fast and cost efficient technique for evaluating and 
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comparing parameters of broiler diets to make recommendations for commercial poultry 

nutrition.  
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CHAPTER I 

INTRODUCTION 
 

Phytase is an enzyme that increases P and other mineral digestibility and improves broiler 

performance by reducing the negative effects of its substrate, phytate. Phytate is an antinutrient 

that binds P, minerals, and other nutrients making them unavailable to the bird for digestion. 

Calcium sources used in broiler diets, including limestone, dical, and various other organic 

sources, differ in cost, origin, accessibility, and the amount of total Ca and P percent, solubility, 

availability, and digestibility. Altering particle sizes of Ca sources used in broiler diets can affect 

different parts of digestion by increasing gizzard retention time, reducing gastrointestinal acid 

secretion, or increasing availability of nutrients. Calcium and P digestibility, as well as pH in the 

gizzard and SI, can be greatly affected by any of these factors. 

Different types of phytase, various Ca sources, and an assortment of particle sizes are 

used in numerous combinations of broiler diets throughout the world. Deciding upon which is 

the best combination, or some of the most optimal, is not universally agreed upon. Bird trials to 

compare different diet combinations are being completed and more are necessary. However, 

having an in vitro assay to compare these combinations in a stable and repeatable setting would 

allow for a quick and precise method to evaluate multiple phytases in combination with various 

Ca sources and varying particle sizes. 

  An in vitro assay that mimics broiler digestion with use of enzymes, acids and buffers, 

intestinal incubation temperatures and conditions would allow testing of diets, feed forms, and 

dietary enzymes or other additives to calculate differences between these factors. While the in 

vitro assay may not allow for an exact prediction of the in vivo response, it can be a tool to 
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estimate differences between diets, ingredients, and their subsequent digestibilities in order to 

provide a comparative rank. 

An accurate and widely used in vitro assay has not yet been utilized to evaluate diets and 

feed characteristics for use in broiler diets. Various Ca sources, location Ca sources are obtained 

from, and different particle sizes of Ca sources, combined with the effects of different phytases, 

can greatly vary in regards to Ca digestibility, all of which may impact P digestibility and pH of 

the intestinal tract. Having a fast and efficient way to assess these factors and how they might 

affect broiler performance would be greatly beneficial for poultry research programs. The 

objective of the first study was to compare Ca sources and addition of different phytases in an in 

vitro assay, mimicking broiler digestion, to determine the solubility of Ca and P and to measure 

pH. The purpose of the second study was to utilize the same in vitro assay in order to evaluate Ca 

sources of various particle sizes to determine differences in Ca and P solubility for assessment of 

effectiveness in broiler diets.  
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CHAPTER II 

LITERATURE REVIEW 

Sources of Calcium 

Limestone is the most common Ca source (Table 1) used in commercial poultry feed. It is 

inexpensive and high in Ca at 36%. One of the useful properties of limestone is its effectiveness 

in neutralizing dilute acid, as it has been used for many years to increase soil pH (Anderson et 

al., 1984). Sources of limestone may differ in appearance, composition, and nutrient value but 

are often assumed to be equivalent as a Ca source for broilers. High amounts of Ca from 

limestone in diets may have a negative effect on performance of poultry.  

Dicalcium phosphate (dical) is another Ca source used in poultry diets, as it is high in 

both Ca (19.8%) and P (18.6%). Whey is a Ca source, which is not used in poultry diets but is 

used in other monogastric diets. It is inexpensive, as well as a good source of minerals and 

protein. Highly Soluble Ca (HSC) is a new Ca source being investigated for its use in poultry 

feed because of its high Ca solubility. It is a calcified seaweed with a highly porous structure and 

approximately 30% Ca. 

Whey-mineral complex, which is prepared from acidic milk, can be used as a mineral 

supplement due to its high mineral availability (Igarashi et al., 1990). It is similar to whey used 

in monogastric diets but has higher amounts of protein, fat, lactose, and minerals. Tsuchita et al. 

(1993) previously suggested that lipids extracted from whey-mineral complex may influence 

bone metabolism in monogastric animals, not including the chicken, as much as minerals do. 

These lipids contain trace amounts of progesterone and oestradiol (Tsuchita et al., 1993), and in a 

later study, Tsuchita et al. (1995) found that this trace level of hormones could be one of the 

explanations why whey-mineral complex displayed high Ca availability. Ovariectomized rats 
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were orally given oil mixtures with either whey-mineral complex 1 (WMC1) containing 18.2 % 

Ca, 5.3 pg/g oestradiol, 0.88 ng/g progesterone, and 1.0 pg/g 1a,25-(OH)2D, whey-mineral 

complex 2 (WMC2) containing 26.4% Ca, 33.6 pg/g oestradiol, 0.94 ng/g progesterone, and 3.4 

pg/g 1a,25-(OH)2D, a control, or a standard oil mixture of only oestradiol and progesterone, all 

in addition to a Ca supplemented diet (Tsuchita et al., 1993). The concentrations of oestradiol in 

the lipid mixture extracted from WMC1 and the lipid mixture extracted from WMC2 were 305 

and 1313 pg/ml, and the progesterone concentrations were 34.3 and 36.9 ng/ml, respectively. 

Only a trace amount of 1a,25-(OH)2D was identified at 56 pg/ml in the WMC1 mixture and 132 

pg/ml in the WMC2 mixture (Tsuchita et al., 1995). Rats given WMC2 showed a higher Ca 

absorption rate compared to the rats in all the other groups, attributable to the higher amounts of 

trace hormones in WMC2 (Tsuchita et al., 1995). The lipid source also affected P absorption 

(Tsuchita et al., 1993). The serum 1a,25-(OH)2D level in the rats given WMC2 was similar to the 

rats given the standard, whose hormone concentrations were also similar to those given WMC2 

(Tsuchita et al., 1995). Therefore, it is possible that 1a,25-(OH)2D, as well as oestradiol 

contained in WMC2, would have contributed to the high level of serum 1a,25-(OH)2D that 

caused the higher Ca absorption in the rats given WMC2 (Armbrecht et al. 1980; Tsuchita et al., 

1995). 

In a study evaluating limestone, dical, phytase, and all combinations added to an in vitro 

simulation of broiler digestion with either corn or soy diets, the addition of dical improved P 

solubility in soy diet samples (Walk et al., 2012b). An increase in P solubility was seen in 

samples without limestone addition, which likely means that precipitation occurred due to Ca 

binding phosphate in the presence of limestone (Walk et al., 2012b). In the same study, Ca 

addition from limestone, without the inclusion of P from dical, created a substantial Ca:P ratio 



 

5 

(2.6:1) which either reduced phytase’s efficacy or encouraged Ca and phosphate precipitation, 

therefore decreasing solubility of P in the SI phase compared to the gastric phase (Walk et al., 

2012b). This clarifies the need for a proper Ca:P ratio which may need to be achieved with 

addition of limestone and dical, or possibly with just dical, when dealing with both corn and soy 

separately. However, diets made up of both corn and soy are deficient in available P, according 

to current broiler recommendations. A study that compared different sources of commercial 

dical, as a supply of available P, supplemented basal diets (0.15% aP) with different sources of 

dical and clearly saw improved performance in weight gain and feed:gain ratio in chicks, 

regardless of source (Lima et al., 1997). These results also showed increased performance in 

several parameters due to addition of different sources of dical, including body weight gain, bone 

ash, and bone strength, though differences in P availability between dical sources were not found 

(Lima et al., 1997). Layers fed dical had higher egg production and lower mortality when 

compared to hens fed Curacao (low fluorine rock) phosphate (Singsen et al., 1969). After 

comparing several studies that used different types of phosphate sources to supplement layer 

diets, Peeler (1972) assigned them all relative biological values in reference to each other. 

Dicalcium phosphate used in the diets had a biological availability of 100% for P, as did 

defluorinated phosphate, which were both used as the reference source (Peeler, 1972). Low 

fluorine rock phosphate had a relative biological availability of only 25% when compared to the 

reference (Peeler, 1972). When comparing phosphate sources for chicks between laboratories, 

monocalcium phosphate was found to have between 113-116% relative biological availability of 

P, while beta-tricalcium phosphate was found to have 100% availability from 4 different 

laboratories and was used as the reference for chick P availability (Peeler, 1972). Dicalcium 

phosphate was found to have 97-98% availability of P, and defluorinated phosphate was found to 
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have between 87-92% availability relative to the reference source (Peeler, 1972). One laboratory 

found bone meal to have 96% availability of P, while low fluorine rock phosphate was found to 

have 68-87% availability, and soft phosphate had 34-49% availability of P (Peeler, 1972). Peeler 

(1972) also compared sources for availability of Ca, and dical had 100-113% relative availability 

of Ca found in 2 different laboratories. Relative availabilities of Ca in other sources were also 

evaluated in chicks, with high Ca availabilities in gypsum, bone meal, limestone, defluorinated 

phosphate, calcium carbonate, and tricalcium phosphate (Peeler, 1972). All Ca sources were 

compared against Ca carbonate, which they assigned a relative availability of 100%. Limestone 

showed a relative availability of Ca of 102%, and gypsum had a relative availability between 66-

90% compared to Ca carbonate (Peeler, 1972). While bone meal had a relative Ca availability of 

109%, low F rock had an availability of 90% compared to Ca carbonate (Peeler, 1972). Calcium 

availability in soft phosphate was between 68-70%, and defluorinated phosphate had a Ca 

availability of between 92-95% (Peeler, 1972). Dicalcium phosphate had a relative Ca 

availability between 100 and 113%, while tricalcium phosphate had an availability of 115% 

compared to Ca carbonate (Peeler, 1972).  

Highly soluble Ca (HSC) is a Ca source obtained from calcified seaweed that is being 

investigated for use in poultry feed. It is high in Ca%, and is highly soluble GIT pH ranges 

compared to limestone (Walk et al., 2012c). In an in vitro trial at pH 3.0, 1.0% Ca from HSC was 

34% more soluble than 1.0% Ca from limestone (C. L. Walk, unpublished). Calcium carbonate is 

100% calcite while HSC is 65% calcite, 23% aragonite, and 12% vaterite (“Calcareous Marine 

Algae,” Celtic Sea Minerals). Aragonite and vaterite are polymorphs of calcite, meaning they are 

the same chemically, yet differ structurally (“Calcareous Marine Algae,” Celtic Sea Minerals). 

Highly soluble Ca is a highly effective buffer, due to its physical structure, and in an acidic 
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environment it breaks down slowly and neutralizes significant amounts of acid over time 

(“Calcareous Marine Algae,” Celtic Sea Minerals). After 6-8 h at pH 5.5, 100% of the Ca in 

HSC is released (“Calcareous Marine Algae,” Celtic Sea Minerals). It is similar to a product 

called Acid Buf, which is known to have a unique honeycomb structure and large surface area 

(“Acid Buf,” Celtic Sea Minerals). While it is a great source of bio-available minerals and 

reduces the risk of metabolic disorders, supplementation of Acid Buf improves fiber digestion by 

increasing the average rumen pH as a slow-release buffer in cows (“Acid Buf,” Celtic Sea 

Minerals). It allows for better neutralization of acid in the rumen and longer-term rumen 

buffering (“Acid Buf,” Celtic Sea Minerals). Acid Buf also increases milk yield and reduces 

methane output and environmental pollution (“Acid Buf,” Celtic Sea Minerals). While there is 

not as much research on HSC in chickens, it is thought to have similar effects especially in 

reference to Ca and mineral availability.  

Highly soluble Ca was used in several studies to evaluate its effects on broiler 

performance with addition of phytase (Walk et al., unpublished). In the first study, growth 

performance of HSC fed birds was improved when compared to limestone fed birds, but only 

when HSC diets were supplemented with phytase. HSC in the diet at 0.8% Ca and supplemented 

with 500 FTU/kg of phytase had comparable results of foot ash weight as compared to limestone 

at 1.0% Ca plus 500 FTU/kg of phytase (Walk et al., unpublished). In a similar trial, growth 

performance was increased in broilers fed 2500 FTU/kg of phytase and 0.75% Ca from HSC, but 

without phytase, HSC supplementation levels above 0.75% Ca significantly reduced growth and 

bone ash (Walk et al., unpublished). At pHs between 1 and 6, HSC is soluble, but it is also highly 

reactive with phytate and excess phosphate (Walk et al., unpublished). If phytase is not added 

with HSC in diets, HSC can form insoluble Ca-phytate complexes, which leads to Ca 
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deficiencies in the bird (Walk et al., unpublished). Addition of phytase can reduce this and 

increase the solubility of Ca and P by creating a highly soluble form of Ca and P and allowing 

for less mineral supplementation in broiler diets (Walk et al., unpublished).     

Anderson et al. (1984) compared different sources of Ca, amounts of dietary Ca, and 

particle size in a 4-part broiler study. They compared Ca carbonate USP, powdered limestone, 

and coarse limestone. Increasing dietary Ca from 0.9 to 1.5%, with 0.63% total dietary P, 

significantly reduced weight gain, feed efficiency, and bone ash in broilers, and this was most 

evident with fine particle size (Anderson et al., 1984). Particle size had more of an effect than Ca 

source on determining how much a Ca carbonate source could reduce weight gain when included 

in the diet at a high level (Anderson et al., 1984). The basal diet of the study had five times as 

much Ca from sources other than the main Ca source, which may have masked differences in the 

Ca source at low dietary levels (Anderson et al., 1984). Even so, fine Ca particle size decreased 

gain and tibia ash at the higher Ca levels. Medium particles at the higher Ca level were thought 

to be able to move excess Ca through the GIT better than the fine particles, and medium particles 

are available to be utilized when the bird needs the Ca (Anderson et al., 1984).  

Other sources of Ca have been tested over the years, but none have taken the place of 

limestone and dical. Seashells, oyster shells, Ca malate, Ca citrate, and Ca citrate-malate have all 

been tested for use in poultry diets as the primary Ca source (Guinotte et al., 1995; Applegate et 

al., 2003). An experiment using Ca carbonate or Ca malate as the main Ca sources in broiler 

diets, showed no effect of Ca source on tibia ash, intestinal phytase activity, apparent ileal Ca 

absorption, or apparent ileal phytate-P hydrolysis (Applegate et al., 2003). However, birds fed Ca 

carbonate gained an extra 10.5 g from 14 to 24 d of age compared to birds fed Ca malate 

(Applegate et al., 2003). Calcium citrate, Ca malate, and Ca citrate-malate have been shown to 
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improve solubility characteristics at a neutral pH compared to Ca carbonate (Heaney et al., 

1990). The fractional absorption of Ca and bone mineralization from these 3 Ca sources was 

improved in rats compared to Ca from Ca carbonate (Kochanowski, 1990). Several experiments 

testing limestone and seashells as Ca sources and using a gastric acid secretion inhibitor looked 

at effects on Ca solubilization, intestinal retention, and biological efficiency in chicks, pullets, 

and hens (Guinotte et al., 1995). Chicks fed seashells as their main Ca source had a higher 

gizzard pH when fed coarse particle size seashells compared to fine particle size seashells, but 

pH values in the crop and duodenum were not influenced by particle size, and there were no 

gizzard pH differences in pullets and layer hens fed different particle size seashells (Guinotte et 

al., 1995). Coarse seashells used in layer diets increased ionized blood Ca at the end of eggshell 

formation but blood total Ca was not affected by particle size (Guinotte et al., 1995). Chicks fed 

coarse seashells also had increased Ca excretion and increased insoluble Ca in the gizzard 

(Guinotte et al., 1995). Coarse particle seashells also caused decreased intestinal Ca retention and 

bone mineralization in chicks (Guinotte et al., 1995). All of the above Ca sources differed in Ca 

availability and solubility, which shows the considerable influence of Ca source in poultry diets 

and the importance of knowing available Ca before formulating diets. 

Particle Size and Feed Form 

Particle size reduction and feed form have been topics of interest in the poultry industry 

in recent years due to the possibility of improving efficiency of production. There are several 

aspects to consider in improving production efficiency with changes in particle size, including 

faster weight gain and improved feed to gain ratio. One other way to improve production and 

limit mortality costs is to have a bird with a healthy gastrointestinal tract (GIT). Engberg et al. 

(2002) reported that feed form might contribute to improved broiler performance due to effects 
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on the GIT because feed form has an influence on GIT physiological functions. Particle size and 

feed form affect different aspects of intestinal health, in both positive and negative ways. For 

example, pelleting can improve intestinal health by increasing villus height and, therefore, can 

improve absorption (Amerah et al., 2007b). Particle size differences can cause changes in pH and 

organ weights, which can improve gut motility and influence digestion (Bjerrum et al., 2005; 

Amerah et al., 2007b).  

 Reducing feed particle size in broiler diets by grinding constitutes the second highest 

energy cost in the manufacturing of feed (Reece et al., 1985). Producers want to reduce particles 

to both a cost efficient and growth efficient size. In general, coarse particle size is loosely 

considered as grinding feed through screen sizes of greater than or equal to 5 mm. Small or 

medium particle size is considered as using less than or equal to 3 mm screen sizes. Coarse 

particle size feed increases gizzard weight, resulting in improved gut motility. Finer reduction of 

grains increases the number of particles and therefore the surface area, which may allow greater 

access to GIT enzymes and may increase efficiency of digestion (Goodband et al., 2002). 

After diet particle size is determined, a feed form is selected for the diet. In the poultry 

industry, feed form refers to pelleted, crumbled, or mash diets. Pelleting broiler diets comprises 

the highest energy cost in the manufacturing of feed (Reece et al., 1985). Evidence suggests that 

particle size affects birds more significantly in mash feeds than it does in pelleted or crumbled 

feeds (Amerah et al., 2007a). However, pellets are dissolved in the crop after ingestion and are 

shown to retain overall particle size distribution (Amerah et al., 2008), but pelleting can reduce 

particle size, causing coarse and fine diets to be nearly identical after pelleting (Amerah et al., 

2007b). Pelleting is commonly known to improve performance in broilers, but some studies 

suggest that pelleted diets may be correlated to some metabolic diseases such as ascites and tibial 
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dyschondroplasia (Havenstein et al., 1994; Nir et al., 1995; Engberg et al., 2002; Liu et al., 

2006).    

 In a study using corn and wheat-based diets, gizzard weight was significantly greater in 

birds fed pelleted diets with coarse particle size, obtained from a 7 mm screen, as compared to 

pelleted diets with fine particle size, obtained from a 1 mm screen (Amerah et al., 2008). Even 

though all diets were pelleted, comparisons of dispersal of particle size within the pellets showed 

that pellets maintained particle size distribution. Fine particle size diets increased feed intake 

compared to coarse particle diets. There was also greater gizzard digesta content in birds due to 

coarse particles (Amerah et al., 2008), indicating longer retention, which can cause more acid 

secretions and allow for destruction of more pathogens entering the GIT (Engberg et al., 2002). 

A 3-way interaction was found between particle size, grain type, and GIT section (Amerah et al., 

2008). This was due to corn diets with coarse particles resulting in heavier gizzards than small 

particle corn diets, but this effect was not found in birds fed wheat-based diets or with other 

organ weights (Amerah et al., 2008). Another study showed significantly heavier gizzards and 

lower gizzard pH in chickens fed a mash diet compared to a pelleted diet (Huang et al., 2006). 

This may be due to mash feeds, specifically with coarse particles, causing a stronger mechanical 

stimulation and longer retention time, resulting in more developed and heavier gizzards with 

increased acid secretion (Bjerrum et al., 2005). A heavier, or better developed, gizzard is also 

associated with improved gut motility because of increased cholecystokinin release (Ferket, 

2000; Bjerrum et al., 2005). Amerah et al. (2007b) measured the relative empty weights of GIT 

organs, finding that the crop, gizzard, SI, and cecum had higher weights in birds fed medium 

particle mash diets, compared to coarse mash and pellet diets. Pellets easily disintegrate and pass 



 

12 

quickly through the gizzard to the duodenum resulting in a lower gizzard weight than mash due 

to less grinding (Bjerrum et al., 2005; Huang et al., 2006).  

Amerah et al. (2007b) completed a study to show how particle size and feed form 

affected GIT development and villus morphology in broilers fed wheat-based diets. Medium 

particle diets were ground through a 3 mm screen, while coarse particle diets were ground 

through a 7 mm screen. Pellet-fed birds had larger total mucosal layer measurements, in both 

duodenum and jejunum, compared to mash-fed birds. This could indicate that pelleting increases 

the absorptive and digestive capacity in the SI because of the greater flow of nutrients due to 

increased intake of the pelleted wheat-based diets. Both duodenum and jejunum had greater 

villus height and crypt depth due to pelleted diets, as well, but there were no main effects of 

particle size (Amerah et al., 2007b). 

Amerah et al. (2008) reported a 2-way interaction between particle size and grain type in 

a study comparing corn and wheat-based diets and fine and coarse particle sizes and their effect 

on gut morphology. Small intestinal sections and ceca were shorter in birds fed coarse particle 

sizes of a corn-based diet compared to fine particle sizes, but there was no difference between 

coarse and fine particle sizes with the wheat diets (Amerah et al., 2008). This could be because 

coarse corn digesta had a longer retention time in the gizzard and a shorter retention time in the 

SI. The gizzard displayed efficiency in breaking down large particles since no difference in 

duodenal digesta particle size distribution was found with either wheat or corn diets. The 

particles were broken up sufficiently in the gizzard and therefore may have had a quick 

absorption in the SI, so it is possible that a longer duodenum may not have been needed to 

further break down large particles. Wheat diets are a different texture than corn diets, which may 

have led to coarse particle wheat diets not having the same effect of coarse corn particle diets. 
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There were no other effects or interactions in other organ weights, digesta contents, or villus 

heights due to particle size differences (Amerah et al., 2008). However, Amerah et al. (2007b) 

found an interaction between feed form and particle size due to the relative length of gut sections 

because all gut segments were shorter in coarse mash-fed birds than in medium mash-fed birds, 

with no differences between pelleted diets. This could be due to amount of feed intake; coarse 

mash diets caused a significant increase in feed intake, which suggests that gut component length 

may be inversely related to feed intake. However, pelleted diets generally caused all gut 

components to be shorter than in mash diets (Amerah et al., 2007b).  

Mast cells are involved in the immune response, intestinal peristalsis, and the 

inflammatory process within all layers of the gut wall (Golkar and Bernhard, 1997; de Jonge et 

al., 2002; Schneider et al., 2002; Liu et al., 2006). In a study by Liu et al. (2006), particle size, 

but not feed form, affected the location of mast cells in the villi of the bird intestine. Fine particle 

size was defined as ground through a 3 mm screen, while coarse was ground through a 5 mm 

screen (Liu et al., 2002). Broilers fed a fine mash diet or fine or coarse pelleted diets had mast 

cells distributed evenly throughout the intestinal villi (Liu et al., 2006). However, in birds fed 

coarse mash diets, mast cells were observed clustered together in the tip of the villi (Liu et al., 

2006). There was also a significant interaction between particle size and feed form for the 

number of mast cells in the duodenum. Fine particle, mash-fed birds showed a greater number of 

mast cells than coarse particle, mash-fed birds, but the number of mast cells was not significantly 

different between coarse and finely ground pelleted diets (Liu et al., 2006). An effect of particle 

size on mast cell number led to a higher number of mast cells in all three parts of the SI in birds 

fed finely ground diets compared to coarsely ground diets, while feed form had no effect (Liu et 

al., 2006). This is significant because increased mast cell number increased release of active 



 

14 

mediators, including histamine and other cytokines, that regulate intestinal smooth muscle 

movement and other aspects of the intestinal environment (Lorentz and Bischoff, 2001; 

Marshall, 2004; Liu et al., 2006). Histamine acts as a cellular messenger in the GIT that exerts 

immune effects on the SI, attempting to improve intestinal health (Rangachari, 1992; Liu et al, 

2006). Higher histamine concentration enhances the shrinkage of smooth muscle and releases 

other mediators such as acetylcholine (Bolton and Clark, 1981; Ishikawa and Sperelakis, 1987; 

Arrange et al., 1991). Particle size had an effect on histamine content in the jejunum of the birds; 

birds fed finely ground diets had significantly higher histamine content in the jejunum than birds 

fed coarsely ground diets (Liu et al., 2006). Histamine content was positively correlated with the 

number of mast cells in the three sections of the SI (Liu et al., 2006).  

Stem cell factor is a growth factor of mast cells that has been shown to enhance histamine 

synthesis (Karimi et al., 1999; Lorentz and Bischoff, 2001; Liu et al., 2006). In the same study 

by Liu et al. (2006), particle size and feed form affected stem cell factor concentrations in the SI. 

Finely ground diets resulted in higher stem cell factor concentration than coarsely ground diets, 

but only in the jejunum (Liu et al., 2006). Since mast cells bind stem cell factor and subsequently 

stimulate the release of histamine, this finding is consistent with the increased numbers of mast 

cells and increased histamine concentration (Welker et al., 1999; Liu et al., 2006). Birds fed 

pelleted diets had higher concentrations of stem cell factor in the duodenum and jejunum than 

birds fed mash diets. It is possible that finely ground and pelleted diets caused upregulation of 

stem cell factor concentrations in mast cells of the SI, which enhanced mast cell growth and 

quantity (Liu et al., 2006). Increased numbers of mast cells may lead to improved gut health, and 

subsequently performance, through increased intestinal motility and immune response. However, 

increased numbers of mast cells may also be damaging to tissue.  
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Different feed forms and particle sizes can have positive and negative effects on many 

different parameters of gut health in broilers. Feed form seems to contribute to more differences 

in intestinal parameters than particle size. Producers have to decide what parameters are most 

important for their flocks and try to have the positives outweigh the negatives by choosing a feed 

form that best suits them. There is also a need to define particle size terms and standardize 

measurements across the industry. While it might seem that pelleting offers the most benefits for 

the health of the intestine and for the performance of the bird, it can also cause the highest 

mortality rates because it results in faster growth rates, and therefore increased incidence of 

ascites and leg disorders (Engberg et al., 2002).  

Particle size and feed form can also influence broiler performance responses and 

solubilities of minerals. Many studies have been conducted on the effects of particle size and 

feed forms in broilers, and some in vitro assays have been developed in order to predict those 

differences without having to perform a full grow-out bird trial. An in vitro study comparing Ca 

and P solubility and particle sizes in a simulation of broiler digestion showed a lower Ca 

solubility in diets ground through a 2 mm screen than in diets ground through a 1 mm screen, 

except with addition of phytase at 1000 FTU/kg in a positive control diet or 5000 FTU/kg in a 

negative control diet (containing lower Ca and P; Walk et al., 2012a). In vitro P solubility was 

lower in diets ground through a 2 mm screen compared to diets ground through a 1 mm screen, 

but P solubility was increased with addition of phytase and after 10 min in the water bath, which 

led to diet x particle size and particle size x incubation time interactions (Walk et al., 2012a). For 

diets ground through a 2 mm screen, Ca solubility did not change over time, but in diets ground 

through a 1 mm screen, Ca solubility continued to increase for up to 20 min in the water bath of 

the gastric phase (Walk et al., 2012a). In vitro Ca solubility has been shown to be reliant upon 
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particle size, where smaller particle size Ca sources had a higher Ca solubility (Saunders-Blades 

et al., 2009). While coarse particle (1.2 mm) diets increased the amount of insoluble Ca in the 

gizzard of broilers and decreased BW gain and Ca retention, coarse particle diets did not affect 

Ca retention, eggshell weight, or egg shell density in layers (Guinotte et al., 1995). It has also 

been reported that Ca solubility and retention in the gizzard were increased in layers fed large 

particle (>0.8 mm) limestone (Zhang and Coon, 1997b), which may mean that layers can better 

withstand inconsistent supplies of Ca in the diet (Walk et al., 2012a). However, using a finely 

ground Ca with addition of phytase may increase Ca solubility and bone health by way of 

increased Ca availability and digestibility in broilers (Walk et al., 2012a). 

