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ABSTRACT

The phosphorus (P) requirements of meat-type poultry cannot be met by plant-based diets because
approximately two thirds of total phosphorus in cereals and leguminous feed materials is in the
unavailable form of phytate (inositol hexaphosphate or phytic acid). Phosphorus supplements are
expensive and over supplementation can increase excretion of P, with negative implications on the
environment. For some time, research has focussed on the development of exogenous phytase
enzymes capable of releasing phytate phosphorus for absorption, thus reducing the environmental
impact of poultry production and requirements for costly dietary inorganic P supplementation. The
absolute adoption of this strategy has, however, been stalled by apparent variability in rate of release
of phytate by phytase enzyme. The aim of this project was to examine the availability and reactivity
of phytate in diets and raw materials fed to broilers in a range of physiological environments, and to

develop strategies for combating their effects.

A series of in vitro studies and bird trials were conducted to investigate phytate reactivity by observing
the relationship between pH, protein phytate interactions and phytate susceptibility to the effects of
phytase. A bird trial was undertaken comparing the current commercial level of 500 FTU/kg phytase
and a superdose of 5000 FTU/kg phytase in soyabean meal and rapeseed meal based broiler diets.
Feeding phytase doses above the commercial recommendation resulted in increased bird
performance through phytate destruction, leading to heightened alleviation of the anti-nutritional
effects of phytate. This suggests that superdosing broiler diets can improve profitability by both
increasing availability of phosphorus and removing restrictions of using cheaper feed ingredients

which are viewed as undesirable due to their high phytate content.

There is a common misconception that poultry lack any endogenous phytase, but a study sequentially
sampling broilers from age d4 to d14 illustrated that phytase activity from intestinal mucosa and

bacteria and diet is quantifiable in regulating phytate-P digestion. Endogenous phytase contributes



significantly towards degradation of phytate at bird age d4. By d14, ileal phytase activity levels were

approximately 45 U/kg and the amount of total dietary phytate hydrolysed ranged from 21% to 36%.

Measurements of total phytate-P content of diets may be deceptive as they do not indicate substrate
availability for phytase; measurements of phytate susceptible to the effects of phytase may be a more
accurate measure of phosphorus availability to the bird. To verify this hypothesis in practice, a bird
study was designed to compare diets formulated to contain high or low susceptible phytate. This study
showed that at age d28, birds fed diets with high susceptible phytate content had significantly better
cumulative BWG (p=0.015) and FCR (p=0.003) than birds fed diets with low susceptible phytate
content. Furthermore, in vitro screening of raw materials revealed that phytate susceptibility varies
considerably between ingredients and batches of ingredients, and total phytate content bears no
relation to susceptible phytate content of an ingredient. Therefore, for optimum phytase efficacy, it
may be advantageous to formulate diets and develop phytase matrix values based on the susceptible
phytate content of the individual batch of ingredients being fed. Both total and susceptible phytate
content can be measured using simple colorimetric assays. Examination of in vitro digestion models
and subsequent correlation to in vivo studies indicate that exposing samples to conditions that mimic
the gastrointestinal environment is the most accurate way to predict phytate degradation and mineral

availability in diets prior to feeding.

The relationship between phytate reactivity and pH was investigated throughout this project. It was
found that gastric pH is closer to the optimum for pepsin activity and phytate-complex degradation
when in the presence of phytase. This is because phytate reduces protein digestibility, resulting in
heightened presence of intact proteins in the tract, which instigates an increase in secretion of HCl
and pepsin. More bicarbonate ions are released in response to this increased acidity, causing an

increase in intestinal pH and resulting reduction in solubility of phytate-protein complexes.

To conclude, dietary phytate that is susceptible to phytase effects as opposed to total phytate content

should potentially be considered when determining phytase matrix values. For optimum response to



phytase, it may be beneficial to formulate diets based on the susceptible phytate content of the
individual batch of ingredients being fed. Some raw materials have high total phytate content but also
high susceptible phytate content, meaning they have the potential to be used as replacements for
more expensive feed ingredients if in the presence of phytase. This is particularly the case in diets
supplemented with high doses of phytase (>500 FTU/kg), because high phytase doses alleviate the

extra-phosphoric anti-nutritional effects of phytate as well as increase mineral availability.
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CHAPTER 1: Literature Review

1.1. Introduction

Poultry production has increased consistently over recent years; world poultry meat consumption
increased from 11.1 kg/person/year in 2000 to 13.6 kg/person/year in 2009 (DEFRA, 2013). The
growth in poultry production is expected to continue due in part to its relative cheapness as a meat
protein source. The low production costs are largely due to genetic progress in strains for meat,
heightened understanding of the fundamentals of poultry nutrition and improved disease control.
Genetic growth rates and feed efficiency of broilers have increased dramatically over the past 30
years; in 1976 broiler chickens reached the market weight of 2kg at 63 days, but by 2009 this was
reduced to just 35 days (DEFRA, 2013). Nutrient requirements and nutrient management have had to
be altered in response to these changes to bird physiology, resulting in increased demand for cheap
but high-quality feed and raw materials. Modern broiler diets must be protein and energy rich and
contain sufficient minerals, particularly calcium (Ca) and phosphorus (P), required for skeletal system

formation, general health, metabolic activity and acid-base balance management.

The phosphorus (P) requirements of growing broiler chickens cannot be met by plant-based broiler
diets because approximately two thirds of total phosphorus in grains and oil seeds is in the unavailable
form of phytate (Sandberg, 2002). Consequently, inorganic P is supplemented in broiler diets to meet
the 0.45% available P requirement of broiler chicks (NRC, 1994). Phosphorus supplements are
expensive and over supplementation can increase excretion of P, with negative implications on the
environment. Phytase enzymes are added to poultry diets to overcome these issues, as poultry lack
effective endogenous phytases. Phytases dephosphorylate phytate molecules, increasing phytate-P
availability for broilers, and hence reduces the requirement for inorganic P supplementation and

amount of P that is excreted by broilers.

Phytate is classed as an anti-nutrient because it reduces nutrient digestibility and increases

endogenous secretion of nutrients. This is because it is negatively charged at acidic, neutral and basic



pH conditions, so it is able to bind to positively charged molecules in the diet and gastrointestinal tract
(GIT) at all pH levels found in the GIT (Maenz, 2001). Phytate concentration varies substantially
between feed ingredients (Selle et al., 2003) which has subsequent implications on the phytate-P

concentration of poultry diets, depending on inclusion level in the diet.

The anti-nutritional effects of phytate, and phytase efficacy in the conditions of the broiler digestive
tract, are dictated by phytate reactivity and susceptibility to phytase degradation. It is therefore
imperative when using dietary phytase supplementation to consider not only the total phytate
concentration of diets, but also to predict phytate solubility. There are many factors that influence
phytate reactivity, including the conformation and configuration of the phytate molecule, the pH of
the tract environment, the presence of substrates that may compete with phytate for mineral binding,
the source and type of phytate, the volume of phytate ingested and feed processing. This project

examines the factors that influence phytate reactivity and phytase efficacy.

1.2. Poultry Production

The popularity of poultry meat continues to increase because of its low cost, lack of religious
obstructions and nutritional advantages over other meats (Magdelaine et al., 2008). Chicken is the
most popular poultry meat in the EU; 105 thousand tonnes of broiler meat was produced in February
2013, compared to just 17.0 thousand tonnes of turkey meat and 2.2 thousand tonnes of duck meat
(DEFRA, 2013). As a result, there are now approximately 35,000 companies in the EU that are involved
in the poultry industry (AVEC, 2013) and the UK poultry industry is valued at approximately £3.4 billion
annually at retail value (Dent et al., 2008). Modern broiler chickens are more efficient at converting
feed to body mass; comparison between heritage line unselected since the 1950s and modern broilers
at bird age d35 showed that breast muscle of the heritage line constituted 9% of the total body mass
whereas in the modern line the breast muscle constitutes 18% of the total mass of the bird. Also in
modern broilers the relative size of the heart decreased after d14 unlike in the heritage line,

suggesting that selection for increased breast muscle has translated into relatively less weight of the



heart muscle. Additionally, in modern broilers the liver matures earlier, likely to improve nutrient
utilisation as birds have shifted to more carbohydrate-rich feeds, and the jejunum and ileum is 20%
longer, likely due to increased nutrient absorption (Schmidt et al., 2009).

Increased input costs have resulted in increased costs of poultry meat. Since 2002 poultry meat prices
have increased by 85%, and between 2010 and 2011 the price increased from £1.06/kg to £1.22/kg
(FAO, 2013). This is primarily due to increased feed costs; between 2012 and 2013 feed costs increased
by 7.8% and increased from £149 per tonne in March 2006 to £253 per tonne in March 2012 (DEFRA,
2013). Production has improved in the past 18 months; in 2013 the UK produced over 850 million
broilers a year, fed approximately 3,300 thousand tonnes of broiler feed, producing approximately
1,400 thousand tonnes of chicken meat (DEFRA, 2014). As a result there has been a rise in prices paid
to producers for poultry meat, but the continuing level of high feed costs has meant unfortunately
there has been very little rise in profits. Total retail production of animal feed and raw material usage
went up by 5.9% and 6.5% respectively in Britain between 2012 and 2013 (DEFRA, 2013). The outcome
of this is competitive production to guarantee profitability. Phytate is thought to cost the poultry
industry up to €5 per tonne of feed in lost performance, so the use of supplemental phytase could

have huge implications on poultry feed costs and hence improve profitability.

1.3. Poultry Digestive Tract

Nutrient absorption occurs only in the small intestine of poultry, but mechanical, chemical and
enzymatic procedures occur throughout the tract. Passage time of feed is inversely proportional to
feed intake; digesta takes on average 3-4 hours to be transported through the tract (Sundu, 2009).
Passage time has an impact on digestibility; feed intake may be increased if passage time is decreased,
and reduced flow of digesta may cause increased microbial growth which causes reduced nutrient
digestibility and weakens intestinal barrier function. Each section of the gastrointestinal tract has a
specialised function, and hence has a different pH and different enzymes and secretions. Table 1

summarises digestive enzyme activity and pH in the poultry digestive tract.
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Table 1: Poultry digestive enzyme activity

sugars > VFAs, B-vitamins, Vitamin K

Location Enzyme/Secretion Role pH
Mouth Saliva Lubricate and soften feed 7-8
Crop Mucus Lubricate and soften feed 4-7
Bacterial Fermentation
Proventriculus and Gizzard | Pepsin Protein > Polypeptides 1-4
Lipase Triglyceride > Fatty acids/ Monoglycerides
(Selvan et al., 2008)
HCI Lower digesta pH
Instigate protein digestion
Duodenum Amylase Starch > Maltose > Glucose 5-7
Trypsin/Chymotrypsin | Proteins > Peptides > Amino Acids
Carboxypeptidases Peptides > Amino Acids
Bile Emulsifies fats
Lipase Fat > Fatty Acids/Monoglycerides
Jejunum Maltase / Sucrase Maltose/ Sucrose > Glucose 5-7
Peptidases Peptides > Dipeptides/Amino Acids
Caeca Microbes Cellulose, polysaccharides, starches, 5-7

1.3.1. Buccal Cavity

In chickens, the tongue is situated in the lower beak and is attached to the hyoid bone, which enables
mobility down the oesophagus (Susi, 1969). The tongue is rigid and has very few intrinsic muscles
(Duke, 1986). Chickens have very few taste buds, and hence inferior taste acuity; they are believed to
have just 316 taste buds in their oral cavity (Roura et al., 2012). This suggests that it is nutrient levels

of the diet as opposed to taste that dictates feed consumption in broilers.
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Drinking and feeding mechanisms in chickens involves cyclic movement patterns of the beak, tongue
and larynx. The head is swung backwards to transport feed and water down the pharynx, the tongue
is lifted and larynx lowered and gravity transports the feed and water to the oesophagus (Heidweiller

et al., 1992, Hill, 1976). Minimal food is broken down in the beak, it is mainly ingested whole.

Birds produce approximately 15-20ml of saliva a day. This saliva contains small amounts of amylase in
an alkaline environment which instigates digestion of starch (Leeson and Summers, 2001). It also
contains mucus which helps lubricate the oesophagus and humidify the feed. It is also likely that saliva

contains anti-bacterial properties, and thus protects the oral cavity (Samar et al., 2002).

1.3.2. Oesophagus and Crop

Feed passes from the mouth and through the pre-crop oesophagus to the crop. The oesophagus wall
is comprised of four tissue layers; the innermost layer is the mucous membrane which produces
mucus for lubrication to aid passage of food along the alimentary canal. The oesophagus has two
sections; the upper cervical section and lower caudal section (Hill, 1976). The crop is located between
these two sections; it is a dilation of the oesophagus found just before the oesophagus passes into the
thoracic cavity. The structure of the oesophagus above and below the crop is similar, except there is
less lymphoid tissue below the crop (Larbier and Leclercq, 1994). The crop is similar in structure to the
oesophagus except there are no glands present. Food is also moistened and mixed with saliva whilst
in the crop, but very little digestion occurs here despite presence of amylase from the saliva. The crop
acts as a temporary food store; if the proventriculus and gizzard are full feed is stored in the crop. This
enables digesta transit to be controlled and means the bird can eat large quantities of feed in one
meal, whilst allowing gradual digestion. Emptying of the crop is dictated by how full the gizzard is, and
particle size and moisture content of the feed (Hill, 1976; Larbier and Leclercq, 1994). When the
gizzard is empty feed moves straight to the proventriculus, but if the gizzard is full feed moves

gradually from the crop to the proventriculus when required.
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1.3.3. Proventriculus

The proventriculus, often referred to as the ‘glandular stomach’, is located between the gizzard and
lower oesophagus. It is tubular and has very thick walls made of has five layers of muscle. Glands in
the proventriculus group to form lobules which join to form a cavity near the surface, and produce
HCl and pepsinogen for digestion (Rossi et al., 2005). The HCl maintains pH at 2-3 which allows
pepsinogen to be activated and solubilises mineral salts (Duke, 1986). HCl also promotes release of
secretin which enhances the release of pancreatic enzymes (Yang et al., 2007). Secretion of HCl and
pepsinogen is stimulated by nervous and chemical signals which are regulated by digesta presence in

the gizzard and crop. Digestion does not occur in the proventriculus.

1.3.4. Gizzard

The gizzard, often referred to as the ‘muscular stomach’, is located immediately following the
proventriculus, partly behind the liver. Its primary role is to grind feed, hence it is very muscular, and
it is the first site of protein digestion. It has a biconvex structure and has an outer layer of tendinous
tissue atop a powerful muscle layer. The inner layer of the gizzard has tough fibrous tissue with raised
ridges which, coupled with grit, enables grinding of feed (Hetland et al., 2005). The skin of this inner
layer is very strong and flexible to endure the effects of grinding. Glands are positioned amongst the
layers of tissue which secrete a keratinised substance to replenish the inner lining that has been worn
away by grinding. Feed that has been moistened in the proventriculus and gizzard forms a paste called

chyme which then enters the intestine.

1.3.5. Small Intestine

The small intestine, from the gizzard exit to the ileo-ceaco-colonic junction, consists of the duodenum,
jejunum and ileum. Digesta is moved along the jejunum and ileum by peristalsis. All of the absorption
of nutrients takes place in the small intestine, predominantly in the jejunum and ileum, as well as a
large amount of digestion and enzyme production. Intestinal mucosa enzymes and transport

mechanisms dictate nutrient digestion and absorption; pancreatic enzymes start the digestive process
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but activity of enzymes at the mucosal surface determines absolute peptide and carbohydrate

digestion.

The small intestine consists of five layers; an outer serous membrane layer, a layer of longitudinal
muscle, a layer of circular muscle, a sub-mucosa layer and a mucus membrane. Blood vessels, lymph
vessels and nerve fibres are situated between the longitudinal and circular muscles (Larbier and
Leclercq, 1994). The mucous membrane contains thick muscularis mucosae, glands and lymphoid

tissue.

Villi, projections of epithelial tissue covered by absorptive tissue, provide a vastly amplified surface
area for more efficient nutrient absorption in the small intestine. They contain lymph vessels and
capillaries. Columnar epithelium and goblet cells cover the lining of the villi, the latter of which secrete
mucus which contains mucin (glycosylated proteins) and inorganic salts (Bansil et al., 1995; Gendler
et al., 1995). They also contain cells which can undergo mitotic division and become precursors of
enterocytes (absorptive cells). Enterocytes move from the crypts up to the tips of the villus and are

dispersed into the gut lumen (Geyra et al., 2001).

The duodenum is an elongated loop around the pancreas. The junction between the gizzard and the
duodenum prevents large particles entering the duodenum (Maya and Lucy, 2000). The pancreas
secretes peptidases, amylases and lipases, as well as a solution high in bicarbonate ions which
neutralises chyme to produce an optimum pH of 6-7 for enzyme activity (Leeson and Summers, 2001).
It also produces insulin and glucagon which are involved in carbohydrate metabolism, and promotes

production of gastrin which stimulates secretion of HCl and aids gastric motility.

At the posterior end of the duodenum is a papilla where bile ducts from the gall bladder, liver and
pancreatic ducts enter the small intestine (Nasrin et al., 2012). This area marks the beginning of the
jejunum. The liver has two bile ducts, one from the gall bladder, and one that delivers a direct

connection between the liver and small intestine. The predominant role of bile is to aid pancreatic
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lipase activity by emulsifying fats (Krogdahl, 1985). Very small channels collect and transport bile; they

join together to form bile ducts which either go directly to the intestine, or to the gall bladder.

The jejunum and ileum are the major absorptive regions of the digestive tract and are similar in length,
function and structure. The structure of the jejunum and ileum is similar to that of the duodenum,
except there is less lymphoid tissue and shorter villi. The jejunum is where chemical breakdown of
food chyme is completed and enzymes produced by the jejunum wall finalise the digestion process.
The ileum is the final section of the small intestine and is where nutrients are absorbed, along with
bile which is then returned to the liver through blood vessels in the intestinal wall. The ileum ends
with a ringed valve which then branches into two caeca, the ileo-caecal junction. Peristalsis and
segmentation movements propel digesta through the jejunum and ileum. It is generally recognised
throughout the poultry industry that the Meckel’s diverticulum, a small projection where the yolk sac
was attached during embryonic development, distinguishes between the jejunum and ileum (Verdal

et al., 2011; Rodehutscord et al., 2012).

1.3.6. Caeca, Colon and Cloaca

Very little digestion occurs in the large intestine. Contractions in the colon force digesta towards the
caeca and cloaca. The caeca are two blind pouches, about 17cm long in adult birds, at the junction of
the small and large intestine. They contain microorganisms that degrade undigested nutrients; the
products of fermentation are then able to be absorbed (Gong et al., 2002). Caeca consist of a serous
membrane, outer longitudinal and circular muscles and inner longitudinal muscles (Majeed et al.,
2009). It is thought that caeca also play a role in water absorption and B vitamin production (Duke,

1986).

The structure of the cloaca is similar to that of the intestine, but there is no muscularis mucosa present
near the vent. The cloaca has three separate chambers; the copradaeum which is a continuation of

the colon, the urodeaeum which is the middle part in which the ureters and genital ducts open, and
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the proctodeaum which opens to the vent (Gumus et al., 2004). In the cloaca therefore there is a

mixture of digestive and urinary system waste.

1.3.7. Development of the digestive tract

Although broilers are considered to be precocial, their digestive system is not mature at hatch, so
gastrointestinal morphology, function and microflora must alter considerably post-hatch. During
embryonic development the yolk is the nutrient supplier, but during incubation the remaining yolk is
internalised to the abdominal cavity and transported to the small intestine (Sklan, 2001). Therefore,
immediately post-hatch birds must be prepared to use exogenous nutrients that are chiefly
carbohydrate based compared to the lipid based yolk (Parsons, 2004). In the first days post-hatch the
morphology and function of the digestive tract alters dramatically. Crop microflora becomes more
acidic and the presence of hydrophobic yolk in the tract reduces and secretions of bile acids and
pancreatic and brush border enzymes increases, allowing improved digestion of exogenous nutrients.
The small intestine rapidly increases in size in the first 2 days post-hatch, at a greater rate than the
body mass of the whole bird (Sklan, 2001), and villus height doubles (Jin et al., 1999). Villus volume in
the duodenum increases continuously until d4 post-hatch, but jejunum and ileum villus continue to
grow until about d10 post-hatch (Noy and Sklan, 1997). The duodenum and jejunum continue to
develop for a longer amount of time than the ileum (Jin et al., 1998). These changes allow the bird to

attain full digestive capacity.

Pancreas and small intestine enterocytes increase in size rapidly in the first 3 days post-hatch but
enterocyte density does not alter with age (Nitsan et al., 1991; Uni et al., 1998). At hatching, small
intestine enterocytes proliferate, but this decreases rapidly; at d2 proliferation rate is approximately
half of that at hatching (Sklan, 2001). Movement of enterocytes from the crypt to the villus takes

approximately 3 days in 4 day old birds, and increases to 4 days in older birds (Geyra et al., 2001).

Chicks are able to digest starches almost immediately post-hatch; competence at starch digestion is

largely complete by d4 post-hatch and maltase and sucrose activity peaks at d1-2 post-hatch (Noy and
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Sklan, 1999; and Sell et al. 1991). The ability of chicks to utilise fats increases with age; lipase secretion
increases by a factor of 20 between d4 and d21 post-hatch (Nitsan et al., 1991; Noy and Sklan, 1995).
Proteolytic activity in early post-hatch birds is not adequate enough for efficient breakdown of
proteins; it is not until around d7 post-hatch that protein digestion reaches close to 80% (Noy and
Sklan (1995);Uni et al. (1995). Trypsin and chymotrypsin activity increases with bird age post-hatch;
trypsin activity plateaus at d14 post-hatch and chymotrypsin activity reaches maximum level at d11
post-hatch (Nitsan et al.,, 1991; Noy and Sklan, 1995). Both have also been detected in embryos, for
example trypsin has been observed in poultry embryos at 18 days incubation (Sell et al., 1991).
Aminopeptidase and dipeptidase activity in the intestines decreases post-hatch, reaching the lowest

point at d10 post-hatch (Jin et al., 1991).

1.4. Measuring digestibility using inert markers

Inert digestibility markers added to broiler diets eliminate the need to evaluate quantitative feed
intake and excreta output, and enable nutrient utilisation to be examined along the gastrointestinal
tract (Short et al., 1996). Inert markers must maintain digestive transit at the same speed as other
dietary nutrients in the tract and be physiologically inactive, as well as being non-toxic, easily analysed,
able to be homogenously mixed into a diet, indigestible and non-absorbed (Jagger et al., 1992;
Titgemeyer et al., 2001; Sales and Janssens, 2003). Some of the markers used include chromic oxide
(Cr,0s), titanium dioxide (TiO2) and acid insoluble ash. TiO, as an inert marker is advantageous over
Cr,05 as reproducibility and homogeneity has been shown to be better with TiO, (Jagger et al. 1992),
and TiO; is approved for use as a feed additive by the Food and Drug Administration, unlike Cr,0s;
(Titgemeyer et al., 2001). Acid insoluble ash is another digestibility marker used, but it has been
suggested that its digestive transit does not accurately reflect that of feed passage (Cheng and Coon
1990). TiO; as a digestibility marker has been used successfully in ruminants (Titgemeyer et al., 2001),
pigs (Jagger et al., 1992) and poultry (Short et al., 1996). In poultry TiO; has been used to determine
the digestibility of Ca and P (Walk et al., 2012) as well as amino acid digestibility (Kluth and
Rodehutscord, 2006) and energy digestibility (Woyengo et al., 2010).
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1.5. Phosphorus requirements of broilers

Phosphorus is vital nutritionally for development and maintenance of the skeletal system, and for fat
and carbohydrate metabolism (Julian, 1997). It is used in nucleic acid and cell membrane
phospholipids and phosphoproteins, along with a having a significant role in energy metabolism as a
constituent of adenine triphosphate (ATP) and sugar phosphates. Low plasma P levels (< 5 mg/100 mL)
and high plasma Ca levels (> 10 mg/100 mL), alongside signs of lameness, are indicators of P deficiency
in young birds. Phosphorus is absorbed from the small intestine in the form of orthophosphate. There

are two sources of phosphorus, plant and inorganic, which differ in their efficacy.

The term ‘total phosphorus’ encompasses any and all forms of phosphorus; ‘available phosphorus’
refers to that that is absorbed by the bird, and ‘retained phosphorus’ refers to phosphorus that stays
in the body and can be apparent. The phosphorus requirements of poultry diets are based on averages
of availability which can result in large errors, partly because biological availability is not constant.
Phosphorus availability is dependent on many factors including presence and availability of other
nutrients (for example calcium (Ca) and Vitamin Ds), bird physiology and health, and the type and
concentration of the phosphorus (Angel, 2010). The NRC (1994) values for available phosphorus are
also based on historical research (1952-1982) which may not reflect the requirements of the current
commercial broiler, due to developments in genetic selection and management practice. These values
state that birds require non-phytate P levels of 0.45%, 0.35% and 0.30% at d0-21, 21-42 and 42-56

respectively (NRC, 1994).

One of the primary problems nutritionists face is determining availability of phosphorus in the diet.
The wide variation in utilisation of different phosphorus sources has resulted in wide margins of safety
to avoid phosphorus deficiency, and hence loss of production. The availability of phosphorus in
different feed ingredients ranges from none to 60% (Simons et al., 1990), and can vary within batches

of the same ingredients (Barrier-Guillot et al. 1996). The current approach is to measure non-phytate
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phosphorus, which is easily analysed chemically, but this does not take into account other factors that

may be influencing phosphorus availability.

1.6. Calcium requirements of broilers

Calcium is the most abundant mineral in broilers and plays a significant role in a number of processes.
The increase in bird growth in recent decades has seen an increase in bone mass, and hence pressure
on the calcium regulatory system to meet calcium and phosphorus requirements. Both insufficient
and excessive supplies can have negative effects on bone formation and growth. Hydrolysis of
proteins, polysaccharides and phospholipids requires calcium, as calcium-binding proteins assist
protein-protein and protein-phospholipid binding (Brody, 1994). Calcium is also necessary for blood
clotting proteins (Leeson and Summers, 2001) and for cell signalling (Chen, 2004). Calcium
maintenance is largely controlled by parathyroid hormones which are increased when blood calcium
is low and affect calcium circulation in three ways. Firstly the mobilisation of calcium from the skeleton
is increased by stimulating osteocytes to break down bone matrix and osteoclasts to reabsorb the
released calcium. The kidneys are stimulated to excrete P whilst holding onto Ca via reabsorption and
calcium absorption from the digestive tract is promoted by increasing 1,25-(OH), cholecalciferol

production (Bar et al., 2003).

Commercial broilers are very rarely fed the calcium levels recommended by NRC 1984 and 1994; the
recommended being 1% for starter diets, 0.90% for grower diets and 0.80% for finisher diets.
According to Driver et al. (2005) the average calcium content fed to broilers in the United States are
0.82%, 0.77% and 0.72% for starter, grower and finisher respectively, suggesting the actual values
being fed are about 20% below recommendation. This is largely because changes in feed use efficiency
have meant modern broilers consume over 10% less than they did in 1984. Ideally, recommendations
in modern broilers now need to take into consideration the use of phytases as well as bird sex, the

environment and cost.