Another in vitro study on the solubility of different mineral particle sizes was completed 

by Zhang and Coon (1997b). United States standard sieve screens were used to evaluate Ca 

particle size, and 4 different Ca particle sizes were analyzed (screen nos. 5, 8, 14, 27). The higher 

the sieve number, the smaller the particle size, and the smaller the particle size, the higher the in 

vitro solubility response (Zhang and Coon, 1997b). The amount of retained Ca from limestone in 

the gizzard was increased with larger particle size for the same Ca level and source. Similarly, 

when Ca level was increased, the amount of Ca retained in the gizzard was increased, but when 

Ca level surpassed 3.72%, the amount of Ca retained was decreased for large particles (Zhang 

and Coon, 1997b). This decrease was not a result of an increase in Ca solubility in the hen, 

because hens fed the 5.32% Ca diet had lower Ca solubility in the gizzard than hens fed the 

3.72% Ca diet. This could mean that larger particles might have been expelled from the gizzard 

because of limitations in gizzard expansion (Zhang and Coon, 1997b). The layers that retained 

more Ca in the gizzard were fed the diet with the limestone that was less soluble in vitro, but this 

Ca retention only occurred when particle size was larger than a screen size of 27 and only a small 
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amount of limestone was retained when the layers were fed with feed ground with a screen size 

of 5 (Zhang and Coon, 1997b). This low retention of small particle sizes was due to high passage 

rate in the gizzard with the small size particles and not because of the observed high in vitro 

solubility (Zhang and Coon, 1997b). Feeding high levels of large particles from a low soluble Ca 

source caused the particles to dissolve more slowly in the gizzard (Zhang and Coon, 1997b). 

When the amount of diet ingested exceeds the bird’s ability to solubilize the particles, they will 

accumulate in the gizzard. All the Ca particles that accumulate in the gizzard will then be pushed 

out by newly ingested particles, and the apparent in vivo solubility will be negatively affected 

(Zhang and Coon, 1997b). Reviews of literature have found conflicting evidence of effects of 

large particle Ca on eggshell quality in layers (Scott et al., 1971; Roland, 1986). Some studies 

show a positive effect of coarse particle size Ca on eggshell quality, while some show no effect 

on eggshell quality. However, since there is such a large scope of differences between particle 

sizes and Ca sources it is difficult to find definitive answers. There is a need for a universal 

system of categorizing particle sizes in order to compare them effectively.  

Phytate 

Phytate, or phytic acid, is an antinutrient in many grains that binds P, Ca, and other 

minerals, making them unavailable to broilers for digestion. Phytate is made up of an inositol 

ring and 6 phosphate groups (IP6) and is capable of forming insoluble complexes by binding 

with divalent cations or other nutrients (Johnson and Tate, 1969). Phytate, present in poultry feed 

ingredients, reduces feed efficiency and mineral availability. It can precipitate with Ca in the SI, 

which creates insoluble Ca-phosphate complexes, reducing availability of both Ca and P (Selle et 

al., 2009). Phytate, the substrate for phytase, limits the bioavailability of P and also influences 

secretion and absorption dynamics in the GIT (Ravindran et al., 1999). These problems can 
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become an economic issue for poultry producers. The main portion of phosphorus in feeds of 

plant origin is present in the form of phytate, which is mostly unavailable to nonruminants, 

including poultry (Rutherfurd et al., 2004). Studies report different availabilities of phytate P; 

these differences could be due to the different diets, the concentration of endogenous phytases, or 

the age and species of the animal being studied (Cowieson et al., 2006b). Dietary phytate also 

causes problems beyond its influences on P solubility because it has the ability to affect secretion 

and absorption in the GIT (Ravindran et al., 1999a; Cowieson et al., 2009). Ingesting phytic acid 

can negatively affect energy, amino acid and mineral excretion, along with having detrimental 

effects on endogenous losses in broilers (Cowieson et al., 2004; Cowieson et al., 2009). The loss 

of phytate P has been reported to vary quite a bit in nonruminant animals (Ravindran et al., 

1999a), but, however different these reported values may be, phytate P availability is known to 

be poor in chickens because they do not have enough endogenous enzymes, such as phytase, to 

effectively hydrolyze phytate (Hu et al., 1996; Bedford, 2000; Cowieson et al., 2006b).  

Phytate can affect many other digestibility factors and endogenous secretions as well. For 

instance, phytate affects amino acid digestibility and endogenous losses in the broiler. The 

negative effects of phytate include increased endogenous amino acid flow out of the intestine, 

which decreases amino acid digestibility (Cowieson and Ravindran, 2007). Phytate in broiler 

feed also reduces the solubility of dietary protein (Cowieson and Ravindran, 2007). Most 

endogenous proteins will ultimately be digested and re-absorbed, which is critical, but a 

substantial proportion of endogenous secretions will not be re-absorbed and cause a net loss to 

the chicken, not to mention the environment and the producer (Cowieson et al., 2009). The loss 

of these proteins is increased by antinutritive factors, including phytate (Nyachoti et al., 1997). 

When chickens have been fed diets containing phytate, the increased amino acid losses are 
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credited to phytate stimulating secretion of gastrointestinal mucoproteins (Selle and Ravindran, 

2007). Increasing phytic acid concentration is significantly correlated with increasing amino acid 

flow, or loss, excluding several amino acids such as alanine, tyrosine, and histidine (Cowieson 

and Ravindran, 2007). Significant interactions were also found between higher phytic acid 

concentrations and phytase in certain amino acids such as aspartic acid, phenylalanine, 

methionine, histidine, arginine, and cystine (Cowieson and Ravindran, 2007). So there is clearly 

a relationship between phytate and phytase in relation to improvement of amino acid flows. 

Since phytate increased concentrations of only some amino acids in endogenous protein, it has 

been hypothesized that phytate selectively increases the flow of endogenous protein sources 

leaving others unaffected (Cowieson and Ravindran, 2007). Data shows that mucin secretions, 

which are rich in serine, proline, and threonine, are increased by phytic acid (Cowieson and 

Ravindran, 2007). Methionine is not affected much by either phytate or phytase because 

endogenous enzymes have essentially no methionine in them (Cowieson and Ravindran, 2007). 

Therefore, endogenous amino acid flows and endogenous proteins may be altered by phytate and 

phytase because of certain endogenous protein and enzyme secretion changes and not because of 

total endogenous flow changes.   

As an antinutrient, phytate induces secretion, impairs absorption, and can have adverse 

consequences for bird growth and productivity (Cowieson and Ravindran, 2007). Dietary phytate 

limits Ca and P availability in broilers by binding them in insoluble complexes. Different dietary 

ingredients have different amounts of phytate content, and phytate is an antinutrient beyond its 

effects on P solubility. It affects secretion and absorption dynamics in the GIT along with other 

factors that do not allow the diets fed to poultry to be fully utilized by the bird. Dietary phytase is 
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needed in order to improve Ca and P availability and to make up for the losses in efficiency that 

dietary phytate can cause.  

Maximum retention of P was achieved with diets of medium (1.0%) and low (0.6%) Ca 

supplemented with phytase, indicating that there were less Ca-phytate complexes formed so 

more phytate molecules were available for hydrolysis by phytase (Sebastian et al., 1996). 

Increasing levels of dietary Ca decreased Ca retention, and the maximum Ca retention was 

achieved at the low Ca level with supplemental phytase (Sebastian et al., 1996). In the high Ca 

diet, supplementation with phytase maintained plasma Ca at a normal level that was otherwise 

elevated without addition of phytase (Sebastian et al., 1996). Increasing dietary Ca levels 

decreased plasma P and Cu. Regardless of phytase level, low Ca diets caused the highest tibia 

ash content of P, Mg, and Zn, while increasing levels of Ca caused a decrease in P, Mg, and Zn 

tibia ash content and had no effect on Ca, Cu, Fe, and Mn in tibia shaft ash content (Sebastian et 

al., 1996).  

The mineral level in poultry diets can affect the amount of phytate degradation that takes 

place in the GIT (Sandberg et al., 1993). Ca can precipitate phytate by forming extremely 

insoluble Ca-phytate complexes in the intestine of birds, which also makes phytate P largely 

unavailable to be absorbed by the bird (Nelson and Kirby, 1987). High levels of dietary Ca 

decreased the availability of phytate P considerably in poultry (Scheideler and Sell, 1987). Diets 

with either low levels of Ca or elevated levels of cholecalciferol allowed for a greater utilization 

of phytate P and decreased the requirement for use of inorganic P in chicken feed (Mohammed et 

al., 1991). High levels of Ca and Mg in the diet have been shown to reduce phytase activity in 

the intestine of chicks (McCuaig et al., 1972).  
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Phytase 

Phytase is an enzyme, often added to poultry feed, that releases P and other minerals 

from the inositol ring of phytate, allowing them to become available to the bird for digestion. 

Phytase hydrolyzes the ester bonds of phytate and its lower inositol phosphates (IP5-IP1) 

(Brejnholt et al., 2011). Microbial phytases preferentially target the 6-phosphate first on the 

phytate molecule. Next, they target the 5-phosphate on the same molecule before moving to the 

next 6-phosphate on a new phytate molecule (Cowieson et al., 2011). Intact molecules of phytate 

have a much higher binding capacity for Ca than its lower phosphate esters (Luttrell, 1993). 

Consequently, addition of phytase causes soluble Ca and P to enter the SI in a non-parallel 

fashion (Walk et al., 2012a).  

Even though phytate is the main source of phosphorus in most broiler diets, the 

phosphate cannot be absorbed unless the phosphate groups are detached from the inositol 

molecule by phytase (Sandberg et al., 1992). Microbial phytases have been widely used in 

poultry diets since the 1990s and are deemed useful because they make P available and also 

destroy phytate (Pirgozliev et al., 2011). However, commercially available phytases are only 

active at certain pHs, which can affect how and when they react with phytate. Most 

commercially available microbial phytases are active in the pH range of the proximal GIT 

(Igbasan et al., 2000), but the lumen of the SI in poultry expresses minor concentrations of 

endogenous phytase (Maenz and Classen, 1998). The endogenous phytase may assist in P and Ca 

digestion past the gastric phase, although the efficacy of endogenous phytase is reduced by the 

presence of dietary Ca (McCuaig et al., 1972). Phytase not only provides enhancements in P and 

Ca retention but is also thought to improve body weight gain, feed conversion ratio, nutrient use, 

endogenous losses, and amino acid digestibility (Cowieson et al., 2006b; Cowieson and 
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Ravindran, 2007; Rutherfurd et al., 2004). The use of phytase in poultry diets has already been 

shown to result in improvement in cost of diets, P utilization, feed efficiency, environmental 

concerns, and performance over the past 20 years, and there may be many more benefits phytase 

can offer the bird and the poultry industry.  

One of the major problems faced in animal agriculture is environmental pollution by P 

from animal waste. This is an issue because poultry and other monogastric animals cannot digest 

phytate which is present is plant feeds. So, the unutilized P that is bound to phytate is excreted in 

manure, which can cause environmental pollution, especially in areas of concentrated animal 

agriculture (Kim et al., 2006). Also, if adequate amounts of dietary P are not provided, severe 

consequences, including reduced performance, excessive mortality, and reduction in carcass 

quality, will occur (Waldroup, 1999). Supplementing inorganic P in diets to meet P requirements 

is necessary, but this is a nonrenewable resource that may be depleted in less than 80 years 

(Abelson, 1999). In order to mitigate this problem, microbial phytases have been used for many 

years to effectively improve phytate-P bioavailability in order to comply with environmental 

laws limiting P excretion from animal waste (Kim et al., 2006). Supplementing animals with 

phytase at 500 FTU/kg to 1,000 FTU/kg may take the place of inorganic P supplements for 

poultry and other monogastrics and decrease their excretion of P by around 50% (Augspurger et 

al., 2003).  

While phytase was first used to improve P availability and reduce P waste to the 

environment, it is now known to have many more advantages for broilers. Phytase can also 

improve mineral availability, amino acid digestibility, and reduce endogenous losses. Since this 

has only recently been discovered, there is still some skepticism as to its mechanism of action 

and how much of an effect it has on nutrient utilization beyond phosphorus effects.  
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Current research suggests that amino acid digestibility in broilers is improved with 

addition of phytase, but the mode of action underlying this mechanism is still largely speculative. 

It may be partly explained by the reduction of the negative effects of phytate, which increases 

endogenous amino acid flow out of the intestine (Cowieson and Ravindran, 2007). Certain amino 

acids, such as threonine, cystine, and serine, are often shown to have improved digestibility from 

added phytase than amino acids like methionine. This could be because endogenous proteins are 

almost completely devoid of methionine, and mucin and pepsin contain high amounts of 

threonine, serine, cystine, and other amino acids that have improved digestibility from added 

phytase (Cowieson and Ravindran, 2007; Cowieson et al., 2008). In some studies it has been 

shown that phytase supplementation did not increase the apparent ileal digestibilities for any 

amino acids or only for very few of them (Zhang et al., 1999; Sebastian et al., 1997). In one 

study by Peter and Baker (2001), it was concluded that phytase did not improve protein 

utilization, and therefore did not improve amino acid digestibility. This study differed from 

conflicting studies in that it had excess or sufficient P in the diet, and argued that a P deficient 

diet would obviously get a positive amino acid response from phytase but only because of 

increased utilization of the deficient mineral (Peter and Baker, 2001). The issue may just be one 

of differing opinions on the meaning of improving amino acid digestibility or may be due to 

differences between phytases. Other factors that can affect amino acid digestibility include the 

diet ingredients, the age of birds, and the type of poultry being tested (Selle et al., 2000; 

Rutherfurd et al., 2002).  

Phytase’s positive effects on digestibility of amino acids and minerals is possibly related 

to both improved absorption of exogenous amino acids and improved re-absorption of 

endogenous amino acids (Cowieson et al., 2009). In a study by Rutherfurd et al. (2004), apparent 
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amino acid digestibilities were determined for low P broiler diets supplemented with 500 

FTU/kg or 750 FTU/kg of microbial phytase. There was a significant increase in digestibility for 

all amino acids except histidine, tryptophan, tyrosine, and methionine in both phytase-

supplemented diets as compared to the unsupplemented control (Rutherfurd et al., 2004). It is 

hypothesized that phytase improves amino acid digestibility by a few different mechanisms. One 

of these mechanisms suggests that phytase’s positive effects on amino acid digestibility may be 

due to a reduction in endogenous amino acid flow (Cowieson and Ravindran, 2007). Another 

mechanism proposes that phytase can improve the solubility of dietary protein (Cowieson and 

Ravindran, 2007). According to Pirgozliev et al. (2011), retention of amino acids in a precision 

fed diet tended to increase linearly as phytase activity increased starting at 500 FTU/kg. In a 

different study, amino acid digestibility coefficients, of the 13 amino acids tested, were increased 

significantly, yet variably, with supplemental phytase, with a peak effect at 600 FTU/kg 

(Cowieson et al., 2006b).  

Endogenous proteins consist mainly of mucoproteins, digestive secretions, and sloughed 

epithelial cells from the gut (Cowieson and Ravindran, 2007). Phytate stimulates secretion of 

these gastrointestinal mucoproteins (Selle and Ravindran, 2007). Therefore, endogenous protein 

and amino acid losses are often caused by phytate in the feed. Supplementation with exogenous 

phytase decreases these effects and reduces endogenous losses (Pirgozliev et al., 2011). Phytase 

decreases the endogenous flow of most amino acids except for alanine, tyrosine, and 

phenylalanine (Cowieson and Ravindran, 2007). Amino acid flow could also be altered by 

phytase because of changes in efficiency of amino acid re-absorption (Cowieson and Ravindran, 

2007).  
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The use of phytase in broiler diets can also help to increase mineral availability. Phytase 

significantly increases the retention and reduces the excretion of Zn and Na in broiler diets 

(Pirgozliev et al., 2011). Birds retained 29.3 mg more Na and 2.3 mg more Zn, on average, when 

supplemented with phytase in a precision feeding method trial (Pirgozliev et al., 2011). This 

could be because phytase improves nutrient absorption and decreases endogenous losses. It could 

also be because phytate inhibits absorption of minerals, and phytase improves absorption of 

those same minerals by counteracting phytate (Selle and Ravindran, 2007). Cowieson et al. 

(2006b) reported that phytase improved intake of retainable P, Ca, K, Na, and S, which was a 

function of improved retention and higher feed intake due to phytase supplementation. This 

could, however, also be the cause for increased water consumption by broilers because of 

changes in the balance of mineral ions and therefore the osmotic balance (Cowieson et al., 

2006b). In a study by Cowieson and Ravindran (2007), it was reported that phytase improves the 

retention of Ca and other trace minerals. This is especially true when the diet contains lower Ca 

than is required (Cowieson and Ravindran, 2007). Phytase supplementation, reaching a plateau at 

600 FTU/kg, can also significantly improve the retention of K, Fe, Mg, S, and Cu. (Cowieson et 

al., 2006b). 

Recent studies have investigated the use of increased levels of phytase added to poultry 

diets to test whether phytase can have further benefits beyond the standard 500 FTU/kg to 1,000 

FTU/kg used in most commercial diets. Using high doses of phytase (>2500 FTU/kg) is an 

attempt to ‘de-phytinise’ poultry diets (Cowieson et al., 2011). Using this theory to super-dose 

the diet with phytase, researchers were hoping to find benefits that are beyond improvements in 

P digestibility (Cowieson et al., 2011). Corn-based diets were supplemented with up to 12,000 

FTU/kg phytase, and phytate-P disappearance increased quadratically with increasing log 
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phytase dose (Shirley and Edwards, 2003). A dose of 93 FTU/kg caused a phytate-P 

disappearance of 42%, while a dose of 12,000 FTU/kg increased phytate-P disappearance to 

almost 95%, and similar responses in AME and N retention were seen with the highest doses, 

though not on the same scale as phytate destruction (Shirley and Edwards, 2003). These results 

have been seen in other studies as well, showing improvements in bone ash %, phytate-P 

disappearance, and body weight gain with levels exceeding 10,000 FTU/kg of phytase 

(Cowieson et al., 2006a; Kies et al., 2006; Pirgozliev et al., 2007). There are several mechanisms 

by which the super-dosing of phytase may be causing beneficial effects. Super-dosing may be 

effective because it liberates more phosphate or restores P and Ca proportionate release 

(Cowieson et al., 2011). It also may be effective because it leaves less residual phytate, thereby 

destroying the antinutritive effect and causing an increased amount of more soluble lower esters 

(Cowieson et al., 2011). These benefits might also be caused by generation of myo-inositol with 

vitamin-like or lipotropic effects (Cowieson et al., 2011). Supplementing diets with 500 FTU/kg 

of phytase may release Ca:P in the ratio of greater than 2:1 instead of the 1:1 ratio that is 

assumed from matrix values (Cowieson et al., 2011). So using unconventional higher doses of 

phytase would restore the balance because P release would continue in a linear fashion but Ca 

release would continue closer to the asymptote (Cowieson et al., 2011). This explains why super-

dosing gives responses beyond that of lower doses of phytase supplementation and sometimes 

beyond positive controls, where there are still questions about digestible Ca to digestible P ratios 

(Cowieson et al., 2011). Because performance effects can be substantial and expand to meat 

yield, reduced FCR, and improved weight gain in poultry supplemented with super-doses of 

phytase, there is significant opportunity to add value with these unconventionally high doses of 

microbial phytase (Cowieson et al., 2011).  
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Ca and P Solubility 

Exogenous and endogenous sources of phytase and amounts of phytate in the diet can 

affect Ca and P solubility greatly. Other factors, such as Ca intake, pH in the gizzard and 

intestine, gastric acid secretion, and many other conditions can also affect Ca and P solubility. 

Calcium must be soluble in the acidic environment of the proximal GIT before it can be absorbed 

in the SI. When gastric acid secretion was chemically inhibited, gizzard pH was increased, and 

Ca solubility was decreased in both the gizzard and duodenum of chicks (Guinotte et al., 1995). 

Increased Ca intake caused decreased in vivo Ca solubility in a study by Zhang and Coon 

(1997b). In vivo Ca solubility was also decreased as particle size of limestone decreased (Zhang 

and Coon, 1997b). However, in vivo solubility tended to be negatively correlated with in vitro 

solubility, but only one limestone source at a 3.72% Ca level had a significant negative 

relationship between in vivo solubility and in vitro solubility (Zhang and Coon, 1997b). Low in 

vitro solubility of Ca supplements correlates to increased gizzard retention and high in vivo Ca 

solubility, which leads to increased utilization of the Ca supplement (Zhang and Coon, 1997b). 

However, in vivo solubility is not a direct measure of Ca retention (Zhang and Coon, 1997b). In 

vivo solubilities are higher than the normal 40-60% Ca retention of layers (Zhang and Coon, 

1997b). Laying hens may not completely absorb released Ca from limestone, and they lose 

absorbed Ca from the kidney (Zhang and Coon, 1997b).  

Sodium Bicarbonate Intended for In Vitro Assay Solubility 

Sodium bicarbonate (NaHCO3) is a weak base, and its ions cannot dissociate, so it is not 

able to dissolve Ca and P from diets to make them available for in vitro analysis, which could 

have implications in the SI of the bird. Supplementing phytase increased Na-K-ATPase activity 

in the duodenum and jejunum of growing broilers (Liu et al., 2008). Hyper-secretion of mucin 
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and NaHCO3, following gastric emptying, increases the presence of endogenous amino acids and 

Na in the lumen and can alter maintenance requirements (Cowieson et al., 2009). Sodium is 

repartitioned to NaHCO3 and this influences the capacity of the gut for Na-dependent nutrient 

transport, including transport of glucose and peptides (Cowieson et al., 2009).  

Sodium bicarbonate was used in a study as a drinking water supplement for broilers. It 

was optimally given at 2 g/L and maximized feed intake and body weight gain and chickens 

performed better than the unsupplemented controls (Hayat et al., 1999). However, supplementing 

with 10 g/L resulted in an unexpected high mortality rate due to dehydration. As NaHCO3 is 

related to digestion in the proximal SI, in this study it is related to maintaining a consistent and 

normal acid-base balance and plasma electrolyte concentration (Hayat et al., 1999). However, 

this shows that NaHCO3 has different purposes throughout the body and may connect different 

aspects of digestion or physiological functions that we are unaware of. This also shows some of 

the properties of NaHCO3 and how they work in different aspects of the broiler body. Studies 

have shown that supplementing NaHCO3 to the diet or drinking water can increase growth and 

benefit broilers by affecting acid-base balance in the body (Teeter et al., 1985; Gorman and 

Balnave, 1994). However, supplementing too much, for example, with either 25 g/kg in the diet 

or 10 g/L in the water, leads to deleterious effects and adverse response to performance (Hayat et 

al., 1999). Other properties of feeding NaHCO3 or providing it in the drinking water of broilers 

include its use as a supplement to modulate gout, reduce mortality, increase performance during 

heat stress, and as a diuretic (Squires and Julian, 2001; Wideman et al., 2003). 

Diluting and dissolving substances, such as Ca and P from broiler diets, into perchloric 

acid is possible because it is such a strong acid. It is able to dissociate substances into smaller 
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molecules so that the minerals and other ions stay in solution in the supernatant of in vitro assays 

so that it can be analyzed.  

Ca and P Digestibility and Phytase 

Calcium and P digestibility is affected by many factors, including solubility of 

ingredients in the diet, addition of phytase, amount of phytate, particle size, and gizzard size and 

SI length. Ca and P digestibility in vivo is positively correlated with in vivo Ca and P solubility. 

Adding exogenous phytase to diets can improve performance parameters in broilers and increase 

nutrient utilization and mineral digestibility (Cowieson et al., 2006b). The substrate that phytase 

acts on is phytate, which can chelate di- and trivalent cations and bind with minerals, proteins, 

and other nutrients decreasing the availability and digestibility of these substances for birds 

(Angel et al., 2002). Birds fed a negative control diet with no added phytase and decreased Ca, P, 

aP, and increased Ca:aP ratio, had higher apparent coefficients of P, Ca, and Na retention than 

positive control diets (Cowieson et al., 2006b). Retention of Ca was not improved with addition 

of phytase to the negative control diet, but the retention of P and several other minerals was 

compared to the negative control (Cowieson et al., 2006b). Phytase supplementation at greater 

than 1200 FTU/kg improved total P digestibility compared to the lower, conventional doses of 

phytase (Cowieson et al., 2006b). Addition of 500 FTU/kg of a microbial phytase to a diet low in 

P improved true ileal total P digestibility by 10-12% versus the unsupplemented low P control 

diet (Rutherfurd et al., 2004). Similar studies have shown results that agree with the increase in 

true ileal digestibilities of P due to phytase supplementation (Camden et al., 2001).  

In a study that used acid-insoluble ash as the indigestible marker, ileal digestibility of P 

was increased by addition of 400 FTU/kg of phytase compared to the control (Ravindran et al., 

2000). Increasing concentrations of dietary non-phytate P with the addition of inorganic 
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phosphates, led to a decreased digestibility of P by the bird (Ravindran et al., 2000). Retention of 

P was increased due to dietary phytase addition. Inorganic phosphates were added to the diet to 

supply the recommended dietary level of non-phytate P, which caused a decrease in the retention 

of P by the bird (Ravindran et al., 2000). Improvements in P retention with addition of phytase 

were greater in low non-phytate P diets compared to diets with adequate non-phytate P 

(Ravindran et al., 2000).  

Ca:P Ratio 

Ratio of Ca to P (Ca:P) has been a debated and researched topic for many decades. Now 

the Ca to available P (Ca:aP) ratio is accepted to be a better and more consistent way to 

formulate poultry diets. Walk et al. (2012a) argued that it may even be necessary to consider an 

available Ca to available P (aCa:aP) ratio to be even more precise. Walk et al. (2012a) discussed 

an in vitro digestion simulation assay and how it could help understand influences from phytase, 

pH, and retention time on Ca and P solubility, which may assist in establishing a digestible Ca 

requirement similar to the digestible P requirement. Having these modified requirements would 

allow for lowering levels of dietary Ca to save space in the diet and improve nutrient utilization 

and bird health through sufficient bone formation (Walk et al., 2012a). 

 The correct Ca:aP ratio is critical to bird health, performance, and cost of poultry diets. A 

2:1 Ca:aP ratio is what is typically recommended for commercial broiler diets. If the ratio is not 

balanced it can cause negative effects on poultry growth, feed efficiency, health, and many other 

factors. As Ca:P ratio increased in broilers from 1:1 to 2.5:1, Ca retention was reduced (al-Masri, 

1995). Improvements due to dietary phytase addition were negatively affected by a wider Ca:P 

ratio in turkey diets (Qian et al., 1996). The largest response to changing the Ca:P ratio in turkey 

diets supplemented with phytase was achieved when the Ca:P ratio was low (1.1:1) with a 
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phytase level of 600 FTU/kg (Qian et al., 1996). A low Ca:P ratio diet resulted in a higher toe 

ash content in turkeys (Qian et al., 1996). The Ca:P ratio is essential in the explanation of the 

phytase response, especially in diets that are deficient in either Ca or P (Driver et al., 2005).  

Gastrointestinal Tract  

Dietary changes associated with phytase and particle size improve bird performance 

through many different methods. Understanding these methods and how and why they operate 

make it important to understand the physiology and anatomy of the bird gut and the mechanisms 

of phytase. Gastric acid secretions occur in the proventriculus, and these acids are mixed with 

feed in the gizzard. When the digesta moves to the proximal SI, acid neutralizers, bile, and 

pancreatic enzymes are secreted and molecules of nutrients from the feed start to be absorbed. As 

the digesta continues through the SI, more absorption of nutrients takes place, and waste is 

pushed through the large intestine and out the cloaca as excreta.  

One of the methods phytase acts through is the reduction of endogenous losses in broilers 

(Cowieson et al., 2004). Endogenous enzymes are secreted from the pancreas during digestion. 

Endogenous proteins and other nitrogenous compounds are also secreted with mucin into the 

lumen of the SI. Most of these proteins, amino acids, and minerals are digested and reabsorbed, 

but the remaining endogenous materials flow with the rest of the digesta to the terminal ileum 

and are lost in excreta. Exogenous phytase supplementation can reduce this loss, which increases 

the utilization of these proteins and minerals and decreases loss of nutrients (Cowieson et al., 

2004).  

Calcium and phytate must be soluble in the acidic environment of the GIT before Ca can 

be absorbed in the SI. When feed enters the low pH environment of the proximal GIT, phytate 

becomes soluble and H ions replace K and Mg on the phytate molecule (Cosgrove, 1966). 
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Decreasing Ca concentrations in the diet caused an increase in phytate-P digestibility to greater 

than 70% by the terminal ileum (Tamim et al., 2004). This means that phytate-P can be digested 

by poultry if it remains soluble, and not bound in Ca-phytate complexes, from the gizzard to the 

SI (Cowieson et al., 2011). Increasing Ca levels in the diet may reduce phytate-P availability 

because increased Ca increases intestinal pH, which decreases the soluble portion of minerals 

and limits their availability for absorption by the bird (Shafey and McDonald, 1991).  

Calcium Level  

The amount of Ca in a poultry diet requires a delicate balance. Having too much, too 

little, or an imbalanced Ca:P ratio can lead to many problems, including poor performance.  At a 

Ca level of 1.95%, which was the lowest level tested by Zhang and Coon (1997b), feeding a 

larger particle size limestone caused a higher in vivo solubility compared to another limestone 

source feeding the same particle sizes, but no differences were seen with small particle limestone 

sizes at the lower Ca level. Furthermore, the addition of high levels of dietary Ca decreases the 

efficacy of endogenous phytase (McCuaig et al., 1972). Sebastian et al. (1996) found that diets 

with low (0.6%) Ca and supplementation of phytase led to optimum growth performance, 

retention of minerals, ash content of the tibia shaft, and plasma P and Cu in broilers. Diets with 

low Ca and 600 FTU/kg phytase achieved the highest levels of body weight, feed intake, and 

feed efficiency compared to diets with a high (1.25%) Ca that, regardless of phytase level, 

reduced feed intake and body weight compared to low and medium (1.0%) Ca diets at 21 days of 

age in broilers (Sebastian et al., 1996). The high Ca diet also caused a reduction in feed intake at 

14 d but with supplementation of phytase, the feed intake was back at normal levels (Sebastian et 

al., 1996). Medium Ca diets, regardless of phytase level, increased the retention of P compared to 

low and high Ca diets (Sebastian et al., 1996).  
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At very high levels of dietary Ca, phytate hydrolysis may be totally inhibited (Taylor, 

1965). High (1.25%) Ca present in the diet decreased phytate P availability as assessed by the 

lowest P retention (Sebastian et al., 1996). High dietary Ca also decreased feed intake and body 

weight gain compared to lower levels of Ca in the diet (Sebastian et al., 1996). McDonald and 

Solvyns (1964) also found that high dietary Ca depresses the growth rate of broilers, which was 

probably caused by reduced mineral availability. Phytate P utilization was improved by 15% 

when Ca level was reduced from 1.0% to 0.5% (Mohammed et al., 1991). Decreasing Ca 

concentrations in the diet to around 0.5% caused an improvement in phytate-P digestibility to 

greater than 70% by the terminal ileum (Tamim et al., 2004). This means that phytate-P can be 

digested by poultry if it remains soluble in the small intestine (Cowieson et al., 2011). However, 

decreasing dietary Ca to keep the phytate-P more soluble can put pressure on the efficiency of 

utilization of digestible P since some of the digested P will be in excess to the bird’s needs if Ca 

continues to increase in deficiency (Cowieson et al., 2011). 

High dietary Ca levels may reduce phytate-P availability for several reasons, even in the 

presence of exogenous phytase (Kornegay, 1996). First, this may occur because Ca precipitates 

phytate by forming extremely insoluble Ca-phytate complexes that are not accessible by phytase 

(Wise, 1983). It may also be due to the direct decrease in phytase activity due to extra Ca 

competing for the active sites of phytase (McCuaig et al., 1972). Finally, high Ca levels may 

reduce phytate-P availability because increased Ca increases intestinal pH, which decreases the 

soluble portion of minerals and limits their availability for absorption by the bird (Shafey and 

McDonald, 1991).  
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In vitro Assay Comparisons  

Research conducted in vitro, mimicking the digestion of broilers, is an attempt to predict 

diet parameters and analyze diets for enzyme effects. In vitro assays may also be used as a 

method to analyze mineral content and mineral solubility along with testing various feed 

ingredient sources. Assessment of enzyme products and their efficacies historically was based on 

an enzyme’s activity (Bedford and Classen, 1993). However, enzymes assay conditions and 

methods for determining mineral solubility can vary substantially between labs making it 

difficult to compare enzymes or mineral sources and diets. Another difficulty is that almost all 

enzymes used in feeding trials are crude products and may contain contaminants such as trace 

activities of other enzymes (Bedford and Classen, 1993). These additional enzyme activities may 

have contributed to performance improvements when these products were used in growth assays.  

An in vitro protocol was developed to mimic the digestion of a broiler diet sample in 

order to predict the intestinal viscosity of the bird and serve as a method for screening enzyme 

sources for use in poultry diets (Bedford and Classen, 1993). Intestinal viscosity was also used 

successfully to predict weights of birds fed a specific diet (Bedford and Classen, 1993). Previous 

studies determined that reductions in intestinal viscosity are closely correlated to improvement in 

performance of rye-fed chicks (Bedford et al., 1991; Bedford and Classen, 1992). In these 

studies, different amounts of xylanase enzyme were assessed after inclusion into a complete rye 

diet in order to expose the enzyme to stresses it would encounter in vivo. In vitro viscosity and 

final bird weight revealed a significant negative correlation (r2=-0.660; Bedford and Classen, 

1993). This can lead to an assumption that the in vitro assay exposes the enzyme to similar pH 

conditions and stresses it would encounter in a live bird. The assay can also take diet form and 

other conditions into account. If the diet was pelleted, then it could be run through the assay to 
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evaluate the loss in enzyme activity due to conditions of the pelleting process (Bedford and 

Classen, 1993). Simple in vitro buffer extraction methods do not test the enzyme in an adequate 

manner and may overestimate the value of a pH or proteolytic sensitive enzyme (Bedford and 

Classen, 1993).  

 The in vitro assay designed by Bedford and Classen was comprised of 2 stages, a gastric 

portion and a small intestinal portion. Exposing a diet and enzyme to the pH and proteolytic 

enzyme stresses in the GIT provides a realistic simulation of digestion, allowing for adequate 

prediction of in vivo conditions. The optimal conditions of the gastric portion of the assay 

included digesting 0.6 g of diet ground through a 1 mm screen in 0.9 mL of 0.1 N HCl 

containing 2000 U pepsin/mL for 45 min in a water bath at 40° C. The optimal conditions of the 

small intestinal phase of the assay included 0.3 mL 1 M NaHCO3 containing 8 mg pancreatin/mL 

for 2 h in a water bath at 40° C. The supernatant was collected for analyzing viscosity and 

compared to digesta from live birds. Maximum viscosity in vitro required addition of both pepsin 

and pancreatin, but only in moderate amounts (Bedford and Classen, 1993). Digesta collected 

from birds was centrifuged to collect the supernatant then tested for viscosity. The logarithm of 

the in vivo proximal and distal gut viscosities had correlation coefficients of r2=0.757 and 

r2=0.662, respectively, when compared to in vitro viscosities of the same diets over the range of 

dietary enzyme concentrations used (Bedford and Classen, 1993). Viscosities found in vitro were 

lower in the peptic phase of digestion than in the small intestinal phase. Viscosity was reduced 

quadratically in vivo and linearly in vitro with increasing enzyme concentration added to the diet. 

Increasing concentrations of pepsin and pancreatin, in both digestive phases, significantly 

changed the viscosity of the digesta supernatant, revealing that both enzymes are required for 

maximal release of the viscous polysaccharides of rye grain (Bedford and Classen, 1993). 
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Maximum viscosity was reached at 2 h of the small intestinal phase incubation, and then 

viscosity decreased. Factors influencing in vitro viscosity included time, pancreatin level, and 

pepsin level (Bedford and Classen, 1993).  

Additionally, in vitro viscosity was a good indicator of the final body weight of the live 

bird (Bedford and Classen, 1993). Overall, it was found that the in vitro assay was able to predict 

intestinal viscosity and the weights of birds over a wide range of enzyme inclusion rates. It was 

also accurate in predicting the increase in viscosity of digesta as it transitioned from the gastric 

phase to the small intestinal phase. This assay could be useful and eliminate the need for bird 

growth trials for the initial assessment of enzyme preparations (Bedford and Classen, 1993).  

Walk et al. (2012a) performed an in vitro study with a protocol adapted from Bedford and 

Classen (1993). Similar methods were utilized, but the experiment evaluated P and Ca solubility 

instead of supernatant viscosity. Ground corn-soy diet samples (1 g) were weighed into 50 mL 

centrifuge tubes in triplicate, and 4.5 mL of 0.13 M HCl with 2000 U pepsin/mL were added to 

the samples before being incubated in a water bath for either 5, 10, 20 (only put through the 

gastric phase), or 42 min (also put through a SI phase) at 40°C with intermittent vortexing in 

order to simulate the gastric phase of birds (Walk et al., 2012a). Some of the samples were also 

put through a SI phase digestion. After the gastric phase, samples were neutralized with 1.5 mL 1 

M NaHCO3 containing 2 mg pancreatin/mL. Samples were incubated again in the water bath for 

60 min with occasional vortexing (Walk et al., 2012a). After being taken out of the water bath at 

each phase, the pH of the samples was measured, and samples were diluted to approximately 40 

mL with 0.32 M HClO4 and centrifuged at 4°C and 18 x g for 1 min. The supernatant was 

collected, weighed, and filtered through 0.22 !m syringe filters. This liquid was used to 

determine Ca and P solubility. Diets were analyzed for total Ca and P with a nitric/perchloric 
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acid wet ash digestion protocol (Walk et al., 2012a). The P and Ca were analyzed using 

spectrophotometers, and solubility coefficients were calculated using the following equation: 

[Mineral]digesta / [Mineral]diet 

  The results of Walk et al. (2012a) revealed that when comparing diets put through the 

gastric and SI phases, the negative control diet (NC; 0.76% Ca and 0.27% aP) caused a lower 

gastric pH compared to all other diets, including a positive control (PC; 0.89% Ca and 0.40% 

aP), PC with 1000 FTU/kg microbial phytase, NC with 1000 FTU/kg, or NC with 5000 FTU/kg 

phytase, which resulted in a diet x phase interaction. Gizzard pH in pullets was increased from 

2.76 to 3.82 when dietary Ca was increased from 1% to 3.6% (Guinotte et al., 1995), which 

relates to the change in the percent of dietary Ca between the NC and PC (Walk et al., 2012a). 

Addition of phytase increased Ca and P solubility in the gastric phase, which was maintained 

into the SI phase (Walk et al., 2012a). An increase in Ca and P digestibility has also been 

observed in broilers (Ravindran et al., 2006). The addition of phytase and subsequent destruction 

of phytate may have caused a change in pH of the supernatant in the gastric phase (Walk et al., 

2012a). However, the percent Ca from limestone in diets supplemented with phytase was 

increased as phytase level increased in order to maintain the Ca:aP in the diets, which also may 

have affected the pH of the supernatant (Radcliffe et al., 1998; Walk et al., 2012a). This means 

that the increase in gastric pH may have been the result of excess Ca and not phytase addition 

(Radcliffe et al., 1998). The protein and ion concentration of the supernatant may have been 

altered due to the hydrolysis of phytate by phytase, thus increasing the gastric phase pH of the 

closed in vitro system (Walk et al., 2012a). The in vitro SI phase pH was not influenced by diet 

(Walk et al., 2012a), which could be because adding NaHCO3 produced an alkaline situation so 

the Ca and P would not be in their ionic forms in order to bind H ions and change pH (Radcliffe 
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et al., 1998). The Ca and P solubility reached a plateau in the gastric phase suggesting that there 

is no further release of the minerals in the SI phase regardless of presence or absence of phytase 

(Walk et al., 2012a). The pH optimum of the phytase used was between 2.5 and 4.5, so phytase 

was not expected to be active in the SI phase. Therefore, the hydrolysis of P and Ca and 

solubility in the gastric phase may dictate the digestibility of Ca and P in the SI, and release of 

Ca and P in the SI is likely negligible (Walk et al., 2012a).  

Walk et al. (2012a) also examined diet samples only put through the gastric phase 

digestion and measured at time points of 5, 10, or 20 min in a water bath. The results indicated 

that P solubility was not altered over time in the absence of phytase and was roughly 43% to 

50% of the total P in the diet (Walk et al., 2012a). However, P solubility was increased by 

addition of phytase regardless of the amount of P in the diet (Walk et al., 2012a). At the shortest 

time (5 min) in the water bath incubation, improvements in P solubility due to addition of 

phytase were observed. These improvements continued to the longest time point of 20 min 

(Walk et al., 2012a). Solubility of P was generally lower in diets ground through a 2 mm screen 

than in diets ground through a 1 mm screen but was increased when phytase was added and after 

10 min in the water bath, which caused diet x particle size and particle size x incubation time 

interactions (Walk et al., 2012a). Solubility of Ca was affected by phytase addition, but the 

effects were reliant upon particle size and water bath incubation time, which produced diet x 

particle size and particle size x incubation time interactions (Walk et al., 2012a). The authors 

concluded that using finely ground Ca with addition of phytase in broiler diets may improve 

solubility of Ca and bone health through increased Ca availability and digestibility (Walk et al., 

2012a).  
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The in vitro results from Walk et al. (2012a) allow for several conclusions to be made 

and compared to in vivo work in broilers. First, residence time during the gastric phase of in vitro 

digestion may play a crucial role in Ca and P dissolution rate and utilization (Walk et al., 2012a). 

Within 5 min of a simulated gastric in vitro digestion, phytase addition increased Ca and P 

solubility, but the Ca and P solubility improvements over time were not parallel (Walk et al., 

2012a). This could be related to precipitation of Ca-phytate complexes and dephosphorylation of 

phytate by phytase addition (Walk et al., 2012a). Since microbial phytases first target the 6-

phosphate then the 5-phosphate on phytate before moving on to a new molecule of phytate 

(Cowieson et al., 2011) and intact phytate has a higher binding capacity for Ca than its lower 

phosphate esters (Luttrell, 1993), the use of phytase causes soluble Ca and P to enter the SI in a 

non-parallel manner as seen in the in vitro digestion model (Walk et al., 2012a). These results 

may not exactly mimic what would happen in a live bird trial, mainly due to various other dietary 

factors and endogenous secretions in a live bird. However, if these in vitro results are repeatable 

and can be adapted and analyzed for trends and patterns, then this assay can be beneficial for 

nutrition research. Being able to perform an in vitro assay that simulates digestion and allows for 

analysis of Ca sources, enzymes, and particle sizes for Ca and P, or even for other parameters, 

would provide a quick and cost efficient way to evaluate and compare these factors. This need 

may arise when a full grow-out bird trial cannot be completed. It is also important to understand 

the differences and influence of phytases, pH, and retention time on Ca and P solubility in 

different parts of the GIT, which could possibly lead to establishing a digestible Ca requirement 

comparable to the established digestible P requirement (Walk et al., 2012a). Being able to 

formulate diets for a digestible Ca requirement may lessen the need for high dietary Ca levels, 



 

40 

which will save space in the diet and increase nutrient utilization and allow for adequate bird 

health (Walk et al., 2012a). 

Another in vitro assay study by Walk et al. (2012b) used the same protocol as Walk et al. 

(2012a) with a few minor modifications. Instead of using corn-soy diets, Walk et al. (2012b) 

evaluated one corn diet and one soybean meal diet separately. The study looked at the 2 diets and 

the addition of phytase, limestone, dical, and all combinations (Walk et al., 2012b). For the 

assay, 0.1 M HCl was mixed with pepsin and samples were incubated for 42 min to simulate the 

gastric phase (Walk et al., 2012b). This study also added concentrated HCl before incubation in 

order to maintain the gastric pH between 2.75 and 3.25 (Walk et al., 2012b). For corn diets, only 

0.95 mL of 1 M NaHCO3 was added for the SI phase, but 1.5 mL was added for soybean diets 

(Walk et al., 2012b). The samples were centrifuged for 11 min instead of the 1 min used by Walk 

et al. (2012a), and Whatman 541 filter paper was used instead of syringe filters (Walk et al., 

2012b). These slight modifications may have altered analysis of samples slightly, but ultimately 

changes were made to optimize accuracy and correct biological portrayal of the in vivo system.  

Various in vitro solubility methods have been used to try and estimate in vivo solubility 

of Ca particles. One such method used 0.079 N HCl at pH 1.5 and added limestone at a ratio of 

1:100 (wt/vol) for 15 min (Rao and Roland, 1990). The supernatant was then collected, and the 

solid was washed with deionized water. The supernatant, solid, and wash water were all filtered 

through Whatman Number 1 filter paper. The filter paper and the filtered limestone were then 

dried at 60°C and weighed. The percentage of solubilized limestone was then calculated and 

recorded as the in vitro limestone solubility rate (Rao and Roland, 1990). These researchers 

found that in vitro solubility may not be related or possibly negatively correlated to in vivo 
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solubility. Also, in vivo Ca solubility was decreased as Ca intake increased, and larger Ca 

particles had a high in vivo solubility but a lower in vitro solubility (Rao and Roland, 1989).  

One other method for determining Ca solubility is called the percentage weight loss 

method. There is also a pH change method, which is faster, and the testing conditions have been 

standardized (Cheng and Coon, 1990a). However, these methods have limitations, including that 

the amount of H ions may become limiting when highly soluble limestone is studied. These 

methods use 0.1 N HCl and 1 g of the limestone sample. It was reasoned that the limitations in 

these studies could be overcome with a higher normality of HCl, a larger volume of HCl, or 

decreasing the time of the reaction (Zhang and Coon, 1997a).  

One study used an in vitro assay that involved a 2 g limestone sample, which was added 

into 0.2 N HCl. The sample was put into an oscillating (80 Hz) water bath at 42°C for 

approximately 25 min (Zhang and Coon, 1997a; Zhang and Coon, 1997b). The undissolved 

limestone was then filtered onto No. 41 Whatman filter paper and weighed after being dried in 

an oven for 20 h at 60°C. The solubility of the limestone was expressed as the percentage weight 

loss (Zhang and Coon, 1997b). This study found that in vitro solubility of Ca sources is 

negatively correlated with in vivo solubility and Ca availability in layers (Zhang and Coon, 

1997b, Rao and Roland, 1989). They showed that a large particle limestone (>0.8 mm) with a 

low (30-50%) in vitro solubility builds up in the gizzard and produces a high in vivo solubility 

(94% maximum), which would potentially lead to increased Ca retention in layers fed limestone 

in the form of larger particles (Zhang and Coon, 1997b). In vivo Ca solubility is associated with 

both Ca source and in vitro Ca solubility because the rate of Ca uptake may have been limited by 

the hen’s intrinsic capacity for Ca absorption that comes from the GIT. Also, in the in vitro 

system, smaller particles have higher solubility, but in the in vivo system, these particles are in 
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the acidic environment for a reduced amount of time, which leads to a higher release rate from 

the gizzard (Zhang and Coon, 1997b). The higher release rate may exceed absorption capacity of 

Ca in the intestine so the dissolved Ca has a reduced utilization (Zhang and Coon, 1997b). A less 

soluble Ca source may have been absorbed more completely due to its slower Ca release 

compared to Ca sources with higher solubility (Zhang and Coon, 1997b). Also, large particles of 

Ca have a greater retention in the gizzard, which may lead to a slower movement through the 

digestive tract. This means the limestone is in acid for a longer period of time, which would 

increase the occasion to dissociate into ionic Ca, which produces more available Ca (Zhang and 

Coon, 1997b).  

Another study used an in vitro assay and changed different parameters in order to 

distinguish the best methods for determining in vitro solubility (Zhang and Coon, 1997a).  Three 

different concentrations of HCl (0.1 N, 0.2 N, and 0.3 N) were used in combination with 2 

different amounts of HCl (100 mL and 200 mL) for a total of 6 treatments. Samples were 

incubated in a water bath for 10 min after HCl was warmed to 42°C, and 2.0 g of sample diets 

were added to the HCl (Zhang and Coon, 1997a). Insertion in the water bath allowed a reaction 

to occur for 10 min before the supernatant was transferred to a new beaker. Then 200 mL of 

deionized water was added to the solid portion of the sample in order to stop the reaction (Zhang 

and Coon, 1997a). The solid part of the samples was filtered with pre-weighed filter paper with 

more deionized water and then dried in an oven until constant weight was achieved and actual 

weight loss was determined. The supernatant from the samples was agitated until homogenous, 

and pH was measured and pH change was recorded (Zhang and Coon, 1997a). The solubilities of 

the samples were compared by determining solubility with a newer method proposed (Zhang and 

Coon, 1997a) and 2 older, but similar, methods (Cheng and Coon, 1990a; Scott, 1991). This in 
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vitro procedure resulted in a larger and better solubility range produced by 200 mL of the 0.2 N 

HCl method compared to the other treatments (Zhang and Coon, 1997a). This treatment 

produced the highest RDL (range divided by Least Significant Difference) values for all Ca 

sources indicating that it was the most sensitive in distinguishing among samples. Regression 

models were used to predict the absolute amount of limestone dissolved in HCl using the 

equation ‘ln(pH change)’ as a predictor. The prediction was for absolute weight loss instead of 

direct solubility because of possible error in weighing of diet samples (Zhang and Coon, 1997a). 

Previous equations in earlier studies relied heavily on pH, and pH readings within this method 

were found to be unstable for various reasons concerned with the sample’s homogeneity. The 

predicted weight loss allows for calculation of the solubility of the Ca sources. This method, 

named the “new weight loss method,” generated higher solubility values and a larger solubility 

range than the previous methods, which provides an advantage when distinguishing among 

samples (Zhang and Coon, 1997a). Zhang and Coon (1997a) argue that in vitro simulation of 

digestion is very difficult, so it is more reasonable to try and use in vitro solubility methods to 

distinguish among Ca sources rather than to attempt to simulate in vivo conditions. The in vitro 

results from Zhang and Coon (1997a) negatively correlate to in vivo layer limestone solubility 

results.  

An in vitro assay described by Chen (1996), but modified by Tamim et al. (2004), 

evaluated the effect of Ca on phytate-P hydrolysis by 2 different phytases in an in vitro system 

that was designed to mimic the pH levels of the GIT and phytate-P concentration, as well as 

moisture content of digesta. A Na-phytate solution in different buffers for different pHs was used 

as the substrate. Calcium carbonate was added to the substrate to yield different concentrations 

of Ca equivalent to certain percentages in the diet (Tamim et al., 2004).  Phytase was mixed in to 
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solution to be equivalent to 500 FTU/kg, and this was added to the substrate before being 

incubated at 37°C for 0, 15, 30, 60 or 120 min (Tamim et al., 2004). The reaction was stopped 

using ammonium molybdate-metavanadate color stop reagent and samples were vortexed. Next, 

samples sat for 20 min and were then centrifuged at 3000 rpm for 10 min (Tamim et al., 2004). 

Liberated P was then measured. A second part of the study involved an in vitro evaluation of 

different Ca concentrations that were to be tested in vivo in a subsequent part of the study 

(Tamim et al., 2004). The same procedures were used in the second in vitro assay as in the first, 

except only a 60 min incubation time was used. In the in vivo part of the study, a basal grower 

diet was made and analyzed, then Ca carbonate, an indigestible marker, and 2 different phytases 

were added (Tamim et al., 2004). Different combinations of Ca carbonate and phytase were 

tested on top of the basal diets, and the 2 Ca levels tested were 0.2% Ca and 0.7% Ca (Tamim et 

al., 2004). For the first in vitro part of the experiment, there was an increase in phytate-P 

hydrolysis by phytase A at pH 2.5 as a result of increasing Ca addition for the 15, 30, and 60 min 

incubation periods (Tamim et al., 2004). At pH 6.5, increasing Ca reduced phytate-P hydrolysis, 

and this occurred more drastically with phytase A than with phytase B (Tamim et al., 2004). 

Differences between phytases occurred because phytase A was a 3-phytase with pH optima at 3 

and 5, while phytase B was a 6-phytase with a pH optimum between 4 and 4.5 (Tamim et al., 

2004). For the second part of the in vitro experiment, the effect of Ca was the same as in part 1 

on phytate-P hydrolysis for both pH 2.5 and 6.5. For the in vivo trial in this study, addition of Ca 

with no phytase resulted in the lowest ileal phytate-P disappearance (Tamim et al., 2004). Also, 

when either phytase was added to diets with supplemented Ca there was increase in ileal phytate-

P disappearance, while in diets with no added Ca, phytase A resulted in even higher increases in 

ileal phytate-P disappearance but phytase B resulted in no improvement in ileal phytate-P 
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disappearance (Tamim et al., 2004). The overall results show the enormity of the negative effect 

that dietary Ca addition has on phytate-P hydrolysis and on phytase efficacy both in vivo and in 

vitro (Tamim et al., 2004). In the absence of added dietary Ca, phytases have a smaller impact 

because the bird already has a good ability to hydrolyze phytate-P (Tamim et al., 2004). There is 

an impact of pH on phytase activity and therefore on phytate-P utilization, and it is even greater 

when Ca is present in the diet because solubility of the Ca-phytate complex is decreased 

substantially at a pH higher than 4 (Tamim et al., 2004). While the bird does have an innate 

ability to hydrolyze phytate-P, the inclusion of Ca in the diet weakens this ability (Tamim et al., 

2004). If the negative effects caused by dietary Ca can be avoided or reduced, then the capacity 

of broilers to hydrolyze phytate-P from corn and soy diets can increase dramatically (Tamim et 

al., 2004). This would allow for decreased amounts of phytase and inorganic P sources, which 

would lead to decreased cost and reduced environmental impact (Tamim et al., 2004).  

There are several other in vitro assays used for determining solubility of products such as 

limestone; including the Percentage Weight Loss (Minnesota) Method, the Percentage Weight 

Loss (Auburn) Method, the pH Change Method, Proton Consumption Method, Percentage 

Hydrogen Ion Disappearance Method, and the pH Plateau Time Method (Cheng and Coon, 

1990a). Some of the assays require the development of a prediction model, while some are 

simply expressed as a percentage of weight loss in the assay. Most of these assays are similar, 

but their differences illustrate why it is necessary to standardize a particular assay and develop it 

into an accurate, well-known protocol so solubilities can be compared between labs. 