19



Calcium content of a diet has significant economic implications because excess Ca impedes availability
of other minerals, namely phosphorus and zinc, while also reducing the dietary energy value of diets
by binding to lipids and reducing their absorption. A balance must therefore be made between
reducing the calcium content of a diet to improve performance without detrimental effects on leg

health.

1.7. Measuring calcium and phosphorus in poultry digesta and excreta

A current method for determining mineral content of poultry digesta and excreta is analysis by
induced coupled plasma- optical emission spectra (ICP-OES) (Mikulski et al., 2012; Rodehutscord et al.,
2012; Kalmendal and Tauson, 2012). ICP-OES uses quantitative measurement of the optical emission
from excited atoms to determine concentration of an element. The analyte atoms in the digestion
solution are aspirated, desolvated, vaporised, and atomised by plasma. The analyte emits
electromagnetic radiation as photons, which are detected and measured by a photo reactive chip. ICP-
OES is able to measure almost any analyte on the periodic table, and can measure multiple elements
in a single reading and quantify very low concentrations. An induced coupled plasma-mass
spectrometer (ICP-MS) is another commonly used method for element analysis in the poultry industry
(Jackson and Bertsch, 2001; Ghimpeteanu et al., 2012) which works in a similar way to ICP-OES except
molecules are separated according to their mass or charge ratio and isotopes detected of each
element. Other methods for measuring calcium and phosphorus concentration include atomic
absorption spectrometry (Walk et al., 2012; Saunders-Blades et al., 2009), colorimetric analysis (Walk
et al., 2012) and flame photometry (Mariam et al., 2004). ICP-OES and ICP-MS are preferential over
other methods because they are more sensitive at quantitative analysis, have improved detection
limits and are less time-consuming. ICP-OES and ICP-MS also enable several elements to be detected
in parallel, which reduces preparation time and amount of sample required, and hence potentially the

number of birds required.
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The methods used for sample preparation for calcium and phosphorus analysis by ICP-OES and IPC-
MS vary between studies, but the majority involve sample digestion with aqua regia (a mix of nitric
acid and hydrochloric acid) based on AOAC 985.01. Other methods of sample preparation prior to ICP-
OES analysis include microwave-assisted digestion with concentrated nitric acid and 30% hydrogen
peroxide (Leytem et al., 2008), digestion with a nitric acid and perchloric acid mix (Dilger and Adeola,
2006) and digestion with a nitric acid and sulphuric acid mix (Huber et al., 2006). Digestion with aqua
regia is preferential over the other methods based on cost, how hazardous the method is, time

effectiveness and recovery analysis (Hseu, 2004).

1.8. Bone formation

Approximately 85% of the organic matrix of bone is collagen (Rath et al., 2000). Collagen is a fibrous
protein with a triple helix structure which contributes towards the tensile strength and framework of
the skeletal tissues and orientates support for bone mineralisation (Riggs et al., 1993). Bone strength
and ability to withstand stress is dictated largely by the arrangement of the cross-linked collagen fibres
(Rath et al., 2000), as well as other intermolecular cross-linking processes such as fibril production and
calcification. Reduced bone strength in poultry bones may be indicative of reduced levels of crosslinks
in calcified tissues. Crosslink concentration has been correlated with bone strength in older birds, but
this is also dependent on relative mineral content (Rath et al. 1999). Bone is in a continuous state of
flux as calcium and phosphorus are deposited when levels in the extracellular fluid are adequate, and
reabsorbed when there is demand by the body. Lipids are also present in bone, as well as non-
collagenous proteins which enhance the mineral matrix and stabilisation of the collagen (Rath et al.,

2000).

Relative mineral content of bones also contributes towards bone strength. Around 95% of bone
mineral matrix is calcium and phosphorus (Rath et al., 1999). Calcium and phosphorus bind to form
calcium phosphate, or hydroxyapatite crystals, which are deposited into the holes situated between

the collagen fibres. These minerals then bind to the collagen, increasing the bone strength. Sodium,
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magnesium, iron and fluorine are also sometimes incorporated into hydroxyapatite crystals (Frandson
and Spurgeon, 1992). When calcium levels in the body are low, minerals from bones are released by
homeostatic mechanisms (Guéguen and Pointillart, 2000), so calcium absorption must be high to
sustain bone strength. Calcium absorption is largely affected by vitamin D, due to its impact on
hormones that stimulate epithelial calcium channel synthesis and plasma membrane calcium pumps
(Wasserman, 2004). Other organic components of bone include lipids and non-collagenous proteins,
the latter of which contributes to the stabilisation of the collagen/mineral matrix (Termine and
Gehron-Robey, 1996). Bone strength is therefore also partially dictated by dietary protein and fat

source. The presence of water in bones may also contribute towards its visco-elastic properties.

1.9. Leg problems and lameness in broilers

The most significant form of economic loss to the poultry industry is from leg abnormalities in birds
(Robins and Phillips, 2011). Bird growth rates have increased by approximately 300% in the past 50
years (Knowles et al., 2008), and this genetic selection for heavy bodyweights and rapid growth in
association with small skeletal frames have been implicated in muscoskeletal disease in meat based
poultry (Julian, 1998). Lameness can be due to under-mineralisation or the degeneration of the
hypertrophic chondrocytes within the growth plates which then disrupt the maturation of the
chondrocyte (Farquharson and Jefferies, 2000). One of the most recognisable signs of phosphorus
deficiency is poor bone development as 80-85% of the phosphorus in a chicken is located in the bones
(McDowell, 1992). When birds are fed adequate phosphorus in the starter phase, but less than
required in the grower and finisher phases, phosphorus from the bones is used to meet the
phosphorus requirements. Therefore both the extent and length of time the bird is deficient of

phosphorus has an impact on bone integrity.

It is often assumed that rapid growth is entirely to blame for problems associated with bone strength
in poultry, but in reality disrupted metabolic pathways and metabolic imbalances also play a significant

role. The heightened requirements for specific nutrients or enzymes, the increased formation of
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metabolic by-products (e.g. lactic acid) and the increased susceptibility to metabolic and toxic injuries
are all contributors. The effects of antinutrients and toxins are not directly associated with rapid

growth, but larger birds will consume more of them so the negative effects may be amplified.

The potential pain caused by lameness raises a major welfare issue. This is amplified by the preference
to sit as a result of discomfort which increases the likelihood and severity of hock burns caused by the
ammonia from litter in the floor substrate, alongside the starvation and dehydration due to inability
to move to access feed and water. Lameness can be reduced through slower growth programmes,
such as longer daily dark periods, and increased activity to reduce stress on immature bones; but a
balance must be made between bird welfare and optimum economic output. High rates of mortality
and morbidity of up to 30% result from leg problems (Pines et al. 2005), leading to obvious heavy
economic losses. Incidences of lameness effect between 2 and 27% of broilers selected for growth
due to the speed of their development, as a result of selection for specific traits in parent stock lines.
Currently, the incidents of leg disorders are still greater than 25% of meat chickens, despite attempts

to alleviate the problems.

Deposition of skeletal muscle should in theory place more load on bones, making them stronger, but
in modern broilers genetic selection has meant there is more focus on increasing breast muscle not
leg muscle (Al-Musawi et al., 2011). If focus was shifted onto selecting birds for leg muscle rather than
breast muscle tibias and femurs would be stronger and less susceptible to breakage, but in the UK and
most of the USA this is unlikely to happen because there is more consumer demand for breast meat

than leg meat (Husak et al., 2008).

1.10 Bone analysis: Mineralisation, Ca and P content and strength

Bone mineralisation acts as an indicator of dietary mineral utilisation, vitamin D activity and bone
health (Angel et al., 2006; Venaldinen et al., 2006). The tibia is the most widely used mineralisation
marker as it is the fastest growing bone, and therefore considered to be the most sensitive to changes

in mineral status (Applegate and Lilburn, 2002). Evaluation of tibia ash to determine mineralisation is
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recommended by the AOAC (1990). However, Thorp (1992) states that there is greater external torsion
on femurs than tibias, and Moran and Todd (1994) found that the femurs were more sensitive to a
dietary reduction in phosphorus than the tibias, which suggests the femur may be a greater indicator
of leg bone issues in broilers. This suggests that in order to observe dietary effects on bone
development it is vital to observe effects in both the tibia and femur. Bone analysis needs to be
conducted on only one leg per bird because both tibias and femurs grow and mineralise at the same
rate (Shaw et al., 2010).

Analysis of bone mineralisation and strength both act as indicators of bone health. There is a lack of
consensus in the literature as to the best method for preparing bones for determination of ash content.
Hall et al. (2003) states that autoclaving the bone to deflesh it, based on the method of Boling-
Frankenbach et al. (2001), is advantageous in that it is less time consuming and involves less exposure
to harmful chemicals than the AOAC (1955) approved boiling/ extraction method. It has also been
reported that defatting bones prior to analysis of ash content reduces variation (Huyghebaert et al,,
1988). Kim et al. (2004) found that bone preparation method had an impact on bone breaking strength
but not on ash weight; fresh bones gave better bone breaking strength correlated to other bone
parameters than dried bones.

The cortical bones in modern broilers are often porous and have low mineral content, resulting in high
susceptibility to bone deformities and low breaking strength. Cortical bone consists of microscopic
cylindrical structures orientated parallel to the long axis of the bone, and these are laid down in
concentric rings called lamellae. There is increased porosity in fast growing broilers because
osteoblasts are not able to completely fill the lamella (Williams et al., 2003). A negative impact of
increased bone porosity from a commercial perspective is that it can lead to darkening of meat around

the bones because bone marrow haem pigments leak through the bones (Smith and Northcutt, 2004).

1.11. Overview of phytate
Phytic acid (myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate (IPg)), or phytate as a salt, is the
primary storage form of phosphorous in plant tissues of cereals and leguminous plants (Tamim and
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Angel, 2003). ‘Phytate’ and ‘phytic acid’ are terms used synonymously; phytate is the mixed cation
salt of phytic acid. Approximately two thirds of the phosphorus in cereal grains and oilseed meals is
bound in the phytic acid structure (Viveros et al., 2000). Phytin is the name given to the complexed
molecules of phytate with calcium, potassium and magnesium (Angel et al., 2002; Lott et al., 2000).
Phytate bound to phosphorus is referred to as phytate-P, as opposed to non-phytate P which is
phosphorus not bound to phytate. Myo-inositol is found mainly as a component of phytate, but is also
found in monogastric diets in its free form, and as an inositol-containing phospholipid (Cowieson et
al., 2011).

Phytate represents 1-1.5% of the weight, and 60-80% of the total phosphorus in seeds (Lei et al., 2013).
The amount of phytate present in cereals varies from 0.5 to 2.0% (Coulibaly et al., 2011). Phytate is
the most abundant inositol phosphate in nature; it is vital for seed development and seedling growth
and as a store of potassium, magnesium, calcium, iron and zinc. In developing seedlings, phytate also
manages inorganic phosphate levels (Lott et al., 2000). The phytate-P concentration of plant materials
has a considerable effect on the total phytate-P concentration in poultry diets, depending on relative
inclusion concentrations. Phytate is found in higher concentrations in cereal mill by-products and oil
seed meals than in grains because in dicotyledons seeds phytate is located in the kernel, in the sub-
cellular globoids, whereas in grains it is only located in the aleurone layer. This section examines the
structure of phytate molecules and the impact that phytate has on the poultry industry from a welfare,

environmental and economic viewpoint.

1.11.1. Chemical characteristics of phytate

Phytate is made up of six negatively charged phosphate groups bound to 12 hydrogens in an inositol
ring. It is very electrostatically reactive because the 12 protons have pKa values of 1.5-10 so are unable
to become fully protonated. Each of the 12 protons has two proton dissociation sites per phosphate
group; a proton dissociation site is a site in which a H+ can be released leaving a negatively charged.
Six of the proton dissociation sites are acidic (pKa < 1.5); three are weakly acidic (pKa 5.7, 6.8 and 7.6)
and three are very weakly acidic (pKa 10) (Costello et al., 1976). As a result, at pH less than 1 phytate
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is largely unreactive as has a neutral charge. At acidic pH (1-2), 6 of the 12 protons dissociate and
becomes negatively charged, so can react with proteins. At neutral and basic pH 3, protons dissociate.
This means there is a wide pH range, spanning across the whole of the gastrointestinal tract, in which
phytate is negatively charged (Maenz, 2001). These negative charged sites bind to divalent cations
such as calcium, magnesium and zinc as well as protein residues and starches. In mature seeds phytate
is found as these complexes. A phytate molecule can bind to at most six calcium molecules, but on
average it binds five or less (Dendougui et al., 2004). This formation of insoluble salts results in poor
mineral bioavailability and absorption, hence phytate is classed as having antinutritional properties.
The reactivity of phytate is therefore dependent on both the arrangement and structure of the
molecule and the pH of the environment (Maenz et al., 1999). Once exposed to acidic conditions
phytate becomes soluble as a moderately protonated moiety, so when it is exposed to the low pH
conditions of the proximal gut it becomes soluble because the potassium and magnesium are replaced

by H+ ions (Lott et al., 2000).

1.11.2. Impact of phytate on the poultry industry and bird health

Phytate is poorly digested by monogastric animals; Cowieson et al. (2006) states as low as 10% of
phytate-P is digested by poultry. This is because monogastrics lack effective endogenous phytases
necessary to release the phosphate from the inositol ring of phytate, and because interactions with
other minerals and proteins present in the gastrointestinal tract reduce phytate-P availability. Also
phytate-mineral complexes are soluble at low pH (< 3.5), which means that in the small intestine (pH
5-7) insoluble phytate-mineral complexes form and mineral bioavailability is reduced (Simon and
Igbasan, 2002). Reactions between phytate and other nutrients, such as amino acids, starch and other
mineral cations, also cause increased endogenous secretions of these nutrients (Bohn et al., 2008).
The result of this is reduced broiler performance; for example Liu et al. (2009) found that weight gain
decreased by 2.6% in birds from hatch to age 21 days when dietary phytate content was raised from
0.785% to 1.57%, Ravindran et al. (2006) found that as phytate presence increased AME decreased,
and Onyango and Adeola (2009) found weight gain, feed intake and tibia ash decreased in the
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presence of phytate. Phytate anti-nutrient effects are estimated to cost £6 per tonne in lost
performance. Awareness of the negative effect of phytate on monogastrics has been known for a
while, possibly even as far back as 1855 when the role of phytate as a storage form of phosphorus in
vegetables was first discovered (Hartig, 1885). It is not until recently however that the extent of the
antinutritional problem has been considered.

The lack of successful hydrolysis of phytate by monogastrics means that approximately 82% of
consumed phytate is excreted (Cowieson et al., 2004), hence inorganic sources of phosphorus must
be supplemented to poultry diets to meet phosphorus requirements. The interaction between phytate
and other food components in the digestive tract is dependent on several factors including: pH of the
tract, presence of components that may compete with phytate for mineral binding (Thompson, 1993),
feed processing, source and type of phytate, volume and type of ingested phytate and area of the
tract (presence of phytase enzymes). Digestion and retention of phytate-P is dictated primarily by the
form of dietary phytate, and mineral and vitamin D status of the bird (Maenz and Classen, 1998;
Ravindran et al., 1995). Phytate mineral complexes also reduce the ability of the minerals to act as co-

factors in enzymes.

1.11.3. Impact of phytate on the environment

Only approximately 4% of phytate is broken down in the gastrointestinal tract (Harland and Oberleas,
2010). Excess inorganic phosphorus and phytate-P have negative implications on the environment
when excreted, such as soil run off, post soil saturation and eventual eutrophication. In areas of
concentrated poultry production this poses particular environmental concern. The adverse effects of
high-phosphorus in animal excreta came into public view primarily in the 1990s, when there was a
heightened occurrence of fish deaths in the United States (Lei et al, 2013). This led to increased
interest in phytases, which has received wide acceptance largely as a result of legislation designed to
reduce phosphorus pollution (Ravindran et al. 2006). Microbial phytases are favoured over plant
phytases from an environmental perspective as they are active over a wider pH range and hence
hydrolyse up to 50% of dietary phytate (Harland and Oberleas, 2010). Summers (1995) found that a
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20% reduction in dietary phosphate, by lessening supplemental phosphate levels, caused a

corresponding reduction in phosphate present in excreta from layers.

1.11.4. Economic effects of phytate

Small profit margins mean that there is high demand for ways to reduce the cost of poultry feed.
Phosphorus, and hence phosphorus supplements for poultry diets, are very expensive. This is partly
because, despite phosphorus being the eleventh most abundant element, it is always bonded with
other elements or compounds, and is very rarely found in its pure form (Abelson, 1999). Furthermore,
phosphorus is non-renewable and is being mined at an extensive rate to meet artificial fertiliser
demands, meaning that eventually phosphorus deposits will be mined out (Lei et al., 2013). Inorganic
phosphates for poultry feed come primarily from phosphate rock, supplies of which are currently
declining in both quantity and quality. 80% of globally used phosphates are used as chemical fertilisers,
so just 20% must be divided between animal feed and special applications, such as detergents

(Graham et al., 2003).

The phytase market did not develop very quickly post-introduction because it was viewed as having
only an environmental impact, as opposed to economic benefits. However, an increase in phosphorus
costs after 2007/2008, due largely to increased energy costs and phosphorus fertiliser use, saw a huge
increase in phytase use. The current cost of dicalcium phosphate is approximately £770/tonne,
compared to approximately £150/tonne in 2007 (Li et al., 2012) which made phytase much more cost
effective. The average cost of phytase at 1000 FTU/kg is approximately £1.50/ tonne of feed and
supplementation at this level potentially replaces dicalcium phosphate (0.18% phosphorus) which
highlights the economic benefits of phytase (Lei et al., 2013). The phytase market has now reached
approximately £224 million a year and increased focus on phosphate sustainability will continue to

push it forward even further (Dayyani et al., 2013).

1.12. Overview of phytase

Phytases (myo-inositol hexaphosphate hydrolases) hydrolyse phosphate groups from molecules of
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phytic acid (IP¢) resulting in lower myo- inositol phosphates being produced such as IP; to IPs, in
addition to inorganic phosphorus. Inositol is also produced which is a simple carbohydrate (Selle et
al., 2007). Phytases represent a subgroup of phosphomonoesterases that can instigate stepwise
dephosphorylation of phytate (Angel et al., 2002). They are generally supplemented according to their
activity in standard conditions (pH 5.5, 37°C, 5 mmol/L sodium phytate) (Greiner and Bedford, 2010).
The ability of phytase to hydrolyse phytate is determined by the location of phytate within cells walls,
the solubility of the phytate, and susceptibility of the phytate to the effects of phytase.

The positive effects of phytase on body weight gain, feed intake and feed efficiency have been widely
reported; for example bird performance was improved in diets supplemented with 1000 FTU/kg of
microbial phytase compared to diets supplemented with phosphate alone (Simons et al., 1990). Also
Rama Rao et al. (1999) and Denbow et al. (1995) found that growth increased exponentially with
graded amounts of supplemental phytase. Some studies have found that these positive effects reach
a plateau at levels of around 500-1000FTU/kg, for example Denbow et al. (1995) found that bird
performance improved linearly until 800 FTU/ Kg was reached. Other studies however have found
optimum performance is reached at much higher levels of phytase inclusion, for example Wu et al.
(2004) found supplementation with 2, 000 FTU/Kg significantly improved feed efficiency. As a result
phytases are now used in approximately 80% of poultry diets and save animal producers
approximately £1.31 billion a year. The current global phytase market is thought to account for over
60% of the total feed enzyme market (Lei et al., 2013). Phytase products are now manufactured in
various ways; for example some are formed by solid-substrate fermentation (Rani and Ghosh, 2011),
some by liquid fermentation using genetically and non-genetically manipulated organisms (Papagianni
et al., 2001, Roland et al., 2003 and Costa et al., 2008) and some by recombinant DNA technology.
This section examines the factors that affect the efficacy of phytase in combating the antinutritional

effects of phytate in poultry diets, and explores how commercial phytases are classified.
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1.12.1. Phytase classification

Phytases are classified based on whether they are fungal or bacterial, and on whether they are coated
to protect them from high temperatures. They are also classified by the position on the phytate
molecule in which hydrolysis first occurs; the 3-phytases hydrolyse the ester bond of myo- inositol
hexakiphosphate at the third position, for example those derived from Aspergillus niger, and the 6-
phytases hydrolyse the ester bond at the sixth position, for example those derived from Escherichia
coli (Guenter, 1997, Singh, 2008 and Cowieson et al., 2006). The sequential hydrolysis of phosphate
groups following initial attack is in numerical order; 6-phytases attack only at position 1 following
initiation at position 6, and 3- phytases attack at position 4 then 5, 6 and 1 following initiation at
position 3. Additionally Greiner (2006) and Greiner and Bedford (2010) state that phytases can be
classified based on their catalytic mechanism, or divided into acid or alkaline phytases based on their

optimum pH range.

It has been suggested that bacterial phytases may be more efficient than fungal phytases; Auspurger
et al. (2003) found that phytases derived from Escherichia coli released more phosphorus from
phytate than phytases from two different types of fungal phytase, and Oyango et al. (2005) found that
phytases from Escherichia coli are more active in the small intestine than phytases from Peniophora
lycii. This may be due to resistance to pepsin and pancreatin, as these have the ability to repress, and

even sometimes stop, phytase activity.

1.12.2. Phytase activity

Phytase activity is measured in phytase enzyme units (FTU). These are an in vitro measure to verify
the activity of a product and do not necessarily equate to in vivo bio-activity of the enzyme. The
definition of a phytase enzyme unit is the ‘amount of enzyme that catalyses the release of 1 uMol of
inorganic phosphorus per minute from 5.1 mM sodium phytate in pH 4.5 buffer at 60°C’. Phytase
activity is determined by extracting the phytase, by solubilising the sample into an aqueous state and

incubating the sample, and determining the reaction of phytase with a standard concentration of
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substrate. Colour reactants with stopping solution are then used for enzyme reaction, and the level of
phosphorus released in the incubation phase is determined. Approximately 0.8g of digestible
phosphorus is released from an estimated 300-600 phytase activity units/kg of diet, and has the
potential to replace 1.3 g/kg of phosphorus from dicalcium phosphate.

Phytases are generally unable to completely dephosphorylate phytate (Greiner and Konietzny, 2006).
Also, a single phytase is unable to meet all the desired commercial properties; stable from heat
activation during feed processing (resilience to 65-80°C temperatures), cost effective to produce and
effective at releasing phytate phosphate in the upper digestive tract (Greiner and Bedford, 2010). This
is because they each have different properties, which suggests there is need for a collection of
phytases which are application-specific (Greiner and Konietzny, 2007). Different phytases may exhibit
different degradation pathways and hence produce different myo-inositol phosphate intermediates;
some of which may act as competitive inhibitors if they are not hydrolysed while some may go on to
be dephosphorylated by other phytases (Bedford and Partridge, 2010). Phytases are therefore
screened and developed for the most favourable properties. Wyss et al. (1999) states that phytases
with broad substrate specificity are more advantageous in animal nutrition than those with a narrow
specificity, as those with a broad range appear to readily degrade inositol phosphates with little
accumulation of intermediates, whereas those with narrow specificity can result in inositol tri- and bi-
phosphate accumulation.

Phytase thermostability also dictates its efficacy; microbial phytases have a wide optimum
temperature range, ranging from 35-145°C (Wodzinski and Ullah, 1996) whereas plant phytases have
a narrower range, from 45-60°C (Kumar et al., 2011). One approach to improving thermostability is
the use of genetic modification to produce a thermotolerant enzyme, but the genetically modified
products currently available are occasionally unsuccessful in some pelleted feeds (Bedford et al.,
2003). Sometimes liquid phytases are sprayed onto feed post-pelleting but this is costly and accuracy
and consistency of application is questionable, so this method is not widely practised. Another

approach is to coat the phytase with a thermo-tolerant, or add stabilising additives (Ravindran and
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Adeola, 2010), but the coating may reduce the efficacy of the enzymes (Kwakkel et al., 2000). This is
likely because the coating may incur a delay in phytase release in the intestine, causing performance

per unit of enzyme to be compromised.

1.12.3. Phytase in poultry diets

Alkaline phosphatases and endogenous phytase are present in the poultry digestive system, so birds
are able to partly dephosphorylate phytate into free phosphate and inositol, but digestion of phytate
is incomplete, which is why diets must be supplemented with exogenous phytases (Cowieson et al.,
2011). Exogenous phytase supplementation in broiler diets is however not always successful. Phytases
are most active in the gastric region of the digestive tract because pH is low, so the conditions are
favourable for soluble phytate. However, the environment in this section of the tract is very
proteolytic, so for the phytase to be efficient it needs to be resistant to pepsin hydrolysis. E. coli
phytases have been shown to be more efficacious at gastric pH and more resistance to pepsin attack
than Aspergillus phytases (Igbasan et al., 2002). Accumulation of phytate in the gizzard does not
necessarily have a negative effect on phosphorus availability because there is the potential that
partially phosphorylated inositol phosphates will be dephosphorylated further in the small intestine
(Greiner and Bedford, 2010). This suggests that it may not necessarily be complete dephosphorylation
of a phytate molecule that dictates how efficient phytase is. Calcium has been found to reduce the
effects of endogenous phytase (Tamim et al., 2004), partly because calcium increases pH and
consequently makes the environment less favourable. This is an issue in broilers because calcium is
supplied in high levels in the diet.

Supplementing diets with phytase is the most convenient and practical way of combating the
antinutritional effects of phytate, and has increased substantially in the past 10 years due to the
increase in raw material prices. An alternative method is to chemically degrade feed phytate prior to
feeding, but this could have a detrimental effect on quality of the feed (Pandey et al., 2001). Another
method is to add phytase-producing microbes to diets but there is concern over potentially

contaminating the environment with the microbes, and also how to control the colonisation of the
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microbes (Lei et al., 2013).

1.13. Phytate reactivity

Phytate presence in the gut has a breadth of extra-phosphoric effects beyond reducing phosphorus
digestibility, such as reducing energy metabolism and amino acid and vitamin utilisation (Cowieson et
al., 2011; Maenz, 2001; Nahm, 2009). Phytate solubility and susceptibility to the effects of phytase
dictates phytase efficacy. Phytate degradation varies greatly between feedstuffs; for example Leske
and Coon (1999) found that a fungal phytase increased phytate degradation by 38% in soyabean meal,

but by just 15% in rice bran.

The intrinsic properties of the phytase and concentration of both phytate and phytase in the diet, in
addition to bird age and diet composition, dictate phytase efficacy and phytate reactivity. Solubility
and retention time in the different areas of the gastrointestinal tract are both influenced by, and have
an impact on phytate reactivity. The form of phytate also effects its reactivity; for example Onyango
et al.(2009) found that there was a difference between either free or magnesium-potassium phytate

with regards to their anti-nutritional effect on amino acid and mucin loss in broilers.

Digestive enzyme secretion and activity is reduced by phytate presence due to the formation of
insoluble mineral-protein-phytate complexes (especially in the small intestine) because phytate binds
to positively charged enzyme co-factors, such as zinc and calcium. Liu et al. (2008) showed that a-
amylase activity in the duodenum was decreased by 8.3% in the presence of phytate. Reduced activity
of a-amylase can have negative repercussions on energy digestibility as it reduces absorption of
carbohydrates. Phytate has also been shown to reduce utilisation of lipids by reducing reabsorption
of fats, cholesterol and bile salts (Liu et al., 2009). This section examines factors that dictate phytate
reactivity, including location of phytate in ingredients fed to poultry, position of phosphates groups in

phytate molecules and gastrointestinal pH.
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1.13.1. Location of phytate in poultry feed ingredients

Location of phytate varies between seeds; in cereals such as wheat and barley (monocotyledonous
seeds) it is found in the aleurone layer (Coulibaly et al., 2011), whereas in oilseeds such as soyabean
meal it is found mainly in the protein bodies (Manangi and Coon, 2006) and in corn it is found mainly
in the germ (Wyatt et al,, 2004). Phytate is located in electron-dense areas, which are known as
phytate globoids, and these are usually located in protein storage vacuoles. The size of these globoids
is dependent on total phytate content of the seed (Classen et al., 2010). These globoid crystals are
comprised of phytate salts, mainly with potassium and magnesium (Brejnholt et al., 2011). The
location and hence chemical affiliation of phytate can influence nutrient availability. Protein

concentrates tend to have higher levels of phytate than either cereals or corns.

1.13.2. Degradation of phytate

As stated previously, the 6 phosphate groups on the inositol ring of phytate are hydrolysed in
sequential order, with 6-phytases starting at position 6, then position 1, 2, 3, 4 and 5. Degrading IPsto
IP,eliminates most of the antinutritional effects of phytate, but does not generate the full phosphorus
hydrolysing capacity. The rate of degradation to IP.is dependent on several factors, including whether
the phytase is a 3 or a 6- phytase, the enzyme: substrate ratio, phytate solubility and the intestinal
health of the bird. Retention time in the tract is also a factor as the greater the retention time in the
gizzard the greater the IPs reduction. IP, and IP; form weaker mineral complexes and bind to fewer
minerals than IPs and IPs (Simpson and Wise, 1990); IP3 has only 10% the chelation capacity of IPg.
These lower esters are either absorbed in the small intestine or precipitated with cations and excreted;
cation concentration and extent of dephosphorylation dictates the amount of esters that are

absorbed.

Konietzny and Greiner (2002) found that the phosphate attached to the second carbon of the inositol
ring is resistant to hydrolysis by phytase unless in the presence of very high concentrations of phytase

at prolonged incubation. This phosphate group is attached axially, as opposed to the other phosphate
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groups which are positioned equatorially (Wyss et al. 1999; Irvine and Schell, 2001). As a result, once
the phosphate at position 1 has been removed the phytases tend to seek other substrates rather than
continuing on the current inositol ring (Greiner et al., 2000). With 6-phytases therefore, only the
phosphates at position 6 and 1 are removed resulting in a build-up of IP4, because phytases hydrolyse
IPs before IPs. Only when the concentration of IP, reaches a high enough level can the phytase
continue to remove the remaining inositol-phosphates (Greiner et al., 2000). It is therefore imperative

that adequate phytase is present to completely dephosphorylate phytate molecules.

6-phytases reduce a greater proportion of phytate than 3-phytases because phytase activity is
determined by the amount of phosphate released, as opposed to the rate of IPs hydrolysis; 6-phytases
release more phosphorus than 3-phytases but 3-phytases depolymerise phytate at a faster rate than
6-phytases (Wyss et al., 1999). The biochemical classification of phytases does not however indicate
its efficacy; it only defines the mode of action used by the phytase. Phytases should instead be selected
based on ability to release phosphorus from phytate substrates, physical characteristics, the matrix

values and stability under feed processing and storage conditions.

1.13.3. Gut pH

Phytase presence and activity is affected by gut pH and the optimum pH of the enzyme. Most 6-
phytases have a very specific pH range; usually 4.5-5, whereas 3-phytases have a broader range; 2.5-
5, except Bacillus phytases which work most effectively at neutral pH (Simon and Igbasan, 2002). At
low pH (less than 4) phytate-mineral complexes are soluble but at neutral pH, such as in the poultry
small intestine, insoluble phytate-mineral complexes are readily formed (Tamim and Angel, 2003) thus
reducing mineral bioavailability and increasing excretion of minerals and amino acids. Phytate is
therefore most susceptible to attack by phytases in the crop (pH 4-7), proventriculus and gizzard (pH

0.5-4) (Wyatt et al., 2004).

1.13.4. Mineral presence

Phytate molecules have 12 different acid dissociation constants, two for each phosphate group, and
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are negatively charged even at low pH. As pH increases along the gastrointestinal tract the negative
charge increases resulting in increased probability that phytate-cation reactions will occur, particularly
with divalent cations such as calcium. This results in formation of stable salts which precipitate out of
solution. The order in which phytate forms complexes when presented with cations and free acid has
been investigated extensively (Vohra et al., 1965 and Maenz et al., 1999). The ranking of minerals
based on ability to inhibit phytate hydrolysis by phytase at neutral pH in order is as followed;
Zn?*>Fe?*>Mn?*>Ca**>Mg?* (Maenz et al., 1999). Sodium is not affected by phytate, which suggests
that minerals with one valence electron may not be subjected to the anti-nutritional effects of phytate
(Scheuermann et al.,1988). This may be due to the bond between monovalent cations and phytate
being weaker than that presented between multivalent cations and phytate making them more likely

to be reabsorbed.

The extent of phytate degradation is proportionate to the amount of phosphorus liberated, but the
amount of calcium liberated varies and often exceeds that of phosphorous. Phytase supplementation
has also been reported to enhance mineral availability beyond phosphorus, for example it has been
shown to increase both magnesium and iron digestibility (Viveros et al., 2002 and Ravindran et al.,
2006 respectively). This section examines the relationship between phytate and Ca, 1,25-

dihydroxycholecalciferol, zinc and vitamin Ds.

1.13.4.1. Calcium

Calcium is important because high dietary calcium levels reduce phytate digestibility in chicks (Selle et
al., 2007); with Ca concentrations of less than 5g/kg able to increase ileal digestibility of phytate-P by
up to 70% (Tamim and Angel, 2003; Tamim et al., 2004). When calcium and phytate levels exceed a
critical concentration, salt formation and precipitation occurs which reduces the amount of calcium
available in the intestine for absorption. Dietary calcium should therefore be kept to a minimum to
facilitate maximum phytase efficacy, without compromising skeletal development. Mohammed et al.

(1991) found that reducing dietary inorganic phosphorus alone had no impact on phytate-phosphorus
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utilisation, but reducing calcium as well increased utilisation by 65%, and that phytate-P utilisation
was approximately 59% in diets with normal Ca compared to approximately 77% in diets low in
calcium. Care must be taken when reducing dietary calcium levels because levels below requirements
alters the Ca: P ratio and can put strain on phosphorus utilisation (Cowieson et al., 2011). Diets should
be formulated on available Ca rather than total Ca to optimise phytase efficacy. Levels of phytase in
layers and broilers is different due to the retention time in the gizzard and differences in Ca absorbed.
Limestone particle size can also affect phosphorus release by phytase in that it takes longer to

solubilise larger particles.

Calcium-phytate complexes in the small intestine reduce calcium availability (Tamim et al., 2004;
Plumstead et al., 2008). As a result, dietary calcium levels have a significant effect on the response of
supplemental phytase (Sebastian et al., 1996); with phytate digestibility and phytase efficacy
increasing when diet calcium levels are reduced to 0.75-0.85% (Ballam et al., 1984; Perney et al.,
1993). Phytate-P decreases in proportion to the calcium: phytate molar ratio (Rama Rao et al., 1999)
with phytate digestibility being lower when the calcium to phytate ration is greater than 2:1 (Wise,
1983). As a result, below pH 4, calcium and phytate-P are very soluble (Grynspan and Cheryan, 1983)
but as pH increases solubility reduces. At highly acidic pH calcium can hinder the extent of protein-
phytate complex formation by reacting with either phytate or protein, preventing the formation of
binary protein-phytate complexes (Selle et al., 2009). Dietary limestone concentration can therefore
potentially be used as a tool to control phytate activity through manipulation of digesta pH,
particularly as a rise in pH reduces the susceptibility to the effects of phytase. Moles of calcium per
mole of phytate varies between feed ingredients for example in soyabean and oats there are
approximately three moles of calcium per mol of phytate, whereas in rice corn extract there is

approximately two and in corn semolina just one (Dendougui et al., 2004).
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1.13.4.2. 1,25- dihydroxycholecalciferol

Intestinal absorption of calcium and phosphorus is stimulated by 1,25-dihydroxycholecalciferol; the
lower the calcium and phosphorus levels the higher the plasma 1,25-dihydroxycholecalciferol levels.
Dietary supplementation with 1,25-dihydroxycholecalciferol has been found to improve phytate-P
digestibility and retention in broilers, and reduce the need for inorganic phosphorus supplements
(Ravindran et al., 1995; Mitchell and Edwards, 1996, Edwards, 1993). For example Edwards (1993)
found supplementation with 1,25-dihydroxycholecalciferol caused phosphorus utilisation to increase
by approximately 30%, and Mohammed et al. (1991) found that when inorganic phosphorus and
calcium are low, increasing cholecalciferol levels can increase phytate-P utilisation by over 75%. This
may be because 1,25-dihydroxycholecalciferol is a phosphate transport hormone and its presence
causes an increase in the concentration of serum phosphorus, thought to be due to a stimulation of

phosphate and reabsorption in the kidney and intestine (Edwards, 1993; Tanka and Deluca, 1974).

1.13.4.3. Zinc

Zinc is secreted into the duodenum via the pancreas (Harland and Oberleas, 2010); two to four times
as much zinc goes into the duodenum in a day via the pancreas as is consumed in the diet (Oberleas,
1996). Dietary phytate complexes to zinc, which is the most vulnerable essential cation. This zinc is
approximately 30% dietary zinc and 70% secreted zinc (Harland and Oberleas, 2010). The strength of
the complex depends on zinc concentration and pH. Complexes are most likely to be formed at pH 6-
7, so the proximal small intestine is the main site of zinc-phytate complex formation. The shift of pH
from the gizzard to the duodenum causes phytate to readily seek cations to complex and precipitate
with, and the vulnerability of zinc means that in the presence of high volumes of phytate, zinc

deficiency is likely to occur.

Zinc deficiency results in reduced growth and decreased appetite, as well as increased susceptibility
to infections, as zinc acts as a cofactor for cell division and regulates over 50 enzymes (Harland and

Oberleas, 2010). Zinc deficiency therefore has significant economic implications in the poultry
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industry. Zinc deficiency only occurs when phytate is present; there is enough zinc in poultry feed to
meet the needs of monogastric species and, in the absence of phytate, it is readily absorbed by the
small intestine (O’Dell and Savage, 1960). Zinc deficiency can therefore be easily predicted based on
only analysis of feed for phytate and zinc content (Oberleas and Harland, 2005). Phytase improves the

bioavailability and digestibility of zinc by approximately 1g per 100 units of phytase (Yi et al., 1996).

1.13.4.4. Vitamin D3

Vitamin D3 is essential for regulating calcium metabolism and acts as a precursor for 1,25-
dihydroxycholecalciferol. Endogenous intestinal phytase and alkaline phosphatase activity has been
shown to increase with supplementation of vitamin Ds; Davies et al. (1970) found an increase from
750 to 7500 I.C.U./kg of vitamin Ds in phosphorus-deficient diets increased phytase and alkaline
phosphatase activity and improved tibia ash content. This may be due to vitamin D3 stimulation of
phosphate transport mechanisms in the intestine, therefore vitamin D; deficiency has a direct impact

on phosphorus metabolism (Harrison and Harrison, 1961 and Wasserman and Taylor, 1973).

1.14. Protein-phytate complexes

Protein-phytate interactions are fundamental to the negative impact of phytate on protein
digestibility. 1g of phytate can bind approximately 10g of protein under ideal conditions (Cowieson et
al., 2009). Protein-phytate complexes form when a negatively charged phytates have a strong
electrostatic attraction to positively charged proteins. The strength of the attraction between phytate
and protein is dependent on concentration and solubility of the phytate, the pH of the environment
and the isoelectric point and structure of the protein. Most protein-phytate complexes are formed in
the beginning of the gastrointestinal tract, although some may be present in the feedstuffs. The
likelihood of protein binding to phytate is dependent on the abundance of amino acid residues and
the precise structure of the phytate. Cowieson and Cowieson (2011) suggest that interactions
between protein and phytate may not be a result of binding between protein and phytate, but rather

because phytate competes with protein for water, which reduces the solubility of the protein. It is
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thought that phytate has a hydration shell that causes less polar proteins to precipitate, and hence
competition for water dictates activation of pepsinogen. Therefore it may be that protein solubility is
reduced by phytate altering the thermodynamics of water so that aggregation of proteins is likely

(Cowieson and Cowieson, 2011).

The impact of phytate on protein solubility results in increased endogenous loss of amino acids and
reduced amino acid digestibility. For example, Cowieson and Ravindran (2007) found that amino acid
loss was increased by 87% when phytate levels were increased from 0.85% to 1.45%, and Cowieson
et al. (2006) found supplementing diets with synthetic phytate caused amino acid digestibility to
decrease significantly. Phytate also reduces reabsorption of secreted amino acids (Lui et al., 2009).
Glycine, serine, threonine and proline are the amino acids most affected by phytate (Cowieson and

Ravindran, 2007).

Protein-phytate complexes are often resistant to pepsin digestion and solubilisation by HCI, causing
increased secretion of both. The result of this is heightened mucin secretion, and a further loss of
amino acids. Consequently, when phytate is hydrolysed protein absorption is increased. However, the
ability of phytase to improve amino acid availability has been widely debated (Selle and Ravindran,
2007); with some studies finding that amino acids increased significantly with dietary inclusion of
microbial phytase (Rutherfurd et al., 2012), whereas some studies found no effect of phytase on amino
acid utilisation (Liao et al., 2005). This section examines the impact of protein isoelectric points and

gastrointestinal pH on the prevalence and strength of protein-phytate complexes.

1.14.1. Protein isoelectric points

The interaction between phytate and protein is largely dictated by pH; tertiary phytate-protein
complexes form at around neutral pH, whereas binary phytate-protein complexes form at acidic pH
(Selle and Ravindran, 2007). Proteins with a high isoelectric point (5-6) are electrostatically positively
charged so phytate is readily complexed to these proteins, and conversely phytate does not readily

bind to proteins with low isoelectric points. At neutral pH proteins are nearly all negatively charged
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because of the weakly acidic residues present in almost all proteins. Consequently, in the gizzard,
phytate-protein complexes do not readily form, hence why phytate is most susceptible to the effects
of phytase in this section of the gut. In sections with higher pH, such as the small intestine, phytate-
protein complexes will readily form and are not as easily hydrolysed. The isoelectric point therefore
determines the strength of the interactions between phytate and protein, and hence the ability of
phytases to release protein from phytate-protein complexes. As poultry diets differ in their amino acid
content, they will therefore have different isoelectric points. Hence phytate interferes with protein to

different degrees, depending largely on the impact of the particular diet on gut pH.

1.14.2. pH profile of pepsin

Phytate-protein complexes are resistant to digestion by pepsin and solubilisation with HCI, which
often results in increased secretion of pepsin and HCI (Cowieson et al., 2008). The response to this is
increased mucin secretion, to protect the mucosa from digestion by HCl and enzyme. Pepsin in poultry
has an optimum pH of 2.5-3 and becomes denatured at pH 3.9 (Crévieu-Gabriel et al., 1999); if pH is
shifted away from the pH optimum, due to variance in individual bird digesta pH or presence of dietary

limestone, protein solubility and utilisation is reduced.

Pepsinogen, the zymogen of pepsin, is hindered from being converted into pepsin by phytate binding
to the activating peptide (Liu and Cowieson, 2010). This demonstrates another way in which phytate
affects protein utilisation, and suggests that manipulation of amino acids to enhance activation of

pepsinogen is a potential way of overcoming the antinutritional effects of phytate on protein.

1.15. Methods used for measuring phytate concentration

It is clear that phytate needs to be measured, but there is no commercially available quantitative
method for measuring it. Over 60 methods, including electrophoresis and paper chromatography
(Oberleas and Harland, 2010), have however been developed for qualitative measurement of phytate.

A key hindrance in establishing this methodology is identifying the various esters after separation.
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Historically both Young (1936) and Oberleas (1964) analysed phytate using a colorimetric assay
whereby samples were heated with a standardised amount of FeCl; and the amount of precipitated
ferric phytate was measured. This method was however non-specific, not particularly sensitive and
featured no separation of other inositol phosphate esters, as it implied that ferric phytate was the

only phosphate not soluble in dilute HCI (Lehrfield, 1994).

The current most widely used methods for phytate analysis involve high performance liquid
chromatography (HPLC) (Cowieson et al., 2006), but each analysis requires expensive and time-
consuming anion-exchange purification. This method also assumes that only phytate has been purified,
which may be acceptable for non-processed grains, but not for processed feeds which can contain
high levels of lower myo-inositol phosphate forms which may also elute with phytate, therefore
overestimating phytate content. The original HPLC methods used a reverse phase column which was
quick but provided little separation or accuracy (Oberleas and Harland, 2010). As a result reverse
phase columns were replaced with strong anion exchange columns which have improved specificity
(Oberleas and Harland, 2007). This method involves using NaNOs to generate a gradient on a column

which separates different inositol phosphates.

Another method used recently to measure phytate is nuclear magnetic resonance, which has been
used to investigate phytate presence in soil (Doolette et al., 2010), and to ascertain the amount of
phytate in ileal excreta and digesta (Leytem et al., 2008). Despite it being the only spectroscopic
method which provides complete analysis of the whole spectrum, it is not readily used because of the
large volume of sample that is required (Turner, 2004). The most sensitive method for phytate analysis
is the use of metal dye detection reagents (Mayr, 1988); although this method is suitable for testing
phytate in tissue cultures, it is too sensitive and expensive for use in food analyses. There is a
requirement for a non-HPLC method that is sensitive enough to read between 100pmoles and 100

nmoles, and cheap enough to be used to analyse feed.
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1.15.1. Megazyme™ method for determination of total phytate

The assay developed by Megazyme™ measures the total available phosphorus from feed. It involves
acid extraction of inositol phosphates, treatment with phytase specific for phytic acid (IPs) and the
lower myo-inositol phosphates and then treatment with alkaline phosphatase to ensure complete de-
phosphorylation. Total phosphate is measured colourimetrically; the amount of molybdenum blue
formed is proportional to the amount of inorganic phosphorus present and is quantified as
phosphorus using a calibration curve of known phosphorus standards. One aim of this project is to

develop the Megazyme™ assay for measuring phytate and total phosphorus in poultry digesta samples.

1.16. Methods used for measuring phytase activity

Phytase activity assays currently measure phosphate release as opposed to disappearance of phytate,
due to the difficulty surrounding measuring the inositols released from phytate degradation.
Phosphate release must be linear to time in order to quantify the degrading activity of phytase so
physical parameters including pH, temperature, substrate concentration and enzyme stability must be
kept constant when carrying out activity assays. The ability of these assays to accurately determine
phytase efficacy may be questionable based on large variation seen in the literature; despite trying to
control variables there can be huge difference between experiments. This has been illustrated by
Angel et al. (2002) in which five studies were conducted to decipher amount of phytase needed to
obtain 0.1% units of phosphorus equivalency. Each of the studies used the same phosphorus and
phytase source, same duration of experiment and same age and strain of broiler chick but the results
ranged from 781 to 1413 FTU/Kg (Adeola and Applegate, 2010). The issue with measuring phosphate
release is that all phosphate removed will be classed as derived from phytate which may not give an
accurate representation of phytase activity. It is likely that most phytase act on a range of
phosphorylated compounds, with only a few, such as Aspergillus niger, being specific to just phytate.
Also substrate inhibition needs to be considered as both the phosphate produced from hydrolysis and

the phytate itself can have inhibitory effects on histidine acid phytases (Konietzny and Greiner, 2002).
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Methods for detecting phytase activity need to take into consideration pelleting and thermostability,
and the presence of other additives and minerals in the feed (Sheehan, 2011). Phytase is either added
directly to the completed feed or blended with low inclusion ingredients. Measuring phytase in these
blended diets can sometimes prove problematic because mineral presence may alter pH, which has
an effect on the interaction between phytate and proteins and minerals, and can hence affect the
strategy needed for the extraction stage. Additionally diet manufacture has an effect on the isoelectric
point due to changes in thermostable energy. Some feed companies add formaldehyde to broiler diets
to combat contamination by pathogenic microorganisms which potentially affects the ability to
recover enzymes from feed (Sheehan, 2011), and phytases can bind to mycotoxin binders if they are

added to the feed, reducing activity (Moslehi-Jenabian et al., 2010).

The limitation of assays whereby the release of inositol phosphate from sodium phytate is measured
is that phytate is unlikely to exist in its sodium salt form in vivo, so these methods may not be providing
a true representation of phytase activity in the bird. A potentially more appropriate method was
developed by Trans et al. (2011) who demonstrated that using protein-phytate complexes may be a
more relevant substrate for the evaluation of phytase efficacy, as they occur naturally in the digestive
tract and feed. Additionally in conventional methods pH is maintained at 5.5, but in this assay pH is at
3, thus mimicking the environmental conditions in the gizzard (Trans et al., 2011). Activity of phytase
was measured based on the principle that stable protein-phytate complexes form turbid solutions, so
a reduction in turbidity acts as an indicator of phytate complex hydrolysis. Decreased turbidity
therefore correlates to increased inositol phosphates from phytate. Evaluation of phytases using this
method showed that E. coli phytases are more effective at hydrolysing phytate in phytate-protein
complexes than phytate in sodium phytate. This highlights that the key factors which dictate phytase
efficacy are the ability to be degraded by pepsin and stability at the environmental conditions of the

gizzard.

The principal of the AOAC colorimetric enzymatic assay for determination of microbial phytase in feed
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(AOAC Official Method 2000.12) is that a phytase solution is incubated with a phytate substrate at pH
5and 37°C, which liberates the inorganic phosphate from the substrate. A colour complex is produced
by addition of a molybdate based solution, which is then read on a spectrophotometer at 415nm with
the degree of colour development being proportional to the amount of phosphate released, and is
calculated by reference to a phosphate standard curve. The amount of phosphate released indicates
the enzyme activity in the sample. Engelen et al. (2001) ran a collaborative interlaboratory study to
validate this assay which involved 27 laboratories each analysing 6 commercial feed samples that
varied in phytase activity (200-400 FTU/kg), where method performance and statistical calculations
were carried out according to the AOAC guidelines. They found that this assay was reliable and
allowed comparison of industrial enzyme preparations between laboratories based on reported data,
ranging by just 14-20.5% between different laboratories. The ISO assay (ISO 30024: 2009) for
determination of phytase activity in animal feed is very similar to this assay, except the acetate buffer
used differs slightly and this assay also involves use of 0.01% polysorbate 20 to stabilise the
suspensions. An alternative assay, based largely on the Megazyme™ assay, adds trichloroacetic acid
to the incubated sample to quench it, before adding a molybdate-ascorbate solution to produce the

colour complex which is read at 820nm.

The most common methods used to measure phytase activity are colorimetric, whereby the colour
formation between molybdate and released inorganic orthophosphate from phytate is measured.
There is however large variation and poor reproducibility using these methods because free or water-
soluble P causes high background and hinders degradation of phytate added in the assay. Additionally
the absorbance readings are often also unstable because the background colour of the blank is strong
and thus reduces the colour contribution by phytase hydrolysis, and also the samples do not mix very

well as fat and carbohydrate presence causes an oil layer to form (Kim, 2005).
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1.16.1. Formulating diets for poultry with phytase

The aim for feed formulation is to achieve the nutrient levels required at the lowest cost. This is often
calculated using the assumption that there is a linear relationship between nutrient supply and the
material it is derived from. This is not the case with phytase as when phytase supplementation
increases from 500 FTU/kg to 1000 FTU/kg the increase in available phosphorus is only 30% (ten
Doeschate and Graham, 2010). Enhanced nutrient contribution through phytase supplementation
may be dependent on not only phytate content, but susceptibility of the phytate to degradation by
phytase, and also any interaction with other nutrients. The commercial usage of phytase is therefore
based on a nutrient matrix being assigned to a specific dose of phytase. As a result of phytase effects,
diet formulation from an economic perspective can focus on the price of fats and oils as opposed to

phosphate.

1.17. The role of endogenous phytase: In feed ingredients

Phytase is naturally present in feed materials fed to poultry (Greiner and Egli, 2003). These phytases
have the potential to degrade the phytate in that material; for example Brejnholt et al. (2011) found
that endogenous wheat phytase was able to significantly degrade phytate in wheat. The impact of this
variation is shown by Nelson (1976), in which it was found that in diets containing corn as the only
grain source just 3% of the phytate-P was hydrolysed by 9 week old birds, and in diets where wheat
was substituted for half of the corn just 13% was hydrolysed. Phytase concentration varies greatly
between different ingredients; in maize it is believed to be below 100 FTU/kg whereas in wheat and
rye it is thought to be around 1200 FTU/Kg and 5000 FTU/kg respectively (Brejnholt et al., 2011;
Viveros et al., 2000). The impact of endogenous phytase on IPs and IPs degradation however is lower
than that induced by microbial phytases in the same pH range (3-5.5) (Brejnholt et al., 2011). Phytase
loses activity at approximately 60°C, so its efficacy is greatly reduced when exposed to 80°C steam

during pelleting (Ullah and Mullaney, 1996; Cavalcanti and Behnke, 2004).
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1.18. Endogenous phytase: In the bird

There is a common misconception that phytate-P is largely unavailable for utilisation because poultry
lack effective endogenous phytase, when in fact phytase and phosphatase are present in the intestinal
mucosa (Cowieson et al., 2006), as well as in the liver and blood (Cowieson et al., 2011). The effects
of this endogenous phytase on phytate-P digestibility are however negligible, because of poor
solubility of phytate in the small intestine, largely due to luminal cation concentration, particularly
calcium (Cowieson et al., 2011); if phytate-P remains soluble in the small intestine it is able to be
digested. There is very little known about the contribution of endogenous brush border phytase
activity to digestibility of dietary phytate-P. Phytase contribution is likely to be subject to regulation in
response to the birds’ dietary phosphorus status.