Having an in vitro assay designed to simulate broiler digestion could be very useful for 

research and commercial applications. However, it may be necessary to develop an assay that has 

standardized conditions and parameters so that different labs can assess different enzymes and 
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diets and still compare them to each other. It would also be helpful to know how the assay results 

relate to live birds and how far its results can be extrapolated. Obviously an in vitro assay is not 

going to completely mimic what is seen in the bird due to absorption, secretion, and individual 

bird variances. However, a universal assay to simulate as many conditions of the bird’s GIT as 

possible would allow the observation of differences between phytases, particle sizes, and diet 

types so that recommendations for broiler diets can be made.  
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Table 1 Calcium sources discussed in Literature Review 
Ca Source Results Reference 

Limestone Decreased SI1 P solubility in vitro; 102% Ca 
availability compared to Ca carbonate in chicks 

Walk et al., 2012b 

Dical2 19.8% Ca, 18.6% P; improved P solubility in in vitro 
soy diets; 113% Ca availability compared to Ca 
carbonate in chicks 

Peeler, 1972; Lima 
et al., 1997; Walk et 
al., 2012b 

HSC3 30% Ca; decreased tibia ash P and Ca weights 
compared to limestone; decreased feed intake and 
weight gain and reduced apparent ileal P digestibility 
compared to limestone; similar ileal Ca digestibility 
compared to limestone 

Acid Buf, Celtic Sea 
Minerals; Walk et 
al., 2012c 

Whey-mineral 
complex 

Higher trace level of hormones shows higher Ca 
absorption rate 

Armbrecht et al., 
1980; Igarashi et al., 
1990; Tsuchita et al., 
1993; Tsuchita et al., 
1995 

Bone meal 96% P availability compared to beta-tricalcium 
phosphate in chicks; 109% Ca availability compared to 
Ca carbonate in chicks 

Peeler, 1972 

Gypsum  66-90% Ca availability compared to Ca carbonate in 
chicks 

Peeler, 1972 

Calcium 
carbonate 

100% Ca availability compared to other Ca sources in 
chicks; increased weight gain from 14 to 24 d 
compared to Ca malate 

Peeler, 1972; 
Applegate et al., 
2003 

Ca carbonate 
USP 

Similar to powered limestone in gain, gain:feed ratio, 
and bone ash 

Anderson et al., 
1984 

Seashells 
(large particle) 

Increased Ca excretion, increased insoluble gizzard Ca 
compared to fine particle seashells 

Guinotte et al., 1995 

Ca malate Similar to Ca carbonate on tibia ash, intestinal phytase 
activity, ileal Ca absorption; decreased weight gain 
from 14 to 24 d compared to Ca carbonate; increase in 
solubility compared to Ca carbonate 

Heaney et al., 1990; 
Applegate et al., 
2003 

Ca citrate Increase in solubility compared to Ca carbonate Heaney et al., 1990 
Ca citrate-
malate 

Increase in solubility compared to Ca carbonate Heaney et al., 1990 

Curacao 
phosphate 

Lower egg production, lower mortality compared to 
hens fed dical 

Singsen et al., 1969 

Defluorinated 
phosphate 

Same availability of P (100%) as dical in layers; 87-
92% P availability compared to beta-tricalcium 
phosphate in chicks; 92-95% Ca availability compared 
to Ca carbonate in chicks 

Peeler, 1972 

Low fluorine 
rock phosphate 

25% P availability compared to dical in layers; 68-87% 
P availability compared to beta-tricalcium phosphate in 
chicks; 90% Ca availability compared to Ca carbonate 
in chicks 

Peeler, 1972 
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Monocalcium 
phosphate 

113-116% P availability compared to beta-tricalcium 
phosphate in chicks 

Peeler, 1972 

Beta-tricalcium 
phosphate 

Higher availability of P than dical in chicks  Peeler, 1972 

Soft phosphate 34-49% P availability compared to beta-tricalcium 
phosphate in chicks; 68-70% Ca availability compared 
to Ca carbonate in chicks 

Peeler, 1972 

Tricalcium 
phosphate 

115% Ca availability compared to Ca carbonate in 
chicks 

Peeler, 1972 

1 SI = Small intestine. 
2 Dical = Dicalcium phosphate. 
3 HSC = Highly soluble Ca. 
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CHAPTER III 

THE USE OF PERCHLORIC ACID TO DILUTE SMALL INTESTINAL DIGESTION 
SAMPLES IN ORDER TO KEEP CALCIUM AND PHOSPHORUS IN SOLUTION 

 

ABSTRACT  

An in vitro simulation of broiler digestion, through both a gastric and small intestinal (SI) 

phase, was used to evaluate 4 Ca sources, including dicalcium phosphate (dical), whey, 

limestone, and a highly soluble marine Ca source (HSC) used in combination with either no 

phytase, 500 FTU/kg of phytase 1 (PHY1), or 500 FTU/kg of phytase 2 (PHY2). Through a 

series of trials and troubleshooting, it was concluded that the use of NaHCO3 as a diluent in the 

SI phase did not keep Ca and P in solution and caused a precipitate to form prior to 

spectrophotometer analyses. Utilizing a dilution with 0.32 M perchloric acid proved to alleviate 

the solubility issues but was also seen as biologically inaccurate. While this was used as the 

ultimate solution to the problem for this experiment, it would be ideal to find a way to simulate 

broiler digestion in the SI more accurately and to see how NaHCO3 fully affects Ca and P 

availability in the SI of the live bird.  

INTRODUCTION 

Developing an in vitro protocol to accurately simulate broiler small intestinal (SI) 

digestion requires biologically accurate substances, including enzymes and gastrointestinal tract 

secretory solutions, along with necessary modifications to the protocol.  After developing a 

protocol that was meant to be biologically applicable, with enzymes and solutions matching what 

a typical broiler intestine utilizes, our results revealed that Ca and P analysis did not detect the 

expected mineral quantities from the diets. Troubleshooting revealed that the use of NaHCO3 as 

a post-SI incubation diluent caused detrimental effects, as it was not able to maintain the Ca and 
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P in solution. Analyzing for these minerals using a colorimetric spectrophotometer was not 

possible because of the tint and solubility properties of the NaHCO3. Therefore, other methods 

were tried resulting in an addition to the protocol to dilute SI samples with perchloric acid after 

taking the pH with NaHCO3. The use of this strong acid kept the minerals in solution and 

available for analysis.     

In a study by Bedford and Classen (1993), an in vitro digestion method, after which the 

current experiment was modeled, included HCl and pepsin along with NaHCO3 and pancreatin in 

diets and incubated in a water bath. No perchloric acid or any other diluting agent was added, but 

this study was looking at supernatant viscosity and Ca and P were not measured (Bedford and 

Classen, 1993). However, a study by Walk et al. (2012) developed this assay further and added 

perchloric acid after taking the pH of the sample with NaHCO3 in the SI phase of the digestion. 

After this, the supernatant was collected, filtered, and used to determine Ca and P solubility, 

much like in the present experiment. Adding perchloric acid decreases the pH during the SI 

phase in order to prevent precipitation of Ca and P so that the supernatant can be analyzed by 

spectrophotometry. Increases in the pH of the SI phase due to NaHCO3 may advance the 

precipitation of Ca with P or with phytate and cause them to be resistant to absorption (Selle et 

al., 2009). While phytase caused increased solubility of Ca and P within the first 5 min of the 

gastric in vitro digestion, improvements in gastric solubility over time were not parallel, which 

may be because of precipitation of Ca due to phytate and the dephosphorylation of phytate due to 

phytase (Walk et al., 2012). Because microbial phytases prefer to target the 6-phosphate and then 

the 5-phosphate of phytate (Cowieson et al., 2011), intact phytate has a higher Ca binding 

capacity than the lower esters of phytate (Luttrell, 1992). This means that phytase allows for 
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absorbable Ca and P to enter the SI in a nonparallel fashion, which is how the in vitro digestion 

model is portrayed (Walk et al., 2012).  

Sodium bicarbonate is a weak base, and the ions cannot dissociate so it is not able to 

dissolve Ca and P from the diets to make them available for analysis. Sodium bicarbonate was 

used in a study as a drinking water supplement for broilers. It was optimally given at 2 g/L, 

maximized feed intake and body weight gain, and resulted in better performance than the 

unsupplemented controls (Hayat, J. et al., 1999). However, supplementing with 10 g/L resulted 

in an unexpected high mortality rate due to dehydration. As NaHCO3 is related to digestion in 

the proximal SI, in this study it was related to causing a consistent and normal acid-base 

condition and plasma electrolyte concentration (Hayat, J. et al., 1999). However, this shows that 

NaHCO3 has different purposes throughout the body and may connect different aspects of 

digestion or physiological functions that we were previously unaware.  

Diluting and dissolving substances, such as Ca and P from broiler diets, into perchloric 

acid is possible because it is such a strong acid. It is able to dissociate substances into smaller 

molecules so that the minerals and other ions stay in solution in the supernatant such that it can 

be analyzed. While this particular method is not relevant to in vivo conditions, the lack of 

absorption and removal of mineral ions in the SI phase of an in vitro digestion assay may 

exacerbate the precipitation of Ca and P at SI pH if a strong acid such as perchloric acid is not 

used as a diluent. 

 The objective of the study reported in this note was to develop a physiologically relevant 

model of the broiler SI that could accurately measure availability of Ca and P. After discovering 

that NaHCO3 was not effective for maintaining Ca and P in solution of SI digestions, it was 

necessary to try other methods to determine what would allow for accurate mineral analysis. 
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However, it is also important to note this chapter highlights the capabilities of Ca, P, and phytate 

to precipitate at pH ranges and conditions within the small intestine.  

MATERIALS AND METHODS 

Experimental Diets and Conditions 

Experimental diets containing 2 different microbial 6-phytases and 4 different Ca sources 

(HSC, whey, limestone, or dical) were subjected to an in vitro assay as described by Walk et al. 

(2012). The Ca sources were mixed into corn-soy diets and supplemented with either no phytase, 

500 FTU/kg of PHY1, or 500 FTU/kg of PHY2. The analyzed activity of PHY1 was 6,977 

FTU/g (AB Vista Feed Ingredients, Marlborough, UK) and PHY2 was 2,891 FTU/g (AB Vista 

Feed Ingredients, Marlborough, UK). One phytase unit is identified as the enzyme amount 

needed to release 1 µmol of inorganic P/min from sodium phytate at 37°C. PHY1 and PHY2 are 

2 commercially available microbial phytases, but PHY1 is thought to be more effective at lower 

doses compared to PHY2. Diets were subjected to a wet ash digestion, a gastric phase digestion, 

and a SI phase digestion with modifications to those previously described by Walk et al. (2012). 

In Vitro Analysis 

A nitric and perchloric wet ash digestion procedure was used to determine total Ca and P 

in the diets for comparison to the in vitro phases (AOAC, 1990). The resulting solution was later 

diluted and used to analyze for total Ca and P in the diets. 

For the gastric digestion phase, samples were ground through a 1 mm screen, and 1.0 g of 

each diet was weighed into 50 mL conical tubes in triplicate. A 0.13 N HCl solution with 2000 U 

pepsin/mL (P6887; Sigma Aldrich, St. Louis, MO) from porcine gastric mucosa was prepared 

immediately prior to the start of the assay, and 4.5 mL was added into each tube with feed and 
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immediately vortexed and placed in a water bath at 40°C for 5, 10, or 20 min. This was 

performed in intervals of 3 samples every 2 min, for either 9 or 10 samples at a time. Samples 

were then removed from the water bath in intervals of 2 min, as they were put in, vortexed, and 

then immediately measured for pH with a digital pH meter (Accumet Basic; Fisher Scientific, 

Waltham, MA). Samples were then diluted to 20 mL with 0.13 N HCl, vortexed, and centrifuged 

for 3 min at 18 x g and 4°C. The supernatant from each sample was then collected and placed in 

50 mL conical tubes. The original diet samples were diluted with 0.13 N HCl again, vortexed, 

and centrifuged. The supernatant was collected again and pooled with the supernatant from the 

first centrifugation to make the first, or original, dilution. Solid diet samples were frozen for 

possible further analysis, while the supernatant was filtered through 0.2 µm syringe filters into 

15 mL conical tubes, diluted two more times, and used to analyze for soluble Ca and P (see 

“Mineral Analysis”). Three replicates of each diet, with or without phytase, at each incubation 

time, were used in both phases of digestion. Either 9 or 10 samples were run through the phases 

at one time, including one standard and one blank. 

The SI phase was initiated by preparing the same sample diets as in the gastric portion of 

the experiment. Immediately prior to the start of the assay, solutions including the 0.13 N HCl 

solution with 2000 U pepsin/mL and a 0.5 M NaHCO3 solution, containing 2 mg pancreatin/mL 

(P7545; Sigma Aldrich, St. Louis, MO) from porcine pancreas were prepared. Samples were 

processed through the gastric phase assay as described above, adding 4.5 mL of the HCl and 

pepsin solution to the sample and running sets of 3 tubes in intervals of 2 min. Diet samples were 

incubated in the water bath at 40°C in the gastric phase for 20 min. Samples were removed from 

the water bath after this time period, and 1.5 mL of NaHCO3 solution was added to each tube, 

and samples were vortexed. Samples were replaced in the same water bath for a second 
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incubation of 5, 10, 20, or 60 min and vortexed periodically. Samples were removed from the 

water bath in intervals of 2 min as they were put in, vortexed, immediately measured for pH, 

diluted to 10 mL with 1 M NaHCO3, vortexed, and centrifuged at 18 x g for 3 min at 4°C. The 

supernatant from each sample was collected and placed in 50 mL conical tubes. The diet samples 

were again diluted to 10 mL with NaHCO3, vortexed, and centrifuged. The supernatant was 

collected again and pooled with the supernatant from the first centrifugation to make the first, or 

original, dilution. Solid diet samples were frozen for possible further analysis, while the liquid 

was filtered through 0.2 µm syringe filters into 15 mL conical tubes. This filtered supernatant 

was then diluted two more times and used to analyze for soluble Ca and P (see below).  

Mineral Analysis 

The first dilutions from the wet ash digestion and the gastric and SI phase digestions were 

further diluted before analysis. A second dilution (1:10) consisted of 500 µL of the samples and 

4.5 mL of 2% HNO3 to get 5 mL total. The third dilution consisted of a 1:100 dilution of 200 µL 

of the 1:10 dilution sample and 1.8 mL of molybdovanadate in a cuvet for P analysis. For Ca 

analysis, the third dilution consisted of 500 µL of the 1:10 sample and 4.5 mL of 1% La2O3. 

Standard solutions were made for an appropriate standard curve for both Ca and P analyses. 

Phosphorous was analyzed colorimetrically using a Genesys 5 spectrophotometer (Thermo 

Electron Corporation, Madison, WI) at 410 nm according to the methods of the Association of 

Official Analytical Chemists (1970) for P (7.095-7.098). Calcium was analyzed using a Perkin 

Elmer Atomic Absorption spectrophotometer (Analyst 800, Ueberlingen, Germany) according to 

the methods of Analyst 800 (1998). Digestibility coefficients were acquired using the following 

equation: 

[Mineral]digesta / [Mineral]diet 
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Protocol Adaptations 

After analyzing the SI samples to determine soluble Ca and P, it was discovered that the 

Ca and P recovered were very low. Different methods of troubleshooting were employed in order 

to determine the cause of this issue and resolve it. Solutions were remade, analyses re-rerun, and 

all factors of the experiment were confirmed. After changing the molarity of the NaHCO3 and 

the amount of it added to the sample several times, it was discovered that the NaHCO3 seemed to 

be precipitating the Ca and P in the original filtered dilutions as well as in the 1:10 dilutions with 

nitric acid. It turns out that using NaHCO3 as a diluent resulted in a high pH, which would 

precipitate Ca and P and reduce the Ca and P in solution, thus the spectrophotometers could not 

accurately read the absorption levels of the minerals. Due to these observations, perchloric acid 

addition was tested because it was known to maintain the Ca and P in solution for analyses 

(Walk et al., 2012). Different amounts of perchloric acid at 0.32 molarity were tested for what 

would give the optimal dilution. Even though use of perchloric acid means the in vitro protocol 

is not entirely biologically accurate, it was decided that use of 0.32 M perchloric acid to dilute 

samples to 15 mL, where NaHCO3 was used before, was the best alternative for the situation. 

This allowed the Ca and P to be kept in solution for a more accurate analysis of the simulated 

digestion. Everything else remained similar to the original SI digestion protocol.  

RESULTS AND DISCUSSION 

All of the original digested SI samples, along with specific NaHCO3 samples (which 

were photographed and further documented, noting color and formation of pellets) were a light 

yellow color after being filtered into 15 mL tubes and set aside for analysis (Table 1). Three to 6 

days later, observing these original samples revealed the same light yellow color as well as the 

formation of a white pellet. The 1:10 dilutions had even larger pellets form 3 days after being 
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diluted. These physical observations were the same whether samples were analyzed the same day 

of digestion or several days later. If samples were put into 1:10 dilutions with nitric acid the 

same day of digestion, and analyzed 5 days later, pellets still formed and analyzed Ca and P were 

still relatively low.  

 All samples tested by adding perchloric acid to NaHCO3 after the pH was taken in the 

protocol were clear in the original dilution (Table 2). Even after sitting for 3 to 6 days, no pellet 

formed in either the original or the 1:10 dilution. All samples remained clear and did not form 

pellets whether they were analyzed the same day or several days later. 

 Calcium results from the NaHCO3 dilution resulted in a mean total soluble Ca of 12.6%. 

Perchloric acid dilution resulted in a mean total soluble Ca of 73.7%. This increase shows that 

more Ca was detected in the perchloric acid samples because it resulted in a pH capable of 

maintaining the Ca in solution and allowed it to be detectable by the spectrophotometer. Results 

for soluble P from the NaHCO3 addition resulted in a mean total soluble P of 89.6%. Perchloric 

acid addition revealed a mean total soluble P of 32.3%. This decrease shows that the yellow tint 

of the NaHCO3 samples may have augmented the P reading on the spectrophotometer, which is 

determined using a yellow calibration curve with molybdovanadate. The clear perchloric acid 

samples would have alleviated this problem while maintaining the P in solution.  

 The original dilutions from the primary SI digestions using only NaHCO3, which yielded 

very low Ca results, turned yellow after being digested. After several months of incubation at 

room temperature, the samples turned a dark yellow color (Figure 1). Pellets formed after several 

days, and the pellets thickened after several months (Figure 2). The 1:10 dilutions of these 

samples also formed large pellets (Figure 3). To experiment with the use of perchloric acid, 

several samples were digested and diluted with either perchloric acid or NaHCO3. In one of the 
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samples, tube #12 (Table 1), only NaHCO3 was used, and the original dilution had an obvious 

yellow tint, while the 1:10 appeared clearer (Figure 4). On the same day of digestion, pellets had 

not yet formed. In several of the samples diluted with NaHCO3 there was also a yellow tint, but 

pellets had not formed on day of digestion (Figure 5). Five days after digestion, pellets had 

formed in both the original dilution and 1:10 dilution of tube #12 (Figure 6). After several 

months of incubation at room temperature, samples with NaHCO3 turned an even darker yellow 

or brownish with even thicker, denser pellets (Figure 7). When diluting samples with perchloric 

acid, instead of using only NaHCO3, samples were clear compared to the yellow tint of the 

NaHCO3 samples (Figure 8). Eight days after digestion, no pellet had formed in samples diluted 

with perchloric acid, but the pellet had become thicker in NaHCO3 samples (Figure 9). Using 

perchloric acid to dilute SI samples kept them clear and maintained Ca and P in solution without 

forming pellets (Figure 10). This allowed analysis for Ca and P. Even 1:10 dilutions of the 

perchloric acid samples were clear and did not form pellets. However, 1:10 dilutions of the 

NaHCO3 samples were cloudy and obviously still not in solution (Figure 11).  

  Even though use of perchloric acid is not the most biologically relevant solution to use 

in the in vitro assay, it was necessary in order to lower the pH and maintain the sample in 

solution for analyses. This could also be an indication that NaHCO3 in the intestine of the live 

bird may not keep all the soluble Ca and P in solution. This could mean a loss to the bird in terms 

of available and digestible minerals. More research is needed to look into this, but it is possible 

that there may be some way to improve availability of Ca and P by increasing or modifying 

solubility tendencies of NaHCO3.  

Studies have shown that supplementing NaHCO3 to the diet or drinking water can 

increase growth and benefit broilers by affecting acid-base balance in the body (Teeter et al., 
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1985; Gorman and Balnave, 1994). However, supplementing too much, for example, with either 

25 g/kg in the diet or 10 g/L in the water, led to deleterious effects and adverse response in 

performance (Hayat et al., 1999). Birds given 10 g/L in the water were in an abnormal 

physiological state, including high blood pH and excess bicarbonate and base in the plasma. 

Positive results on performance were not found in a study that supplemented the diets with low 

amounts of NaHCO3 where results were similar to the control birds (Hayat et al., 1999). It is 

reported that NaHCO3 in the drinking water is more toxic to the birds than it is when 

supplemented in the diets. This is due to the fact that water intake was increased with increasing 

amounts of NaHCO3 in the water (Hayat et al., 1999). Secretion of NaHCO3 occurs in the 

proximal SI during digestion, but in this experiment it is related to causing changes in the acid-

base status and plasma electrolyte concentration of the bird (Hayat, et al., 1999). This may show 

that NaHCO3 connects different aspects of digestion or physiological functions. This also is 

indicative of some of the properties of NaHCO3 and how it works throughout the body.  

Other properties of feeding NaHCO3 or providing it in the drinking water of broilers 

include its use as a supplement to modulate gout, reduce mortality, increase performance during 

heat stress, and as a diuretic (Squires and Julian, 2001; Wideman et al., 2003). However, 

excessive NaHCO3 intake through the drinking water can cause severe gout and can lead to death 

in broilers (Ejaz et al., 2005). Levels of 20 g/L and 40 g/L in the drinking water lead to 

abnormally high serum uric acid levels, which often lead to the development of gout (Ejaz et al., 

2005). Another study, using Na salts in the diet, showed that supplementation with NaHCO3 

increased feed intake and performance of broilers under heat stress (Ahmad et al., 2006). The 

ability of NaHCO3 to improve performance in these conditions deals with the loss of minerals 

and ions from the body due to panting from heat, which leads to respiratory alkalosis (Belay et 
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al., 1990). These key minerals are what manage plasma pH and osmotic relationships (Ahmad et 

al., 2006). Sodium bicarbonate provides ions to restore the loss of them due to heat stress. This is 

why NaHCO3 supplementation produced greater body weight gain and feed intake compared to 

control diets (Ahmad et al., 2006). It also increased water intake, reduced blood pH, increased 

plasma Na concentration, and decreased mortality rate compared to controls. Supplementation of 

NaHCO3 also increased carcass weight, possibly due to better nutrient utilization because of 

better osmo-regulation (Mushtaq et al., 2005) or possibly due to increased water retention in the 

carcass (Ahmad et al., 2006).  

A study completed on supplementing NaHCO3 in swine diets showed no effect of these 

supplements on ileal concentration of Na, and there was no change in apparent Na absorption 

over the entire gastrointestinal tract (Patience et al., 1987). However, NaHCO3 intake did 

increase fecal and urinary Na concentration. Scott and McIntosh (1975) also observed NaHCO3 

supplementation caused an increase in urinary excretion of Na and K, but had no effect on Mg, 

Ca, P, or Cl, which was observed by Patience et al. (1987), as well. Though it might be 

hypothesized that the growth response due to NaHCO3 may be caused by increased water 

retention due to accumulation of Na or K, this cannot explain why the diet has to be deficient in 

lysine and tryptophan to observe the growth response (Patience et al., 1987). Additionally, 

NaHCO3 improved feed intake and feed efficiency whereas water retention would improve feed 

efficiency alone (Patience et al., 1987). The data from this study showed that gastrointestinal and 

renal Na and K control in the pig is similar to other mammals. Because Na is secreted by the SI 

and absorbed by the large intestine, there is a large excess capacity for Na absorption (Patience et 

al., 1987). This study also showed that the major role of the kidney and the minor role of the 

intestinal tract in regulating Na was consistent with the view of Na homeostasis being sustained 
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by altering renal absorption (Patience et al., 1987). Because of the increased excretions of Na and 

K by the pigs in the study, it was necessary for there to be concurrent losses of anions to retain 

electroneutrality. Data show that Cl was not involved in this balance, so it was most likely 

bicarbonate that maintained this balance (Patience et al., 1985). 

Diluting and dissolving substances into perchloric acid is possible because it is such a 

strong acid. It is able to dissociate substances like the experimental diets used in the current 

experiment into smaller molecules so that the Ca, P, and other ions remain in solution in the 

supernatant that is analyzed. Sodium bicarbonate, however, is a weak base, so CO3 is not able to 

dissociate these substances, and Ca and P do not stay in solution when diluted with NaHCO3. 

Perchloric acid is used to dissolve substances in order to find out their scientific properties and 

characteristics. One such substance, calbindin9kDa, a calcium binding protein, is soluble in 

perchloric acid and almost fully recovered in the supernatant of the protein sample with little 

detected in the pellet, revealing its high solubility (Hubbard, 1993). This stability is a rare 

property for similar proteins and the hope is that this is what occurred in the current study, 

allowing for all Ca and P to be soluble in the supernatant and available for analysis.    

Overall, this short trouble-shooting experiment showed some important results. Even 

though it might be preferred to perform in vitro digests with diets using NaHCO3, it is not 

possible at this juncture without some sort of further modification. Since the NaHCO3 promotes 

Ca and P precipitation, an alteration to the protocol, such as diluting samples with perchloric 

acid, may be used. Using this method allows for more accurate analysis of the minerals but less 

representation in regards to pH conditions of the SI and the predominance of Ca and P 

precipitation.  
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Table 1. Examples of samples from SI phase digests using only NaHCO3 to dilute diets 
Tube # pH % Soluble 

Ca 
Diet Wet 
Ash Ca 

Total Ca 
Sol. % 

% Soluble 
P 

Diet Wet 
Ash P 

Total P 
Sol. % 

        

6 6.98 0.13 1.09 0.12 0.31 0.34 0.89 
7 6.9 0.13 1.09 0.12 0.30 0.34 0.86 
8 7.01 0.13 1.09 0.12 0.32 0.34 0.92 
9 6.93 0.12 1.09 0.11 0.30 0.34 0.88 

12 7.01 0.13 1.09 0.12 0.32 0.34 0.92 
13 7.11 0.16 1.09 0.14 0.36 0.34 1.05 
14 6.98 0.14 1.09 0.13 0.27 0.34 0.80 
15 7.02 0.14 1.09 0.13 0.29 0.34 0.83 

        

        
Average 6.99 0.14  0.13 0.31  0.90 

1 Sol = solubility. 
2 SI = small intestine. 
3 All diets were limestone supplemented with PHY2. All samples were in a water bath for the 
gastric phase for 20 minutes and the SI phase for 10 minutes. Samples 6, 7, 12, and 13 were 
analyzed the same day of digestion. Samples 8 and 9 were diluted to 1:10 with nitric acid the 
same day of digestion and analyzed 3 days later. Samples 14 and 15 were diluted to 1:10 with 
nitric acid the same day of digestion and analyzed 6 days later.  
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Table 2. Examples of samples testing perchloric dilutions in the SI phase 
Tube # pH % Soluble Ca Diet Wet 

Ash Ca 
Total Ca 
Sol. % 

% Soluble P Diet Wet 
Ash P 

Total P 
Sol. % 

        

2 6.91 0.71 1.09 0.65 0.13 0.34 0.38 
3 6.8 0.73 1.09 0.67 0.11 0.34 0.32 
4 6.89 0.75 1.09 0.69 0.16 0.34 0.45 
5 6.96 0.75 1.09 0.69 0.15 0.34 0.42 

25 6.86 0.71 1.09 0.65 0.09 0.34 0.27 
26 6.79 0.70 1.09 0.65 0.08 0.34 0.22 
27 6.8 1.03 1.09 0.95 0.08 0.34 0.24 
28 6.8 1.03 1.09 0.94 0.10 0.34 0.28 

        

        
Average 6.85 0.80  0.74 0.11  0.32 

1 Sol = solubility. 
2 SI = small intestine. 
3 All diets were limestone supplemented with PHY2. Samples 2-5 were in a water bath in the 
gastric phase for 20 minutes and 10 minutes for the SI phase. Samples 25-28 were in a water 
bath for the gastric phase for 5 minutes and the SI phase for 20 minutes. Samples 2, 3, 25, and 26 
were analyzed the same day the digestion was run. Samples 4 and 5 were diluted to 1:10 in nitric 
acid the same day as the digestion but analyzed 3 days later. Samples 27 and 28 were diluted and 
analyzed 6 days after the digestion.  
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Figure 1. Original dilutions several months after digestion 

 
1 Original dilutions from the primary small intestine digestions using only NaHCO3 several 
months after digestion. 
2 The SI tubes several months after sitting on the lab bench. Note the dark yellow color.  
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Figure 2. Original dilution several months after digestion 

 
1 Original dilution of small intestine sample with NaHCO3 only several months after digestion. 
2 A SI tube after several months of sitting on the lab bench. Note yellow color and pellet 
formation at bottom of tube.  
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Figure 3. A 1:10 dilution several months after digestion 

 
1 A 1:10 dilution of a small intestine sample with only NaHCO3 several months after digestion. 
2 A SI tube after several months of sitting on the lab bench. Note pellet formation at bottom of 
tube.  
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Figure 4. An original solution and a 1:10 dilution on day of digestion 

 
1 An original solution and a 1:10 dilution of small intestine sample with only NaHCO3 on day of 
digestion. 
2 Sample #12 (only NaHCO3 used) from Table 3.1 on day of digestion and analysis. Pellets have 
not yet formed. Note the yellow tint of the original dilution.  
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Figure 5. Original dilutions on day of digestion 

 
1 Original dilutions of small intestine samples with only NaHCO3 on day of digestion. 
2 Samples 12, 13, and 14 (only NaHCO3 used) from Table 3.1 on day of digestion. Pellets have 
not yet formed. Note the yellow tint of the original dilutions.    
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Figure 6. An original dilution and a 1:10 dilution 5 days after digestion 

 
1 An original dilution and a 1:10 dilution of small intestine sample with only NaHCO3 5 days 
after digestion. 
2 Sample #12 (only NaHCO3 used) from Table 3.1, 5 days after digestion and analysis. Pellets 
have formed in both the original and the 1:10 dilutions. Note the yellow tint of the original 
dilution.  
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Figure 7. An original dilution from months earlier 

 
1 An original dilution with only NaHCO3 compared to original dilutions of small intestine 
samples with only NaHCO3 from months earlier. 
2 Tube #12 (NaHCO3 only) from Table 3.1, 5 days after digestion, next to original SI samples 
(NaHCO3 only) from several months earlier. As time passed, the samples became even darker 
yellow or brown with more concentrated pellets.  
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Figure 8. Original dilutions on day of digestion 

 
1 Original dilutions of small intestine samples diluted with perchloric acid compared to NaHCO3 
on day of digestion. 
2 Samples #2 (from Table 3.2) and #6 (from Table 3.1) on day of digestion. Sample #2 is diluted 
with perchloric acid while #6 is diluted with only NaHCO3. Note the color difference between 
them with #2 being clear and #6 being tinted yellow, but the pellet has not formed yet. 
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Figure 9. An original dilution 8 days after digestion 

 
1 An original dilution of small intestine sample with only NaHCO3 8 days after digestion. 
2 Tube #12 (NaHCO3 only) from Table 3.1, 8 days after digestion. The pellet has become denser. 
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Figure 10. Original dilutions on day of digestion 

 
1 Original dilutions of small intestine samples diluted with NaHCO3 compared to dilution with 
perchloric acid on day of digestion. 
2 Tube #33 (only NaHCO3) and tube #29 (diluted with perchloric acid) on day of digestion.  
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Figure 11. Tubes of 1:10 samples on day of digestion 

 
1 Tubes of 1:10 small intestine samples diluted with perchloric acid or NaHCO3 on day of 
digestion. 
2 Tube #29 (1:10 dilution-perchloric acid), tube #33 (1:10 dilution-NaHCO3), and tube #34 (1:10 
dilution of a blank with NaHCO3) on day of digestion. No pellets have yet formed.   
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CHAPTER IV 

IN VITRO EVALUATION OF CALCIUM SOURCE, CALCIUM TO AVAILABLE 
PHOSPHOROUS RATIO, AND TWO MICROBIAL PHYTASES ON CALCIUM AND 

PHOSPHOROUS SOLUBILITY 
 

ABSTRACT 

Calcium and P solubility and the influence on pH of 5 Ca sources were evaluated in an in 

vitro assay simulating the gastric and small intestinal (SI) phases of digestion. The Ca sources 

were mixed into corn/soy diets to provide 1.0% total Ca and included limestone, highly soluble 

marine Ca (HSC), whey, dicalcium phosphate (dical), and a control with no added Ca. Each diet 

was supplemented with 0 or 500 FTU/kg of phytase 1 (PHY1) or phytase 2 (PHY2). Diets were 

subjected to a gastric phase digestion, including the addition of HCl and pepsin, with incubation 

times of 5, 10, or 20 min. They were also subjected to a gastric phase and a SI phase digestion, 

including the addition of HCl, pepsin, NaHCO3, and pancreatin with incubation times of 5, 10, 

20, or 60 min. At the end of each incubation time, the supernatant was collected, centrifuged, 

filtered, and analyzed for soluble Ca and P. In addition, total Ca and P in the diets were analyzed. 