Maenz and Classen (1998) found endogenous brush-border phytase activity in all segments of the
small intestine, with the highest activity levels found in the duodenum. Intestinal phytase activity
occurs over the pH range 5 to 6.5, with optimum pH 6. In this study it was found that there was a
difference in pH profile between phytase activity and non-specific phosphatase, and that the intestine
brush border contained no phosphatase activity. This suggests that the intestinal border contains
phytase activity that is separate from phosphatase enzyme activity; Yang et al., (1991) stated that
phytate is mainly hydrolysed by non-specific phosphatases, whereas Bitar and Reinhold (1972)
suggested that it is hydrolysed predominantly by specific phytase activities. Intestinal phytase activity
in birds fed a phosphate-deficient diet is thought to be three times that of birds fed phosphate-
supplemented diets (Maenz and Classen, 1998). Davies et al. (1970) also found that phytase and
alkaline phosphatase activities were over twice as high when no supplemental phosphorus was added
to the diets, compared to when adequate calcium phosphate was added to raise the inorganic

phosphorus content to approximately 0.50%.

1.19. Alkaline Phosphatase
Alkaline phosphatase, like phytase, is a phosphomonoesterase. Alkaline phosphatase catalyses

hydrolysis of organic phosphate esters in an alkaline environment (pH 8-9), in the presence of
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magnesium or manganese and zinc ions. When diets containing exogenous phytase are fed, the role
of alkaline phosphatase is to dephosphorylate phytate molecules that have by-passed degradation in

the gizzard.

Alkaline phosphatase is most commonly found in the intestinal epithelium and kidney, but is also
present in yeast and animal bone. Although brush border alkaline phosphatase activity is present
throughout the small intestine, it is slightly greater in the duodenum and slightly lower in the distal
ileum (Perek and Snapir, 1970; Chang and Moog, 1972). High levels of dietary calcium cause alkaline
phosphatase activity to reduce, partly due to influence on hormonal balance. Low levels of dietary

phosphorus and vitamin Ds increase alkaline phosphatase production (McCuaig et al., 1972).

1.20. Phytate susceptibility to the effects of phytase

It is essential that P release by phytase is accurately predicted due to the implications on broiler
welfare and performance. The level of phytate and susceptibility of the phytate to phytase actions
dictates the catalytic capabilities of phytases as both soluble and insoluble phytate-mineral
precipitates can be resistant to phytase hydrolysis (Konietzny and Greiner, 2002). The total phytate-P
concentration of a diet may be misleading because feed ingredients may contribute to the total
amount of phytate in the diet, but in real application this may mean little for substrate available for
phytase. It is therefore important when formulating with phytase that not only the total phytate
content of the diet is accounted for, but also the relative solubility, which is largely dictated by location
of the phytate in the grain. Phytate is transformed from phytase resistant mineral-complexed forms
to being susceptible to the effects of phytase via addition of H+ ions to the weak acid phosphate
groups. Mineral chelators, such as EDTA and citrate, can aid this conversion to phytase susceptible
form; soluble mineral complexes materialise in the digesta which decrease mineral binding to phytate,
and can then be dissociated and rebound to intestinal brush border mineral-binding sites, or absorbed

as whole complexes (Maenz et al.,, 1999). Binding divalent cations to phytate may make a portion of
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it resistant to phytase; a chelator may remove cations from binding to the phytate and hence increase

levels of susceptible phytate.

1.21. Superdosing phytase

The current phytase dosage in most monogastrics is approximately 500 FTU/kg of E. coli phytase
equivalents, but there is evidence to suggest that superdosing (quantities of above 1500 FTU/kg) may
be beneficial for enhancing bird performance, bone development and digestibility. Nelson et al. (1971)
showed early signs of the positive effect of superdosing phytase in which it was found that phytate-P
disappearance was increased from 38.9% with supplementation of 950FTU/kg phytase (Aspergillus
ficuum) to 94.4% with 7,600 FTU/kg, and that bone ash increased 59% with the higher phytase level.
However, despite these early findings, interest in superdosing did not increase until the
commercialisation of phytase as a feed additive in 1991 (Cowieson et al., 2011). At first, the inclusion
cost of phytase was relatively high which meant the levels fed were constrained to 350-500 phytase
units (FTU) per kilogram, but in recent years the cost of phytase has decreased significantly meaning

currently 500 FTU/kg can be fed for considerably less cost.

In the past decade there has been increased interest in superdosing; for example Cowieson et al.
(2006b) found that doses of phytase above 1,000 FTU/kg of diet improved weight gain, toe ash
percentage and nutrient utilisation, presumably through phytate degradation. Also it was found that
supplementing a corn-based diet with 12,000 FTU/kg phytase increased degradation of phytate-P,
from around 42% at 93 FTU/kg to 95% at 12,000 FTU/kg, as well as enhanced AME and nitrogen
retention (Shirley and Edwards, 2003). Positive effects of superdosing in poultry have also been
observed by Auspurger and Baker (2004) at levels of phytase ranging between 500 FTU/kg and 10,000
FTU/kg, and by Pirgozliev et al. (2007) at levels of phytase ranging between 500 FTU/kg and 2,500

FTU/kg.

One possible mechanism behind the observed improvements with high levels of phytase is likely to be

because there is increased production of soluble lower inositol-phosphate esters, and lower levels of
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IP¢ and IPs; lower esters have a much lower capacity to chelate divalent cations, can be solubilised in
the small intestine and increase mineral release. There is also more phosphate liberated and
restoration of P or Ca proportionate release as well as reduced presence of residual phytate. Also low
myo-inositol esters stimulate lipid breakdown by generating myo-inositol with lipotropic effects

(Cowieson et al., 2011), although this is an area that requires further investigation.

Superdosing has also been shown to reduce the likelihood of vitamin E deficiency (Karadas et al., 2010)
and protect against fatty acid syndrome, due to their lipotropic effects (Katayama, 1999). This
suggests that the role of exogenous phytases is more to prevent higher esters from leaving the gastric
phase, as opposed to carrying out complete dephosphorylation of phytate into inositol and free

phosphates.

The improved effects of high phytase on digestible P can only be expected to improve bird
performance if P is limiting; Angel and Applegate (2002) added phytase to diets with sufficient P and
found that this increased the amount of soluble P excreted, highlighting the potentially negative
effects of phytase. Superdosing may stimulate, and hence increase, feed intake, particularly in P
deficient diets and increases the presence of inositols which are believed to have potential growth
promoting effects (Zyta et al.,2013). It is believed that phytase effects may be bimodal in that there
is aninitial improvement in digestibility followed by a second stage improvement in digestible nutrient
intake and hence net energy effects. In P deficient diets P release from phytate instigates increased
intake until the P requirements are met, but then continues to increase intake even further beyond

this possibly because phytate is an appetite suppressant (Cowieson et al., 2011).

1.22. Combining phytase with other enzymes

Itis believed that enzyme cocktails as opposed to single enzyme use may potentially be advantageous
due to the complex structure of feed ingredients. Combined dietary additions of phytase with other
enzymes, such as proteases and non-starch polysaccharide enzymes, is widely used in monogastric

production (Lei et al, 2013). For example, Jézefiak et al. (2010) found that combining
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multicarbohydrase and phytase enhanced growth performance as well as liver insulin-receptor
sensitivity in broilers feed full-fat rapeseed. It has been found that phytases supplemented with
carbohydrases, such as xylanase, and proteases can have a positive effects on broiler performance
and protein solubility (Cowieson and Adeola, 2005; Bae et al.,, 2012). This is likely to be because
phytate is located in cell walls and protein structures, so carbohydrases and proteases liberate the
phytate from the cell matrix and hence expose the phytate to hydrolysis by phytase (Ravindran et al.
1999). The solubilisation of phytate in the presence of carbohydrases and proteases suggests that
without phytases these enzymes may have a negative effect on bird performance because they cause

increased production of phytate-protein complexes.

1.23. Future of phytase

Improved phytases and more diverse phytase applications are constantly being sought after and
researched; for example in the past decade phytases with higher activity concentrates and greater
resistance to heat inactivation during the pelleting process have been developed (Haefner et al,
2005). One of the main factors driving phytase research is the need to reduce the environmental
impact of excreted phosphorus (Casteel et al., 2011). Another main factor is that there are limited
supplies of inorganic phosphorus and feed-phosphorus supplements; the supplies have become less
cost effective or sustainable because countries with strong economic growth (such as India and China)
have high growing demands for the supplies, and because oil prices have increased (Lei et al., 2013).
The phytate in soil is not utilised efficiently by plants as a source of phosphorus due to the lack of
phytase activity in the fluid that surrounds plant roots; improving phytate utilisation by plants would
reduce the need for phosphorus in fertilisers (Wang et al., 2013).

One recent development is phytase-transgenic plants seeds that contain high phytase activities, which
have been produced by overexpressing the phytase genes in crops. For example, Chen et al. (2008)
over-expressed Aspergillus niger phyA2 gene in maize seeds resulted in new maize hybrids with
improved phosphorus availability. The main concern with this method is that the phytase may be
inactivated by heat processing during pelleting. There has also been success with the development of
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low-phytate soyabeans and grains (Hill et al., 2009; Raboy, 2007; Mendoza, 2006). The main issue with
development of these low-phytate seeds is that phytate is essential for seed germination, growth and
disease resistance (Raboy, 2009), thus removing phytate from grains could reduce crop vyield.
Furthermore, pre-treating ingredients with phytase to reduce the phytate concentration has been
studied by Newkirk and Classen (2001) in which it was found ileal amino acid digestibility was
heightened by feeding birds dephytinised rapeseed meal in corn-soybean meal diets.

There is also current interest into the development of phytase-transgenic animals. Overexpression of
the E. coli app A gene in the salivary glands of pigs has been investigated (Golovan et al., 2001). This
proved to be successful, based on a 75% reduction in the phosphorus excreted by these animals.
Phytase-transgenic fish (Hostetler et al., 2003) and mice (Golovan et al.,, 2001) have also been
developed, with a similar level of success. There is also the potential to produce poultry with
heightened phytate digestion, for example Cho et al. (2006) created a chicken cell line that had
overproduced multiple inositol polyphosphate phosphatase phytate-degrading enzymes. However,
public view of genetically modified animals hinders the progress of this field.

The hunt for novel phytases has recently turned to searching for phytases in organisms that live in
extremely hot conditions, with the belief that these phytases will be thermostable, and from
organisms that live in very cold conditions, with the expectation that these phytases will have low
temperature activity (Lei et al., 2013). Recently phytases have been obtained from fungi; for example
Zhang et al. (2013) have developed a highly pH and heat tolerant phytase from fresh fruiting bodies
of shiitake mushrooms, and Singh and Satyanarayana (2010) isolated phytases from thermophilic
fungal isolates from stored grains and animal excreta.

The search for novel phytases has also led to increased interest in protein engineering. One of the
strategies involved in protein engineering is random mutagenesis, which involves screening to identify
mutants that possess better characteristics, using procedures such as DNA shuffling of areas between
homologous proteins and gene site saturation (Lei et al., 2013; Lehmann et al., 2000). Another strategy

used is random design, in which preferred amino acid residue substitutions are constructed by adding
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in disulphide bridges and substituting amino acid residues, and the effects on the protein function are
predicted (Koonin and Galperin, 2003). An example of this is the charge of interactions of polar and
ionic residues in the active site of Aspergillus niger phytase were altered so the activity was greatest

at pH 3.5 (Kim et al., 2006).

1.24. Ingredients in poultry feed

It is important to consider properties and attributes of feed as well as bird digestive tract environment
and exogenous enzyme presence when assessing nutrient utilisation. The majority of protein used in
poultry feed is from plant sources, predominantly oilseeds, with soyabean accounting for 75% of all
protein used in compounded livestock rations worldwide (Gilbert, 2002). Annually, approximately 316
million tonnes of oilseed protein is used in the animal feed industry, compared to just 10 million
tonnes from animal by-products (meat and bone meal and feather meal) and 7 million tonnes from
fishmeal (FAO, 2013a). Qil is extracted from the plant material, and the remaining solid portion
contains almost 50% protein (post removal of fibrous hulls). Protein sources fed to poultry vary greatly
in their amino acid concentrations so synthetic amino acids have to be added to broiler diets,
especially lysine (the first limiting amino acid in poultry) and methionine. It is more economical to
provide these amino acids in synthetic form than to add more of a high-protein ingredient to the diet,

and allows the nutritional needs of the bird to be met more precisely.

Grains are largely made up of starch and fibre so contain only around 10% protein. Grain is added to
poultry feed primarily as a source of energy as starch. Maize is the most widely used grain in
commercial poultry production worldwide as it is easily digested, highly palatable, high in available
energy and free of anti-nutritional factors (FAO, 2013c). The metabolisable energy value of alternative
grains is usually evaluated in relation to maize. In Canada and Europe however, wheat is the main
energy source used with conventional broiler diets typically containing 60% or more of wheat. This

section examines the main ingredients fed to poultry.
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1.24.1. Soyabean Meal

Soyabean meal is the by-product of soyabean oil extraction (FAO, 2013a). Soyabeans are the most
popular oilseed crop produced in the world; they represent 55% of the total global production of
oilseeds, followed by rapeseed (14%), cottonseed (10%), peanut (8%), sunflower (9%), palm kernel
(3%), and copra (1%) (Cromwell, 2012). Soybean meal is very high protein compared to other plant
protein sources; 44% with hulls and 46-50% without hulls. It also has the highest lysine digestibility of
the common protein sources fed to poultry (approximately 90%), and contains substantial methionine,
cysteine and threonine. There is also less variation in digestibility in soyabean compared to other
oilseeds, has no negative impact on palatability, and has low fibre content and high energy. When
processed properly it also contains very little toxins or anti-nutrients (Willis, 2003; Britzman, 2005).
Annually, approximately 85% of the world’s soyabeans are processed into soyabean meal and oil, 98%
of which are further processed into animal feed (Soyatech, 2013). Only around 3% of soyabean meal
used in Europe is derived from EU supplies (Brookes, 2001); annually approximately 40 million tonnes

of soyabean is imported into the EU.

Seed proteins are either enzymatic or storage proteins, with most of the protein in soyabeans being
storage protein. During germination, storage proteins supply nitrogen and carbon skeletons for seed
development (Wang et al,, 2003). Soyabean meal can have very high calcium content because
limestone is sometimes added at the end of processing to prevent the warm soyabean meal clumping

together.

1.24.2. Rapeseed Meal

Rapeseeds, which are a member of the mustard family, are crushed to remove the oil of which
rapeseeds contain approximately 40%. The resulting rapeseed cake is then further processed by
solvent extraction into rapeseed meal. Rapeseed first became popular in WWII where it was used as
a source of industrial oil, and the crushed seed was fed to animals. Rapeseed is cultivated in areas with

colder climates, such as Europe and Canada, which tend to be unsuitable for soyabean growth.
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Rapeseed oil has become the primary feedstock for biodiesel in Europe. After crushing to remove oil,
the resulting rapeseed cake is processed through a similar solvent extraction process to soya to

produce rapeseed meal.

Rapeseed meal usually contains approximately 37% crude protein, 10-12% crude fibre, 1-2% lipids and
around 1% phosphorus and less than 1% calcium, although composition varies widely depending on a
range of factors including origin, growing conditions, the manufacturing process and degree of oil
extraction (Narits, 2011). The amino acid content of rapeseed meal is commonly around 8-10% less
than that of soyabean, and it contains approximately 15% less metabolisable energy due to its high
fibre content (>110g/kg), although dehulling can reduce this. As a result, it is used more commonly for
layers and breeders than broilers (Fenwick and Curtis, 1980; Khajali and Slominski, 2012). Generally
rapeseed is a better source of Ca, Se and Zn than soyabean, but its high phytate and fibre content

reduce the availability of these minerals in monogastric diets.

As well as phytate, rapeseed meal also contains high levels of other anti-nutritional factors, including
glucosinolates and tannins. Glucosinolates are sulphur-containing secondary plant metabolites. They
are highly goitrogenic and reduce broiler health and performance by reducing feed intake, inducing
iodine deficiency and causing hypertrophy of the liver, kidney and thyroid through release of toxic
breakdown products. Various processing techniques are applied to remove glucosinolates from feed
ingredients, namely enzyme application and microbial fermentation at each level of processing
(Tripathi and Mishra, 2007). Tannins are astringent compounds, mostly complex glycosides that bind
and precipitate dietary proteins and digestive enzymes, which reduce bird protein utilisation and
growth (Leeson and Summers, 2001). Heat treatment has no effect on these anti-nutritional factors,
their presence can only be reduced through plant breeding; rapeseeds that have been developed to
be low in glucosinolates are often referred to as ‘O-canola’, or ‘00-canola’ if erucic acid has also been
removed. One of the first varieties of double zero rapeseed meal was developed in Canada: Canola

‘CANadian Oilseed, Low-Acid’. The term has now been adopted as a worldwide standard covering all

55



double zero varieties of rapeseed meal, wherever they were produced. Virtually all rapeseed
production in the European Union has shifted to rapeseed-00 but unfortunately the development of
low glucosinolate varieties suited to Asian countries has been less successful. It is imperative to know
the source of the rapeseed meal to ensure rate of dietary inclusion does not impede animal

performance and health.

1.24.3. Other Protein Sources

Fishmeal has high digestible amino acid content, particularly lysine, as well as a high content of very
long chain polyunsaturated omega-3 fatty acids which are thought to improve immune status, and
high levels of calcium, phosphorus and vitamins such as biotin and choline. Fish meal is produced from
either lean fish such as cod and haddock, from the remaining offal after they are filleted, or from very
oily fish such as herrings and sardines; approximately 90% is manufactured from the oily fish.
Processing involves cooking, pressing, drying and grinding the fish. High-quality fishmeal usually
contains 60-72% crude protein (Miles and Chapman, 2006). Its use as a protein source is continually

being reduced because it is unsustainable environmentally (Hardy, 2010).

Feeding meat and bone meal from cattle in animal diets was banned by the EU in 2001 due to
spongiform encephalopathy (BSE) (TSER 999/2001). Prior to this it was used as a cost-effective way to
enhance protein quality and mineral levels and reduce waste. The EU largely replaced the loss of meat
and bone meal by using soya meal, although the ban of meat and bone meal has removed a major

source of phosphorus supply.

There are numerous other potential protein sources for poultry diets.

e Maize gluten mealis rich in total protein (62-73%), has high digestible energy and methionine
content (almost as high as that of soyabean meal) but is deficient in some other amino acids,
particularly lysine (Chadd et al., 2002). It is not very palatable to birds and contains pigments

which can effect meat and egg colour (Lesson et al., 2005).
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Legumes, lupins, peas and beans are also high in protein, but deficient in some amino acids
and high in anti-nutritional factors. For example, peas contain 20-30% protein, but the
presence of alpha-galactosides causes poor growth, so pectinase and alpha-galactosidase
must be supplemented into pea-based diets. Peas also contain low levels of methionine and
high levels of tannins (Igbasan et al., 1997). Lupins contain approximately 44% protein but can
only be successfully fed if the diets are supplemented with synthetic amino acids (Olkowski et
al., 2001).

Flax seed has a high protein (26%) and oil level (41%) and is a good source of fatty acids and
omega-3, but studies feeding it to poultry have shown that although it increases omega-3
content of the meat, it results in smaller body weights (Jia and Slominiski, 2010).

The meal remaining from production of sunflower seed oil has a relatively high protein
content (17-21%) so has potential to be used in poultry diets, but it has a low energy and lysine
content (Slavica et al., 2006).

Algae from biofuel production has the potential to replace a third of soya protein in pig and
poultry diets. It has a protein level of 20-70% (compared to 40% in soyabean meal) and it's
simple single-cell structure means it can be easily degraded, unlike plant-based biofuels like
corn-derived ethanol which have a complex cellulose which must be broken down, and have
a high lipid content (Lei, 2012). However, there is no consistency among various algae species
regarding suggested safe inclusion levels in poultry diets.

Feather meal is produced by hydrolysing clean, undecomposed feathers using steam and
pressure which breaks down the keratinous bonds in the feathers. The protein content of
feather meal is usually approximately 85%, provided the feathers have been completely
hydrolysed, but it is low in methionine and not very palatable (Caires et al., 2010).

Blood meal contains about 80% protein, and is a rich source of lysine, arginine, methionine
and cysteine, but a poor supplier of isoleucine and glycine (Khawaja et al., 2007). It is produced

by spray drying blood from animal processing plants at low temperatures.
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e Co-products from distillation of cereal grains for alcohol production have been shown to have
no adverse effect on broiler production if added at low levels (approximately 7%). Distillers
dried grains with soluble (DDGS) are a good source of protein, energy and water-soluble
vitamins, but the high fibre content makes them not well suited for high inclusion levels in

poultry diets (Loar et al., 2010).

1.24.4. Wheat

Wheat fed to animals tends to be the wheat that has been rejected for human consumption, due to
its low nutritional value, such as low weight (due to weather or disease) and presence of mycotoxins.
As weight of the wheat decreases the energy level decreases and feed efficiency is reduced, requiring
addition of supplementary fat or higher quality wheat to prevent reduction in performance
(McCracken et al., 2002). Wheat is low in fibre and high in metabolisable energy; it contains an average

of 19 MJ/kg gross energy, with metabolisable energy values of approximately 14 MJ/kg.

Wheat is classified based on whether the seed coat colour is red or white, whether the kernel texture
is hard or soft, and on whether it was planted in the winter or spring (Slaughter et al., 1992). Kernel
texture has the biggest effect on nutrient composition; hard wheats have very strong binding between
the starch and protein. Hard wheats have higher lysine content than soft wheats, and red wheats
contain more amino acids than white wheats. The protein level of wheat varies between 6-20% (most
commonly 13-15%), depending on growth conditions and type. Wheat contains less metabolisable
energy, but more protein, methionine and lysine, and available phosphorus than maize (Christopher
et al., 2007). However the amino acid balance in wheat is poorer than maize, which means diets
formulated with wheat must be balanced on an amino acid basis rather than crude protein basis
(Hoehler, 2006). The use of wheat enhances pellet durability as the proteins help to bind the

ingredients during pellet processing (Fairfield, 2003).

Wheat contains around 5-8% arabinoxylans which are water soluble, highly viscous non-starch

polysaccharides (NSPs). NSPs are poorly digested by poultry (approximately 12%) (Wu et al., 2013)
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and cause reduced energy utilisation and interference with digestibility of other feed components.
The detrimental effect of NSPs is mainly associated with the viscous nature of these polysaccharides
and their effect on digesta; increased viscosity results in reduced feed passage rate and hence reduced
nutrient accessibility. The result of this is sticky droppings and subsequent poor quality litter, leading
to burns on the hocks and breasts of the birds, as well as reduced nutrient absorption. These effects
can be overcome through supplementation of non-starch polysaccharide degrading enzymes

(Cheeson, 2001).

1.24.5. Maize

In the United States maize is the major energy source in poultry diets. Maize has high metabolisable
energy because it has low fibre content (approximately 10%), highly digestible starch (approximately
65%) and relatively high oil (approximately 4%) (Sauvant et al., 2004; Muztar and Slinger, 1981). The
crude protein level of maize is however fairly low (8-11%) and has a poor balance of amino acids, being
deficient in lysine and tryptophan, so diets including maize must also contain a high quality protein or

synthetic amino acids (Qi et al., 2002).

Most maize crops are hybrids, developed to reflect specific climates or agronomic conditions. Some
have been developed to improve nutritional value; for example low phytate (Hambridge et al., 2004),
high lysine and high tryptophan (Huang et al., 2006), or genetic modification for improved
performance, such as higher yields and resistance to pests and herbicides. There is concern that
genetically modifying maize could have a negative impact on insects and on non-GM plants via transfer
of genomes (Dale et al., 2002). Moulding and rancidity can easily occur in ground maize, so its quality
must be vigorously assessed prior to feeding. Aflatoxins, a type of mycotoxin, are the biggest threat
to maize quality; they reduce feed conversion and cause symptoms such as liver disorders, reduced

egg production, dermatitis, vomiting and bloody diarrhoea (Pearson et al., 2004).
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1.24.6. Barley

Barley is a low energy grain as it has low starch and high fibre content, and high presence of non-
starch polysaccharides, particularly beta-glucans. The level of beta-glucans is dictated by growing,
harvesting and storage conditions (Caprita et al.,, 2011). Barley grains characteristically contain 66%
starch and 17% fibre (Aman, 2006) but barley has a higher protein and amino acid content (particularly
lysine and tryptophan) than maize, although it is less easily digested. The energy content of barley is
very variable (Jacob and Pescatore, 2012). The use of NSP (or carbohydrase) enzymes in barley-based
diets reduces intestinal viscosity and hence improves litter quality of birds fed barley-based diets and
nutrient absorption, and also reduces the variation in beta-glucans between batches of barley, which
improves its feeding value and bird growth performance. The effects of these enzymes can be

deleteriously affected by the presence of hull fibres.

1.24.7. Wheat Bran

Wheat bran is a by-product of dry-milling wheat into flour. It is comprised of the outer seed coat layer
and a small amount of the endosperm and germ. Wheat bran embodies approximately 50% of wheat
waste product and 10-20% of the kernel (Hassan et al.,, 2008). Wheat bran contains more protein
(approximately 14-20%) and minerals (approximately 6%) than whole grains as these are found
predominantly in the outer layer of the grain. The oil content of wheat bran, in the form of wheat
germ oil, is approximately 4%, which is higher than the whole grain (Sabry, 1993). The energy values
of whole wheat are however always greater than for wheat bran due to the latter’s high fibre content.
This high fibre means the metabolisable energy is very low, so inclusion rates in diets are low, unless
low energy pellets are being sought after, for example molt diets for layers (Murase et al., 2006).

Wheat bran fed at over 13% causes reduced feed intake (Mateos et al., 2012).

As a product there is no accepted definition of what can be sold under the name wheat bran which
means there is a wide variation between wheat bran products (Laudadio et al., 2009), particularly with

fibre and starch content. In the milling process the grains are cleaned, then soaked to strengthen the
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outer layer and soften the starchy endosperm so they can be split apart from each other. The grains
are then ground; wheat bran used for feeding animals is usually a mixture of coarse bran and fine
products from the final stage of grinding, fed in the form of large non-adherent flakes with a coating
of flour. It is often added into mash diets due to its high palatability and can be used to lighten heavy

feed mixtures (Chee et al., 2005).

Wheat bran contains non-starch polysaccharides, which have an anti-nutrient effect causing poor
performance and nutrient utilisation (Choct and Annison, 1990). It does however also have reasonably
high endogenous phytase activity (Cavalcanti et al., 2004), and is a natural source of betaine which is
thought to improve osmoregulation in the intestinal tract, and hence reduce the likelihood of
diarrhoea and coccidiosis. Betaine is also thought to improve nutrient and fat digestibility by providing
methyl groups for synthesis of metabolic substances, and decreasing the requirement for methionine

and choline as methyl donors, which potentially enhances their availability (Eklund et al., 2005).

1.24.8. Rice Bran

Rice bran is a good source of protein (approximately 12-18%) and fat (approximately 14-23%), and
contains approximately 16% carbohydrate and 11% fibre (Muhahid et al, 2003). It has been
demonstrated that rice bran can be used as a replacement for cereals at levels of up to 30% with no
effect on feed conversion (Tiemoko, 1992). However Vieria et al. (2007) suggests levels should not
exceed 15% in broiler diets due to the low levels of calcium and very high levels of phytate in rice bran.
Rice bran also contains other anti-nutritional factors such as trypsin and pepsin inhibitors, although
these compounds are at relatively low levels and are destroyed by heat processing (Lu et al., 1991).
Rice bran is produced by the use of reels that remove the germ and outer layer of the rice grain, after
hulling. The amount of bran meal produced is dependent on the rate of milling and type of rice, but is
usually approximately 10% bran and 20% hulls (Nobakht, 2007). Rice bran contains approximately 15-
20% oil (Adrizal et al., 1996) which can become rancid during storage because lipolytic enzymes are

able to hydrolyse glycerides in the oil resulting in formation of free fatty acids (Mujahid et al., 2003)
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and poor broiler performance (Taha et al., 2012). Rice hulls are often added to rice bran to increase

fibre content to approximately 10% (Samli et al., 2006).

In order to feed rice bran to poultry enzymes such as phytase, xylanase and lipase need to be
supplemented to combat the negative effects of the high phytate, fibre content and oxidative rancidity.
Combinations of rice bran with other feed ingredients may increase its potential as a feed for broilers,
for example addition of rumen liquor has been shown by Pujaningsih (2004) to increase phosphorus

solubilisation from phytate, and hence reduce the requirement for phosphorus supplementation.

1.24.9. Other Cereal Sources

Buckwheat is the only grain that is not deficient in lysine and it has a protein content of approximately
12%, but it is considered to be of little value to the monogastric feed industry because it has a high
fibre content and low nutrient digestibility. It is also high in fagopyrin which is a compound that causes
increased photosensitivity, and can therefore cause increased risk of sunburn in outdoor reared birds
(Gupta et al., 2002). Oats have a feeding value similar to that of buckwheat; they have a high fibre
content (as are made of approximately 20% hull), so provide little energy to the diet, and contain
deleterious carbohydrates. Gonzalez Alvarado et al. (2010) however observed increased performance
when 3% oat hulls were fed, although it is thought that removing the hulls from oats increases the
feeding value to that similar to maize, to approximately 17% energy (Ernst et al., 1994). Rye is not
often fed to poultry because it is high in pentosans and other NSPs, so poultry fed rye tend to produce
litter very high in moisture, and are unable to effectively utilise dietary fat and fat-soluble vitamins.
This can lead to both reduced growth and increased onset of rickets. Carbohydrase enzymes are
however able to counteract most of these negative effects (Lazaro, et al., 2004). Sorghum has a similar
composition to corn but contains tannins and has low levels of lysine, methionine and glycine, and has
hence been shown to have a negative effect on bird performance and intestinal mucosa (Torres et al.,

2013).
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1.25. In vitro assays of diet ingredients

In vitro assays have the potential to act as sensitive and cost effective tools for the evaluation of both
phytase efficacy and mineral availability in dietary ingredients. They enable retainable and digestible
phosphorus in feedstuffs and feed phosphates to be predicted, and allows the mode of action and
conditions that affect efficacy of phytase to be investigated. There are however limitations to in vitro
methodologies; it is impossible to reconstruct exactly the variability and interactions present in situ,

S0 in vitro assays are able to measure degradability only, not digestibility.

In vitro methods vary from simple assays that test mineral solubility, to assays that mimic digestive
tract conditions. In the latter, the feed stuff is usually incubated with pepsin and pancreatin to mimic
the retention time and pH in the different sections of the gastrointestinal tract (Walk et al. 2012 and
Wu et al. 2004b). Two-step in vitro methods, whereby the gizzard and small intestine are simulated,
as described in Morgan et al. (2014), enable enzymatic dephosphorylation of phytate to be predicted
based on soluble P content, and can measure the impact that phytase presence is likely to have in situ
on the Ca:P ratio and free Ca, free phosphate and phytate levels. Wu et al. (2004b) developed a three-

step in vitro assay which mimicked the crop, proventriculus/gizzard and duodenum.

Efficacy of phytase is predominantly analysed by release of phosphorus, as it is quicker and easier to
analyse this than to measure disappearance of phytate, although is comparably less accurate. Reduced
rates of hydrolysis observed in vivo compared to in vitro may be attributable to lower hydrolysis rates
of partially phosphorylated inositol phosphate, and the inhibiting nature of phosphates. Accessibility
of phytate may also cause this effect; namely as the active sites of all phytase molecules are unlikely
to be interacting with a substrate at all times, thus it is available phytate not total phytate that is
required to accurately detect phytase activity. The main issue is that pH and phytate concentrations
are not constant in vivo; even though phytases often present optimum activity in a specific range
(Applegate et al., 2003), their individual pH activity profiles can differ significantly. The degrading

activity of phytate is measured at standard conditions of pH 5.5, suggesting that at any other pH their
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activity will differ, so if the standard pH used for all measurements were to change the ranking of

phytases based on their efficacy would change.

1.26. Conclusion

Total and phytate-bound phosphorus concentrations have been measured extensively, and have been
shown to vary considerably between different feed sources and between different batches of feed
ingredients (Selle et al., 2003; Wu et al., 2009; Tahir et al., 2012). It is widely accepted that these
variations have substantial effects on the total phosphorus concentration of poultry diets, depending
on relative inclusion concentrations. However, only very recently has it been recognised that the
concept of ‘total phytate concentration’ is not truly indicative of substrate availability for phytase,
suggesting this notion may be misleading to those using phytase. It is likely therefore that anti-
nutritional effects of phytate and response of phytase, in poultry cannot be predicted by total phytate-
phosphorus measurements, but rather the ‘susceptibility’ of the phytate present to the effects of
phytase in the environment of the digestive tract. The key novel aspect of this project is that it
explores phytate ‘susceptibility’ and the impact of the digestive tract environment, particularly pH, on
phytate reactivity. This project focuses on variation in susceptible phytate content not only between
feed ingredients fed to poultry, but also between batches of ingredients which has yet to be explored.
Investigation into the mechanisms of endogenous phytase contribution to phytate degradation,
particularly in pre-starter birds, is a further novel aspect featured in this project, as is validation and
development of assays used to measure total phytate concentration in digesta samples, and
susceptible phytate concentration in diets and feed ingredients fed to broilers. The implications of this
project for the poultry industry are deeper understanding of phytate reactivity in the different sections
of the poultry gastrointestinal tract, and the proposal that users of phytase need to consider not only
total phytate content by more importantly the relative solubility and susceptibility to the effects of

phytase.

64



1.27. Aims and Objectives
The overall aim of this project was to investigate the availability and reactivity of phytate in different
raw materials and diets, and in the different environments of the broiler digestive tract. Specific

objectives were to:

e |nvestigate factors that influence phytate reactivity and phytase efficacy

e Examine the relationship between pH and phytate reactivity

e Investigate phytate ‘susceptibility’ to the effects of phytase

e Examine protein phytate interactions in relation to phytate concentration and pH

e Validate assays for measuring total and susceptible phytate in both poultry feed and digesta.
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CHAPTER 2: Materials and Methods

2.1. Introduction

This chapter provides an account of the general materials and methods employed throughout the
studies featured in this thesis. Five bird trials were completed as detailed in table 2.1; 3 main studies
and 2 pilot studies. Trial 1 observed the effects of supplemented phytase in soyabean and rapeseed
meal based diets, trial 2 determined the contribution of endogenous ileal phytase activity to phytate
degradation in young birds and trial 3 observed the effect of phytate susceptibility on broiler
performance and mineral utilisation. Five pilot studies were run, three of which feature in the
appendix as copies of published manuscripts. One of the pilot studies was run to determine the
number of young birds required for digestibility studies, to assess the number of birds required for
Study 2. The impact of dietary calcium on, and optimum method for determination of, gastrointestinal
pH was investigated and this method was used for determining gastrointestinal pH in all the trials. The
viability of using in vitro assays as indicators of dietary success in vivo was assessed; an in vitro assay
that mimicked conditions within the gastrointestinal tract was used to analyse mineral solubility of all
the diets used in the in vivo bird trials, and comparisons were made between the in vitro and in vivo
findings. Titanium dioxide (TiO2) was added to all the trial diets as a digestibility marker; comparisons
were made between two different methods for determination of TiO, in each of the trial diets, and a
series of other commercial diets, and digesta samples. Variation in susceptible phytate content of

different feed ingredients was used to formulate the diets fed in Study 3.
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Table 2.1: Description of individual trials in the study

Chapter
Trial 1: Effect of phytase supplementation in soyabean meal and
Study 1 rapeseed meal diets on poultry gastrointestinal pH and phytate- 4
protein and phytate-phosphorus complex formation
Trial 2: Evaluation of the contribution of endogenous phytase to the
Study 2 . ) . 5
degradation of phytate in young broilers
Study 3 Trial 3: Effect of feeding broilers diets differing in susceptible 6
phytate content
Pilot Study 1 Minimising the nur.nbe.r of blrds usgd for digestibility measures in 3
the pre-starter period in broiler chicks
Comparison between ICP-OES and UV-spectrometry assays for the 3
Pilot Study 2 | determination of titanium dioxide added as an inert marker in .
. . - . Appendix A
chicken digestibility studies
. The effect of dietary calcium inclusion on broiler gastrointestinal pH: 3
Pilot Study 3 e . S .
Quantification and method optimisation Appendix B
i In vitro versus in situ evaluation on the effect of phytase 3
Pilot Study 4 . . o1 .
supplementation on calcium and phosphorus solubility Appendix C
i Susceptible phytic acid content of common feed ingredients fed to
Pilot Study 5 . 3
poultry in the UK

2.2. Birds and Husbandry

Institutional and national guidelines for the care and use of animals (Animal Scientific Procedures Act,
1986) were followed and all experimental procedures involving animals were approved by the School
of Animal, Rural and Environmental Sciences Ethical Review Group. All bird trials used Ross 308, male
broiler chicks, supplied within 24 hours of hatching by PD Hook, Cote Hatchery, Oxfordshire. Birds
used in the trials were within the weight range of 38-45g and were from breeder flocks aged between
40-45 weeks. Birds were weighed using dynamic weighing which measured the average weight over a
period of 3 seconds (Mettler Toledo International). The chicks were randomised by weight and housed
in preheated 0.64m? pens in a purpose built, insulated poultry house. The birds were bedded on clean
wood shavings (approximately 3cm) and fresh shavings were added into the pens as required. Birds
were always allowed ad libitum access to the treatment diets and water for the duration of the trial.
Commercial guidelines for the care and husbandry of Ross 308 broilers were followed in all studies

(Aviagen, 2008).The room was thermostatically controlled to produce an initial temperature of 32°C
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reduced to 21°C by day 21 using heating fans and supplementary heat lamps. The lighting regimen
used was 24 hours light on d1, with darkness increasing by 1 hour a day until 6 hours of darkness was
reached and this was maintained throughout the remainder of the study. Birds were checked twice
daily to monitor the environmental conditions; heating and ventilation were adjusted accordingly. Any
mortalities were recorded along with the date and weight of the bird and reason if culled. All birds
sampled were euthanised by cervical dislocation as determined by DEFRA (DEFRA, 2007) and the

Animal Scientific Procedures Act (ASPA, 1986).

2.3 Diet Formulation

All trial diets were manufactured on site and fed as mash. The particle size of each diet was uniform,
consistent and typical for broiler diets, averaging at approximately 1Imm. The composition and analysis
of all the trial diets are detailed in the appropriate chapter. When making the diets, each ingredient
was individually weighed out and mixed dry for five minutes in a ribbon mixer (Rigal Bennett, Goole,
UK) before addition of oil. The diets were then mixed for a further five minutes. The mixer was brushed
down at various stages throughout the mixing process to ensure oil clumps were removed. Titanium
dioxide was carefully incorporated into every diet as an inert marker. It was added at 5g/kg to ensure
there was sufficient titanium dioxide in the digesta samples to determine diet digestibility, and was
mixed with the dry mix prior to inclusion to ensure homogeneity. For each diet the titanium dioxide
level was analysed to ensure the feed was homogenous. In all studies, diets were randomly allocated

to pens within the room, to eliminate any effect of room position.

2.4. Trial Period

2.4.1. Feed Intake
Each pen of chicks was fed exclusively from an individual experimental bag of diet that was pre-
weighed prior to the trial. Any additional feed was weighed into the bags, and weight was recorded.

Troughs were positioned horizontally to minimise spillage. On sampling days remaining feed in the
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trough and bag, and any spilt feed if able to be collected, were weighed. In Trial 1 and 3 feed intake

was measured on day 7,14, 21 and 28. In trial 2 feed intake was measured on d4, 6, 8, 10, 12 and 14.

2.4.2. Bird Weights

For all bird trials, chicks were weighed on arrival, and any outside the range of 38-45g were not
included in the trial. Birds were distributed into pens based on average weight per pen, ensuring there
were no significant differences in starting pen weight between dietary treatments. In Trial 1 and 3
birds were weighed on day 7, 14, 21 and 28. On trial 2 birds were weighed on d4, 6, 8, 10, 12 and 14.
In Trial 2 and 3 individual bird weight of 2 birds per pen was measured; the birds were marked with a
coloured pen and weight was recorded under the column with the corresponding colour on the data

sheet. Birds were weighed using a top pan balance (Mettler Toledo, Leicester, UK).

2.4.3. Excreta Sample Collection

Excreta samples were collected in Trial 1 by placing foil-lined, wire-topped trays into the pen (under
the feeding trough to ensure frequent use) for 2 to 3 days. After this period, the trays were taken out
of the pens and any feed and sawdust was removed. The foils were then wrapped, leaving a small gap
forair circulation, and dried at 80°C for 5 days in a forced air oven, to ensure all moisture was removed.

The samples were then ground through a 1mm screen and stored in a cool place.

2.4.4. Digesta Sample Collection

On days requiring digesta sample collection and digesta pH determination, birds were sequentially fed
at timed intervals, ensuring each bird had a minimum of 1 hour feeding prior to being euthanised, to
ensure sufficient gut fill. Birds were euthanised in a separate room via cervical dislocation by trained
persons. The gizzard was removed and sliced open, and contents were gently scraped into a pot. The
area of the tract from the duodenal loop to the Meckel’s Diverticulum, referred to as the jejunum
(proximal small intestine), was removed and digesta was collected by gentle digital pressure along the
piece of tract, whilst trying not disrupt the mucosal lining. The ileum (distal small intestine) was

categorised as the piece of tract that ran from the Meckel’s Diverticulum to the ileal-caecal junction.
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Digesta samples were collected into labelled pots; for Trial 1 and Trial 2 digesta samples were pooled
into one pot per pen/plot per section of the tract, for Trial 3 digesta was collected into separate pots
per bird. The digesta samples were then weighed and immediately freeze dried (LTE Scientific, UK) for
5 days. Once the samples were dried the pot was reweighed so that digesta water content could be

determined. The samples were then ground to homogenise them.

2.4.5. Tibia and Femur Collection

Tibia bones were separated at the tibiotarsal junction, where the feet were removed, and the
tibiofemoral junction. Femur bones were separated at the tibiofemoral junction and the hip. Care was
taken to ensure there was consistency with bone removal. For Trial 1 both the left and right tibia and
femur from each bird in the trial was collected and put in labelled bags per pen per bone; the left leg
was used to determine bone ash and Ca and P content, and the right leg was used to determine bone
strength, length, width and weight. For Trial 3 just the right tibia and femur from 2 birds per pen was
collected, put in labelled bags per bird per bone, and used to determine bone strength, length, width,

weight, ash and Ca and P content.

2.5. Analytical Procedures

2.5.1. Gastrointestinal pH

Prior to measurement of gastrointestinal pH, birds were sequentially fed to ensure there was both
sufficient gut fill for the analysis and no alterations in gastrointestinal pH resulting from periods of
empty tract. Immediately post euthanasia the gizzard was removed intact and a digital pH meter
(Mettler-Toledo, UK) with a spear tip piercing pH electrode (Sensorex, California, USA) was directly
inserted into the digesta in the lumen of the proximal gizzard (proventricular opening), whilst ensuring
the pH electrode did not touch the gizzard wall, and was measured and recorded in triplicate (Morgan
et al., 2014, Sacranie et al., 2011 and Angel et al., 2010). Once all three readings had been taken the
probe was then rinsed with ultra-pure water (ICW 3000 water purifier for ion chromatograph,

Millipore). This process was repeated in the duodenum, jejunum and ileum of the same bird; for the
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duodenum the probe was inserted into the opening made by removing the duodenum from the
jejunum; for the jejunum it was inserted in the opening made by removing the jejunum from the ileum
at the Meckel’s diverticulum and for the ileum it was inserted into the opening made from removing
the jejunum from the ileo-caecal-colonic junction. The mean of the three readings per section of tract

was then calculated and recorded.

2.5.2. Dry Matter Determination

Dry matter content of the diet and excreta was analysed by accurately weighing approximately 5-10g
of finely ground sample into pre-weighed crucibles. The crucibles were then dried in a drying oven set
at 105°C for approximately 4 days, until the weight was constant. The dried samples were then cooled
in a desiccator and reweighed. Digesta dry matter content was analysed by weighing the digesta
samples immediately after collection, freezing them, then freeze-drying them to a constant weight in
a Lyotrap freeze drier (LTE Scientific, Oldham, UK). The samples were reweighed once dried, after

approximately 5 days in the freeze drier.

2.5.3. Ash Determination

Ash content of diet, digesta, excreta and bones was analysed by accurately weighing approximately 2-
5g of sample, or a whole bone, into a pre-weighed ceramic crucible. The crucibles were then placed in
a muffle furnace (Nabertherm, B180) for approximately 14 hours at 650°C. The ashed samples were

then cooled in a desiccator and reweighed.

2.5.4. Titanium Dioxide Determination

Titanium dioxide (TiO,) was added into all diets as an inert marker at an inclusion rate of 5g/kg. In Trial
1 and 2 it was measured in the diets, excreta and digesta by the UV-spectrometry method developed
by Short et al. (1996). TiO, standards were prepared prior to analysis by dissolving 250mg of TiO;in
100ml of H,SO4 (Fisher Scientific, UK) and bringing the solution up to a volume of 500ml with distilled
water. 100ml volumetric flasks were labelled 1-10 and the corresponding 1-10ml of TiO; solution was

added to each flask. Concentrated H,SO4was then added to each flask to reach a combined volume of
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10ml, followed by 10ml of 30% hydrogen peroxide (Fisher Scientific, UK). The flasks were then brought

to volume with distilled water and the solutions were stored in glass vials in darkness.

0.3-0.5g of feed, excreta or freeze dried digesta was weighed into ceramic crucibles in duplicate and
ashed in a muffle furnace (Nabertherm, B180) set at 650°C for approximately 14 hours. Once cooled,
10ml of 7.4M H,SO, was pipetted into each crucible and they were heated on a hotplate until the
sample had completely dissolved (approximately 2 hours); 5ml extra acid was added if required. Once
cooled, the sample was transferred into a 125ml beaker and then filtered through Whatman 541
hardened, ashless filter papers into 100ml volumetric flasks. 10ml of 30% hydrogen peroxide was
added to each volumetric flask, and the flasks were brought to volume with distilled water and mixed.
Absorbance of the samples and standards was measured on a UV spectrophotometer (Unicam Helios,
USA) set to 410nm. The coefficient used to determine TiO, concentration was derived from the

regression analysis of the standard curve. The amount of TiO,/mg in the solutions was calculated by:

Absorbance*100

Coefficient*sample weight (mg)

2.5.5. Apparent Metabolisable Energy

Gross energy (GE) of the feed and excreta was measured using a bomb calorimeter (Instrument 1261,
Parr Instruments, Illinois, USA) (Rutherfurd et al., 2007 and Woyengo et al., 2010). Pellets of feed and
excreta sample, weighing approximately 1g, were made by adding a small amount of water to the
sample before pelleting it with a pellet press (Parr Instruments, USA). The pellets were dried overnight
in a drying oven at 105°C, before being weighed into tin crucibles (Sartorius CP1245) and placed in the
bomb. The bucket in the bomb jacket was filled with 2 litres of water. 10cm of fuse wire was threaded
through the holes in the bomb which the electrodes attach, ensuring the wire touched the pellet. The
bomb was then assembled, ensuring the top was tightly screwed on, and then filled with oxygen. Once
filled, the bomb was put into the bucket of water, the electrodes were pushed into the bomb, and the

lid of the bomb jacket was shut. Sample weight was entered and the process was started; the
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calorimeter measures the energy produced (in MJ/kg) when the pellet is exploded. Apparent

metabolisable energy (AME) was calculated by:

GE diet-(GE excreta*(TiO; in the diet/TiOin excreta))

2.5.6. Tibia and Femur Ash Determination

Tibia and femur bones were wrapped individually in labelled foil and autoclaved on a metal tray for
15 minutes at 121°C. The flesh and connective tissue was then removed by hand and the bones were
then put into labelled foil tins and oven dried at 110°C for approximately 4 days. The dried bones were
then weighed into pre-weighed ceramic crucibles and ashed for approximately 14 hours at 650°C (Hall
et al., 2003). The crucibles were then left to cool in a desiccator and reweighed so ash content could

be derived. Bone ash was calculated as ash weight as a percentage of dry bone weight.

2.5.7. Tibia and Femur Bone Strength

Bone strength of the tibia and femur was analysed using a TA.XT plus texture analyser (Stable
Microsystems, Guildford, UK) set up with a 50kg load cell and 3 point-bend fixture (Park et al., 2003,
Taylor et al., 2003 and Shaw et al., 2010). Firstly, the bones were defleshed of muscle and tissue by
hand using a scalpel. The length and width of each bone was measured using callipers and recorded.
The texture analyser was set to measure force in compression. Test speed was set at Imm/sec, and
trigger force was set at 7g (0.069N). Supports of the fixture were set at 26mm for the tibia bones and
16mm for the femur bones to accommodate for length of the bones. The texture analyser was
calibrated using a 5kg weight. The defleshed bone was placed on the fixtures, a test was run and the

peak force in Newtons was recorded.
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2.5.8. Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES) determination of
Calcium, Phosphorus and Titanium

Diet, digesta, excreta and tibia and femur ash were analysed for calcium (Ca) and phosphorus (P) by
Inductively Coupled Plasma mass spectroscopy with Optical Emission Spectrometry (ICP-OES) (ICP-MS
model PQ Excell, VG Elemental, USA). In Trial 2, Trial 3 and pilot study 2 ICP-OES was also used to
analyse titanium (Ti) concentration in diet and digesta samples. Prior to the assay, all glassware was
soaked in a 1% nitric acid bath for a minimum of 12 hours, rinsed with ultra-pure water and dried, to
ensure there was no contamination with minerals from outside sources. Approximately 0.5g of sample
was weighed in duplicate into 50ml conical flasks. The samples were then incubated for a minimum
of 16 hours with 10ml of aqua regia (1 part nitric acid and 3 parts hydrochloric acid) before being
boiled until dissolved (approximately 90 minutes) in a fume cupboard. If necessary, an extra 5ml of
aqua regia was added and an additional 30 minutes of heating was carried out to ensure complete
dissolution. One flask containing just aqua regia was prepared for each 5 sample and was measured
as a blank. The samples were then cooled before the flask contents were diluted with ultra-pure water
and filtered into 50ml volumetric flasks through Whatman 541 hardened, ashless filter papers. The
volumetric flasks were then brought to volume with ultra-pure water, and the contents were mixed
and transferred into 15ml tubes, duplicate tubes per sample. The samples were stored at 4°C. ICP-OES
standards were prepared with differing levels of Ca, P and Ti (dependent on the predicted levels of
the sample being analysed) using 1000ppm ICP-OES grade standards (Fisher Scientific, Loughborough,
UK) diluted in ultra-pure water. The samples were analysed on the ICP-OES, set to analyse Ca at
wavelength 317.933nm, P at wavelength 213.617nm and Ti at wavelength 334.940nm. The readings

on the ICP-OES are presented as concentration in mg/L; to convert to g/kg:

(Ca, P or Tiin sample (mg/L))*(volume of sample (ml)/ weight of sample (g))/1000

The apparent ileal digestibility coefficient was calculated by:

[(Ca or P/TiO,) diet - (Ca or P/TiO,) ileum]/ (Ca or P/TiO,) diet
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The amount of dietary Ca or P digested was calculated by:

Digestibility= 1-(Ca or P digesta * 5)/ (TiO, digesta * Ca or P diet)

Amount of dietary Ca or P digested= digestibility *Ca or P in diet

2.5.8.1. Soluble Calcium and Phosphorus Determination

To analyse soluble Ca and P in diet and gizzard, jejunum and ileum digesta ultra-pure water was added
to approximately 2-3g of sample until the final weight was 202g. The samples were then placed on a
shaker (Edmund Bihler 7400 Tlibingen SM25, Germany) set at 200epm for 60 minutes and centrifuged
(Universal 32R Hettich Zentrifugen, Germany) at 5,200 x g for 10 minutes. The resulting supernatant
was then filtered through 0.22um syringe filters. 5 drops of concentrated HCl for each 20 ml of extract
was added to acidify the samples (to prevent precipitation of calcium phosphates) (Leytem et al., 2008
and Self-Davis, 2000). The supernatant was then put into 15ml tubes and the samples were analysed

for Ca and P content by ICP-OES. Ca and P concentration was calculated by:

(Ca or P in ICP sample (mg/L))*(volume of sample (ml)/ weight of sample (g))/1000

Mineral solubility was calculated as a percentage of the proportion of dietary mineral and converted

into g/kg on a dry matter basis. Concentration on a dry matter basis in % was determined by:

((Ca or P in ICP sample (mg/L) x 0.02)/ Sample wet weight (g)) x (100 / % dry matter))
The solubility coefficient was calculated by:

Ca or P supernatant/ Ca or P diet

2.5.9. Crude Protein Determination

Samples of diet and digesta were analysed for nitrogen content using the Kjeldahl method (AOAC
official method 2001.11) (Tahir et al., 2012, Pintar et al., 2005 and Peter and Baker, 2001).
Approximately 1g of sample was accurately weighed into distillation tubes (Foss Cat No. 10000155) in
duplicate. Both a copper and selenium catalyst tablet (Fisher Scientific, UK) was added to each tube.

12.5ml of concentrated nitrogen-free sulphuric acid was then added to each tube, and they were

75



heated in a digestion unit (1007 Digester, Foss Tecator, UK) set at 450°C. for 45 minutes. Once
digestion was complete, the distillation tubes were left to cool for a minimum of 20 minutes and 75ml
of distilled water was added to each tube. The tubes were then distilled in a distillation unit (2100
Kjeltec, Foss Tecator, Cheshire, UK) which added 50ml of 10M sodium hydroxide to the samples,
distilled them for 3 minutes, then expelled the resulting ammonia into conical flasks containing 2ml
4% boric acid with indicator, causing a colour change from orange to blue. The boric acid was then
titrated back to original colour using 0.1M HCl in a burette and the volume of acid used was recorded.