Significance was reported at P < 0.05. Interaction between diet and phytase was observed for Ca 

or P solubility and pH in both the gastric and SI phase. In the gastric phase, Ca solubility was not 

increased by phytase in any diet, and P solubility was increased by phytase inclusion in all diets 

except for dical. Phytase 2 supplementation in the limestone diet increased pH in the gastric 

phase, while no difference was observed with either phytase in the other diets. Incubation for 20 

min increased P solubility in the gastric phase compared to 5 min or 10 min, and pH increased 

with each increment in time. In the SI phase, phytase had no effect on Ca solubility in any diet 

other than limestone. As observed in the gastric phase, phytase affected P solubility in all diets 
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except for dical. Phytase 1 decreased pH in the limestone diet but had no effect on pH in the 

other diets. Limestone and HSC increased pH in the SI phase at 20 and 60 min, while pH 

increased in the other diets at 60 min, which resulted in an incubation time by diet interaction.  

The addition of phytase altered Ca and P solubility in this in vitro digestion assay. However, the 

magnitude of the response was dependent on Ca source, and HSC appeared to have the greatest 

Ca solubility in the presence of phytase. However, phytase did not influence P solubility in the 

presence of dical.   

Keywords: calcium source, in vitro, phytase, solubility 

INTRODUCTION 

Phytate is the main source of organic P in poultry or pig feeds. Since these particular 

animals have few endogenous enzymes to effectively hydrolyze phytate, phytate P (PP) 

availability is poor (Hu et al., 1996; Bedford, 2000; Cowieson et al., 2006). Additionally, phytate 

is considered an antinutrient that binds P, Ca, and other minerals, making them unavailable for 

digestion. Phytate also has the ability to negatively affect energy, amino acid and mineral 

excretion, and it has detrimental effects on overall endogenous losses in broilers (Ravindran et 

al., 1999a; Cowieson et al., 2004; Cowieson et al., 2009).  Dietary mineral concentration, the 

presence of exogenous phytases, or the age and species of the animal being studied can all cause 

differences in the availability of PP from the diet (Cowieson et al., 2006). Some endogenous 

phytase is produced in the SI of poultry (Maenz and Classen, 1998) and some alkaline 

phosphatase in the SI of pigs (Lackeyram et al., 2010). But the addition of dietary Ca can lower 

the efficacy of endogenous phytases (McCuaig et al., 1972), and weaning can reduce alkaline 

phosphatase occurrence in piglets (Lackeyram et al., 2010). Phytase is an enzyme that promotes 

the release of P via hydrolysis from phytate and can reduce the negative impacts of phytate. 
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Phytase works through removal of the phosphate groups from the inositol molecule, which 

allows the free phosphate to be absorbed and available to the bird (Sandberg et al., 1992).  Along 

with providing improvements in Ca and P retention, phytase also improved body weight gain, 

feed conversion, protein endogenous losses, and amino acid digestibility (Rutherfurd et al., 2004; 

Cowieson et al., 2006; Cowieson and Ravindran, 2007).  Commercial phytases have been used in 

animal feeds since the 1990s (Pirgozliev et al., 2011). However, commercial microbial phytases 

are only active at the pH in the gastric portion of the digestive tract (Igbasan et al., 2000) where 

phytate is soluble.  Rutherfurd et al. (2004) tested the effects of microbial phytase on true ileal P 

digestibility, finding that both 500 FTU/kg and 750 FTU/kg added to a low P diet resulted in 

significantly greater P digestibility than broilers fed just a low P diet. Cowieson et al. (2006) 

concluded that the addition of dietary phytase, higher than 150 FTU/kg, improved nutrient 

utilization in birds fed a diet low in available P. The authors also found that super-dosing phytase 

at 24,000 FTU/kg improved utilization of nutrients, especially P, beyond that of the low doses of 

phytase, which may be mediated through the improvement in PP digestibility.    

 Before Ca and P digestion and absorption can occur in the SI, these minerals must be 

soluble in the gastrointestinal tract of the bird.  Numerous factors can influence mineral 

solubility in the gastrointestinal tract including: phytate level, particle size, retention time, and 

concentration of dietary Ca and P (Zhang and Coon, 1997).  Limestone, or CaCO3, and dical are 

the main sources of Ca in monogastric diets used in the industry today. In a study by Applegate 

et al. (2003), different Ca sources, limestone and Ca malate, were compared with no effect on 

intestinal phytase activity, apparent ileal Ca absorption, or apparent ileal PP hydrolysis. Birds fed 

limestone gained significantly more weight than birds fed Ca malate. However, in other studies, 
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Ca malate, Ca citrate, and Ca citrate-malate have been shown be more soluble sources of Ca at 

neutral pH, in contrast with limestone (Heaney et al., 1990).  

In vitro techniques for simulating physiological processes or predicting responses in the 

live bird are becoming increasingly popular as quick and reproducible tests in the lab. Chen 

(1996) described a phytase activity assay and pH optima studies to look at PP hydrolysis. Tamim 

et al. (2004) adapted this in vitro protocol to study the effect of dietary Ca concentration on PP 

hydrolysis by a 3-phytase and a 6-phytase over a modified incubation time. This procedure used 

different buffers to change the pH to mimic a gastric pH or a SI pH and was only intended to 

mimic the pH levels, PP concentration, and moisture content of digesta (Tamim et al., 2004). 

Bedford and Classen (1993) developed a protocol simulating gastric and SI phases of broiler 

digestion in order to determine and predict intestinal viscosity and final weight of birds. The 

present procedure is an assay recently adapted from Bedford and Classen (1993) and developed 

to measure the solubility of Ca and P of various Ca sources after a simulation of digestion 

through both the gastric phase and the SI phase (Walk et al., 2012a). Phytase, pH, retention time, 

phytate, and digestion phase may all influence solubility and hence digestibility of Ca and P in 

the gastrointestinal tract. The main objective of this experiment was to compare the solubility of 

Ca or P from different Ca sources with the addition of either 0 or 500 FTU/kg of phytase 1 

(PHY1) or phytase 2 (PHY2) using an in vitro assay simulating both the gastric and SI phase of 

digestion.  

MATERIALS AND METHODS 

Experimental Diets and Conditions 

Experimental diets (Table 1) containing 2 different microbial 6-phytases and 4 different 

Ca sources (highly soluble marine Ca (HSC; Vistacal, AB Vista Feed Ingredients, Marlborough, 



 

90 

UK), whey, limestone, and dical) were subjected to an in vitro assay as described by Walk et al. 

(2012a). The Ca sources were mixed into corn-soy diets and supplemented with no phytase, 500 

FTU/kg of PHY1, or 500 FTU/kg of PHY2. Phytase 1 was a third generation modified E. coli 

phytase expressed in Aspergillus niger with an analyzed activity of 6,977 FTU/g (AB Vista Feed 

Ingredients, Marlborough, UK). Phytase 2 was a second generation modified E. coli phytase 

expressed in Pichia pastoris with an analyzed activity of 2,891 FTU/g (AB Vista Feed 

Ingredients, Marlborough, UK). One phytase unit is identified as the enzyme amount needed to 

release 1 µmol of inorganic P/min from sodium phytate at 60°C and pH 4.5. Phytase 1 and PHY2 

are 2 commercially available microbial phytases, but PHY1 is thought to be more effective at 

lower doses compared to PHY2.  

In Vitro Analysis 

A nitric and perchloric wet ash digestion procedure was used to determine total Ca and P 

in the diets for comparison to the in vitro phases. Calcium and total P were analyzed in duplicate 

according to AOAC (1990) procedures.  

For the gastric digestion phase, samples were ground through a 1 mm screen, and 1.0 g of 

each diet was weighed into 50 mL conical tubes in triplicate. A 0.13 N HCl solution with 2,000 

U pepsin/mL (P6887; Sigma Aldrich, St. Louis, MO) from porcine gastric mucosa was prepared 

immediately prior to the start of the assay, and 4.5 mL was added into each tube with feed, 

immediately vortexed, and incubated in a water bath at 40°C for 5, 10, or 20 min. This was done 

at intervals of 3 samples every 2 min, for either 9 or 10 samples at a time. Incubated samples 

were then removed from the water bath in intervals of 2 min, as they were put in, vortexed, and 

then immediately measured for pH with a digital pH meter (Accumet Basic; Fisher Scientific, 

Waltham, MA). Samples were then diluted to 20 mL with 0.13 N HCl, vortexed, and centrifuged 
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for 3 min at 18 x g and 4°C. The supernatant from each sample was then collected and placed in 

50 mL conical tubes. The original diet samples were diluted again with 0.13 N HCl, vortexed, 

and centrifuged similar to previous methods. The supernatant was collected, pooled, and filtered 

through 0.2 µm syringe filters into 15 mL conical tubes and stored at 4°C until further analyses.   

Prior to running the SI phase of the in vitro assay, sample diets were exposed to the 

gastric phase of the assay for 20 minutes using procedures described previously. Immediately 

preceding the start of the SI assay, a 0.5 M NaHCO3 solution, containing 2 mg pancreatin/mL 

(P7545; Sigma Aldrich, St. Louis, MO) from porcine pancreas was prepared. After 20 minutes in 

the gastric phase, samples were removed from the water bath and 1.5 mL of the NaHCO3 

solution was added to each tube. Samples were vortexed and replaced in the water bath for a 

second incubation of 5, 10, 20, or 60 min. Upon completion of each time phase, samples were 

removed from the water bath in intervals of 2 min, as they were put in, vortexed, and 

immediately measured for pH. The samples were then diluted to 15 mL with 0.32 M HClO4, 

vortexed, and centrifuged at 18 x g for 3 min at 4°C. The supernatant from each sample was 

collected and placed in 50 mL conical tubes. The samples were diluted to 15 mL again, vortexed, 

and centrifuged. The supernatant was collected, pooled, and filtered according to previously 

mentioned procedures. 

Mineral Analysis 

The diet samples exposed to the nitric and perchloric digestion or the in vitro digestion 

were diluted with 2% HNO3 and molybdovanadate in a cuvet for P analysis or 1% La2O3 for Ca 

analysis. Phosphorous was analyzed colorimetrically using a Genesys 5 spectrophotometer 

(Thermo Electron Corporation, Madison, WI) at 410 nm according to the methods of the 

Association of Official Analytical Chemists (1970) for P (7.095-7.098). Calcium was analyzed 
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using a Perkin Elmer Atomic Absorption spectrophotometer (Analyst 800, Ueberlingen, 

Germany) according to the methods of Analyst 800 (1998). Solubility coefficients were acquired 

using the following equation: 

[Mineral]supernatant / [Mineral]diet 

Statistical Analysis 

Data were evaluated as a full factorial design arranged as a 3 x 5 x 3 design for the gastric 

phase and 3 x 5 x 4 design for the SI phase. Analysis of variance was performed using JMP 9.0 

(SAS Institute, Inc., Cary, NC). The statistical model included diet, phytase, incubation time, 

replication, and all interactions. The experimental unit was each replicate tube. When means 

were significant, differences were separated using Tukey’s HSD test. Values are reported as least 

squares (LS) means ± SEM. Only significant interactions or main effects are presented. 

Significance was accepted at P ! 0.05. 

RESULTS 

The control diet, consisting of corn and soybean meal had approximately 0.2 % Ca and 

0.3 % P, and all other diets had varying amounts of total Ca and P (Table 1). All Ca and P 

solubilities were calculated using the analyzed total Ca and P values, not the formulated values 

(Table 1). Phytase activity recovered in the diets is presented in Table 2 and all values are within 

acceptable ranges when considering sampling and assay variation.  

Gastric Phase Digestion 

There was a two-way interaction (P = 0.008) between diet and phytase in the gastric 

phase for Ca solubility (Table 3). Calcium solubility was lowest in diets supplemented with 

limestone and phytase had no influence on Ca solubility in the presence of limestone. When 
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PHY1 was supplemented, Ca solubility was increased in the control diet and diet with the HSC, 

but this was not different than the control and HSC diets supplemented with PHY2 or with no 

added phytase.   There were no differences between diets supplemented with phytase and diets 

not supplemented with phytase within any of the diet treatments.  

There was a two-way interaction (P < 0.001) between diet and phytase on P solubility 

(Table 3).  Phytase supplementation increased P solubility in all diets, except when dical was 

supplemented as the Ca source. The supplementation of PHY1 resulted in superior P solubility 

than PHY2 when Ca was supplied from the HSC or whey, but P solubility was not different 

between PHY1 and PHY2 in the control diet, the diet supplemented with limestone, or the dical 

diet. 

A two-way interaction (P = 0.001) between diet and phytase on pH in the gastric phase 

was observed (Table 3). Phytase did not influence gastric pH, except when the limestone diet 

was supplemented with PHY2, which resulted in a higher pH compared to the limestone diet 

without phytase or supplemented with PHY1. Gastric pH was highest when diets were 

supplemented with HSC and lowest in the control diet or diets supplemented with whey, 

regardless of phytase level.   

There was a significant main effect of water bath incubation time on P solubility and 

gastric pH (Table 4).  In general, P solubility was higher (P < 0.001) after the 20 min incubation 

than either the 5 or 10 min incubation in the water bath, while 5 and 10 min were not 

significantly different from each other. Gastric pH increased over time and was higher (P < 0.05) 

after 20 min incubation compared to gastric pH after 10 min incubation, which was higher (P < 

0.05) than gastric pH after 5 min incubation in a water bath.   
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SI Phase Digestion 

Solubility of Ca was influenced by a diet and phytase two-way interaction (P = 0.001; 

Table 5). Solubility of Ca was highest in diets supplemented with HSC and lowest in diets 

supplemented with limestone. Phytase had no influence on Ca solubility in the SI phase, except 

when limestone was supplemented with PHY1, which resulted in reduced Ca solubility 

compared to the limestone diet without phytase.  

A two-way interaction for P solubility (P = 0.011) occurred in the SI phase between diet 

and phytase (Table 5). Phytase increased P solubility in all diets except for the diets 

supplemented with dical. Solubility of P was highest in the diets supplemented with dical and 

lowest in all other diets not supplemented with phytase.  Across all diets, P solubility did not 

differ between PHY1 and PHY2, and P solubility was higher in the presence of phytase in the 

diets with limestone, HSC, or whey.           

The SI pH was influenced by a two-way interaction (P < 0.001) between diet and phytase 

(Table 5).  Phytase 1 significantly reduced (P < 0.05) pH in the diets with limestone compared to 

the limestone diet without phytase, and PHY2 significantly reduced (P < 0.05) pH in the diets 

with whey compared to the whey diet with PHY1. The SI pH was highest when HSC was 

supplemented in the diets, and phytase did not influence pH. Diets supplemented with dical had 

the lowest pH of all diets and phytase had no influence on pH.  

There was a two-way interaction (P = 0.001) between Ca source and water bath 

incubation time on pH in the SI (Table 6). The pH in the SI phase was highest (P < 0.05) in diets 

supplemented with HSC at any time measured or limestone at 20 or 60 minutes compared to the 

SI pH at 5 or 10 minutes. In the control diet or diets supplemented with dical or whey the pH in 
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the SI phase was higher (P < 0.05) at 60 minutes compared to pH at 5 or 10 minutes, but there 

were no differences at 20 minutes.   

DISCUSSION 

Several interactions and main effects took place in both the gastric phase and the SI 

phase, indicating the considerable effects phytase addition, Ca source, and incubation time have 

on Ca and P solubility and pH. The influence of phytase and Ca source in the gastric phase may 

indicate phytase did not affect Ca solubility in any diet, regardless of the influence of the Ca 

source on Ca solubility. The interaction was most likely due to the low Ca digestibility in 

limestone with addition of PHY1 and the high Ca digestibility in control diets with PHY1 even 

though PHY1 did not cause significant differences compared to the other phytase levels within 

either diet. Addition of phytase did not improve gastric Ca digestibility in any diet, which has 

also been reported in Walk et al. (2012b). Additional reports have shown improvements with 

phytase addition in broiler diets for P digestibility but not for Ca digestibility (Sebastian et al., 

1996; Powell et al., 2011). This is in contrast with what was reported in previous work by Walk 

et al. (2012a) and other researchers where phytase improved Ca solubility in vitro and Ca 

digestibility in vivo (Ravindran et al., 2006). These differences may be related to the dose of 

phytase used in the experiment. Gastric Ca solubility was high in diets supplemented with all 

other Ca sources except limestone, which may have been related to the short assay incubation 

time used to dissolve the larger limestone particles. In an in vitro assay, diets ground through a 2 

mm screen had lower Ca solubility than diets ground through a 1 mm screen except with addition 

of phytase at 1000 FTU/kg with a positive control diet or 5000 FTU/kg with a negative control 

diet (Walk et al., 2012a). Calcium solubility and retention in the gizzard were increased in layers 

fed large particle (>0.8 mm) limestone (Zhang and Coon, 1997). Higher Ca solubility with larger 
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particle sizes can be due to increased acid production in the gizzard because of a longer gizzard 

retention time that is needed to further break down the feed. These findings agree with others 

that have found in vitro solubility of Ca sources to be negatively correlated with in vivo solubility 

and Ca availability in vivo (Zhang and Coon, 1997, Rao and Roland, 1989). The high in vitro Ca 

solubility of the HSC diets is probably due to its fine texture and small particle size along with its 

unique honeycomb structure and large surface area, which makes it structurally different than 

limestone (Lithothamnium sp., Celtic Sea Minerals). While whey contains much lower 

percentage of total Ca (0.90%) than limestone (38.0%), in this study, it had a higher Ca solubility 

in the gastric phase, which could be due to its fine particle size and powder form, along with its 

high solubility properties. The bioavailability of Ca from dical in chicks ranges from 

approximately 100% (Motzok et al., 1965) to 113% when compared to limestone (Blair et al., 

1965), making it a highly soluble Ca source, as well.  

 A two-way interaction between diet and phytase on P solubility in the gastric phase 

suggested phytase supplementation affected P solubility more so than Ca source in this study. 

Phytase addition increased P solubility within all diets, except when dical was supplemented 

which has been previously reported (Walk et al., 2012a). It is possible this occurred because 

dical already had the highest amount of available P compared to the other Ca sources. It is also 

possible that the high levels of P reduced phytase efficacy in the closed in vitro system. 

Dicalcium phosphate has a high P bioavailability in chicks, which is around 97% compared to 

beta-tricalcium phosphate (Peeler, 1972; Nelson, et al., 1961; Nelson and Walker, 1964). In the 

control diets, P was approximately 42% soluble and Ca source (limestone, HSC, or whey) in the 

absence of phytase had no influence on P solubility. However, P solubility was highest in the 

HSC or whey diets with PHY1 compared with PHY2 suggesting PHY1 was liberating P from 
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phytate more effectively and more quickly than PHY2. Because both whey and HSC diets had a 

higher P solubility with PHY1, it is possible that PHY1 was more effective with finer powders or 

smaller particle sizes of those two diets. As all diets, except for dical, had lower P solubility with 

no added phytase, it indicated that addition of phytase does improve P availability in corn-soy 

diets, as seen in previous studies (Rutherfurd et al., 2004; Wu et al., 2003).  

There was a two-way interaction between diet and phytase on pH in the gastric phase. 

Addition of phytase increased gastric pH only in limestone diets with PHY2, while pH did not 

change in the other diets, which contrasts other work showing phytase increased piglet stomach 

pH in reduced Ca and P diets with limestone as the main Ca source (Radcliffe et al., 1998), 

which is similar to recent in vitro work (Walk et al., 2012a). However, the increase in piglet 

stomach pH may have been due to excess Ca rather than phytase, as graded levels of both Ca and 

phytase were part of the study (Radcliffe et al., 1998). Limestone, HSC, and dical diets all had 

the highest pHs, and all also had the highest inclusion levels of Ca, which may have buffered the 

pH of the gastric phase. The HSC diets had the highest gastric pH of all diets due to the high 

solubility of this Ca source. It is possible that different particle sizes from the different Ca 

sources also affected the gastric pH, as the limestone tended to have larger particles than powder-

like substances such as whey. Coarse particles cause a stronger mechanical stimulation and 

longer retention time in the gizzard than fine particles, which results in more acid secretion 

(Bjerrum et al., 2005); though this may not be the case for the closed in vitro system, as the same 

amount of acid is added to each sample. 

Twenty min in the water bath caused a higher P solubility than 5 or 10 min in the water 

bath. This is likely because this longer incubation time gave the enzymes and acid more time to 

work in this ideal environment and made more P available for digestion. Pepsin is released and 
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active in the proventriculus of the bird where HCl is also secreted, allowing for degradation of 

feed and availability of minerals. The optimum pH of the phytases used in this study is around 

4.5, which is close to the pH in the gastric phase, allowing for efficacy of the enzyme and 

increased solubility of Ca and P. As seen in other in vitro work, P solubility did not change over 

time when no phytase was present (Walk et al., 2012a). However, both phytases increased P 

solubility regardless of the Ca source or water bath time, which agrees with previous work that 

shows P digestibility is improved by addition of phytase in broilers (Jendza et al., 2006). 

However, there was no phytase by incubation time interaction, as seen in earlier work (Walk et 

al., 2012a). There was also a main effect of water bath incubation time on gastric pH. Twenty 

min in the water bath caused a higher gastric pH than 5 or 10 min because the longer incubation 

allowed time for the solution to revert to neutral pH.  

In the SI phase, the interaction between diet and phytase level on Ca solubility was due to 

PHY1 reducing Ca solubility in limestone diets compared to the limestone diet without phytase. 

Phytase did not improve Ca digestibility in any of the diets in the SI phase, as seen in previous 

work suggesting there is no additional release of Ca past the gastric phase in presence of phytase 

(Walk et al., 2012a). Since the pH is higher than 4.0 in the SI due to the addition of NaHCO3, 

there is low solubility of phytate-Ca chelates, leading to a low availability of Ca in the SI (Selle 

et al., 2000). The pH optimum of the two phytases used in this trial is around 4.5, and the pH of 

the SI is too high for them to be active in this stage, thus any improvements in P solubility due to 

phytase would only be apparent in the gastric phase.  

Similarly to the gastric phase, phytase affected P solubility in the SI phase in all diets 

except for dical. Dical may have already been at maximum available P, so phytase addition 

likely could not improve P solubility, as dical was the Ca source with the highest P solubility. 
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The bioavailability of P in dical ranged from 97% to 100.6% in three different commercial dical 

samples compared to pure calcium phosphate dibasic dihydrate (Lima et al., 1997). In the diets 

supplemented with whey, HSC, and limestone, the addition of phytase improved P solubility, 

presumably a carry-over effect of phytase in the gastric phase. The addition of PHY1 or PHY2 

did not yield different results with any Ca source, but in the control diet, addition of PHY1 and 

non-phytase supplemented diet were not different in terms of P solubility. While PHY1 was 

more effective at improving gastric P solubility, there were no differences between phytases in 

the SI phase. This shows that PHY1 may work faster than PHY2 or that there is evidence of 

carry-over effects from the samples being exposed to the gastric phase first. It may be that the 

different effects of the phytases from the gastric phase to the SI phase were due to Ca-phosphate 

precipitation as the pH increased, which may have rendered PHY1 less effective in the SI phase.  

There was a two-way interaction (P < 0.0001) between diet and phytase on pH in the SI. 

Limestone, a common Ca source in broiler diets, has been used to increase pH in the soil for 

many years due to its effectiveness in neutralizing dilute acid (Anderson et al., 1984). Addition 

of phytase did not increase SI pH but did decrease it in limestone diets with PHY1. Other work 

shows no influence of phytase on SI pH (Walk et al., 2012a). Adding NaHCO3 creates an 

alkaline situation, so Ca and P would not be in ionic form to bind H ions and change pH 

(Radcliffe et al., 1998). The HSC diets had the highest pH, which is similar to the gastric phase 

results. This could be due to high solubility of HSC and the buffering capacity of the Ca in the 

HSC. It is possible that different particle sizes of different Ca sources changed the pH in the SI 

phase. Phytase did cause differences in pH in limestone and whey diets but not in others. This 

may be because of their initial pH. Dicalcium phosphate had the lowest pH of all diets, possibly 

because of its initial pH given that an increase in soluble P decreases pH. 
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There was a two-way interaction (P = 0.0011) between diet and water bath incubation 

time on pH in the SI. While pH was not expected to change in the SI phase because the addition 

of NaHCO3 caused an alkaline environment, both Ca source and water bath incubation time 

played a role in changing the pH in the SI. The HSC and limestone diets, at 20 and 60 min, 

resulted in higher pH than at 5 and 10 min, as pH tended to increase more rapidly in these diets. 