Starch was used as a blank. % nitrogen was calculated by:

1.4 x (V1-V2) x M / W

where:

W= Original weight of sample

V1= Volume of acid to titrate sample
V2= Volume of acid to titrate blank
M=Molarity of acid

6.25 x % Nitrogen = % crude protein

2.5.9.1. Soluble Protein Determination

To analyse feed and gizzard digesta soluble protein content 75ml of 0.2% potassium hydroxide was
added to 1.5g of sample. The sample was then stirred for 20 minutes using a magnetic stirrer (Stuart
BIBBY, SB 161.3) and centrifuged at 1,250 x g for 10 minutes. 15ml of the supernatant was removed
and analysed for protein content using the Kjeldahl method described above (Parsons et al., 1991).

Protein solubility was calculated as a percentage of the total crude protein in the sample.

2.5.10. Total Phytate Determination
All trial diets, feed ingredients in pilot study 5, gizzard digesta in Trial 1, and gizzard and jejunum
digesta in Trial 2 and 3 were analysed for total phytic acid, using the Megazyme™ K-PHYT assay

(Megazyme International Ireland Ltd., UK). 20ml of 0.66M hydrochloric acid was added to 1g of feed
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or freeze-dried digesta and was stirred on a magnetic stirrer for a minimum of 3 hours. 1ml of solution
was then transferred into a 1.5ml microfuge and centrifuged at 9,500 x g for 10 minutes. 0.5ml of the
resulting supernatant was then transferred into a fresh 1.5ml microfuge, and 0.5ml of 0.75 M sodium
hydroxide was added to neutralise the sample.

To test for free phosphorus, 0.62ml of ultra-pure water, 0.2ml of an acidic buffer solution (pH 5.5 and
sodium azide (0.02 % w/v) and 0.05ml of the neutralised sample was pipetted into a fresh 1.5ml
microfuge. To test for total phosphorus 0.60ml of ultra-pure water, 0.2ml of the acidic buffer, 0.05ml|
of neutralised sample and 0.02ml of phytase was pipetted into a fresh 1.5ml microfuge. All the
microfuge tubes were then mixed and incubated at 41°C for 10 minutes. 0.02ml of ultra-pure water
and 0.2ml of an alkaline buffer (pH 10.4, MgCl,, ZnSO4 and sodium azide (0.02 % w/v) was then added
to the free phosphorus samples, and 0.02ml of alkaline phosphatase and 0.2ml of the alkaline buffer
was added to the total phosphorus samples. All the microfuge tubes were then mixed and incubated
at 41°C for 15 minutes. 0.3ml of trichloroacetic acid (50% w/v) was then added to each tube to stop
the reaction, and the microfuge tubes were centrifuged at 9,500 x g for 10 minutes. 1ml of the
supernatant was then carefully pipetted into a fresh 1.5ml microfuge tube. 0.5ml of colour reagent
(ammonium molybdate (5 % w/v) to ascorbic acid (10 % w/v) / sulphuric acid (1 M) in the ratio 1 part

ammonium molybdate to 5 parts ascorbic acid) was added to each of the samples.

Standards were prepared by adding phosphorus standard (24 ml, 50 pg/mL) and sodium azide (0.02 %
w/v) to 15ml tubes as followed: Standard 1 Oml, Standard 2 0.05ml, Standard 3 0.25ml, Standard 4
0.5ml and Standard 5 0.75ml, made to total volume of 5ml with ultra-pure water. 1ml of each of these
standards and 0.5ml of colour reagent was pipetted into 1.5ml microfuge tubes in duplicate.

All the microfuges prepared for colorimetric analysis, including the standards, were incubated at 41°C
for 1 hour. They were then mixed, transferred into cuvettes, and read on a UV-VIS spectrophotometer

(Unicam Helios, USA) set at 655nm.
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The absorbance of standard O was subtracted from the other standards to obtain phosphorus

concentration. Mean value of phosphorus standards (ug/phosphorus) was calculated by:

Mean STD1 + Mean STD2 + Mean STD3 + Mean STD4

4

The absorbance of the free phosphorus samples was subtracted from the absorbance of the total
phosphorus samples, thereby obtaining phosphorus concentration. The concentration of phosphorus
was calculated as:

Phosphorus x mean value of phosphorus standards (ug/phosphorus) x 20 x dilution factor

10,000 (conversion pg/g to g/100g) x sample weight (g) x sample volume (ml)

To calculate phosphorus concentration (g/100g):

Phosphorus x mean value of phosphorus standards x 20 x 55.6

10,000x1x1
=Mean value of phosphorus standard x 0.1112 x phosphorus
The calculation of phytic acid content assumes that the amount of phosphorus measured is exclusively
released from phytic acid and that this comprises 28.2 % of phytic acid (Kumari et al., 2014). These
calculations were simplified by using the Megazyme Mega-Calc™ downloaded from the Megazyme
website.
To calculate phytic acid content:

Phosphorus (g/100g)

0.282

The amount of phytic acid hydrolysed in the bird was calculated by:

Digestibility= 1-(digesta phytic acid*5)/ (TiO, digesta* diet phytic acid)

Amount of dietary phytic acid hydrolysed =digestibility* phytic acid in diet
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2.5.11. Susceptible Phytate Determination

The susceptible phytate content of the trial diets and feed ingredients was analysed by a modified
version of the Megazyme K-Phyt™ assay described above. Acetate buffer was produced by adding
2.5M acetic acid to 2.5M sodium acetate until pH 4.5 was reached. This buffer was warmed to 37°Cin
a water bath and then 50ml of the warmed buffer was added to 10g of diet or feed sample. The
samples were then incubated at 37°C for 5 minutes. 2ml of sample was then immediately transferred
into a microfuge tubes and centrifuged at 9,500 x g for 10 minutes. 0.5ml of the resulting supernatant
was then transferred into a fresh 1.5ml tubes and neutralised with 0.5ml 0.25M NaOH. The pH was
then read using a spear tip piercing pH electrode (Sensorex, California, USA), and a 1:3 dilution with
ultra-pure water was carried out on the neutralised sample. Phytic acid content was then measured
using the total phytate Megazyme K-Phyt™ assay described above. Susceptible phytate content was
calculated by:

Mean phytic acid content of the sample from the susceptible phytate assay (g/100g)

Mean total phytic acid content of sample from total phytic acid assay (g/100g)

2.5.12. Total Phytase Activity

Phosphate stock solution (50 mmol/I potassium dihydrogenphosphate dissolved in 0.25 mol/l acetate
buffer (sodium acetate trihydrate dissolved in water and adjusted to pH 5.5 with 25 % mass fraction
hydrochloric acid) with 0.01 % mass fraction polysorbate 20) (Fisher Scientific, Loughborough, UK) was
diluted to concentrations of 25, 12.50, 6.25 and 3.125 umol/ml with 0.25 mol/| acetate buffer
containing 0.01 % mass fraction polysorbate 20. For the phosphate standards, 360ul 0.25 mol/I
acetate buffer with 0.01 % mass fraction polysorbate 20 and 40ul phosphate standard solution was
transferred into 2ml microfuge tubes. For the blanks, 400ul 0.25 mol/l acetate buffer with 0.01 % mass
fraction polysorbate 20 was transferred into 2ml microfuges. STOP reagent was prepared by mixing
together 1 volume ammonium vanadate reagent (ammonium monovanadate dissolved in dilute
hydrochloric acid and water), 1 volume ammonium heptamolybdate reagent (ammonium
heptamolybdate tetrahydrate dissolved in 25% mass fraction ammonia solution and water) and 2
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volumes dilute nitric acid (Fisher Scientific, Loughborough, UK). 0.8ml phytate substrate solution
(dodecasodium phytate with inorganic phosphorus content of 0.1 % mass fraction dissolved in acetate
buffer and 25% mass fraction hydrochloric acid) (Fisher Scientific, Loughborough, UK) and 0.8mI STOP
reagent was added to all the microfuges. The contents were then mixed, maintained at room
temperature for 10 minutes, and centrifuged for 3 minutes at 13000g. Each standard and blank was
made in triplicate, and optical density was measured using a UV-VIS spectrophotometer (Unicam
Helios, USA) set to 415nm. The standard curve was formulated by plotting the optical density against
the phosphate concentration (umol/ml).

50ml of ultra-pure water and 0.5ml of 10% mass fraction polysorbate 20 was added to approximately
5g of diet orileal digesta and mixed on a magnetic stirrer for 45 minutes. 2ml of the extract was then
transferred into a microfuge tube and centrifuged for 3 minutes at 13000g. A phytase level control
was included for each batch of samples; phytase stock standard solution with a known activity was
diluted to a final activity of 0.15 U/ml to 0.25 U/ml, and the exact activity was determined.

For the phytase level controls, 360ul 0.25 mol/l acetate buffer with 0.01 % mass fraction polysorbate
20 and 40ul phytase level control was transferred into a 2ml microfuge. For the feed sample, 300ul
0.25 mol/I acetate buffer with 0.01 % mass fraction polysorbate 20 and 100ul of feed sample was
transferred into a 2ml microfuge. The samples were mixed and pre-incubated for 5 minutes at 37°C.
For the phytase level controls and feed samples, 0.8ml of phytate substrate solution was added to the
sample and it was incubated at 37°C for exactly 30 minutes. 0.8ml of STOP reagent was then added; it
was maintained at room temperature for 10 minutes and then centrifuged for 3 minutes at 13000g.
For the blanks, immediately after the pre-incubation step, 0.8ml of STOP reagent and 0.8ml of phytate
substrate was added to the sample; it was maintained at room temperature for 10 minutes and then
centrifuged for 3 minutes at 13000g. Optical density of the phytase level controls, feed samples and
blanks were measured at wavelength 415nm. Each phytase level control, feed sample and blank was
measured in triplicate and the results were averaged. An example standard curve is presented in

Figure 2.2.
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Phytase activity was calculated by:

AD(415)*Vd/ k*m*t

AD (415)= net optical density at 415nm (AD (415)t-AD (415)b) (where AD (415)t is the value for the
test portion and AD (415)b is the value for the blank)

K= slope of the standard curve

Vd= volume corrected for dilution

For phytase level control= 25000 (100ml extraction volume x 25 (dilution of stock solution) x 10 (40ul
diluted stand solution + 360ul buffer))

For digesta= 2000 ml (500ml extraction volume x 4 (100ul extract + 300ul buffer))

m= mass in grams

t= incubation time
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Figure 2.2: Example standard curve for phytase activity analysis

2.5.13. Supplemented Phytase Activity

Supplemented phytase was analysed by Quantiplate™Kit for Quantum™ Phytase (EnviroLogix, Maine,
USA). Wash buffer was prepared by adding phosphate buffered saline (pH 7.4 with 0.05% Tween 20)
to a litre of ultra-pure water. Extraction buffer was prepared using EnviroLogix Quantum Extraction

Buffer Kit Cat No ACC 061; a bottle of sodium borate, bottle of 2N sodium hydroxide and vial of 10%
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Tween 20 were added to 980ml of ultra-pure water and mixed thoroughly. 80ml of extraction buffer
was added to 20g or ground feed or digesta. It was shaken thoroughly for 1 minute and centrifuged at

5000 x g for 5 minutes, and the resulting supernatant was used for the analysis.

50ul of Quantum Assay Diluent was added to antibody coated wells in a plate frame. 50ul of 0, 250,
500, 1000 and 2000FTU/kg Quantum Calibrators, or 50ul of each sample extract, was then added to

the respective wells, as illustrated in Figure 2.3.

Well ID 1 2 3 4 5 6 7 8 9 10 11 12
A Blank | S1000 | 3 7 11 15 21 26 30 34 38 42
B Blank | S1000 | 3 7 11 16 22 26 30 34 38 42
C SO* S2000 | 4 8 12 17 22 27 31 35 39 43
D SO S2000 | 4 8 13 18 23 27 31 35 39 43
E S§250 |1 5 9 13 19 23 28 32 36 40 44
F S§250 |1 5 9 14 20 24 28 32 36 40 44
G S500 |2 6 10 14 20 25 29 33 37 41 45
H S500 |2 6 10 15 21 25 29 33 37 41 45
*S denotes standards

Figure 2.3. Diagram of layout of wells for Quantum Phytase analysis

The contents of the wells were mixed thoroughly by moving the plate in a rapid circular motion on the
bench top for 20-30 seconds. The plate was then incubated at ambient temperature for 15 minutes
and the well contents were rinsed thoroughly with wash buffer. All liquid was removed with a paper
towel before 100ul Quantum Enzyme Conjugate was added to each well. The contents were mixed
and incubated at room temperature for 45 minutes. The wells were then rinsed again with wash buffer
and dried. 100 pl of Substrate was then added to each well and it was left to incubate for 15 minutes
at room temperature before 100 pl of STOP solution was added. The plate was then mixed and read
at 450nm, with 630nm as the reference wavelength, on a microplate reader (Multiskan FC, Thermo
Scientific, Welwyn Garden City, UK). A standard curve of absorbance at 450nm against Quantum
concentration (FTU/kg) was used to calculate sample concentration. An estimate of the concentration
of supplemented phytase in the samples was obtained by comparing absorbance readings to those of

the calibration values.

82



2.5.14. Extractable Fat Determination

Samples of diets were analysed for extractable fat content by the Soxhlet method (AOAC official
method 2003.05). Approximately 5g of sample was accurately weighed into an extraction thimble. A
flat bottomed flask containing a small amount of anti-bumping granules was accurately weighed.
150ml of petroleum ether was added to the flask. The thimble was inserted into the bottom of the
distillation unit, the distillation apparatus was connected to the condenser and the flask was attached
to the apparatus and seated in the heating mantle (set to 40-60°C). The samples were left to extract
for approximately 18 hours, then the remaining ether was boiled off on a hotplate and left to

evaporate. The flasks were reweighed and extractable fat content was calculated by:

M2-M1/ MO x 100 = % extractable fat
where:

MO=0Original weight of sample

M1= Flask plus anti-bumping granules

M2=Flask plus fat and anti-bumping granules

2.5.15. Pepsin Activity

Pepsin activity in gizzard digesta from Trial 3 was determined using 2% bovine haemoglobin as the
substrate, based on the method presented by Liu and Cowieson (2011). 2.5% haemoglobin stock
solution was prepared by mixing 25 mg/ml solution of haemoglobin from bovine blood (Sigma- Aldrich,
Dorset, UK) in ultra-pure water. To make 2% haemoglobin solution, 80ml of the stock solution was
adjusted to pH 2.0 at 37°C using 5M HCl and was made to a final volume of 100ml with ultra-pure
water. Pepsin solution was prepared by dissolving 1 mg/ml stock pepsin powder (Sigma Aldrich, Dorset,

UK) in cold (2—8 °C) 10 mM HCI and then diluting it to 0.01-0.05mg/| with cold 10 mM HCI.

5ml of 2% haemoglobin solution was added to approximately 1g digesta sample and the solution was
incubated at 37°C for 10 minutes. 1ml of pepsin solution was then added to the solution and it was

incubated for a further 10 minutes at 37°C. The reaction was stopped by addition of 10ml of 5%
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trichloroactetic acid followed by incubation for 5 minutes at 37°C and filtration through a 0.45 um
syringe filter. The optical density of the solution was then read on a UV spectrophotometer (Unicam
Helios, USA) set at 280nm. For the blanks, the above steps were carried out except pepsin solution
was not added after the first incubation step, and the 10ml 5% trichloroacetic acid and 1ml pepsin
solution were added after the second incubation step. Each sample and blank was measured in

triplicate.

Pepsin activity was calculated by:

AD (280) x Dilution Factor

10x 1 x 0.001

AD (280)= net optical density at 280nm (AD (280)t-AD (280)b) (where AD (280)t is the value for the

test portion and AD (280)b is the value for the blank)

10= Incubation time in minutes

1.0 = Volume of enzyme solution (ml)

0.001 = AD 280 per unit of pepsin per unit definition

2.5.16. In Vitro Evaluation of Calcium and Phosphorus Solubility

A 2-step in vitro assay procedure, based on that of Walk et al. (2012), was used to investigate solubility
of Ca and P in the gastric and small intestine phases of digestion in all the Trial 1 and Trial 2 diets. Each
feed ingredient or diet was ground through a 1 mm screen and 2.5 g was weighed into pre-weighed
tubes. For each phase, gastric and small intestine, a minimum of 9 sub-samples were analysed for each
diet and feed ingredient. To mimic the gastric phase, 4.5 ml of 0.13 N HCI, with 2,000 U pepsin/ml
(Sigma-Aldrich, Dorset, UK) was added to the pre-weighed samples before incubation at 41°C for 20
minutes. Sample pH was then measured in triplicate using a spear tip piercing pH electrode (Sensorex,

California, USA) to ensure samples were within the target range of pH 3.5-4.5. Samples were then
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diluted to 20 ml with 0.1 M HCl and centrifuged at 5,200 x g at 4°C for 1 minute before the tubes were
weighed. Post centrifugation, the supernatant was collected into a separate pre-weighed tube. The
sample was again diluted to 20 ml with 0.1 M HClI, re-centrifuged, and the supernatant collected. The
pooled supernatant was filtered through a 0.22 um filter (Fisher Scientific, Loughborough, UK) and
stored at -20°C until further analysis. The filtered supernatant was diluted 1:10 with ultra-pure water
and analysed for soluble Ca and P using ICP-OES set at 213.617 nm for P and 317.933 nm for Ca as
previously described. The percent gastric Ca or P solubility was then calculated according to the

following equation:

(Soluble Ca or P in the gastric phase/ Total Ca or P in the diet) * 100

For the intestinal phase, the samples were weighed and incubated for 20 minutes at 41°C with HCI
and pepsin as for the gastric phase. Immediately after this initial incubation, 1.5 ml of NaHCO;
containing 2 mg of pancreatin/ml (Sigma-Aldrich, Dorset, UK) was added to each sample before mixing
and incubating the samples at 41°C for an additional 60 minutes. The contents of each tube was then
made up to 45 ml with 0.32 M HCIO4 to stop the enzymatic reaction and weighed before centrifugation
at 4°C at 4,000 x g for 1 minute. The supernatant was immediately filtered through Whatman 541
hardened, ashless filter papers filter papers and diluted 1:10 with 1 M HNOs. The diluted samples
were then analysed for Ca and P content using ICP-OES as described previously. The percent of soluble

Ca or P in the Sl was calculated according to the following equation:

(Soluble Ca or P in the SI/ Total Ca or P in the diet) * 100

2.6. Data Analysis

All data was analysed using the SPSS software version 19, 20 or 21 for Windows (IBM Statistics, 2013).
After KS testing to confirm normality, statistical analysis was carried out using Univariate analysis to
determine interactions between the analysed factors. One-way ANOVA was used to test the equality
of the means and multiple ANOVA was used to test 2, 3 and 4-way interactions. Treatment means

were separated using Duncan post hoc test, chosen because it selects protection level for error rate
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based on the collection of tests as opposed to the error rate for the individual tests. Paired T-Test
were used to compare and differentiate the values of means. In cases where the effect of phytase
inclusion level read to be significant, a linear and quadratic contrast was conducted. Correlations were
analysed by bivariate correlation using Pearson correlation, chosen because it computes based on true
values and depicts linear relationships. Multiple linear regressions were used to determine the unique
contribution and relatedness of factors. Interpretations of the strength between relationships was
based on those of Cohen (1988): small r = 0.1-0.29, medium r = 0.30-0.39 and large r = 0.50 to 1.0.

Statistical significance was declared at p<0.05.
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CHAPTER 3: Method Development

This chapter presents a collection of pilot studies designed to develop and validate some methods and
theories employed elsewhere in this thesis. In section 3.1. and 3.2. digestibility measures in broilers
were examined; section 3.1. presents findings about how many pre-starter birds are required for
analysis of digestibility and section 3.2. presents findings about whether an ICP-OES assay can be used
as an alternative to the commonly used UV-spectroscopy assay for determination of TiO; as a
digestibility marker. Results from these studies were used to establish the number of birds used in
Trial 2 and the method used for analysing TiO, as a digestibility marker was implemented in Trial 2 and
Trial 3. In section 3.3. the optimum sampling method for the determination of broiler digesta pH was
evaluated. The method shown to provide pH readings that were most representative of the
gastrointestinal environment was then used in Trials 1, 2 and 3. In section 3.4. the 2-step in vitro assay
featured in Chapter 2 Section 2.5.16. was validated by comparing in vitro and in situ quantification of
Ca and P solubility in the Trial 1, 2 and 3 diets. In section 3.5. the amount of variation that exists in
susceptible phytate content between different batches of feed ingredients in the UK was investigated.
The assay used in this study, featured in Chapter 2 Section 2.5.11., was also used to analyse all the
trial diets and was validated by observing if the results transpired in situ, particularly in Trial 3. Trial 3
diets were also formulated based on measurements of phytate susceptibility in the individual feed

ingredients being fed.

3.1. Minimising the number of birds used for digestibility measures in the pre-starter period in

broiler chicks

3.1.1. Introduction

Immediately after hatching the morphology and function of the intestine changes dramatically as the
bird makes the transition from utilising endogenous nutrients supplied by the yolk to exogenous
nutrients from feed through the intestine (Sklan, 2001). In the first 48 hours post-hatch the digestive
tract grows from3.8% to 8.9% of bodyweight (Noy et al. 2001). There is increased interest in the pre-

starter stage, particularly into defining the optimum nutrition for this crucial period (Ullah et al. 2012),
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as strong correlations have been found between bird finishing weight and growth in the first 7 days of
life (Nir et al., 1993). Digesta samples are required to analyse and evaluate enzyme activity,
digestibility and dietary affects in the gastrointestinal tract of pre-starter birds. This is problematic in
young birds (<d7) as the number of birds required to achieve sufficient digesta for laboratory analysis
of nutrients can be large. It is imperative that a balance is made between obtaining sufficient digesta
sample for the research and justifying the number of birds used in a study. It is therefore important
to specifically determine the quantity of digesta which can be collected from chicks in this pre-starter
period to reduce the culling of unnecessary birds. Findings from this study were used to assess how

many pre-starter birds to use in Trial 2 (Chapter 5).

Aim

e To determine the quantity of gizzard, jejunum, and ileal digesta present in broilers aged 2, 4

and 7 days post-hatch, to eliminate the use of excess birds in future studies.

3.1.2. Procedure

Two day old (n=9), four day old (n=8) and seven day old (n=8) Ross 308 chicks, from a breeder flock
age of 45 weeks, were obtained from a local poultry farm in Nottinghamshire. Birds were euthanised
on site and transported to the laboratory at Nottingham Trent University. Gizzard, jejunal and ileal
digesta contents were weighed into pre-weighed pots, one pot per bird. The samples were then frozen
at -20°C prior to freeze drying (LTE Scientific, UK) for 5 days to uniform weight. They were then freeze-
dried for an additional 24 hours and re-weighed to ensure all moisture had been removed from the
samples. Mean weight of the freeze-dried digesta across all the samples for each section of the tract

was calculated.

3.1.3. Results
Table 3.1. shows that approximately 13 birds per replicate are required to obtain 1g of jejunal or ileal

digesta from a 2 day-old bird. To obtain 1g of gizzard digesta from 2 day old birds, however, just 3
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birds are required. On day 4 post-hatch 3 birds are required to provide 1g of jejunal and ileal digesta,
and 2 birds to provide 1g of gizzard digesta. By day 7 each individual bird contains almost 1g or more
of digesta per section of tract.

Table 3.1. Weight of freeze-dried digesta from the gizzard, jejunum and ileum of 2, 4 and 7 day old
broilers

Gizzard Jejunum lleum
Age (post-hatch) d2 d4 d7 d2 d4 d7 d2 d4 d7
Mean freeze-dried digesta (g) 0.40 0.64 1.74 0.09 0.33 0.93 0.08 0.37 1.03
SEM 0.04 0.07 0.08 0.03 0.04 0.07 0.02 0.04 0.06

3.1.4. Conclusion

The growing interest in pre-starter digestibility in broilers requires a rapid determination of the
number of birds required for these measures. The specific values produced from this study suggests
that the number of birds required at 2 days old may be prohibitive due to the large numbers required
to obtain sufficient digesta sample. The results of this study for 4 and 7 days post-hatch enable
researchers to select the appropriate number of birds for analysis of the pre-starter phase. There were
some limitations to this study, particularly that all the birds used were sourced from one farm and
hatchery, so were exposed to the same environmental conditions, were fed the same diet and were
euthanised at the same time each sampling day. Further investigation is needed to determine the
impact of these factors on digesta content of young birds. Growth rate and feed efficiency, and hence
gut development and feed intake, is influenced by bird strain and by parent flock age, as this dictates
embryonic metabolism during incubation (Hamidu et al. 2007). In this study there was variation in
parent flock age between the birds and all the birds were from the same strain, suggesting that further
investigation is also needed into the impact of parent flock age and bird strain on digesta content of
birds in the pre-starter phase. Nonetheless, the data derived from this study provides a valuable

insight into the number of birds required for digesta analysis.
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3.2. Comparison between ICP-OES and UV-spectrometry assays for the determination of titanium

dioxide added as an inert marker in chicken digestibility studies

3.2.1. Introduction

Inert digestibility markers added to broiler diets eliminate the need to evaluate quantitative feed
intake and excreta output, and enable nutrient utilisation to be examined along the gastrointestinal
tract. The method most widely used to determine TiO;, concentration is UV-spectroscopy, primarily
based around the method of Short et al. (1996). This method involves the initial hydrolysis of the
sample with sulphuric acid followed by a colour reaction. An intense orange/yellow colour results from
the addition of hydrogen peroxide to an acidic titanium solution, and the colour intensity can be
quantified by UV-spectrometry. In poultry research TiO; as a dietary marker has been used successfully
to determine calcium and phosphorus utilisation (Walk et al., 2012). Mineral digestibility and
utilisation in poultry is frequently analysed by induced coupled plasma optical emission
spectrophotometer (ICP-OES) in preference to UV methods (Leytem and Kwanyuen, 2008) as the ICP-
OES assay can be used to analyse many elements in one preparation. Titanium concentration can be
detected by ICP-OES, which suggests that there is potential for TiO, measurement to be made
concurrently with mineral content, thus reducing analysis time and resource use. Findings from this
study were used to assess if digestibility could be measured in Trial 3 (Chapter 6) using ICP-OES as

opposed to UV-spectroscopy. Results from this study feature in Appendix A as a published article.

Aim
e Toinvestigate consistency of TiO,recovery from an ICP-OES and a UV-spectroscopy assay, and
evaluate if the ICP-OES assay can be used as an alternative to the UV-spectroscopy assay for

the determination of TiO; as a marker in poultry digestibility studies.