In the control, dical, and whey diets it was not until the 60 min incubation time that there was a 

difference from 10 min. In the SI, NaHCO3 should increase pH in the chicken gut because it is 

more basic than HCl. Release of pancreatin and other enzymes in the SI in the presence of Ca 

can cause an increased activity of these enzymes, causing an increase in pH over time. Since the 

in vitro assay is a closed system, nothing is being absorbed or removed so the pH will slowly 

return toward neutral pH. The highest pH was in the HSC diets at 20 and 60 min because of the 

highly soluble nature of this Ca source. The lowest pH was in dical diets. Twenty and 60 min in 

the water bath yielded essentially the same pH within all diets, indicating that a longer time in 

the water bath, past 20 min, had no further effect. Five and 10 min in the water bath were 

essentially the same, as well. The biggest difference occurred between 10 and 20 min.   

This in vitro study showed increased solubility of P with the addition of phytase in the 

diets. This data reflects work by Ravindran et al. (2006), who performed a study involving 

dietary addition of phytic acid and phytase in broilers. While phytic acid lowered ileal 

digestibility of P, phytase increased P digestibility.  Both Ca and P apparent ileal digestibility 

coefficients were increased with increasing levels of phytase, from 0 to 1,000 FTU/kg. Calcium 

digestibility was improved by phytase addition regardless of dietary phytate concentration. This 

data indicates that the negative effects of phytic acid can be overcome by the use of phytase in 
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the diet (Ravindran et al., 2006). While in vivo data reflects digestibility of Ca and P in broilers, 

in vitro data reflects solubility of Ca and P, but solubility does not directly reflect digestibility.  

A study that inhibited gastric acid secretion in chicks showed an increased gizzard pH 

and lowered Ca solubility in both the gizzard and duodenum (Guinotte et al., 1995). This could 

lead to lower Ca digestibility in the SI, which means it is important to have a low pH in the 

gastric phase in order to increase Ca solubility, and therefore, digestibility in the SI. The pH of 

the gastric and SI phase plays an important role in mineral solubility and phytase efficacy. The 

pH optima of phytase also plays an important role in phytase efficacy, particularly in relation to 

where phytate is soluble in the gastrointestinal tract. In future in vitro experiments, work with 

super-dosing of phytase and different particle sizes of Ca sources would be of interest. Also, 

using a solution other than perchloric acid for the SI phase would be of interest. While using only 

NaHCO3 was experimented with, it was not used in the final results because it failed to keep the 

Ca and P in solution for analysis. Therefore, perchloric acid was used, which may not be 

biologically accurate. However, it is possible that the NaHCO3 problem we saw also happens in 

the bird to some extent. Sodium bicarbonate in the gut may not be able to keep Ca and P in 

solution, so more is being passed into the feces. Other areas of exploration would include using 

this data to design a live bird trial to test the efficacy and applicability of the in vitro work. 

Overall, the in vitro work in this study shows improvements in P but not Ca solubility in 

different digestive stages with phytase supplementation and different Ca sources. Many other 

factors play a critical role as well, including incubation time, pH, and particle size. The HSC diet 

was highly soluble and efficient in the in vitro digestion simulation. In general, HSC appears to 

be a good substitute Ca source for limestone, and may even be more effective especially when it 

comes to Ca digestibility. Diets supplemented with PHY1 were more effective with gastric P 



 

102 

digestibility, while there were no differences between phytases in SI P digestibility, meaning 

PHY1 may work faster than PHY2.  

This new assay can be used to test phytases and Ca sources as a way to predict broiler 

response, which may not be exactly equivalent to Ca and P solubility in a bird, but it may allow 

for prediction of differences in phytase and diet type and for recommendations for broiler diets. 

While some findings in this experiment did not agree with previous work, overall, P solubility 

was improved with addition of phytase and longer incubation period. Solubility of Ca was not 

improved by phytase addition but was affected by Ca source. This in vitro assay can be used to 

compare Ca sources and phytases, revealing the efficacy of each. Recognizing the influence that 

many different factors have on P and Ca digestibility and nutrient utilization will ultimately 

allow for new dietary formulations including less P in the diet but still providing for all of the 

mineral and health needs of the bird.   
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Table 1. Composition and nutrient content of experimental diets1 

Ingredient Control Limestone Dical3 HSC Whey 
 % 
Corn 65.00 67.61 66.14 64.10 60.00 
Soybean meal, 48% CP 35.00 30.00 30.00 32.90 30.00 
Whey protein 0.00 0.00 0.00 0.00 10.00 
Limestone 0.00 2.39 0.00 0.00 0.00 
Dicalcium phosphate 0.00 0.00 3.86 0.00 0.00 
HSC2 0.00 0.00 0.00 3.00 0.00 
Crude protein  22.27 20.07 19.95 21.18 20.64 
ME, kcal/kg 3070 3029 2980 2986 2974 
Ca  0.11 1.00 1.00 1.00 0.18 
Phosphorus  0.40 0.38 1.16 0.39 0.43 
Available P 0.11 0.10 0.81 0.11 0.18 
Fat 3.02 3.06 3.01 2.96 2.84 
Fiber 2.75 2.64 2.61 2.66 2.48 
Met 0.36 0.33 0.32 0.34 0.33 
Cys  0.38 0.35 0.34 0.36 0.36 
Met+Cys 0.73 0.67 0.67 0.70 0.69 
Lys 1.21 1.06 1.06 1.14 1.14 
Phytate P 0.24 0.23 0.22 0.23 0.21 
Na 0.02 0.02 0.02 0.02 0.08 
DUA 254.85 686.69 230.42 793.19 193.82 
Analyzed Ca 0.21 1.10 1.00 0.70 0.23 
Analyzed total P 0.33 0.33 1.14 0.32 0.38 

1 Each experimental basal diet was divided into thirds and phytase 1 or phytase 2 was 
supplemented at 0.01 or 0.02%, respectively, in place of corn. 
2 HSC = highly soluble marine Ca. 
3 Dical = dicalcium phosphate.  
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Table 2. Phytase activity recovered in the experimental diets 
Diet Phytase2 Formulated phytase, 

FTU/kg 
Analyzed phytase, 

FTU/kg3 

Control 0 0 < 50 
 PHY1 500 539 
 PHY2 500 556 

Limestone 0 0 < 50 
 PHY1 500 775 
 PHY2 500 522 

Dicalcium phosphate 0 0 < 50 
 PHY1 500 400 
 PHY2 500 591 

HSC1 0 0 < 50 
 PHY1 500 524 
 PHY2 500 477 

Whey 0 0 < 50 
 PHY1 500 641 
 PHY2 500 418 

1 HSC = highly soluble marine Ca. 
2 PHY1, E. coli 6-phytase produced in Aspergillus niger with an expected activity of 5,000 
FTU/g. PHY2, E. coli 6-phytase produced in Pichia pastoris with an expected activity of 2,500 
FTU/g.  Both phytases were provided by AB Vista Feed Ingredients, Marlborough, UK.  
3 Diets were analyzed in duplicate using modified methods of Engelen et al. (2001) by Enzymes 
Services and Consultancy, Ystrad Mynach, UK.
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Table 3. The interaction of Ca source and phytase on Ca or P solubility and pH of the gastric 
phase of an in vitro digestion assay1 

Diet Ca solubility, % P solubility, % Gastric pH 
    

Control 0.73C 0.42D 2.20F 

Control + PHY12 0.79ABC 0.66BC 2.39DEF 

Control + PHY23 0.73C 0.64BC 2.31EF 

Limestone  0.59D 0.38D 2.75C 

Limestone + PHY1 0.51D 0.68ABC 2.76C 

Limestone + PHY2 0.58D 0.60C 3.02B 

Dical4 0.81ABC 0.62C 2.49DE 

Dical + PHY1 0.78BC 0.69ABC 2.54D 

Dical + PHY2 0.80ABC 0.68ABC 2.52D 

HSC5 0.83AB 0.39D 3.70A 

HSC + PHY1 0.87A 0.74AB 3.69A 

HSC + PHY2 0.84AB 0.58C 3.67A 

Whey 0.80ABC 0.46D 2.19F 

Whey + PHY1 0.79ABC 0.78A 2.37DEF 

Whey + PHY2 0.79ABC 0.61C 2.37DEF 

    

    
SEM 0.0180 0.0220 0.0418 
P-value 0.0078 <0.0001 0.0007 
A-F Data with different superscripts differ significantly within each column (P < 0.05).  
1 Data represent the mean of triplicate analyses. 
2 PHY1, E. coli 6-phytase produced in Aspergillus niger with an expected activity of 5,000 
FTU/g and included at 0.01% in place of corn.  
3 PHY2, E. coli 6-phytase produced in Pichia pastoris with an expected activity of 2,500 FTU/g 
and included at 0.02% in place of corn.  
4 Dical = dicalcium phosphate. 
5 HSC = highly soluble marine Ca. 
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Table 4. The main effect of water bath incubation time on P solubility and pH in the gastric 
phase of an in vitro digestion assay1 

Water bath time, minute P solubility, % Gastric pH 
   

5 0.56B 2.64C 

10 0.58B 2.71B 

20 0.65A 2.85A 

   

   
SEM 0.0099 0.0187 
P-value <0.0001 <0.0001 
A-C Data with different superscripts differ significantly within columns (P < 0.05). 
1 Data represent the mean of triplicate analyses. 
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Table 5. The interaction of diet and phytase on Ca or P solubility and pH of the small intestine 
phase of an in vitro digestion assay1 

Diet Ca solubility % P solubility % Small intestine pH 
    

Control 0.66EF 0.27F 6.57DE 

Control + PHY12 0.67EF 0.33EF 6.58D 

Control + PHY23 0.63F 0.39DE 6.55DE 

Limestone  0.58G 0.29F 6.83B 

Limestone + PHY1 0.53H 0.41CDE 6.72C 

Limestone + PHY2 0.55GH 0.44BCD 6.77BC 

Dical4 0.75BC 0.59A 6.26F 

Dical + PHY1 0.74CD 0.63A 6.29F 

Dical + PHY2 0.76BC 0.65A 6.31F 

HSC5 0.81A 0.30F 6.98A 

HSC + PHY1 0.81A 0.44BCD 6.98A 

HSC + PHY2 0.79AB 0.44BCD 6.94A 

Whey 0.69DE 0.34EF 6.56DE 

Whey + PHY1 0.67EF 0.49B 6.58D 

Whey + PHY2 0.70DE 0.47BC 6.49E 

    

    
SEM 0.0102 0.0157 0.0167 
P-value 0.0012 0.0107 <0.0001 
A-H Data with different superscripts differ significantly within columns (P < 0.05). 
1 Data represent the mean of triplicate analyses. 
2 PHY1, E. coli 6-phytase produced in Aspergillus niger with an expected activity of 5,000 
FTU/g and included at 0.01% in place of corn.  
3 PHY2, E. coli 6-phytase produced in Pichia pastoris with an expected activity of 2,500 FTU/g 
and included at 0.02% in place of corn.  
4 Dical = dicalcium phosphate. 
5 HSC = highly soluble marine Ca. 
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Table 6. The interaction of water bath incubation time and Ca source on pH in the SI 
SI pH 

Water Bath Diet 

 Control Limestone Dical HSC Whey 

5 min 6.45HI 6.68CD 6.24K 6.85B 6.50GH 

10 min 6.52FGH 6.73C 6.25K 6.92B 6.47H 

20 min 6.60DEF 6.83B 6.27JK 7.05A 6.57EFG 

60 min 6.69CD 6.83B 6.37IJ 7.05A 6.63CDE 

P Value 0.0011 

SEM 0.0193 

A-K Means lacking a common superscript differ significantly (P<0.01).  
1 SI = small intestine 
2 HSC = highly soluble marine Ca  
3 Dical = dicalcium phosphate 
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CHAPTER V 

IN VITRO EVALUATION OF CALCIUM SOURCES, CALCIUM SOURCE 
LOCATIONS, AND PARTICLE SIZES ON CALCIUM AND PHOSPHORUS 

SOLUBILITY AS A MEASURE OF DIGESTIBILITY IN BROILERS 

ABSTRACT  

Calcium and P solubility and the influence on pH of 2 Ca sources, 4 Ca source locations, 

and 3 particle sizes were evaluated in an in vitro assay simulating the gastric and small intestinal 

(SI) phases of digestion. The Ca sources were mixed into corn/soy diets to provide 0.68% 

(limestone) and 0.67% (highly soluble marine Ca (HSC)) total Ca, and they were defined as fine, 

medium, or large particle sizes. Limestone sources were from Bloomington, IN (BL), Franklin, 

IN (FR), Swayzee, IN (SW), or ILC Iowa (ILC). Diets were subjected to a gastric phase 

digestion, including the addition of HCl and pepsin, with incubation times of 5, 10, or 20 min. 

They were also subjected to a SI phase digestion, including the addition of HCl, pepsin, 

NaHCO3, and pancreatin with incubation times of 5, 10, 20, or 60 min. At the end of each 

incubation time, the supernatant was collected, centrifuged, filtered, and analyzed for soluble Ca 

and P. In addition, total Ca and P in the diets were analyzed. In the first statistical analysis, 

interaction between location and particle size was observed for Ca solubility in both the gastric 

and SI phases and for pH in the SI. In the gastric phase, large particle limestone from all 4 

locations led to the lowest Ca solubility, and medium particle size limestone from BL resulted in 

the highest Ca solubility. Medium particle size improved Ca solubility at all times in the water 

bath compared to large particle sizes, and 20 min in the water bath caused a higher P solubility 

than either 5 or 10 min. Limestone from BL, FR, and ILC resulted in higher pH values than 

limestone from SW, and 20 min in the water bath caused a higher gastric pH than either 5 or 10 

min. Medium particle size also increased pH compared to large particle size. In the SI phase, 
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medium particles from BL had the highest Ca solubility of all combinations, and medium 

particle size resulted in a higher Ca solubility than large particles. However, large particles 

improved P solubility compared to medium particles. Particles from BL and ILC resulted in the 

highest Ca solubility, and particles from SW had the lowest Ca solubility in the SI. Medium 

particle size led to a higher pH than large particle size, and longer water bath time resulted in an 

increase in pH in the SI phase. For a second statistical analysis, an interaction between particle 

size and Ca source was observed for Ca solubility and pH in the gastric phase, along with Ca 

solubility in the SI phase. In the gastric phase, fine particles of HSC led to the highest Ca 

solubility, while large particles of limestone resulted in the lowest Ca solubility. Fine particle 

size at all 3 times in the water bath resulted in the highest Ca solubility. Limestone at 20 min and 

HSC at 5 and 10 min had the highest Ca solubilities, but were not different than HSC at 20 min 

in the water bath. Again, fine particle size improved Ca solubility in the gastric phase compared 

to large particles. A higher Ca solubility resulted from HSC particles compared to limestone 

particles, and 20 min in the water bath led to the highest P solubility in the gastric phase. Fine 

particles of HSC had the highest pH in the gastric phase, and large particles of both limestone 

and HSC led to the lowest pH. However, medium particles of HSC increased pH compared to 

medium particles of limestone. In the SI phase, medium particle limestone led to the highest Ca 

solubility. Both medium and fine particles were higher in Ca solubility than large particles, and 

limestone led to a higher Ca solubility than HSC. Fine particles led to the highest pH, while large 

particles led to the lowest pH, and as time increased in the water bath, pH also increased. Particle 

size affected Ca and P solubility in this in vitro digestion assay. However, the response was 

dependent upon Ca source and location, and fine and medium particles and HSC diets appeared 

to have the highest Ca solubilities overall.  



 

115 
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INTRODUCTION 

Feed ingredient particle size reduction has been a subject of interest in the poultry 

industry in recent years due to the possibility of improving solubility of nutrients and therefore, 

efficiency of production. Changes in the particle size of the diet can result in faster weight gain, 

improved gut health, lower cost of production, and improved feed to gain ratio. Particle size 

differences can also lead to changes in gastrointestinal pH and organ weights, which can affect 

gut motility. However, reducing feed particle size in broiler diets presents an economic 

production decision that constitutes the second highest energy cost in the manufacturing of feed 

(Reece et al., 1985). Producers want to reduce particles to accommodate both cost and growth 

efficient size. It is possible that energy savings could be best achieved by coarsely ground mash 

diets with no negative effect on broiler gut health (Amerah et al., 2007b). 

Particle size can affect many different aspects of broiler production, including bird 

performance responses and nutritional solubility of minerals. Numerous studies have been 

conducted on the performance effects and intestinal health benefits of particle size changes in 

broilers, and some in vitro assays have been developed in order to predict those differences and 

compare them to the actual response in the birds. An in vitro study comparing Ca and P 

solubility and particle sizes in a simulation of broiler digestion, showed a lower Ca solubility in 

diets ground through a 2 mm screen than in diets ground through a 1 mm screen, except with 

addition of phytase (Walk et al., 2012b). There was a lower in vitro P solubility in diets ground 

through a 2 mm screen compared to a 1 mm screen, but P solubility was improved with addition 

of phytase and after 10 min incubation in a water bath (Walk et al., 2012b). In diets ground 

through a 1 mm screen, Ca solubility continued to improve for up to 20 min in the water bath of 
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a gastric phase digestion, but with diets ground through a 2 mm screen, Ca solubility did not 

change over time (Walk et al., 2012b). In vitro Ca solubility was dependent upon particle size, 

where the smaller particle size Ca sources had a higher Ca solubility (Saunders-Blades et al., 

2009). While coarse particle (1.2 mm) diets increased the amount of insoluble Ca in the broiler 

gizzard and decreased BW gain and Ca retention, coarse particle diets did not affect layers in 

their Ca retention, eggshell weight, or egg shell density (Guinotte et al., 1995). However, it has 

also been reported that Ca solubility and retention in the gizzard were increased in layers fed 

large particle (>0.8 mm) limestone (Zhang and Coon, 1997), which may mean that layers can 

cope with inconsistent Ca supplies in the diet (Walk et al., 2012b). However, using a finely 

ground Ca with addition of phytase may increase Ca solubility and bone health of broilers by 

increasing Ca availability and digestibility (Walk et al., 2012b).  

Limestone is the most common Ca source used in feed in the poultry industry. It is an 

inexpensive, readily available source and is high in Ca at around 36%. It is also effective at 

neutralizing acid (Anderson et al., 1984). Sources of limestone often differ in appearance and 

composition but are often assumed to be equivalent in nutrient value for poultry. However, 

sources of limestone can differ in nutrient value, and different particle sizes can affect solubility 

of Ca. High levels of Ca from limestone may also have a negative effect on broilers. Poor 

performance and low ability to utilize endogenous phytase can result from too much Ca in the 

diet (Anderson et al., 1984).  

Highly Soluble Ca (HSC; Vistacal, AB Vista Feed Ingredients, Marlborough, UK) is a Ca 

source composed of calcified seaweed that is being investigated for use in poultry feed. It 

contains 32% Ca and has a high in vitro Ca solubility compared to limestone. Similar to 

limestone, it is available in different particle sizes. Calcium carbonate (limestone) is 100% 
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calcite, while HSC is made up of 65% calcite, 23% aragonite, and 12% vaterite (“Calcareous 

Marine Algae,” Celtic Sea Minerals). Aragonite and vaterite are polymorphs of calcite, meaning 

they are the same chemically, yet differ structurally (“Calcareous Marine Algae,” Celtic Sea 

Minerals). A highly effective buffer due to its physical structure, HSC breaks down slowly in an 

acidic environment and neutralizes significant amounts of acid over time (“Calcareous Marine 

Algae,” Celtic Sea Minerals). After 6-8 hours at pH 5.5, 100% of the Ca in HSC is released and 

made available for digestion (“Calcareous Marine Algae,” Celtic Sea Minerals). It is known to 

have a unique honeycomb structure and large surface area (Celtic Sea Minerals).  

Several studies used HSC to evaluate its effects on broiler performance with addition of 

phytase (Walk et al., 2011, unpublished). In the first study, growth performance of HSC fed birds 

was improved when compared to limestone fed birds, but only when HSC was supplemented 

with phytase (Walk et al., 2011, unpublished). Between pH 1 and 6, HSC is soluble, but it is also 

highly reactive with phytate and excess phosphate (Walk et al., 2011, unpublished). If phytase is 

not supplemented with HSC in diets, HSC can form insoluble Ca-phytate complexes, which can 

lead to Ca deficiencies in the bird (Walk et al., 2011, unpublished). Addition of phytase can 

prevent this and increase the solubility of Ca and P (Walk et al., 2011, unpublished).     

A study on the solubility of different mineral particle sizes both in vivo and in vitro 

revealed the amount of retained Ca from limestone in the gizzard was increased with larger 

particle size for the same Ca level and source (Zhang and Coon, 1997). Similarly, when Ca level 

was increased, the amount retained in the gizzard was increased, but when Ca level surpassed 

3.72%, the amount of large particles retained was decreased (Zhang and Coon, 1997). This 

decrease was probably not a result of an increase in Ca solubility, as suggested by the 5.32% Ca 

diet causing a lower solubility than the 3.72% Ca diet. It could just mean that larger particles 
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might have been expelled from the gizzard because they could not fit within the capacity of the 

gizzard (Zhang and Coon, 1997).  

Reviews of literature have revealed conflicting data on effects of large particle Ca size on 

eggshell quality in layers (Scott et al., 1971; Roland, 1986). Some research shows a positive 

effect of coarse particle size Ca on eggshell quality, while some show no effect. However, since 

there is such a large scope of differences between particle sizes and Ca sources it is difficult to 

compare studies. There is a necessity for a common system of categorizing particle sizes in order 

to compare them effectively across the industry. There is also a need to define particle size terms, 

analyses, and standard measurements across the industry.  

Many factors can affect Ca and P solubility including: Ca intake, pH in the intestine and 

gizzard, gastric acid secretion, and amount of phytate in the diet. Calcium must be soluble in the 

acidic environment of the proximal gastrointestinal tract before it can be absorbed in the SI. 

When gastric acid secretion was chemically inhibited, gizzard pH was increased and Ca 

solubility was decreased in both the gizzard and duodenum of chicks (Guinotte et al., 1995). 

High Ca intake caused a low in vivo Ca solubility, and in vivo Ca solubility was also decreased 

as particle size of limestone decreased (Zhang and Coon, 1997). However, in vivo solubility 

tended to be negatively correlated with in vitro solubility (Zhang and Coon, 1997). Low in vitro 

solubility of dietary Ca correlates to increased gizzard retention and high in vivo Ca solubility, 

which leads to increased utilization of the Ca (Zhang and Coon, 1997). However, in vivo 

solubility is not a direct measure of Ca retention, as in vivo solubilities are higher than the normal 

40-60% Ca retention of layers (Zhang and Coon, 1997). Laying hens may not completely absorb 

released Ca from limestone, and they lose absorbed Ca from the kidney (Zhang and Coon, 1997).  
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Various in vitro solubility methods have been used to try and estimate in vivo solubility 

of Ca particles. One such method used 0.079 N HCl at pH 1.5 and added limestone at a ratio of 

1:100 (wt/vol) for 15 minutes (Rao and Roland, 1990). The supernatant was then collected and 

filtered through filter paper. The filter paper and limestone were then dried at 60°C and weighed. 

The percentage of solubilized limestone was calculated and recorded as the in vitro limestone 

solubility rate (Rao and Roland, 1990). These researchers found that in vitro solubility may not 

be related or may be negatively correlated to in vivo solubility. They also found in vivo Ca 

solubility was decreased as Ca intake increased, and larger Ca particles had a high in vivo 

solubility but a low in vitro solubility (Rao and Roland, 1989).  

Another study used an in vitro assay to determine solubility of limestone with similar 

methods to Rao and Roland (1989) (Zhang and Coon, 1997). This study found that in vitro 

solubility of Ca sources is negatively correlated with in vivo solubility and Ca availability in 

layers (Zhang and Coon, 1997, Rao and Roland, 1989). They showed that a large particle 

limestone (>0.8 mm) with a low (30-50%) in vitro solubility builds up in the gizzard and 

produces a high in vivo solubility (94% maximum), which would potentially lead to increased Ca 

retention in layers fed limestone in the form of large particles (Zhang and Coon, 1997). In vivo 

Ca solubility relates to both Ca source and in vitro Ca solubility because the rate of Ca uptake 

may be limited by the hen’s natural capacity for Ca absorption in the gastrointestinal tract. A less 

soluble Ca source may have been absorbed more completely due to its slower Ca release 

compared to Ca sources with higher solubility (Zhang and Coon, 1997). Also, large particles of 

Ca are retained longer in the gizzard, which may lead to a slower progression through the 

digestive tract. This means the limestone is in an acidic environment for a longer period of time, 

which would increase the opportunity to dissociate into ionic Ca, which produces more available 
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Ca (Zhang and Coon, 1997). In the in vitro system, smaller particles have higher solubility, but 

in the in vivo system, these particles are in the acidic environment of the gizzard for a reduced 

amount of time. The higher release rate may exceed absorption capacity of Ca in the intestine so 

the dissolved Ca has a reduced utilization (Zhang and Coon, 1997).  

Research conducted in vitro, mimicking the digestion of broilers, is an attempt to predict 

in vivo diet effects and analyze diets for different parameters. It is also used as a method to 

analyze mineral content and mineral solubility along with testing various feed ingredient sources 

or particle sizes. However, methods for determining mineral solubility can vary substantially 

between labs making it difficult to compare results between experiments. Walk et al. (2012) 

performed an in vitro study testing diet samples and added phytase in a simulation of broiler 

digestion (adapted from Bedford and Classen, 1993). The results revealed that addition of 

phytase to diets increased Ca and P solubility in the gastric phase, which was maintained into the 

SI phase (Walk et al., 2012b), and has also been observed in broilers (Ravindran et al., 2006). 

The in vitro SI phase pH was not influenced by diet (Walk et al., 2012b), which could be because 

adding NaHCO3 produced an alkaline situation, so the Ca and P would not be in their ionic forms 

in order to bind H ions and change pH (Radcliffe et al., 1998). Calcium and P solubility reached 

a plateau in the gastric phase suggesting that there was no further release of minerals in the SI 

phase regardless of presence or absence of phytase (Walk et al., 2012b). Therefore, the 

hydrolysis of P and Ca solubility in the gastric phase may dictate the digestibility of Ca and P in 

the SI, and release of Ca and P in the SI is likely negligible (Walk et al., 2012b).  

Additional results of Walk et al. (2012b), which examined diet samples only subjected to 

the gastric phase digestion with incubation times of either 5, 10 or 20 minutes in the water bath, 

showed that P solubility was not altered over time in the absence of phytase and was roughly 



 

121 

43% to 50% of the total P in the diet (Walk et al., 2012b). Phosphorus solubility was generally 

lower in diets ground through a 2 mm screen than in diets ground through a 1 mm screen, but 

was increased after 10 min in the water bath, which caused a particle size x incubation time 

interaction (Walk et al., 2012b). Calcium solubility was affected by phytase addition, but the 

effects were reliant upon particle size and water bath incubation time, which produced diet x 

particle size and particle size x incubation time interactions (Walk et al., 2012b). The authors 

concluded that using finely ground Ca with addition of phytase in broiler diets can improve 

solubility of Ca and bone health through increased Ca availability (Walk et al., 2012b).  

The in vitro results from Walk et al. (2012b) allow for several conclusions to be made 

and compared to in vivo research in broilers. First, residence time during the gastric phase of in 

vitro digestion may play a crucial role in Ca and P dissolution rate and utilization (Walk et al., 

2012b). Within 5 min of a simulated gastric digestion in vitro, phytase addition increased Ca and 

P solubility, but the Ca and P solubility improvements over time were not parallel (Walk et al., 

2012b). This could be related to precipitation of Ca-phytate complexes and dephosphorylation of 

phytate by phytase addition (Walk et al., 2012b). Since microbial phytases first target the 6-

phosphate then the 5-phosphate on phytate before moving on to a new molecule of phytate 

(Cowieson et al., 2011), and intact phytate has a higher binding capacity for Ca than its lower 

phosphate esters (Luttrell, 1993), the use of phytase causes soluble Ca and P to enter the SI in a 

non-parallel manner as seen in the in vitro digestion model (Walk et al., 2012b). These results 

may not be exactly what would happen in a live bird trial, mainly due to the fact that there are 

many other factors in a live bird influencing digestion. However, if these in vitro results are 

repeatable and can be adapted and looked at as trends and patterns, then this assay can be 

beneficial for research purposes. Being able to perform an in vitro assay that simulates digestion 
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and can analyze different Ca sources, enzymes, and particle sizes for Ca and P solubility, or even 

for other parameters, would allow for a quick and cost efficient way to evaluate and compare 

these factors. This need may arise when a full grow-out bird trial cannot be completed. It is also 

important to understand the differences and influence of phytases, pH, particle size, and retention 

time on Ca and P solubility in different parts of the GIT, which could possibly lead to 

establishing a digestible Ca requirement comparable to the established digestible P requirement 

(Walk et al., 2012b). Being able to formulate diets for a digestible Ca requirement may lessen the 

need for high dietary Ca levels, which will save space in the diet, increase nutrient utilization, 

and allow for adequate bird health (Walk et al., 2012b). 

Particle size, pH, retention time, and digestion phase may all influence solubility and 

digestibility of Ca and P in poultry. The main objective of this experiment was to compare the 

solubility of different Ca sources, each with different particle sizes and obtained from different 

locations within the United States, at specific incubation times in an in vitro digestion assay. 

Simulations of both gastric and SI phase digestions were performed to determine P and Ca 

solubilities of the different treatments, along with measurements and comparisons of pH.  

MATERIALS AND METHODS 

Experimental Diets and Conditions 

Experimental diets (Table 1) containing 3 different Ca sources (limestone, HSC, or 

dicalcium phosphate) with 3 different particle sizes and limestone from 7 different locations 

were subjected to an in vitro assay as described by Walk et al. (2012b). The various Ca sources 

with analyzed particle sizes were obtained from locations across the US and the UK. Corn and 

soybean meal were ground separately through a 1 mm screen and then mixed with the different 

Ca sources into separate diets. Three replicates of each Ca source of small particle size, medium 
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particle size, large particle size, or some combination of the 3, at each incubation time, were 

utilized in both phases of digestion. Diets were subjected to a wet ash digestion, a gastric phase 

digestion, and a small intestine (SI) phase digestion. Eleven samples were processed at one time, 

including one standard and blank.                                              

Particle Size Analysis  

Calcium particle size was analyzed separately from corn and soy (Kansas State 

University; Table 2). Fine size particles were defined as 0-100 !m, medium were 101-1000 !m, 

and large size particles were >1000 !m. The particles were analyzed using a standard sieving 

method (ASAE, 1983). First, the samples were weighed out to 100 g and filtered through a series 

of sieves with different size openings. The mesh sizes (mm) were 3.35, 2.36, 1.7, 1.18, 0.8, 0.6, 

0.425, 0.3, 0.212, 0.15, 0.106, 0.075, 0.053, and 0.037. The contents of the sieves were shaken 

onto pre-weighed filter paper and weighed. The dry weight of particles retained by each sieve 

and of the fine particles remaining in the bottom pan was expressed as a percentage of the total 

particles recovered. An overall particle size in microns was determined for comparison to other 

samples and classification of particle sizes. 

In Vitro Analysis 

A nitric and perchloric wet ash digestion procedure was used to determine total Ca and P 

in the diets for comparison to the in vitro phases and was completed in duplicate after grinding 

the diets (AOAC, 1990). The solution of dissolved minerals resulting from this assay was later 

diluted and used to analyze for total Ca and P in the diets. 

For the gastric digestion phase, corn and soy were ground through a 1 mm screen and 

mixed with the Ca sources, and then 1.0 g of each diet was weighed into 50 mL conical tubes in 

triplicate. A 0.13 N HCl solution with 2000 U pepsin/mL (P6887; Sigma Aldrich, St. Louis, 
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MO), from porcine gastric mucosa, was prepared immediately prior to the start of the assay, and 

4.5 mL was added into each tube with feed and immediately vortexed and put in a water bath at 

40°C for 5, 10, or 20 min. This was done in intervals of 3 samples every 2 min, for 11 samples at 

a time. Samples were then removed from the water bath in intervals of 2 min, vortexed, and pH 

was immediately measured with a digital pH meter (Accumet Basic; Fisher Scientific, Waltham, 

MA). Samples were then diluted to 20 mL with 0.13 N HCl, vortexed, and centrifuged for 3 min 

at 18 x g and 4°C. The supernatant from each sample was transferred to 50 mL conical tubes. 

The original diet samples were diluted again, vortexed, and centrifuged. The supernatant was 

pooled with the liquid from the first centrifugation to make the first, or original, dilution. The 

supernatant was then filtered through 0.2 µm syringe filters into 15 mL conical tubes, diluted two 

more times, and used to analyze for soluble Ca and P (see “Mineral Analysis”). Three replicates 

of each diet, at each incubation time, were used in both phases of digestion.  

The SI phase was completed by preparing the same sample diets as in the gastric portion 

of the experiment. Immediately prior to the start of the assay, solutions including a 0.13 N HCl 

solution with 2000 U pepsin/mL and a 0.5 M NaHCO3 solution containing 2 mg pancreatin/mL 

(P7545; Sigma Aldrich, St. Louis, MO) from porcine pancreas were prepared. Samples were 

processed through the gastric phase assay as described above, adding 4.5 mL of the HCl solution 

to the sample and processing sets of 3 tubes in intervals of 2 min. Diet samples were incubated in 

the water bath during the gastric phase for 20 min. Samples were then removed from the water 

bath, and 1.5 mL of the NaHCO3 solution was added to each tube, and samples were vortexed. 

Samples were replaced in the water bath for a second incubation of 5, 10, 20, or 60 min and 

vortexed periodically. Samples were then removed from the water bath in intervals of 2 min, 

vortexed, and pH was measured immediately. Samples were diluted to 15 mL with 0.32 M 
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HClO4, vortexed, and centrifuged at 18 x g for 3 min at 4°C. The supernatant was transferred to 

50 mL conical tubes. The samples were diluted to 15 mL, vortexed, and centrifuged. The 

supernatant was pooled with the liquid from the first centrifugation to make the first, or original, 

dilution. The liquid was filtered through 0.2 µm syringe filters into 15 mL conical tubes. This 

filtered supernatant was then diluted two more times and used for Ca and P analysis (see below).  

Mineral Analysis 

The first dilutions from the wet ash digestion and the gastric and SI phase digestions were 

subjected to two more dilutions before analysis. The second dilution was made by filling a 15 

mL conical tube with a 1:10 dilution of 500 µL of the samples and 4.5 mL of 2% HNO3 in a 5 

mL volume. The third dilution consisted of a 1:100 dilution of 200 µL of the 1:10 dilution 

sample and 1.8 mL of molybdovanadate for P analysis. For Ca analysis, the third dilution 

consisted of 500 µL of the 1:10 sample and 4.5 mL of 1% La2O3. Standard solutions were made 

for an appropriate standard curve for both Ca and P analyses. Phosphorous was analyzed 

colorimetrically using a Genesys 5 spectrophotometer (Thermo Electron Corporation, Madison, 

WI) at 410 nm according to the methods of the Association of Official Analytical Chemists 

(1970) for P (7.095-7.098). Calcium was analyzed using a Perkin Elmer Atomic Absorption 

spectrophotometer (Analyst 800, Ueberlingen, Germany) according to the methods of Analyst 

800 (1998). Digestibility coefficients were acquired using the following equation: 

[Mineral]digesta / [Mineral]diet 

Statistical Analysis 

Data were evaluated as either a full factorial design comparing location, particle size, and 

time arranged as a 4 x 2 x 3 design for the gastric phase and a 4 x 2 x 4 design for the SI phase 

using large and medium limestone particle sizes from 4 different locations and time, or data were 
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evaluated as a design comparing particle size, Ca source, and time arranged as a 3 x 2 x 3 design 

for the gastric phase and 3 x 2 x 4 design for the SI phase using large, medium, and fine particles 

from either HSC or limestone sources and time. For the first model, only effects of location were 

evaluated without Ca source in the model, and all limestone locations were averaged together for 

the values in the second analysis. All Ca solubility was calculated using Ca absorbance data and 

formulated total Ca values instead of analyzed total Ca values. Analysis of variance was 

performed using JMP 9.0 (SAS Institute, Inc., Cary, NC). The statistical model for location x 

particle size included particle size, location, incubation time, replication, and all interactions. The 

statistical model for particle size x Ca source included particle size, Ca source, incubation time, 

replication, and all interactions. The experimental unit was each replicate tube. When means 

were significant, differences were separated using Tukey’s HSD test. Values are reported as least 

squares (LS) means ± SEM. Only significant interactions or main effects are presented. 

Significance was accepted at P!0.05.  

RESULTS 

After Ca sources were analyzed for particle size, fine particle size was defined as 

approximately 75 !m, medium particle size was defined as approximately 330 !m, and large 

particle size was defined as >1000 !m. As particle sizes between Ca sources varied greatly, they 

were grouped as closely as possible to attain a reasonable analysis (Table 2). Because of 

difficulties involving large particle size samples in determining total Ca and P, consistent and 

repeatable wet ash analysis was not obtained, and it was necessary to utilize formulated total Ca 

and P values instead of analyzed values for statistical purposes. 
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Location and Particle Size 

In the gastric phase, there was a two-way interaction (P = 0.0002) between location and 

particle size (Table 3) on percent Ca solubility. Large particle limestone from all 4 locations 

resulted in lower Ca solubility than the medium particle size limestone. The medium particle 

limestone sample from Bloomington, IN (BL) had higher Ca solubility than the other medium 

particle samples. The Swayzee, IN (SW) medium particles had the lowest Ca solubility of the 

medium particle samples, but it was similar in solubility to the sample from Franklin, IN (FR).  

Percent soluble Ca was influenced by a two-way interaction in the gastric phase between 

water bath incubation time and particle size (Table 3). Medium particle size samples had a higher 

(P = 0.045) Ca solubility at all incubation times in the water bath compared to large particle 

sizes, and all medium particle sizes were similar in solubility. All large particle sizes were also 

similar in solubility. The interaction may have occurred because the solubility difference 

between the medium and large particles was less at 10 min than at 5 min or 20 min, even though 

this difference was not observed statistically.   

  A main effect of water bath incubation time on the percent P solubility was observed in 

the gastric phase (Table 3). Twenty min in the water bath resulted in a higher P solubility (P = 

0.0005) than either 5 or 10 min, which were not different from each other. A main effect of 

sample location on pH in the gastric phase was seen as limestone from BL, FR, and ILC resulted 

in similar pH values that were higher (P < 0.0001) than the pH with limestone from SW. Also, 

20 min in the water bath resulted in a higher (P = 0.003) gastric pH than either 5 or 10 min, 

which were not significantly different in pH from each other, and medium particle size caused a 

higher (P < 0.0001) pH in the gastric phase than large particle size. 
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An interaction (P < 0.0001) occurred in the SI phase for Ca solubility due to location and 

particle size (Table 3). Medium particles from BL had the highest Ca solubility of all samples. 

The medium particles from FR had higher Ca solubility than the large particles from this 

location. In contrast, Ca solubility was not different between the medium and large particle 

sources from SW or ILC.  

An interaction (P = 0.0127) occurred due to location and particle size on pH in the SI 

(Table 3). The pH was higher with the medium particle diet as compared to the large particle diet 

from BL, while pH was similar between medium and large particles from other locations.  

Water bath incubation time caused an increase (P < 0.0001) in pH in the SI phase. The 

longer the time in the water bath, the higher the pH, with 20 and 60 min incubation resulting in 

higher pH than 10 min, which was higher than 5 min. The only difference in P solubility 

occurred with large particles having higher (P = 0.0006) P solubility than medium particles.  

Ca Source and Particle Size 

The second statistical analysis compared 2 different sources of Ca, HSC and limestone, 

along with large, medium, and fine particle sizes of both sources. There was an interaction (P = 

0.0004; Table 4) between particle size and Ca source on Ca solubility in the gastric phase. With 

the medium particles of limestone and HSC, there was no difference in Ca solubility, but with 

fine particles and large particles, HSC resulted in higher solubility than limestone. Fine particles 

of HSC resulted in the highest Ca solubility in the gastric phase, while large particles of 

limestone resulted in the lowest Ca solubility in the gastric phase. 

There was an interaction between water bath incubation time and Ca source on Ca 

solubility in the gastric phase (Table 4). At 20 min in the water bath, Ca solubility was similar 

between limestone and HSC. However, at both 5 min and 10 min, HSC had higher (P < 0.0001) 
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solubility than the limestone sources. Calcium solubility of HSC at 5 min and 10 min, was 

similar to the solubility of HSC at 20 min and limestone at 20 min, but higher than limestone at 5 

and 10 min.  

There was also a two-way interaction (P = 0.0023) between water bath incubation time 

and particle size on Ca solubility in the gastric phase (Table 4). Fine particle size at all 3 times in 

the water bath had the highest Ca solubility, and large particles from all 3 times in the water bath 

had the lowest Ca solubility. Medium particles from all 3 times in the water bath were 

intermediate in Ca solubility and were not different from each other. The interaction between 

time and particle size is not clear but may be due to the slight difference in numerical responses 

between times within the 3 particle sizes.  

There was an interaction (P = 0.0078) between particle size and Ca source on pH in the 

gastric phase (Table 4). In both HSC and limestone samples, pH decreased as particle size 

increased. However, with fine and medium particles, HSC samples had higher pH than limestone 

samples while the pH was similar between limestone and HSC of large particle samples.  

There was a main effect (P < 0.0001) of water bath incubation time on pH in the gastric 

phase as the longer the particles spent in the water bath, the higher the pH became (Table 5). 

Water bath incubation time caused an effect (P = 0.0001) on P solubility in the gastric phase 

(Table 5). Twenty min in the water bath resulted in higher P solubility in the gastric phase than 5 

and 10 min, which were not significantly different from each other.   

In the SI phase, there was an interaction (P < 0.0001) between particle size and Ca source 

on Ca solubility (Table 4). Medium particle limestone had the highest Ca solubility in the SI 

phase, while fine particles from both sources followed as the second highest in Ca solubility. 

Medium particles from limestone were significantly higher in Ca solubility than medium 
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particles from HSC. Large particles from both sources caused the lowest Ca solubility and were 

not different from each other, and fine particle sizes were not different from each other.  

 There were no other interactions observed in the SI phase, but several main effects were 

observed. There was an effect (P < 0.0001) of particle size on pH in the SI phase (Table 5). Fine 

particles led to the highest pH in the SI phase, while large particles led to the lowest pH. There 

was also an effect (P < 0.0001) of water bath incubation time on pH in the SI phase (Table 5). As 

time increased in the water bath, pH also increased. Sixty min in the water bath caused the 

highest pH, while 5 min in the water bath caused the lowest pH. No differences were seen in P 

solubility in the SI phase.  

DISCUSSION 

To statistically analyze the Ca from both the gastric and the SI phases, it must be related 

to total Ca values to obtain Ca solubility. Original results of the assay for total Ca and P were 

presumed to be inaccurate because of particle size issues. Using large particle sizes in an in vitro 

assay presents several problems, one being that the number of large particles can vary greatly 

from sample to sample. This can cause the assay to be inaccurate unless large particle sizes are 

ground to account for variation of number of particles per sample. To obtain an accurate analysis 

for total Ca and P, it was determined that Ca sources of large particle size should be ground 

before being mixed with corn/soy so that a more consistent and accurate amount of Ca is added 

to each sample. Because it took several assays to obtain an accurate analysis of total Ca and P, 

most of the limestone and HSC particle size samples were depleted. Therefore, a consistent and 

repeatable analysis was not obtained, and it was necessary to utilize formulated total Ca and P 

values instead of analyzed values for statistical purposes (Tables 6 and 7). Particle size 
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differences and sample preparation are potential concerns in feed mixer efficiency (Groesbeck et 

al., 2007), as well as particle size distribution for both in vivo and in vitro trials.  

Location and Particle Size 

Medium particles led to a higher Ca solubility than large particles in all diets, but the 

diets with medium particles from BL resulted in the highest Ca solubility. The medium particles 

from all other locations than BL were similar to each other, and the large particles from all 

locations were not significantly different from each other. This indicates that location of 

obtaining the limestone is important and can affect solubility of nutrients in the bird. These data 

also showed that medium particles yielded a higher Ca solubility in vitro compared to larger 

particle sizes as seen in other in vitro studies (Saunders-Blades et al., 2009; Walk et al., 2012b).  

The interaction between water bath incubation time and particle size on Ca solubility 

showed that medium particles at all 3 time points improved Ca solubility compared to large 

particles. It is difficult to see the interaction in this analysis, but it is likely due to the large 

particle size at 10 min in the water bath that was numerically higher in Ca solubility than the 

large particle size at 5 or 20 min, though this was not significant. Overall, there was not much 

affect of time in the water bath on Ca solubility, so instead particle size was focused on. Medium 

particle size resulted in a higher Ca solubility in all instances in the water bath than large particle 

size, which has been seen in in vitro systems (Zhang and Coon, 1997; Saunders-Blades et al., 

2009). 

The main effect of water bath incubation time on gastric phase P solubility was that the 

longer the particles were in the water bath, the higher the P solubility. This same effect of water 

bath incubation has been seen in Ca solubility of previous in vitro assays (H. Wladecki, Thesis 

Chapter IV). The gastric phase main effect of particle size on pH showed medium particle 
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samples had a higher pH compared to large particles. This is also seen in vivo because large 

particles cause a longer retention time in the gizzard. This leads to more acid secretion and, 

subsequently, a lower pH. When gizzard pH changed from 2.5 to 3.2, Ca solubility was 

decreased by 25%, and when gizzard pH was changed from 2.5 to 4.5, Ca solubility was 

decreased by 65% in young broilers (Guinotte et al., 1995). This is in contrast to what was seen 

in the present study, as an increased gastric in vitro pH with medium particles was associated 

with a higher gastric Ca solubility. There was also an effect of location on pH in the gastric 

phase where particles from SW had significantly lower pH compared to the particles from other 

locations. Water bath incubation time increased pH in the gastric phase, which was also seen in 

previous work (H. Wladecki, Thesis Chapter IV).  

In the SI phase, the interaction between location and particle size showed the highest Ca 

solubility in medium particles from BL, which is similar to what occurred in the gastric phase. In 

contrast to results in the gastric phase, large particles from ILC and BL had Ca solubilities that 

did not differ from medium particles from FR and ILC. Past the gastric phase, Ca solubility 

varied depending on location and particle size but there was no clear pattern. Some particles 

tended to increase in Ca solubility from the gastric to the SI phase, but some did not. This 

information suggested that location of the limestone source was still a factor contributing to 

differences in Ca solubility, but particle size was not as clearly variable in the SI phase as it was 

in the gastric phase. Again, this information shows the importance of knowing where the 

limestone source originated from so that diets can be balanced accurately, instead of assuming 

the same solubilities from all Ca sources. 

The main effect of particle size on P solubility in the SI revealed that large particles 

yielded a higher P solubility than medium particles. While this may be significant, the difference 
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is very small and likely negligible as limestone is known to contain little P. In other in vitro 

work, there was a lower P solubility in diets with larger particles ground through a 2 mm screen 

compared to smaller particles ground through a 1 mm screen, but P solubility was improved after 

10 min incubation in a water bath (Walk et al., 2012b). 

The interaction between location and particle size on SI pH was significant but difficult 

to distinguish. The interaction probably occurred because large particles from FR were 

numerically higher in pH than large particles from all other locations, though there was not a 

significant difference. Otherwise, the only conclusion that can be drawn is that medium particles 

from BL had a higher pH than large particles from BL, SW, and ILC, while most of the pH 

values tended to be similar. The impact of this observation is not known, but the higher pH may 

have resulted in the increase in Ca solubility of medium particles from BL compared to large 

particles from BL in the SI. The effect of water bath incubation time on pH in the SI showed that 

the longer water bath times increased pH as also seen in the gastric phase.  

Ca Source and Particle Size 

The interaction between particle size and Ca source on Ca solubility in the gastric phase 

revealed that the highest Ca solubility occurred with fine particle sizes, especially with HSC 

diets. The lowest Ca solubility occurred with large particle sizes, especially with the limestone 

diets. Similarly, Rao and Roland (1989) found that larger Ca particles had a low in vitro Ca 

solubility, but that they also had a high in vivo solubility. The current study also showed that 

medium particle size did not differ in Ca solubility between the 2 Ca sources. The increased Ca 

solubility of fine particle sizes in the in vitro assay is again evident, and even more so when used 

with HSC diets, which has been seen in previous work (H. Wladecki, Thesis Chapter IV). The 

HSC has a unique honeycomb structure and large surface area, which makes it high in Ca and 
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mineral availability (“Acid Buf,” Celtic Sea Minerals). Six to 8 h after ingestion, 100% of the Ca 

in HSC is released and made available for digestion (“Calcareous Marine Algae,” Celtic Sea 

Minerals).  

The interaction on Ca solubility in the gastric phase between water bath incubation time 

and particle size revealed that fine particle size, regardless of time in the water bath, caused the 

highest Ca solubility compared to medium and large particle size, which has been shown in 

previous work (Zhang and Coon, 1997). Since large particles at all time points caused the lowest 

Ca solubility, and medium particles at all time points were not different from each other, the 

interaction is hard to discern. The interaction probably occurred because medium particles at 20 

min in the water bath had numerically higher Ca solubility than medium particles at 10 min in 

the water bath, but these Ca solubilities were not significantly different from each other. So 20 

min in the water bath may have increased Ca solubility because the enzymes had more time to 

work on the particles, but the incubation effect was not large enough to be seen in the large and 

small particle samples. In an in vivo model, large particles of Ca lead to a longer gizzard 

retention time, thus the limestone is in an acidic environment for a longer time and the chance is 

increased to dissociate into ionic Ca to produce more available Ca (Zhang and Coon, 1997). In 

an in vitro model, smaller particles have higher mineral solubility, but in an in vivo model, 

smaller particles are in the acidic environment of the gizzard for a shorter time so the dissolved 

Ca has a reduced utilization (Zhang and Coon, 1997).  

The interaction between water bath incubation time and Ca source on Ca solubility in the 

gastric phase showed that HSC at all times in the water bath were not different from each other 

in terms of Ca solubility, but limestone diets increased Ca solubility from 10 min to 20 min in 

the water bath. Limestone at 20 min in the water bath was not different in Ca solubility than any 
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of the HSC diets at any time point. This makes the point that, depending on Ca source, longer 

time in the water bath increased Ca solubility, and Ca source must be considered. However, HSC 

diets overall increased Ca solubility compared to limestone, regardless of time in the water bath. 

The high in vitro Ca solubility of the HSC is probably due to its unique honeycomb molecular 

structure and large surface area, which makes it structurally distinctive from limestone 

(Lithothamnium sp., Celtic Sea Minerals). 

The main effect of water bath incubation time on P solubility in the gastric phase showed 

20 min in the water bath led to higher P solubility than 5 and 10 min in the water bath, which 

were not significantly different from each other. This reflects other water bath incubation time 

data in this study that shows increases in mineral solubility as time in the water bath increases, 

and agrees with in vivo data showing increased time of large particles in the acidic environment 

of the gizzard increases mineral solubility (Zhang and Coon, 1997).   

The interaction between particle size and Ca source in the gastric phase on pH revealed 

HSC diets made with fine particles had the highest pH. The pH of the fine particle HSC diets 

was higher than the fine particle limestone diets, and this same effect was seen with the medium 

particle size HSC and limestone diets. However, no difference in pH occurred with the large 

particle Ca sources. Coarse particles in an in vivo model caused a stronger mechanical 

stimulation and longer retention time in the gizzard than fine particles, which resulted in more 

acid secretion and lowered pH (Bjerrum et al., 2005). Though this may not be the case for the 

closed in vitro system, as the same amount of acid was added to each sample. This could mean 

that pH affects Ca solubility in the in vitro setting, or that pH was affected by the Ca solubility.  

Since the fine particle sizes tend to have higher Ca solubilities in this experiment, the higher pHs 

probably relate to that difference, and the large particles with the low pH tend to show the lower 
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Ca solubility. However, this is in contrast to what was seen in birds in one study. When gastric 

acid secretion was inhibited in the bird using chemicals, there was an increase in gizzard pH and 

Ca solubility was decreased in both the gizzard and duodenum (Guinotte et al., 1995). The main 

effect of water bath incubation time on pH in the gastric phase showed the highest pH 

corresponded to the longest time in the water bath. This could occur because the longer 

incubation allowed time for the solution to revert towards neutral pH. Additionally, samples with 

higher Ca solubility may have acted as buffers to increase the pH.  

The interaction between particle size and Ca source on Ca solubility in the SI phase 

showed medium particle limestone had the highest Ca solubility, which was higher than that of 

medium particle HSC. However, both of the fine particle sources had similar solubility, as did 

the large particle sources. Overall, medium and fine particle sizes had higher Ca solubilities than 

large particles, which reflected what the rest of the experiment showed. This comparison also 

showed that limestone had higher Ca solubility with medium particles and not significantly 

different Ca solubility than fine particles, suggesting limestone had improved Ca solubility in the 

SI phase compared to HSC with medium particles. Large particles from both HSC and limestone 

were low in Ca solubility and not different from each other. In broilers fed 0.90 % limestone, 

apparent ileal P digestibility was increased compared to broilers fed 0.90 % HSC (Walk et al., 

2012a). However, there were no differences in apparent ileal Ca digestibility between broilers 

fed 0.90 % limestone and 0.90 % HSC (Walk et al., 2012a). In the same study by Walk et al. 

(2012a), HSC diets were fed to broilers at different levels in the diet. At 0.45% Ca from HSC, 

ileal Ca digestibility was increased linearly as phytase supplementation level increased, and as 

Ca supplementation from HSC decreased from 0.90 % to 0.45 %, apparent ileal P digestibility 

linearly increased (Walk et al., 2012a).   
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The main effect of particle size on pH in the SI showed that fine particle size had the 

highest pH, and large particle size had the lowest pH. This reflected what occurred in the gastric 

phase and may have to do with Ca solubility changes between the particle sizes. However, a 

study by Engberg et al. (2002) found a significantly lower pH due to fine particle size in the 

duodenum of broilers, but this may be another component of the in vivo observations that are 

negatively correlated to in vitro observations of Ca and P solubility. The main effect of water 

bath incubation time on pH in the SI showed that 60 min in the water bath produced the highest 

pH. The pH decreased as time in the water bath decreased, which followed the same trends as 

other pH data in this study.  

A study by Kilburn and Edwards (2001) compared different particle sizes of corn mixed 

into normal broiler diets. They found that diets with coarse particle size corn caused an 

improvement in Ca retention and increased phytate P retention in broilers (Kilburn and Edwards, 

2001). Solubility of Ca in vivo was decreased as limestone particle size decreased in a study by 

Zhang and Coon (1997). However, in vivo solubility tended to be negatively correlated with in 

vitro solubility in the same study (Zhang and Coon, 1997). Low in vitro solubility of dietary Ca 

correlated to increased gizzard retention and high in vivo Ca solubility, which led to increased 

utilization of Ca (Zhang and Coon, 1997). The high in vitro solubility of fine and medium 

particles seen in the current study may correlate to low in vivo solubility of the same fine and 

medium particles. However, while in vitro solubility results may be negatively correlated to in 

vivo results, that does not necessarily mean fine and medium particle sizes cause a disadvantage 

when fed to broilers. An in vitro study suggested that using fine particle size Ca with addition of 

phytase in broiler diets can improve solubility of Ca and bone health through increased Ca 

availability (Walk et al., 2012b).  



 

138 

While the results in the present study may not be what would happen in a live bird trial, if 

these in vitro results are repeatable and can be interpreted as trends and patterns, then this assay 

can be very beneficial for research and commercial uses. Having an in vitro assay that simulates 

digestion and can analyze different Ca sources, enzymes, and particle sizes for Ca and P 

solubility and other parameters, would allow for a fast, economic method to evaluate and 

compare these factors. This assay could be utilized when a full grow-out bird trial is not possible. 