3.2.2. Procedure
Ross 308, male broilers (n=452) were involved in a series of digestion studies to determine ileal digesta

recovery of TiO, either by UV-spectroscopy by the method of Short et al. (1996), or by an ICP-OES
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assay. Birds were fed one of 19 experimental diets in mash form, each with TiO, added at 5g/kg; 6
semi-synthetic starch dextrose based diets, and 13 more commercial style diets based on cereals
including wheat, rapeseed, maize and rye and soya bean meal. All 19 diets were analysed for TiO;
concentration. Each diet was fed to a minimum of 20 birds. All birds were from breeder flocks aged
42-45 weeks old and were obtained from a commercial hatchery at day of hatch. Chicks were
randomised by weight and placed in 0.64 m? floor pens in groups of four, bedded on clean wood
shavings. Birds were allowed ad libitum access to the treatment diets and water for the duration of
the trials; which spanned between two and four weeks. The room was thermostatically controlled to
produce an initial temperature of 32°C and reduced to 21°C by day 21. The lighting regimen used was
24 hours light on day 1, with darkness increasing by 1 hour per day until 6 hours of darkness was
reached and this was maintained throughout the remainder of the study. All birds sampled were
euthanised by cervical dislocation. This occurred at the same time each sampling day; after at least 6
hours of light, to ensure maximal gut fill. Institutional and national guidelines for the care and use of
animals were followed and all experimental procedures involving animals were approved by the
University College of Science ethical review committee. Digesta content was removed from the
intestinal section distal to the Meckel’s diverticulum and proximal to the ileo-ceco-colonic junction of
each bird. The digesta samples were then freeze-dried and ground through a 1mm screen.

All feed and digesta samples were analysed for TiO, concentration by both UV-spectroscopy and ICP-
OES assays. Details about these methods are featured in Chapter 2 Section 2.5.4 and 2.5.8
respectively. Briefly, 250mg titanium dioxide was added to 100ml of sulphuric acid (H.SO4) and diluted
to 500ml with distilled water to produce a standard titanium solution of 0.5mg/ml. This standard
solution was used to prepare the calibration curve for both the UV-spectroscopy and ICP-OES assays.
For the ICP-OES assay, the TiO; standard solution was diluted with ultra-pure water in varying
increments to produce standards between 0 and 10ppm. These standards were measured on an ICP-
OES (Optima 2100 DV ICP-OES, model PQ Excell VG Elemental, Perkin-Elmer, USA) set to detect Ti at

wavelength 334.936, and a calibration curve was derived from the readings.

91



For the UV-spectroscopy assay, graded volumes of TiO; standard solution was pipetted into individual
100ml volumetric flasks and made up to 10ml with 7.4M H,S0,4. 10ml 30% hydrogen peroxide (H20,)
was then added to the solutions and the contents were made up to 100ml with distilled water before
measurement on a spectrophotometer (Unicam Helios, Berkshire, UK) set at 410nm. For the UV-
spectroscopy assay, triplicate aliquots (approximately 0.3g) of each digesta sample and 5 replicates of
each of the feed samples were ashed for 16 hours at 650°C. Once cooled, 10ml H,SO,4 (7.4 M) was
added to each crucible and the samples were heated for approximately 1 hour until completely
dissolved. The contents were then transferred quantitatively into 100ml volumetric flasks via filter
papers (Whatman 541) using distilled water. 10ml of 30% H,0, was then added to each flask and the
flasks made to volume with distilled water. Solutions were thoroughly mixed prior to reading on a
spectrophotometer set at 410nm.

For the ICP-OES assay, 10ml of aqua regia (hydrochloric acid (HCI) and nitric acid (HNOs) at a ratio of
3:1) was added to triplicate aliquots (approximately 0.2g) of digesta sample and 5 replicates of each
feed sample, and left for a minimum of 12 hours. The samples were then boiled until completely
dissolved, for approximately 1 hour. The contents were then filtered through Whatman 541 filter
papers into 50ml volumetric flasks and made to volume with ultra-pure water, before transferral into
15ml tubes. The samples were measured on the ICP-OES set to detect Ti at wavelength 334.936.

All data was analysed using IBM SPSS statistics version 21. T-Tests were conducted to differentiate
between means. The relatedness of the readings from each assay was investigated using Pearson
product-moment correlation coefficient and interpretations of the strength of the relationship
between the two methods was based on guidelines by Cohen (1988); weak relationship r = 0.10 to
0.29, medium relationship r = 0.30 to 0.49 and strong relationship r = 0.50 to 1.0. Linear regressions
were calculated using the true and measured titanium concentrations. Significance was accepted at P

< 0.05.
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3.2.3. Results

Table 3.2 and 3.3. shows that there were no significant differences between any readings measured

by the UV-spectroscopy assay and the ICP-OES assay. There were consistently strong relationships and

no significant differences between the two methods for analysis of TiO, concentration in the diets and

ileal digesta.

Table 3.2. Relatedness of an ICP-OES assay and UV-spectroscopy assay for determination of TiO,

concentration in broiler diets®

Method of Ti Determination (g/kg)

Diet ICP-OES UV-spectroscopy  Relatedness®

Semi-synthetic starch dextrose 6.03 6.29 0.684
Wheat Soyabean 5.93 5.69 0.794
Wheat Soyabean OFTU/kg phytase 5.85 5.97 0.778
Wheat Soyabean 500FTU/kg phytase 5.71 6.08 0.759
Wheat Soyabean 5000FTU/kg phytase 6.64 6.97 0.708
Wheat Rapeseed OFTU/kg phytase 6.11 6.53 0.886
Wheat Rapeseed 500FTU/kg phytase 4.90 5.08 0.866
Wheat Rapeseed 5000FTU/kg phytase 6.49 6.53 0.963
Maize Rapeseed 6.87 6.98 0.995
Maize Soyabean 499 4.88 0.956
Maize, Rye, Wheat, Soyabean 4.87 5.16 0.758
Maize, Rye, Soyabean 5.75 5.47 0.689
SEM 0.14 0.23

1Represent the average of a minimum of 5 replicates per diet.
2Strength of the relationship between the ICP-OES and UV-Spectroscopy method for Ti measured in each diet where confidence in the

result is P<0.05.
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Table 3.3. Relatedness of an ICP-OES assay and UV-spectroscopy assay for determination of TiO,
concentration in broiler ileal digesta?

Method of Ti Determination (g/kg)

Diet ICP-OES UV-spectroscopy  Relatedness?

Semi-synthetic starch dextrose 13.58 13.40 0.776
Wheat Soyabean 13.99 13.53 0.550
Wheat Soyabean OFTU/kg phytase 13.43 13.65 0.512
Wheat Soyabean 500FTU/kg phytase 15.63 15.87 0.822
Wheat Soyabean 5000FTU/kg phytase 13.32 12.42 0.887
Wheat Rapeseed OFTU/kg phytase 13.16 12.48 0.529
Wheat Rapeseed 500FTU/kg phytase 14.19 14.95 0.613
Wheat Rapeseed 5000FTU/kg phytase 12.92 12.71 0.858
Maize Rapeseed 12.23 12.01 0.584
Maize Soyabean 12.49 12.99 0.726
Maize, Rye, Wheat, Soyabean 12.33 12.04 0.563
Maize, Rye, Soyabean 12.19 12.06 0.646
SEM 0.20 0.26

1Represent the average response of a minimum of 20 birds per diet, 452 birds in total, with digesta samples collected at age 14, 21 or 28
days post-hatch. Analysis was replicated a minimum of 3 times per digesta sample.

2Strength of the relationship between the ICP-OES and UV-Spectroscopy method for Ti measured in each digesta sample where
confidence in the result is P<0.05.

3.2.4. Conclusion

Findings from this study suggest that the ICP-OES assay used in this study was successful at identifying
diet and ileal digesta TiO, concentration, and hence has the potential to replace the widely used UV-
spectroscopy assay. The main advantage of the ICP-OES assay when compared to the UV-spectroscopy
is that the former has been shown to be more sensitive at quantitative analysis with improved
detection limits. The ICP-OES assay is also less time-consuming, and the ICP-OES enables several
elements to be detected in parallel which reduces preparation time and the amount of sample, and
hence potentially the number of birds, required. There are however some advantages to the UV-
spectroscopy assay compared with the ICP-OES assay. The ICP-OES assay is more expensive due to the
cost to run the ICP-OES and to maintain the argon gas supplies, although this is mitigated by the
potential for concurrent mineral analysis. The ICP-OES assay is also more hazardous as involves the

use of aqua regia which is moderately more corrosive than sulphuric acid.
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3.3. Optimum sampling method for the determination of broiler digesta pH in birds fed differing

levels of dietary calcium

3.3.1. Introduction

Digesta pH is one of the major gastrointestinal tract (GIT) factors which influence nutrient
bioavailability and the intestinal microbiota. Small changes outside the normal pH range can have
significant negative implications on digestion and mineral absorption. Accurate determination of
digesta pH in broiler chickens could therefore act as a tool to indicate potential for optimum gut health
and for maximum nutrient absorption. The majority of methods for measuring GIT pH use a pH meter
with a hand held probe, but sample handling prior to pH testing varies between studies; in particular
whether the measurement is determined in situ or ex situ. As a result, this study explores the impact
of removing the digesta from the tract, with the view that exposing the digesta to air may reduce its
temperature and cause carbonate from dietary limestone, blood buffering capacity and pancreatic
secretions to dissociate to CO, and water, resulting in removal of hydrogen ions from the milieu (Zhang
and Coon, 1997; Guinotte et al., 1995). The sampling methods assessed in this study were the effect
on pH of removing the digesta from the gut, subjecting the digesta to prolonged air exposure and
altering temperature of the digesta pH assay. The determined optimum method was then used in Trial
1, 2, and 3 (Chapter 4, 5 and 6 respectively) for analysis of GIT pH. Results and diet formulations from
this study, as well as investigations into the effect of digesta water content and dietary limestone

inclusion on digesta pH, feature in Appendix B as a published article.

Aim

e To establish the optimum sampling method for the determination of broiler digesta pH that

is most representative of the gastrointestinal environment.

3.3.2. Procedure
Ross 308 male broilers (n=24) were used to assess the effect of removing the digesta from the GIT on

measuring digesta pH. Birds were from a 42-week-old breeder flock and were obtained from a
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commercial hatchery at day of hatch. Chicks were randomised by weight and placed in 0.64 m? floor
pens in groups of six, bedded on clean wood shavings. Birds were allowed ad libitum access to the
treatment diets and water for the duration of the trial. The room was thermostatically controlled to
produce an initial temperature of 32°C reduced to 21°C by day 21. The lighting regimen used was 24
hours light on d 1, with darkness increasing by 1 hour a day until 6 hours of darkness was reached, and
this was maintained throughout the remainder of the study. All birds sampled were euthanised by
cervical dislocation. This occurred at the same time each sampling day; after at least 6 hours of light,
to ensure maximal gut fill. Institutional and national guidelines for the care and use of animals were
followed and all experimental procedures involving animals were approved by the University College
of Science ethical review committee. Sampling was carried out on 8 birds per sampling dayond 7, 14

and 28 post-hatch.

Immediately post euthanasia, in situ gizzard and duodenal pH was determined for every bird on each
sampling day by removing the gizzard intact and inserting a spear tip piercing pH electrode (Sensorex
S175CD, California, USA) with digital pH meter (Mettler-Toledo, UK) directly into the digesta in the
lumen of the proximal gizzard (proventricular opening), whilst ensuring the pH electrode did not touch
the gizzard wall, and recording the pH. This was repeated six times, putting the probe in different areas
of the gizzard each time. The probe was rinsed with ultra-pure water once all six readings had been
taken. The process was then repeated in the duodenal loop of the same bird. Readings were taken at
the distal end of the duodenum; based on average length of the duodenum across the bird ages the
duodenum was cut at a point 30 cm from the gizzard (Yadav et al., 2010) and the pH electrode was

inserted directly into this opening. Again, measurements were repeated six times.

For half the birds the digesta was removed, immediately after in situ pH had been determined, and
was put into centrifuge tubes that had been maintained at room temperature (14.4°C +/- 0.15 SEM).
A stop watch was started the instant the digesta had been put into the centrifuge tubes, and pH was

recorded every 15 seconds for three minutes using a spear-tip electrode and digital pH meter. This
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entire process was carried out on the other half of the birds, except the digesta was put into centrifuge

tubes that had been previously warmed to 41°C in a water bath.

All data was analysed using IBM SPSS statistics version 21. Multiple linear regressions, with individual
bird number as a covariate, were used to determine the unique contribution and relatedness of time
exposed to air (log time (seconds)) and digesta temperature on variance in gizzard and duodenal pH.
Interpretations of the strength between the relationships were based on those of Cohen (1988): small
r=0.1-0.29, medium r =0.30-0.39 and large r = 0.50 to 1.0. T-tests were conducted to make statistical
comparisons between in situ pH and pH at the exponential time point where digesta pH ceased to
fluctuate post-removal from the tract. Two-, 3- and 4-way interactions between time exposed to air,
digesta temperature, and bird age were determined by multiple ANOVA. Significance was accepted at

P <0.05.

3.3.3. Results

Table 3.4. shows there was an interaction between temperature of the digesta and bird age on gizzard
pH; on d7 and d28 gizzard pH was significantly higher when measured at room temperature than when
measured at 41°C, but temperature had no effect on gizzard digesta pH on d14. Maintaining samples
at room temperature after removal from the tract led to gizzard and duodenum pH readings being
consistently higher ex situ than in situ, but when the digesta pH was measured ex situ in samples
maintained at 41°C this was not always the case. Duodenum pH was numerically higher when
measured at room temperature than when measured at 41°C and in situ. At d28 gizzard and

duodenum pH measured ex situ at 41°C was lower than that measured in situ.
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Table 3.4. Influence of bird age, method? and digesta temperature on gizzard and digesta pH of
broilers measured ex situ over a 3 minute time period?

In situ Ex situ
14°C 41°C

Gizzard

d7 2.38f 2.61¢ 2.39f

di4 2.57¢ 2.77¢ 2.69¢

d28 2.22¢8 2.29 2.208
SEM 0.079

Temp x Age 0.001

Temp x Method x Age 0.003
Duodenum

d7 5.85°¢ 6.05°¢ 5.97¢

di4 6.12° 6.25° 6.16°

d28 5.82°¢ 5.86° 5.78¢
SEM 0.100

Temp x Age 0.048

Method 0.033

1 Means represent the average of 8 birds per day, 24 birds total.
2 pH measured in situ or at 75 s (the highest exponential point) after the digesta had been removed from the tract.
¢ [Mleans with no common superscript are different (P < 0.05).

The time of digesta exposure to air had no significant effect on gizzard or duodenum digesta pH (data
not shown), but initial removal of digesta from the tract lead to a numerical rise in pH before the
readings plateaued. Table 3.5. shows that digesta temperature made the strongest unique
contribution to duodenum pH, and second strongest contribution to gizzard pH, when the effects of
diet and time exposed to air were controlled for, and there were correlations between digesta

temperature and pH.
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Table 3.5. Correlations and relative contributions of the effect of time exposed to air, temperature,
and dietary limestone on digesta pH and dietary limestone effect on gizzard and duodenal digesta
pH of broilers ?

Gizzard pH Duodenum pH

Age, day d7 di4 d 28 d7 di4 d 28
Relative contributions

R-square 0.63 0.95 0.93 0.80 0.24 0.49
Beta?

Time? 0.02 0.07 0.05 0.11 0.33 0.10

Temperature® 0.81 1.56 0.63 2.39 0.65 0.57
Unigue Contribution to R?(%)

Time 0.00 0.65 0.02 1.23 10.62 0.00

Temperature 6.30 55.46 28.83 54.46 9.30 23.43
Correlations®

Time 0.02 0.07 0.00 0.02 0.33 -0.05

Temperature 0.39 0.08 -0.21 0.65 0.33 -0.26

1 Represent the average response of 8 birds per age, 24 birds in total.

2 Coefficient to indicate statistically significant unique contribution of the factor.

3 Log time of seconds digesta was exposed to air post removal from the tract (15 to 180 s).
4 Digesta measured at either room temperature (14.4°C) or at 41°C.

5 Correlations between factor and pH readings.

3.3.4. Conclusion

This study suggests that measuring pH of digesta that has been removed from the tract may not be
providing a true representation of any dietary effects on the GIT environment. The generally observed
increase in pH when measured ex situ compared to in situ in both the gizzard and duodenum is
potentially attributable to CO, release from carbonate buffering pH on exposure to air by altering the
equilibrium of carbonic acid dissociation towards water and CO,. The observed plateau in ex situ pH
illustrates the point at which no further CO, remains to be released from the carbonate in the digesta.
The associated temperature reduction caused by removing digesta from the tract can be partially
mitigated through use of a water bath to maintain bird body temperature, but this approach is not
recommended as the buffering effect upon removal cannot be overcome. The method that gives the
most accurate representation of broiler GIT environment when determining digesta pH is to insert a

pH probe directly in situ into the gut lumen immediately post euthanasia.
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3.4. In vitro versus in situ evaluation on the effect of phytase supplementation on calcium and

phosphorus solubility

3.4.1. Introduction

In vitro assays have the potential to act as sensitive and cost effective tools for the evaluation of Ca
and P availability in dietary ingredients. They could therefore potentially be used as an alternative to
expensive and time-consuming animal trials. There are however limitations to in vitro methodologies,
namely that it is impossible to reconstruct exactly the variability and interactions present in situ, so in
vitro assays are able to measure degradability only and not digestibility. This study examines the
relatedness between an in vitro assay and in situ analysis of Ca and P solubility in the diets fed to birds
in Trial 1, 2 and 3 (Chapters 4, 5 and 6). Results from in vitro and in situ evaluation of the diets fed in

Trial 1 (see Chapter 4) feature in Appendix C as a published article.

Aim

e To evaluate a 2-step in vitro assay by comparing Ca and P solubility determined in vitro to Ca

and P solubility measured in situ in both the gastric and Sl phase in a range of diets.

3.4.2. Procedure

Details about the individual trials (Trial 1, 2 and 3), including the composition and calculated and
analysed content of the diets and bird care, are featured in Chapters 4, 5 and 6. Details about
measuring Ca and P solubility and the 2-step in vitro assay are featured in Chapter 2 Section 2.5.8.1.
and 2.5.16 respectively. Briefly, for in situ analysis of Ca and P solubility digesta was collected from the
gizzard and jejunum (the intestinal section distal to the duodenal loop and proximal to the Meckel’s
diverticulum) and frozen at -20°C prior to freeze drying (LTE Scientific, UK) for 5 days to uniform weight.
In Trial 1 and 2 digesta was pooled per pen but in Trial 3 digesta was analysed on an individual bird
basis. 2g of dried digesta sample was then weighed into pre-weighed bottle and 200 ml ultra-pure
water (ICW 3000 water purifier for ion chromatograph, Millipore) was added. The sample was placed

on a shaker set at 200 epm for 60 minutes prior to being centrifuged at 5,200 x g for 10 minutes. The
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supernatant was then filtered through Whatman #541 filter papers before measurement by ICP-OES,
with wavelengths for Ca and P set at 317.933 nm and 213.617 nm respectively. Six replicates were
analysed for each sample. ICP standards were made by diluting 1,000 ppm standard (Fisher Scientific,
UK) and ultra-pure water. Percentage Ca or P solubility was calculated according to the following

equation:

(Soluble Ca or P in digesta supernatant/ Total Ca or P in the diet) * 100

For the in vitro analysis, to mimic the gastric phase (indicating proventriculus and gizzard) 4.5 ml of
0.13 N HCI, with 2,000 U pepsin/ml (Sigma-Aldrich, UK) was added to the pre-weighed samples before
incubating at 41°C for 20 minutes. Sample pH was then obtained in triplicate using a spear tip piercing
pH electrode (Sensorex, California, USA) to ensure samples were within the target range of pH 3.5-4.5.
Samples were then diluted to 20 ml with 0.1 N HCl before centrifugation at 4000 x g at 4°C for 1 minute
and the tubes weighed. Post centrifugation, the supernatant was collected into a separate pre-
weighed tube. The sample was again diluted to 20 ml with 0.1 N HCI, re-centrifuged, and the
supernatant collected. The pooled supernatant was filtered through a 0.22 um filter (Fisher Scientific,
UK) and stored at -20°C until further analysis. The filtered supernatant was diluted at 1:10 with water
and analysed for soluble Ca and P using ICP-OES set at 213.617 nm for P and 317.933 nm. The percent

gastric Ca or P solubility was then calculated according to the following equation:

(Soluble Ca or P in the gastric phase/ Total Ca or P in the diet) * 100

For the intestinal phase (indicating the duodenum and jejunum), the samples were weighed and
incubated with the HCl/pepsin as for the gastric phase and incubated for 20 minutes at 41°C.
Immediately after incubation 1.5 ml of NaHCO; containing 2 mg of pancreatin/ml (Sigma-Aldrich, UK)
was added to each sample. The samples were mixed and incubated at 41°C for an additional 60
minutes. The tubes were then made up to 45 ml with 0.32 M HCIO, to stop the enzymatic reaction

and weighed before centrifugation at 4°C at 4,000 x g for 1 minute. The supernatant was immediately
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filtered through Whatman 541 filter paper and diluted 1:10 with HNOs. The diluted samples were then
analysed for Ca and P using ICP-OES as described previously. The percent of soluble Ca or P in the SI

was calculated according to the following equation:

(Soluble Ca or P in the SI/ Total Ca or P in the diet) * 100

All data was analysed using IBM SPSS statistics version 19. Independent sample t-tests were used to
directly compare the findings from the in vitro and in situ methodologies. The relatedness of the
methodologies was investigated using Pearson product-moment correlation coefficient and
interpretations of the strength of the relationship between the two methods was based on guidelines
by Cohen (1988); weak relationship r = 0.10 to 0.29, medium relationship r = 0.30 to 0.49 and strong

relationship r = 0.50 to 1.0. Significance was accepted at P < 0.05.

3.4.3. Results

There were both consistencies and differences between the in vitro and in situ methods featured in
this study. Table 3.6. shows there were predominantly strong and medium relationships between the
two methods in the gastric phase. Table 3.7. shows in the S| phase there was a higher proportion of

weak relationships between the methods compared to the gastric phase.
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Table 3.6. Comparison between diet effects on Ca and P solubility from diets subjected to the gastric

phase of a 2-step in vitro assay procedure and in the gizzard of broilers

Ca P
Diet In situ In vitro? Relatedness? In situ In vitro? Relatedness?
Trial 13
A 0.68 0.42 0.398 0.63 0.48 0.988
B 0.52 0.34 0.893 0.67 0.49 0.965
C 0.68 0.43 0.862 0.71 0.54 0.563
D 0.78 0.55 0.497 0.45 0.39 0.544
E 0.65 0.40 0.467 0.52 0.42 0.722
F 0.81 0.56 0.580 0.66 0.45 0.159
SEM 0.02 0.03 0.02 0.01
Trial 2*
A 0.66 0.70 0.969 0.42 0.47 0.858
B 0.64 0.73 0.591 0.42 0.48 0.812
C 0.64 0.71 0.658 0.43 0.45 0.906
D 0.67 0.73 0.826 0.47 0.48 0.722
SEM 0.01 0.02 0.01 0.02
Trial 3°
A 0.69 0.65 0.663 0.37 0.36 0.388
B 0.74 0.70 0.782 0.43 0.42 0.428
C 0.65 0.62 0.532 0.36 0.38 0.230
D 0.74 0.69 0.576 0.42 0.43 0.190
SEM 0.18 0.02 0.17 0.02

1In vitro means represent the average of a minimum of 10 replicates per diet.

2Strength of the relationship between the in vitro and in situ readings for each mineral solubility measured
in each diet where confidence in the result is P < 0.05

3 In situ results represent the average response of 32 28 day-old birds per diet, 8 pens of 4 birds per pen,
and 192 birds in total. Means represent the average of 6 replicates per pen.

4 In situ results represent the average response of 18 14 day-old birds per diet, 6 plots per diet, 3 birds per

plot, 72 birds in total. Means represent the average of 6 replicates per pen.
5In situ results represent the average response of 24 28-day old birds per diet, 12 pens of 2 birds per pen,

96 birds in total. Means represent the average of 6 replicates per pen.

&b Means within the same column with no common superscript differ significantly (P < 0.05).
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Table 3.7. Comparison between diet effects on Ca and P solubility from diets subjected to the small
intestine phase of a 2-step in vitro assay procedure and in the jejunum of broilers

Ca P
Diet In situ In vitro? Relatedness? In situ In vitro? Relatedness?
Trial 13
A 0.26 0.21 0.002 0.28 0.24 0.284
B 0.24 0.17 0.996 0.29 0.25 0.115
C 0.28 0.24 0.156 0.29 0.29 0.604
D 0.30 0.22 0.883 0.26 0.22 0.363
E 0.29 0.19 0.186 0.27 0.23 0.567
F 0.31 0.25 0.136 0.28 0.25 0.998
SEM 0.014 0.011 0.002 0.009
Trial 2*
A 0.32 0.28 0.584 0.31 0.34 0.781
B 0.37 0.30 0.930 0.33 0.35 0.905
C 0.37 0.29 0.655 0.35 0.36 0.861
D 0.38 0.30 0.870 0.31 0.35 0.910
SEM 0.01 0.02 0.01 0.01
Trial 3°
A 0.39 0.39 0.136 0.29 0.28 0.162
B 0.43 0.42 0.373 0.32 0.30 0.082
C 0.39 0.40 0.303 0.28 0.32 0.355
D 0.41 0.41 0.299 0.31 0.33 0.739
SEM 0.08 0.01 0.08 0.01

1In vitro means represent the average of a minimum of 10 replicates per diet.

2Strength of the relationship between the in vitro and in situ readings for each mineral solubility measured
in each diet where confidence in the result is P < 0.05

3 In situ results represent the average response of 32 birds per diet, 8 pens of 4 birds per pen, and 192 birds
in total. Means represent the average of 6 replicates per pen.

4 In situ results represent the average response of 18 birds per diet, 6 plots per diet, 3 birds per plot, 72
birds in total. Means represent the average of 6 replicates per pen.

5 In situ results represent the average response of 24 birds per diet, 12 pens of 2 birds per pen, 96 birds in
total. Means represent the average of 6 replicates per pen.

&b Means within the same column with no common superscript differ significantly (P < 0.05).

3.4.4. Conclusion

The 2-step in vitro assay in this study was successful at identifying the effect of phytase
supplementation on Ca and P solubility in the gastric and S| phase, signifying it can be used as a tool
to indicate dietary effects on the GIT environment. The in vitro assay is however unable to measure
digestibility as is a closed system so cannot completely mimic bird GIT conditions, suggesting in situ
analysis is still required to fully distinguish phytase effects on mineral solubility. The in vitro assay was
more comparable to in situ measures for mineral solubility in the gastric phase, rather than the SI

phase, most likely due to the lack of absorption and secretion in the S| phase in vitro compared to in
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situ. Dietary levels of Ca, P and phytate dictate precipitation of soluble Ca and P and hence availability
of these minerals, therefore calcium phosphate precipitation occurs if the Ca: P ratio is not balanced
and if the pH is high. The effects of phytase on dietary free Ca and P and phytate are positive in situ,
but potentially cause increased calcium phosphate precipitation in vitro, which reduces the reliability

of this assay.