It is imperative to understand the differences and influences of phytases, pH, particle size, and 

retention time on Ca and P solubility in different parts of the GIT, which could lead to instituting 

a digestible Ca requirement comparable to the established digestible P requirement (Walk et al., 

2012b). Being able to formulate diets for a digestible Ca requirement may lessen the need for 

high dietary Ca levels, which will save space in the diet, increase nutrient utilization, and allow 

for adequate bird health (Walk et al., 2012b).  

Research conducted in vitro, mimicking the digestion of broilers, is an attempt to predict 

diet effects and analyze diets for various parameters. It is also used as a method to analyze 

mineral solubility along with testing various feed ingredient sources and particle sizes. However, 

methods for determining mineral solubility can vary substantially between labs making it 

difficult to compare results in the literature. It is necessary for the industry to use an assay that 

has standardized conditions and parameters so that different labs can assess different diets, 

enzymes, and particle sizes and still compare them to each other. It would also be helpful to 

know how the assay relates to live birds and how far its results can be extrapolated. An in vitro 

assay is not going to predict exactly what is seen in vivo due to absorption, secretion, and 

individual bird variances, but a universal assay to simulate as many conditions of the bird’s 
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digestive tract as possible would allow the evaluation of differences between particle sizes, 

enzymes, and diet types so that suggestions for broiler diet formulations can be made. 

Overall, this study revealed advantages and disadvantages of the in vitro system and of 

using different particle sizes in broiler diets. Particle sizes vary greatly, and it is important for the 

industry to define terms and specific sizes when discussing particle size in broiler diets. It is 

difficult to compare across studies when terms, sizes, and methods are confused and varied. The 

current study used fine and medium particle sizes that both might be considered fine in other 

studies. It is difficult to determine where the cut-off lies, but this study aimed to compare sources 

that were similar in size instead of sources of a particular numerical size. The current study’s in 

vitro assays need to be improved to accommodate large particle size sources, as several problems 

could be encountered. For the wet ash digestion assay, particles should be ground before being 

added to corn/soy diets to get a more consistent sample to digest. For the gastric or SI phase 

assays, the small sample size (1 g) of large particle diets should be taken into account when 

evaluating results, but it should also be considered that large particle size mixing problems are an 

issue in live poultry nutrition trials as well. So this assay may demonstrate an accurate portrayal 

of bird ingestion, as amount of large particles ingested differs between individual birds and 

compared to fine particle size diets. Ingredient mixing efficiency and gizzard retention are other 

factors associated with large particle diets that need to be taken into account when putting the 

same diets through the in vitro assays. Some of these problems have been accounted for in the 

assays, but others have not and need to be considered for future trials. It is also important to 

determine if in vitro and in vivo mineral solubilities are indeed negatively correlated so we can 

better predict how diets analyzed in vitro will affect the bird in vivo. Location of limestone 

mining can vary the Ca solubility of the overall product, regardless of particle size, and this 
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should be taken into account when formulating diets. Assuming all limestone sources will 

generate the same product with the same nutritional characteristics could mean improperly 

formulated diets. Formulating for the correct amount of Ca a certain limestone source provides 

could lead to cost efficiencies and accurate diet formulations. Using this in vitro assay to 

compare particle sizes may mean interpretation of the data is more complicated, but overall the 

helpfulness of the comparisons this assay allows is still very useful. It is clear that particle size 

affected Ca and P solubility in this in vitro digestion assay. However, the response was 

dependent upon Ca source and source location. Fine and medium particles and HSC diets 

appeared to have the highest Ca solubilities overall. Diets using HSC as the main Ca source in 

this trial indicate that HSC is a good substitute Ca source for limestone. It is highly soluble, 

allows for reductions in dietary Ca, maintains growth, improves P digestibility, and is readily 

available (Walk et al., 2012a).   
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Table 1. Composition and nutrient content of experimental diets 
Ingredient Limestone % Dical2 % HSC % 

 
Corn 70.00 70.00 70.00 
Soybean meal, 48% CP 28.50 28.50 28.25 
Limestone 1.50 0.00 0.00 
Dical 0.00 1.50 0.00 
HSC1 0.00 0.00 1.78 
Ca % 0.68 0.37 0.67 
P % 0.37 0.71 0.37 

1 HSC = Highly soluble marine Ca.  
2 Dical = Dicalcium phosphate. 
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Table 2. Particle size and total Ca and P of experimental diets 
Calcium Source Particle size 

(!m) 
Total P % Total Ca % Formulated 

Ca %2 
% Difference 

from 
formulated 

|Ca%| 
      

Franklin, IN 2240 0.36 0.40 0.68 0.28 
Franklin, IN 383 0.37 0.88 0.68 0.20 
Bloomington, IN 1916 0.37 0.46 0.68 0.22 
Bloomington, IN 665 0.37 0.81 0.68 0.13 
Bloomington, IN 257 0.36 0.85 0.68 0.17 
ILC Resources, IA 2990 0.36 0.23 0.68 0.45 
ILC Resources, IA 326 0.36 0.81 0.68 0.13 
JA Jack and Sons, WA 1111 0.35 0.51 0.68 0.17 
Clearbrook, VA 2810 0.38 0.19 0.68 0.49 
Old Castle Min 72 0.34 0.72 0.68 0.04 
Swayzee, IN #16 470 0.36 0.72 0.68 0.04 
Swayzee, IN #8 2645 0.36 0.23 0.68 0.45 
JR Simplot, CA 851 0.65 0.42 0.37 0.05 
Biofos 743 0.65 0.40 0.37 0.03 
HSC1 80 0.35 0.71 0.67 0.05 
HSC 255 0.36 0.70 0.67 0.03 
HSC 1362 0.35 0.63 0.67 0.04 
AB Compact 222 0.34 0.59 0.67 0.08 
      
1 HSC = Highly soluble marine Ca.  
2 Values that were formulated for Ca as well as used in the statistics. 
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Table 3. Effect of location and particle size interactions and main effects on Ca and P solubility and pH 
Treatments Gastric SI6 

Particle Size (!m) Location pH Ca Sol %5 P Sol % pH Ca Sol % P Sol % 
BL1 2.57 0.63A  0.18 6.87A 1.15A 0.09 
FR2 2.50 0.51BC  0.19 6.83AB 0.64BC 0.10 
SW3 2.32 0.43C  0.18 6.82AB 0.37CD 0.09 

Medium 

ILC4 2.50 0.53B  0.19 6.83AB 0.66BC 0.09 
BL 2.32 0.26D  0.17 6.77B 0.52BCD 0.09 
FR 2.21 0.23D  0.19 6.83AB 0.34D 0.11 
SW 2.12 0.26D  0.19 6.77B 0.23D 0.10 Large 

ILC 2.23 0.28D  0.19 6.78B 0.81B 0.11 
SEM 0.0442 0.0194 0.0119 0.0155 0.0661 0.0036 
Particle Size (!m) Time (min)       

5 2.39 0.53A 0.17 6.73 0.77 0.10 
10 2.45 0.51A 0.18 6.80 0.73 0.09 
20 2.56 0.53A 0.21 6.88 0.74 0.09 Medium 

60 ND ND ND 6.92 0.59 0.09 
5 2.18 0.25B 0.17 6.70 0.44 0.10 

10 2.20 0.29B 0.18 6.76 0.48 0.11 
20 2.28 0.23B 0.21 6.83 0.48 0.10 Large 

60 ND7 ND ND 6.86 0.51 0.10 
SEM 0.0382 0.0168 0.0103 0.0156 0.0661 0.0036 

Location        
BL  2.44A 0.44A  0.18 6.82 0.84A 0.09 
FR  2.35A 0.37BC  0.19 6.83 0.49B 0.10 
SW  2.22B 0.34C  0.19 6.79 0.30C 0.10 
ILC  2.36A 0.41AB 0.18 6.80 0.74A 0.10 

SEM 0.0312 0.0137 0.0084 0.0110 0.0467 0.0025 
Time (min)        

5  2.29B 0.39 0.17B 6.71C 0.60 0.10 
10  2.33B 0.40 0.18B 6.78B 0.61 0.10 
20  2.42A 0.38 0.21A 6.86A 0.61 0.10 
60  ND ND ND 6.89A 0.55 0.09 

SEM 0.0270 0.0119 0.0073 0.0110 0.0468 0.0025 
Particle Size (!m)        

Medium  2.47A 0.52A 0.18 6.83A 0.71A 0.09B 

Large  2.22B 0.26B 0.19 6.79B 0.48B 0.10A 

SEM 0.0221 0.0097 0.0060 0.0078 0.0331 0.0018 
P-Value Particle Size <0.0001 <0.0001 0.9134 <0.0001 <0.0001 0.0006 

 Location <0.0001 <0.0001 0.7997 0.1101 <0.0001 0.0689 
 Time 0.0030 0.6271 0.0005 <0.0001 0.7677 0.6330 
 Time x Particle Size 0.7038 0.0454 0.9227 0.7420 0.3162 0.2192 
 Time x Location9 0.9306 0.2133 0.6610 0.3027 0.9358 0.1674 
 Location x Particle Size 0.7703 0.0002 0.7752 0.0127 <0.0001 0.0505 
 Location x Time x Particle Size8 0.7148 0.6103 0.8270 0.6921 0.5889 0.1688 

1 BL = Bloomington, IN. 
2 FR = Franklin, IN. 
3 SW = Swayzee, IN. 
4 ILC = ILC Iowa. 
5 Sol = Solubility.  
6 SI = Small intestine.  
7 ND = Not determined.  
8 Three-way interactions and the LS means are not shown due to no significant interactions observed.  
9 Two-way interactions between time and location are not shown due to no significant interactions 
observed. 
10 Values with the same superscript are not significantly different. Superscripts are separated by 
interaction section and column. Values without any superscripts did not have significant interactions or 
main effects. 
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Table 4. Ca source and particle size interactions on Ca and P solubility and pH 
Treatments Gastric SI3 

Ca Source Particle Size (!m) pH Ca Sol2 % P Sol % pH Ca Sol % P Sol % 
Fine 3.19B 0.85B 0.21 7.07 0.76BC 0.10 

Medium 2.57D 0.63C 0.18 6.87 1.15A 0.09 Limestone 
Large 2.20E 0.24E 0.17 6.78 0.25D 0.09 
Fine 3.33A 0.92A 0.19 7.06 0.87B 0.09 

Medium 2.70C 0.64C 0.18 6.89 0.64C 0.09 HSC1 
Large 2.19E 0.36D 0.20 6.80 0.32D 0.10 

SEM 0.0246 0.0118 0.0105 0.0180 0.0551 0.0044 
Ca Source Time (min)       

5 2.50 0.56BC 0.18 6.80 0.78 0.10 
10 2.65 0.55C 0.18 6.87 0.76 0.09 
20 2.80 0.61A 0.20 6.96 0.76 0.10 Limestone 

60 ND ND ND 6.99 0.58 0.10 
5 2.62 0.65A 0.15 6.80 0.63 0.09 

10 2.78 0.65A 0.19 6.88 0.60 0.09 
20 2.82 0.61AB 0.23 6.95 0.64 0.09 HSC 

60 ND ND ND 7.04 0.57 0.11 
SEM 0.0245 0.0118 0.0106 0.0208 0.0636 0.0051 
Particle Size (!m) Time (min)       

5 3.10 0.88A 0.18 6.90 0.84 0.09 
10 3.31 0.92A 0.20 7.05 0.83 0.10 
20 3.37 0.86A 0.22 7.12 0.81 0.09 Fine 

60 ND ND ND 7.19 0.78 0.10 
5 2.52 0.62B 0.15 6.76 0.96 0.09 

10 2.64 0.60B 0.18 6.84 0.94 0.09 
20 2.74 0.67B 0.22 6.93 0.99 0.09 Medium 

60 ND ND ND 6.99 0.69 0.09 
5 2.07 0.31C 0.17 6.74 0.31 0.09 

10 2.19 0.28C 0.18 6.73 0.27 0.09 
20 2.32 0.31C 0.21 6.82 0.32 0.09 Large 

60 ND ND ND 6.87 0.24 0.12 
SEM 0.0301 0.0144 0.0129 0.0254 0.0779 0.0062 
P-Value Ca Source x Particle Size 0.0078 0.0004 0.0597 0.5214 <0.0001 0.0501 

 Ca Source x Time 0.1169 <0.0001 0.0894 0.5509 0.6129 0.6162 
 Particle Size x Time 0.4544 0.0023 0.6286 0.0501 0.6426 0.3508 
 Ca Source x Particle Size x Time4 0.4270 0.4681 0.2332 0.9730 0.1970 0.7733 

1 HSC = Highly soluble Ca. 
2 Sol = Solubility. 
3 SI = Small intestine.  
4 Three-way interactions and the LS means are not shown due to there not being any significant 
interactions seen. 
5 Values with the same superscript are not significantly different. Superscripts are separated by 
interaction section and column. Values without any superscripts did not have significant 
interactions or main effects.  
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Table 5. Main effects of particle size and Ca source on Ca and P solubility and pH 
Treatments Gastric  SI3 

Ca Source pH Ca Sol2 % P Sol % pH Ca Sol % P Sol % 
Limestone 2.65B 0.57B 0.19 6.91 0.72A 0.10 

HSC1 2.74A 0.63A 0.19 6.92 0.61B 0.09 
SEM 0.0142 0.0068 0.0061 0.0104 0.0318 0.0025 

Particle Size (!m)       
Fine 3.26A 0.88A 0.20 7.06A 0.82A 0.10 

Medium 2.63B 0.63B 0.18 6.88B 0.89A 0.09 
Large 2.19C 0.30C 0.19 6.79C 0.28B 0.10 

SEM 0.0174 0.0083 0.0075 0.0127 0.0390 0.0031 
Time (min)       

5 2.56C 0.60 0.17B 6.80D 0.70 0.09 
10 2.71B 0.60 0.19B 6.87C 0.68 0.09 
20 2.81A 0.61 0.22A 6.96B 0.70 0.09 
60 ND ND ND 7.01A 0.57 0.10 

SEM 0.0173 0.0083 0.0075 0.0147 0.0450 0.0036 
P-Value Ca Source 0.0001 <0.0001 0.6626 0.4528 0.0205 0.4817 

 Particle Size <0.0001 <0.0001 0.2070 <0.0001 <0.0001 0.1778 
 Time <0.0001 0.6858 0.0001 <0.0001 0.1352 0.0750 

1 HSC = Highly soluble Ca. 
2 Sol = Solubility. 
3 SI = Small intestine.  
4 Values with the same superscript are not significantly different. Superscripts are separated by 
main effect section and column. Values without any superscripts did not have significant main 
effects.  
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Table 6. Ca data for location and particle size using analyzed or formulated total Ca values1 

Treatments Gastric SI 
Time 
(min) 

Location Particle 
Size 

Mean- Ca 
Sol8 % with 
Formulated2 

Mean- Raw 
Ca Sol %3 

Mean- Ca 
Sol % with 
Formulated  

Mean- Raw  
Ca Sol % 

Medium 0.61 0.49 1.26 1.01 BL4 

Large  0.25 0.37 0.39 0.58 
Medium 0.53 0.41 0.71 0.54 FR5 

Large 0.20 0.34 0.35 0.59 
Medium  0.42 0.40 0.38 0.36 SW6 

Large 0.29 0.84 0.29 0.84 
Medium 0.56 0.47 0.72 0.61 

5 

ILC7 
Large 0.28 0.84 0.74 2.20 

Medium 0.58 0.46 1.28 1.02 BL Large  0.27 0.40 0.52 0.77 
Medium 0.48 0.37 0.65 0.50 FR Large 0.29 0.49 0.35 0.60 
Medium  0.43 0.41 0.36 0.33 SW Large 0.25 0.74 0.20 0.57 
Medium 0.53 0.45 0.65 0.55 

10 

ILC Large 0.34 0.99 0.86 2.54 
Medium 0.69 0.55 1.33 1.06 BL Large  0.26 0.40 0.55 0.83 
Medium 0.50 0.39 0.60 0.46 FR Large 0.21 0.36 0.36 0.61 
Medium  0.43 0.41 0.38 0.36 SW Large 0.22 0.65 0.20 0.57 
Medium 0.51 0.43 0.64 0.54 

20 

ILC Large 0.22 0.64 0.80 2.36 
Medium   0.75 0.60 BL Large    0.63 0.94 
Medium   0.62 0.47 FR 

Large   0.32 0.54 
Medium    0.37 0.35 SW 

Large   0.24 0.69 
Medium   0.63 0.53 

60 

ILC 
Large   0.84 2.50 

1 All numbers shown are unanalyzed statistically.  
2 Mean Ca solubility values calculated from formulated total Ca values.  
3 Mean Ca solubility values calculated using raw numbers from analyzed total Ca.  
4 BL = Bloomington, IN. 
5 FR = Franklin, IN. 
6 SW = Swayzee, IN. 
7 ILC = ILC, Iowa. 
8 Sol = Solubility.
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Table 7. Ca data for Ca source and particle size using analyzed or formulated total Ca values1 

Treatments Gastric SI 
Time 
(min) 

Ca Source Particle 
Size 

Mean- Ca 
Sol5 % with 
Formulated2 

Mean- Raw 
Ca Sol %3 

Mean- Ca 
Sol % with 
Formulated 

Mean- Raw  
Ca Sol % 

Fine 0.84 0.80 0.76 0.72 
Medium 0.61 0.49 1.26 1.01 Limestone 

Large 0.23 0.30 0.31 0.42 
Fine 0.92 0.85 0.93 0.87 

Medium 0.64 0.61 065 0.62 

5 

HSC4 

Large 0.39 0.41 0.31 0.32 
Fine 0.86 0.82 0.77 0.72 

Medium 0.58 0.46 1.28 1.02 Limestone 
Large 0.20 0.26 0.24 0.32 
Fine 0.97 0.90 0.89 0.82 

Medium 0.63 0.60 0.61 0.58 

10 

HSC 
Large 0.37 0.39 0.30 0.32 
Fine 0.85 0.80 0.77 0.73 

Medium 0.69 0.55 1.33 1.06 Limestone 
Large 0.30 0.40 0.19 0.25 
Fine 0.87 0.81 0.85 0.79 

Medium 0.65 0.61 0.65 0.62 

20 

HSC 
Large 0.31 0.33 0.44 0.47 
Fine   0.74 0.70 

Medium   0.75 0.60 Limestone 
Large   0.24 0.32 
Fine   0.83 0.77 

Medium   0.63 0.60 

60 

HSC 
Large   0.25 0.26 

1 All numbers shown are unanalyzed statistically.  
2 Mean Ca solubility values calculated from formulated total Ca values.  
3 Mean Ca solubility values calculated using raw numbers from analyzed total Ca.  
4 HSC = Highly soluble Ca source. 
5 Sol = Solubility. 
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CHAPTER VI 

EPILOGUE 

  Improvements in nutrition have contributed to fast and cost efficient growth in broilers 

over the past several decades. Fine-tuning the diet to get the best growth performance, while also 

preventing disease and maintaining bird health, have been the nutritionists’ goal in recent years. 

Changing factors such as phytase, particle size, Ca source, and gizzard and SI retention time can 

affect nutrient utilization. Employing an in vitro assay to examine these factors is a useful way to 

evaluate the aspects of an efficient diet for broilers. An in vitro assay can compare these different 

components to generate a diet to meet consumer, producer, and researcher needs. 

The results from the presented studies show responses of phytase, particle size, water 

bath incubation time, and Ca source changes on in vitro pH, Ca solubility, and P solubility in an 

in vitro assay. The in vitro assay used was adapted from earlier work by Walk et al. (2012), 

which built upon and developed the assay from earlier in vitro work in the area of broiler mineral 

solubility. This assay was more physiologically realistic and exact than previous work, allowing 

for more accurate comparison of novel variables in order to evaluate a wide range of dietary 

conditions for use in broiler diets.  

   In the first experiment, the goal was to compare and evaluate multiple phytases, Ca 

sources, and water bath incubation times to determine their effect on pH, Ca solubility, and P 

solubility in an in vitro setting. It was found that a novel, highly soluble, Ca source (HSC) from 

calcified seaweed had the highest Ca solubility of the Ca sources when used in addition to 

phytase. Addition of phytase did not influence the solubility of P in the presence of dicalcium 

phosphate (dical). However, phytase addition did alter Ca and P solubility in the in vitro assay, 

though the extent of the response was dependent on Ca source. In the gastric phase, phytase 1 
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(PHY1) worked more quickly than phytase 2 (PHY2), as PHY1 was more effective in the gastric 

phase and there were no differences between the phytases in the SI phase. This in vitro assay 

may allow for prediction of the broiler response to differences in dietary composition. The 

conclusions from the study allowed for the in vitro assay to be declared as applicable for poultry 

dietary research but only as a way to compare Ca sources, phytases, and other dietary 

modifications and not as a direct measure of what would be expected in the bird.  

In the second experiment, the objective was to compare multiple Ca sources from 

different locations that were made up of various particle sizes in order to determine their effect 

on pH, Ca solubility, and P solubility in the in vitro assay. It was found that in the gastric phase, 

large particle limestone from 4 different locations (Bloomington, IN (BL); Franklin, IN (FR); 

Swayzee, IN (SW); and ILC, Iowa (ILC)) led to the lowest Ca solubility, and fine particle size 

limestone from BL caused the highest Ca solubility. Fine particle size also increased pH 

compared to large particle size. Fine particles of HSC led to the highest Ca solubility, while large 

particles of limestone caused the lowest Ca solubility. Fine particles of HSC had the highest pH 

in the gastric phase, and large particles of both limestone and HSC led to the lowest pH. In the SI 

phase, fine particles from BL had the highest Ca solubility, and fine particle size caused a higher 

Ca solubility than large particles. However, large particles improved P solubility compared to 

fine particles in the SI. Fine particle size caused a higher pH than large particle size, and longer 

time in the water bath led to an increase in pH in the SI phase. Also in the SI phase, medium 

particle limestone led to the highest Ca solubility. Both medium and fine particles were higher in 

Ca solubility than large particles, and limestone caused a higher Ca solubility than HSC in the SI 

phase. Particle size affected gastric and SI Ca and P solubility and pH in this in vitro digestion 

assay. However, the response was dependent upon both Ca source and location, and fine 
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particles and HSC diets appeared to have the highest Ca solubilities overall. It was concluded 

that it may be difficult to analyze various particle sizes using the in vitro assay, but it is possible 

as long as results are not taken as exact predictions of what will happen in vivo, but are evaluated 

and compared to each other to make suggestions for broiler diets.  

Several questions could be considered in modifying and improving this in vitro assay. Is 

the closed in vitro system the most accurate way to represent broiler digestion or can we make 

improvements to the assay? Is using perchloric acid the best method for dissolving Ca and P in 

the SI phase? How could NaHCO3 be used in this assay, instead of perchloric acid, so that it 

would be more biologically applicable? There could also be interest in discovering other factors 

that can be modified in the assay to accommodate certain dietary parameters or research goals 

including different incubation times, number of times pH is measured, centrifugation alterations, 

or improved comparisons between SI and gastric phases. Completing a bird trial that used the 

same ingredients, particles sizes, phytases, and Ca sources could show the differences between 

an in vitro and an in vivo trial. It would be interesting to note the comparisons between variables 

in the in vivo trial to determine if they compared to the in vitro results. Another trial comparing 

more limestone sources from all over the country or world would be interesting, as differences 

were seen between the few shown here. Researchers and producers tend to believe that all 

limestone sources are equivalent in nutrients but that is not always the case. As this in vitro assay 

showed, different locations of limestone sources revealed different Ca solubilities. This can have 

impacts on both diets of the birds and budgets of the producer. If we are not analyzing the diets 

for the correct amount of Ca because of assumptions of Ca solubility in limestone, then the bird 

may be getting too much or too little Ca, which can have detrimental effects. Thus it is important 

to consider location of Ca source and be consistent with where the Ca source is purchased. 
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Detailed in vitro analysis should be done as often as possible to be sure the source is consistent in 

Ca solubility.  

This in vitro assay is especially difficult to adapt for analyzing different sizes of particles. 

Running various particle sizes through the assay proved to create many problems. One issue that 

has been addressed in previous research suggests that in vitro solubility has a negative 

correlation to what actually happens in vivo (Zhang and Coon, 1997). This trial’s results seemed 

to provide further evidence of this effect. Other issues involving mostly the largest of particle 

sizes occurred during the wet ash digestion part of the assay that analyzed for total Ca and P in 

the diets. After several attempts and troubleshooting sessions of the assay, it was concluded that 

the large particles were not breaking down as quickly as the small particles so the assay was not 

giving accurate results for the large particle diets. The next attempt at the assay was to grind the 

already mixed diets and run them again. When the results still did not come close to the 

formulated values, it was determined that it was the uneven mixing effect of the large particles 

that was causing the bulk of the problem. By this point, the small amount of particle sizes to be 

analyzed had been used and the assay could not be repeated. However, it was determined for the 

next particle size in vitro trial, that the wet ash digestion assay be run by first grinding the large 

particles (and all the other particle sizes as well, for consistency) and then mixing with the corn 

and soy so that the particle sizes are evenly dispersed and total Ca and P can be determined 

without particle size issues being a concern. The diets could then be processed normally through 

the assay, and it is expected that results would be more accurate and closer to formulated values.    

Overall, the in vitro assay utilized in this experiment allows for an effective comparison 

between variables subjected to the assay that could be included in broiler diets. These 2 trials 

illustrate several of the variables that can be compared in this assay and the difficulties and 
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limitations that can occur for having a closed in vitro system. However, these studies also 

demonstrated the usefulness and convenience of the assay for the large number of dietary 

variables that can be compared in a quick and simple setting as opposed to organizing a full 

grow-out bird trial. It is the goal of this research that this assay be used in the future to elucidate 

new and old dietary variables and their possible effects on broiler digestion and growth 

parameters.   
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APPENDIX A 
 
Table 1 Analyzed P and Ca values for revised wet ash particle size digestion method1 

Diet Sample PS2 New5 Total P 
% 

New Total Ca 
% 

Old6 Total Ca 
% 

Formulated Ca 
% 

BL3 LG Large 0.39 0.81 0.46 0.68 
BL FINE Medium 0.38 0.80 0.85 0.68 
ILC4 LG Large 0.39 0.75 0.23 0.68 
ILC FINE Medium 0.38 0.81 0.81 0.68 
Vistacal 1-3mm Large 0.40 0.76 0.63 0.67 
Vistacal 250um Fine 0.38 0.71 0.72 0.67 
AB Compacted Medium 0.38 0.65 0.59 0.67 
Ca std (apple)  0.22 1.45 1.60 1.53 
Ca std (apple)  0.19 1.49 1.57 1.53 
P std (liver)  1.27 0.002 -0.01  
Blank  0.00 -0.004 -0.01  
1 All values present are unanalyzed statistically.  
2 PS = Particle size.  
3 BL = Bloomington, IN. 
4 ILC = ILC, Iowa. 
5 Values for revised wet ash PS assay.  
6 Values from original data.  
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Appendix Summary 

After revising the protocol for mixing different PS samples into corn/soy diets for the wet 

ash digestion assay, results showed improvement in new total Ca values. These values, especially 

for large PS, were much higher than the values originally analyzed and in some cases even 

higher than the formulated values. The relative consistency in the new Ca values obtained shows 

that grinding the Ca sources before they are added to the corn/soy diets rids the assay of the 

variation between large and fine/medium particles. This agrees with the theory that Chapter V 

suggested: by grinding the Ca sources before being mixed into diets, the total Ca and P can be 

accurately calculated and compared against the in vitro simulation digestion assay to calculate 

soluble Ca and P. If the experiment could be repeated, this method would be very beneficial, and 

formulated total Ca and P values would not have to be used to calculate solubility. It may be 

possible to rerun the statistics in Chapter V using these new total Ca and P values. As for the 

samples where the assay cannot be repeated, it may be possible to use the old total Ca and P 

values from the fine/medium PS for the large, medium, and fine PS total values from that 

particular location, as these values were very consistent between the old and new methods for 

performing the wet ash digestion on varying PS. While this would not be completely accurate, it 

would offer more precise solubility values than using formulated total Ca and P to calculate 

solubility.  

 

 

 

 

 