3.5. Susceptible phytic acid content of common feed ingredients fed to poultry in the UK

3.5.1. Introduction

The organic P component of feed ingredients fed to poultry exist in enzyme-susceptible and enzyme-
resistant forms, due to binding of divalent cations to phytic acid causing a portion of it to become
resistant to phytase hydrolysis. Measurements of total phytate-P content of diets may therefore be
deceptive as, although different feed ingredients contribute to the total phytate content of the diet,
this does not indicate substrate availability for phytase (Dayyani et al., 2013). Consequently, phytase
matrix values should potentially be developed based on reactive phytate content as opposed to total
phytate content. This study explores how much variation there is in percentage of total phytate that
is receptive to hydrolysis by phytase under GIT conditions. Diets fed in Trial 3 (Chapter 6) were
formulated based on measuring the susceptible phytate content of the individual batches being fed

using this method.

Aim
e To determine how much variation exists in susceptible phytate content between batches of

feed ingredients fed to poultry in the UK.

3.5.2. Procedure

25 samples of wheat, 17 samples of soyabean meal (SBM), 16 samples of rapeseed meal (RSM), 10
samples of barley, 14 samples of maize and 10 samples of wheatfeed were collected from various feed
manufacturers and mills from different geographical regions throughout the UK. The susceptible

phytate content of each sample was analysed in triplicate. Details about the susceptible phytate
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method are featured in Chapter 2 Section 2.5.11. Briefly, 50ml warmed acetate buffer (pH 4.5, 37°C)
was added to 10g of feed sample which were then incubated at 37°C for 5 minutes. 2ml of sample was
then transferred into a microfuge tube, centrifuged at 9,500 x g for 10 minutes and 0.5ml of the
resulting supernatant was transferred into a fresh 1.5ml tubes and neutralised with 0.5ml 0.25M
NaOH. The sample was then diluted 1:3 with ultra-pure water and phytic acid was measured using the
Megazyme K-Phyt™ assay (described in Chapter 2 Section 2.5.10.). Susceptible phytate content was

calculated according to the following equation:

Mean phytic acid content of the sample from the susceptible phytate assay (g/100g)

Mean total phytic acid content of sample from total phytic acid assay (g/100g)

3.5.3. Results

Table 3.8 and 3.9 show that both total and susceptible phytic acid content varied considerably
between batches of ingredients. There was approximately 15% difference in percentage susceptible
phytate content between different batches of wheat, approximately 10% difference between batches
of SBM, RSM, barley and maize and approximately 7% difference between batches of wheatfeed.
There were no correlations between total phytic acid content and phytate susceptibility in any

ingredient.

106



Table 3.8. Total phytic acid content of feed ingredients fed to poultry in the UK

Ingredient Total Phytic Acid (g/100g) SEM Range in Total Phytic Acid (g/100g)

Wheat 0.426 0.013 0.351-0.552
SBM 0.707 0.009 0.631-0.762
RSM 1.644 0.029 1.422-1.825
Barley 0.778 0.006 0.755-0.791
Maize 0.872 0.018 0.742-0.947
Wheatfeed 0.673 0.018 0.601-0.779

Table 3.9. Susceptible phytic acid content of feed ingredients fed to poultry in the UK

Free Phytic Acid Total Susceptible
Phosphorus Phosphorus Phosphorus Phytic Acid Phytic Acid Range in Susceptible
Ingredient (g/100g) SEM (g/100g) SEM (g/100g) SEM (g/100g) SEM (%) SEM (%) Phytic Acid (%)
Wheat 0.043 0.002 0.069 0.002 0.111 0.003 0.243 0.009 57.45 0.85 49.51-63.45
SBM 0.029 0.002 0.096 0.002 0.124 0.003 0.339 0.007 48.55 0.69 43.62-53.34
RSM 0.095 0.004 0.235 0.005 0.330 0.007 0.833 0.017 50.81 0.76 46.84-56.16
Barley 0.092 0.005 0.122 0.002 0.214 0.004 0.434 0.006 55.82 0.87 52.68-61.45
Maize 0.050 0.004 0.141 0.003 0.192 0.005 0.501 0.011 57.44 0.63 51.82-60.78
Wheatfeed 0.104 0.003 0.134 0.004 0.238 0.003 0.475 0.015 70.55 0.82 66.34-73.36
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3.5.4. Conclusion

It is imperative to understand how potentially limiting the phytate is when relying upon phytase
supplementation to improve P utilisation, through measuring both the total phytate and relative
solubility of the phytate when formulating with phytase. The importance of measuring the individual
feed ingredient being fed is highlighted in this study by the large variation between individual batches
of ingredients. Phytate susceptibility is dictated by conformation and configuration of the phytate
molecule, pH of the environment and location of the phytate in the grain. Minerals and divalent
cations bind to the weak acid phosphate groups of phytate, making that portion of the phytate
resistant to phytase. Phytase susceptibility can therefore be improved by the presence of mineral
chelators which bind to minerals and increase the formation of soluble mineral complexes, and by
addition of H+ ions which compete with minerals for the binding sites of phytate (Maenz et al., 1999).
Consequently, measuring phytate susceptibility of feed ingredients means diets can be formulated,
particularly with regards to presence of mineral chelators and impact on GIT pH, so they are as
responsive to phytase as possible.

Measuring the solubility of phytate-mineral precipitates alone does not indicate degradation by
phytase which is why in this study samples were exposed to conditions that mimicked the GIT and
then phytic acid degradation was determined. This method enables the response by the bird to
phytase supplementation to be predicted and hence improves the accuracy of phytase matrix values.
The assay is also cheap, not labour intensive and takes only a little more time than the assay used for

measuring total phytate.

3.6. Implications

Overall, these studies have greatly contributed to rigour and confidence with which the rest of the
project was undertaken. The number of pilot studies required to clarify investigations in this project

indicates lack of consensus over many methods used in poultry nutrition studies, despite the long
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history of research in this field. The value placed on establishing method consensus is demonstrated

by the level of scientific interest each publication generated.
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CHAPTER 4: Trial 1: Effect of soyabean meal and rapeseed meal on the efficacy of phytase

4.1. Introduction

Failure to predict the amount of P released by phytase can have substantial negative implications on
animal productivity and welfare. Evaluating the anti-nutritional effect of phytate is however difficult
as any alterations to diets to reduce phytate concentration will result in other modifications in diet
composition which may also interfere with animal performance. Phytase is supplemented into poultry
diets to overcome this issue. The rationale for protein responses to supplemented phytase still
remains largely speculative. This is because the response of phytase is a multifaceted area; it may be
attributed to prevention of formation of protein-phytate complexes in the gut, the release of protein
from protein-phytate complexes and reduction of the negative impact of phytate on the activities of
proteolytic enzymes, such as pepsin and trypsin (Selle et al., 2000). Solubility of phytate salts and
protein, and their influence on degree of phytate-protein complex formation, potentially gives a more
relevant indication of the anti-nutritional effects of phytate than observing total phytic acid (Ravindran
et al., 1999). It has been stated in numerous scientific papers that interactions between phytate and
protein are ionic and hence pH dependent (Cowieson et al., 2006; Selle et al., 2012). As pH comes
closer to isoelectric point, the charge on the protein becomes more neutral, and the phytate becomes
more soluble. The presence of cations, such as calcium and zinc, mean that, in its soluble state, phytate
binds with proteins, because the cations act as a link between the phytate and the negative charged
protein carboxyl groups (Anderson, 1985). Protein solubility is thus reduced due to the formation of
phytate-protein-mineral complexes, which has negative implications on the function of proteins,

particularly those functions that are reliant on protein hydration.

Phytase presence is believed to have a positive effect on protein utilisation, although this has yet to
be fully quantified to enable for dietary inclusion in the most cost effective way. The extent of the
effect of phytase is dependent on both phytic acid concentration and protein digestibility. Phytase

efficacy varies between feedstuffs, and there has been conflicting results reported regarding its
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success, and physiological effects on bird GIT environment. In this study soyabean meal and rapeseed
meal based diets with varying levels of phytase supplementation were used as tools to identify the
effect of phytase on protein-phytate complexes and protein precipitation and determine the

consequence of phytate-protein hydrolysis by phytase on bird health and gut pH.

Aim

e To compare the efficacy of phytase inclusion in soyabean and rapeseed meal based diets
e To examine the relationship between pH and phytate reactivity
e To observe the effect of ‘superdosing’ phytase on mineral and protein absorption and

utilisation

4.2, Trial Procedure

192 Ross 308 broiler chicks, from a breeder flock age of 42 weeks, were housed from day old for 28
days in 80x80cm floor pens with wood shavings as litter substrate. Feed was provided ad libitum via
troughs attached to the front of the pen, and water by bell drinkers. The lighting and temperature was
controlled as described in Chapter 2, Section 2.2. Temperatures at 2 positions in the room, health
records (including any mortalities) and any observations were recorded twice daily. Presence and
absence of dirty vent was also recorded. Institutional and national guidelines for the care and use of
animals were followed and all experimental procedures involving animals were approved by the

School of Animal, Rural and Environmental Sciences Ethical Review Group.

Birds were fed one of six wheat based diets; three containing soyabean meal as the main protein
source and three containing rapeseed meal. Diets were supplemented with 0 FTU/kg, 500 FTU/kg or
5000 FTU/kg of phytase (Table 4.1). Diets were formulated by ABVista, mixed in house using a ribbon
mixer, one batch per diet, and fed as mash. The diets were tested for nitrogen content immediately
after manufacture, and reanalysed after 5 days, before they were fed, to check protein content did

not change over time. They were also analysed for crude energy, total calcium and phosphorus,
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available phosphorus, dry matter, ash, supplemented and total phytase activity, total phytic acid,
susceptible phytate-P and fat content using the methods described in Chapter 2 (Table 4.2). The diets
contained titanium dioxide at a rate of 0.5% to act as an inert marker so digestibility could be
measured. Diets were stored at room temperature. Each treatment was fed to 8 pens each containing
4 chicks; one pen was considered to be one replicate. Birds were fed their allocated diet from arrival,

and feed troughs were kept horizontal and no more than half full to avoid excessive feed wastage.

Table 4.1. Composition of soyabean meal (SBM) and rapeseed meal (RSM) basal diet (g/kg)

SBM Diet RSM Diet

Wheat - Feed 605.90 605.20
Fishmeal 72 protein 30.00 30.00
Rapeseed Extruded 250.00
Soyabean meal 46 180.00

Soya Hulls 70.00

Soya oil 55.90 54.40
Salt 3.60 3.60
Valine 2.10 2.20
DL Methionine 4.10 2.90
Lysine HCI 5.00 6.50
Threonine 2.40 2.40
L-Tryptophan 0.10 0.20
Glycine 3.20 5.10
L-Arginine HCI 3.60 5.50
Isoleucine 1.90 2.80
Limestone 10.00 8.50
Dicalcium Phosphate 13.00 11.40
Coccidiostat 0.20 0.20
Vitamin premix* 4.00 4.00
Titanium Dioxide 5.00 5.00

* Supplied per kilogram of diet: manganese, 100 mg; zinc, 80 mg; iron (ferrous sulphate), 20 mg;
copper, 10 mg; iodine, 1 mg; molybdenum, 0.48 mg; selenium, 0.2 mg; retinol, 13.5 mg;
cholecalciferol, 3 mg; tocopherol, 25 mg; menadione, 5.0 mg; thiamine, 3 mg; riboflavin, 10 mg;
pantothenic acid, 15 mg; pyroxidine, 3.0 mg; niacin, 60 mg; cobalamin, 30 ug; folic acid, 1.5 mg;
and biotin 125 mg.
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Table 4.2. Calculated and analysed content of diets

SBM 500 FTU/kg

SBM 5000 FTU/kg

RSM?2 0 FTU/kg

RSM 500 FTU/kg

RSM 5000 FTU/kg

Calculated Analysed Calculated Analysed

Calculated Analysed

Calculated Analysed

Calculated Analysed Calculated Analysed

SBM' 0 FTU/kg

GE Content (MJ/kg DM) 19.17
ME Content (MJ/kg) 12.81

Total P Content (g/kg DM) 6.80 7.30
Total Ca Content (g/kg DM) 10.00 11.10
DM Content (g/kg) 871.13
Ash (g/kg) 6.26
Protein Content (g/kg DM) 201.10 241.62
Available Phosphorus (g/kg) 4.50 6.18
;S:Tplfllﬁgented Phytase Activity 0 <50
Total Phytase Activity (FTU/kg)? 369
Phytic Acid Content (g/kg) 5.40 5.29
Susceptible Phytate-P (g/kg)* 4.08
Fat (g/kg) 70.90 70.72
Fibre (g/kg) 45.50

12.81
6.80
10.00

201.10
4.50

500

5.40

70.90
45.50

20.16

7.40
11.80
867.12
6.30
236.24
5.46

471

834
5.04
3.12

70.68

12.81
6.80
10.00

201.10
4.50

5000

5.40

70.90
45.50

19.83

7.20
11.40
873.46
6.27
238.20
5.51

4893

6632
5.92
2.63

77.40

12.81
7.70
10.00

198.60
4.50

6.40

87.30
42.80

20.61

7.80
11.90
870.16
6.25
233.37
6.42

<50

493
6.06
5.17

87.05

12.81
7.70
10.00

198.60
4.50

500

6.40

87.30
42.80

19.45 19.60
12.81
7.40 7.70 7.20
11.90 10.00 12.40
852.09 885.87
6.22 6.27
236.15 198.60 224.60
6.23 4.50 6.25
613 5000 5343
967 6714
7.29 6.40 6.09
4.18 3.64
87.11 87.30 87.09
42.80

1SBM: Soyabean Meal
2RSM: Rapeseed Meal

3 Dietary cereal phytase activity and supplemented phytase activity combined, analysed by ISO 30024

4 Phytate-P susceptible to hydrolysis by phytase, see Chapter 2 Section 2.5.11 for method of analysis
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On arrival birds were individually weighed and allocated to a pen. Pen allocation was randomised
across the room. Total pen weight and mean chick weight per pen was calculated, and diet allocation
was arranged to ensure there was no significant difference in body weights by pen across diets. Each
pen was individually fed from a pre-weighed labelled bag containing 2.5kg of appropriate diet per
week. All birds in a pen were weighed on day 7, 14, 21 and 28. Feed intake was also measured on
these days; feed remaining in the trough was poured into the individual feed bags for each pen and
the bag was weighed. Feed conversion ratio of birds aged 0-14 days and 0-28 days was calculated
based on feed intake divided by body weight gain, taking into account any mortalities. On day 25 foil
lined excreta collection trays with wire mesh overlay were placed into each pen below the feeders,
allowing for 3 days excreta collection. Excreta was dried and homogenised as described in Chapter 2,

Section 2.4.3. Birds were euthanised by cervical dislocation on day 28.

4.3 Determined Parameters

4.3.1. Digesta sample collection and pH determination

Immediately post euthanasia, gastrointestinal pH was determined by inserting a spear tip piercing pH
electrode (Sensorex, California, USA) directly into the gut lumen of the gizzard, duodenum, jejunum
and ileum as soon as they had been excised, as described in Chapter 2, Section 2.5.1. Readings were
repeated three times per section of gut per bird (making sure the probe did not touch the gut wall)
and average pH was calculated. Immediately after measurement of gastrointestinal pH, digesta
content of the gizzard, jejunum and ileum was then squeezed into individual pre-weighed pots per
pen; the digesta from each bird within a pen was pooled. The pots were then weighed, stored at -20°C
and then freeze-dried to determine digesta sample dry matter content, as described in Chapter 2,
Section 2.5.2. Dry matter content of the diets was analysed by the oven-drying technique described

in Chapter 2, Section 2.5.2.
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4.3.2. Total and Soluble Calcium and Phosphorus Determination

For each pen, total and soluble Ca and P content was determined in the freeze-dried gizzard, jejunum
and ileum digesta based on the average of 6 readings per sampling site per pen. Diets were also
analysed for total and soluble Ca and P; 6 repeats per diet were carried out. Total Ca and P of the feed
and freeze-dried digesta was determined by acid digestion with aqua regia, followed by filtration
through Whatman #541 filter papers and analysis by Inductively Coupled Plasma- Optical Emission
Spectroscopy (ICP-OES) set at phosphorus wavelength 213.167 and calcium wavelength 317.933, as
described in Chapter 2, Section 2.5.8. Soluble Ca and P content of the freeze-dried digesta, and soluble
P content of the feed, was determined by adding ultra-pure water to the samples, shaking and
centrifuging them, and then measuring Ca and P content of the supernatant on an ICP-OES set at
phosphorus wavelength 213.167 and calcium wavelength 317.933, as described in Chapter 2, Section

2.5.8.1.

4.3.3. Protein and Soluble Protein Determination

Total protein content of the freeze-dried gizzard, jejunum and ileum digesta and feed was analysed
by Kjeldahl analysis of nitrogen content. The percentage nitrogen value was multiplied by 6.25 to
determine percentage crude protein, as described in Chapter 2, Section 2.5.9. Soluble protein content
of the freeze-dried gizzard digesta samples was determined by adding 0.2% KOH to the samples,
mixing and centrifuging them, and then measuring protein content of the supernatant using the

Kjeldahl assay, as described in Chapter 2, Section 2.5.9.1.

4.3.4. Apparent Metabolisable Energy

Gross energy of the feed and excreta was determined by bomb calorimetry, as described in Chapter
2, Section 2.5.5. Diet digestibility was analysed by determination of titanium dioxide in the diet,
excreta and jejunum and ileum digesta using a UV-Spectroscopy assay, as described in Chapter 2,

Section 2.5.4.
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4.3.5. Total and Susceptible Phytate

Total phytic acid content of the gizzard digesta samples and diet was analysed by the Megazyme K-
Phyt™ assay, as described in Chapter 2, Section 2.5.10. Susceptible phytate content of the diet was
analysed by adding warmed acetate buffer to the sample, incubating and centrifuging it, neutralising
the supernatant with 0.25M NaOH, and subsequently using the Megazyme K-Phyt™ assay to analyse

phytic acid content, as described in Chapter 2, Section 2.5.11.

4.3.6. Phytase Activity

Supplemented phytase activity of the diet and ileal digesta was determined using a Quantiplate™ Kit
for Quantum phytase, as described in Chapter 2, Section 2.5.13. Total phytase activity of the diet and
ileal digesta was determined by adding acetate buffer to the samples, incubating it at 37°C, adding a
phytate substrate solution and molybdate/vanadate/nitric acid solution to the samples before
centrifuging them and measuring the optical density at 415nm, as described in Chapter 2, Section

2.5.12.

4.3.7. Tibia and Femur Mineralisation and Ca and P content

Post euthanasia both the left and right legs (tibia and femur) were removed, put in labelled bags and
stored at -20°C. The left tibia and femur of each bird were wrapped separately in labelled foil,
autoclaved, defleshed, oven-dried and weighed into pre-weighed crucibles. They were then put into
a muffle furnace until completely ashed, left to cool, and reweighed so mineral content could be

determined, as described in Chapter 2, Section 2.5.3.

The ashed bone samples were acid-digested with aqua regia, filtered, diluted and analysed for Ca and
P content by ICP-OES set at phosphorus wavelength 213.167 and calcium wavelength 317.933, as

described in Chapter 2, Section 2.5.8.
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4.3.8. Tibia and Femur Bone Strength

The right tibia and femur of each bird was used to determine bone strength. The tibias and femurs
were defleshed of muscle and tissue by hand using a scalpel. The length and width of each bone was
measured using callipers. A TA.XT plus texture analyser was set up with a 50kg load cell and 3 point-
bend fixture, and test speed was set at Imm/sec and trigger force at 7g (0.069N). The bone was placed

on the fixture, and peak force to break it was recorded, as described in Chapter 2, Section 2.5.7.

4.3.9. Data Analysis

All data was analysed using the SPSS software version 21 for Windows (IBM Statistics, 2013). After KS
testing to confirm normality, statistical analysis was carried out using Univariate analysis to determine
interactions between the analysed factors, and one-way ANOVA to test the equality of the means.
Treatment means were separated using Duncan post hoc test. In cases where the effect of phytase
inclusion level read to be significant, a linear and quadratic contrast was conducted. Statistical
significance was declared at p<0.05. Correlations were analysed by bivariate correlation using Pearson

correlation.

4.4, Results

4.4.1. Bird Performance

Table 4.3. shows that there was a significant interaction between bird age and diet on feed intake (Fl)
and body weight gain (BWG); at bird age d14-21 and d21-28 Fl and BWG were lower in birds fed RSM
0 FTU/kg phytase than those fed any other diet, but at bird age d0-7 and d7-14 Fl and BWG was the
lowest in birds fed RSM 500 FTU/kg phytase. At bird age d14-21 and d21-28 FI was significantly higher
in birds fed SBM compared to those fed RSM, but this difference was not observed in the younger
birds. There was no significant interaction between bird age and diet on the feed conversion ratio
(FCR). Feed conversion was significantly higher at d0-7 and d7-14 compared to the other bird ages,

and was significantly lower at bird age d21-28 than any other bird age.
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Table 4.3. Effect of bird age and diet (soyabean meal (SBM) and rapeseed meal (RSM) based diets
supplemented with 0, 500 or 5000 FTU/kg phytase) on bird performance

Age (days)® Diet Individual FI (g)  Individual BWG (g) FCR
0-7 SBM O FTU 105.69%° 88.63%° 1.21
SBM 500 FTU 112.59° 100.56° 1.13
SBM 5000 FTU 111.81° 101.03? 1.11
RSM 0 FTU 95.97% 78.53° 1.23
RSM 500 FTU 91.94° 77.13° 1.20
RSM 5000 FTU 103.75% 89.59% 1.17
SEM 3.10 3.83 0.02
7-14 SBM O FTU 327.44%° 268.132 1.22
SBM 500 FTU 338.72° 275.22° 1.23
SBM 5000 FTU 350.70° 294.76° 1.19
RSM 0 FTU 278.09¢ 221.93° 1.25
RSM 500 FTU 275.22¢ 220.94° 1.25
RSM 5000 FTU 293.69% 238.34° 1.23
SEM 12.11 11.39 0.01
14-21 SBM O FTU 670.28° 472.06° 1.42
SBM 500 FTU 695.19° 490.03? 1.42
SBM 5000 FTU 722.90? 510.472 1.42
RSM 0 FTU 544.69° 407.78° 1.37
RSM 500 FTU 553.72° 369.53° 1.50
RSM 5000 FTU 575.53° 409.56° 1.40
SEM 29.11 20.66 0.02
21-28 SBM O FTU 959.842 653.75% 1.46
SBM 500 FTU 987.19? 669.81%° 1.48
SBM 5000 FTU 1017.042 683.29° 1.49
RSM 0 FTU 826.28° 537.31¢ 1.64
RSM 500 FTU 836.34° 545.03¢ 1.56
RSM 5000 FTU 863.94° 590.94% 1.49
SEM 30.87 23.96 0.03
Age
0-7 103.63 89.24 1.17¢
7-14 310.64 253.05 1.23¢
14-21 627.05 443.24 1.42°
21-28 915.11 612.50 1.52°
SEM 154.30 98.42 0.07
P-values
Age <0.001 <0.001 <0.001
Diet <0.001 <0.001 0.306
Diet x Age <0.001 0.012 0.896

2P \eans within the same column, within the same age group, with no common subscript differ significantly (P<0.05)

Table 4.4. shows that there were no significant interactions between protein source and phytase
supplementation level on FI, BWG or FCR from d0-28. Fl and BWG were significantly greater in birds
fed SBM than those fed RSM. BWG was significantly greater in birds fed diets supplemented with 5000

FTU/kg than in birds fed diets supplemented with 0 FTU/kg or 500 FTU/kg phytase.
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Table 4.4. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on bird performance from d0-d28

Diet Individual FI (g) Individual BWG (g) FCR
SBM O FTU 2063.31 1482.57 1.39
SBM 500 FTU 2133.72 1535.63 1.39
SBM 5000 FTU 2202.51 1589.66 1.39
RSM O FTU 1745.02 1244.67 1.40
RSM 500 FTU 1757.20 1213.62 1.45
RSM 5000 FTU 1836.91 1328.41 1.38

SEM 74.91 58.96 0.01

Protein Source
SBM 2133.12° 1535.91° 1.39
RSM 1779.72° 1262.20° 141

SEM 124.94 96.77 0.01

Phytase
0 FTU 1904.14 1363.57° 1.39
500 FTU 1945.50 1374.62° 1.42
5000 FTU 2019.68 1458.99° 1.38

SEM 27.60 24.61 0.01

P-values

Protein Source <0.001 <0.001 0.294

Phytase 0.057 0.020 0.423

Protein Source x Phytase 0.696 0.410 0.494

ab Means within the same column with no common subscript differ significantly (P<0.05)

4.4.2. Apparent Metabolisable Energy

Table 4.5. shows there were no significant interactions between protein source and phytase

supplementation level on apparent metabolisable energy (AME). Phytase supplementation level had

no significant effect on AME, but AME was significantly higher in birds fed SBM than those fed RSM.
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Table 4.5. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on apparent metabolisable energy (AME) from d0-d28

Diet AME (MJ/kg)
SBM 0 FTU 12.71
SBM 500 FTU 12.28
SBM 5000 FTU 13.52
RSM O FTU 11.86
RSM 500 FTU 11.78
RSM 5000 FTU 11.15

SEM 0.31

Protein Source
SBM 12.84°
RSM 11.66°

SEM 0.42

P-values

Protein Source 0.011

Phytase 0.840

Protein Source x Phytase 0.245

ab Means within the same column with no common subscript
differ significantly (P<0.05)

4.4.3. Gastrointestinal pH
Table 4.6. shows there were no significant interactions between, or effect of, protein source and

phytase inclusion level on pH in any section of the tract measured.

Table 4.6. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on gastrointestinal pH at d28

Diet Gizzard Duodenum Jejunum lleum
SBM O FTU 2.85 6.00 6.03 7.03
SBM 500 FTU 2.99 6.05 6.14 6.94
SBM 5000 FTU 2.88 6.00 6.08 6.97
RSM O FTU 2.43 6.02 5.91 7.06
RSM 500 FTU 2.45 6.16 6.00 6.89
RSM 5000 FTU 2.34 6.11 5.99 7.01

SEM 0.04 0.02 0.03 0.02

P-values

Protein Source 0.052 0.059 0.074 0.887

Phytase 0.734 0.184 0.060 0.514

Protein Source x Phytase 0.872 0.604 0.984 0.546

5 Means within the same column with no common subscript differ significantly (P<0.05)
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4.4.4. Total and Soluble Ca and P

Table 4.7. shows there were no significant interactions between protein source and phytase inclusion
level on Ca or P concentration or solubility in the gizzard. Protein source and phytase inclusion level
had no significant effect on total Ca and P concentration or Ca solubility in the gizzard. Both protein
source and phytase inclusion level however had a significant effect on P solubility in the gizzard; as
phytase level increased P solubility increased, and P solubility was greater in birds fed SBM than those

fed RSM.

Table 4.7. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on Ca and P solubility in the gizzard

Total (g/kg) Soluble (g/kg) Solubility Coefficient
Diet Ca P Ca P Ca P
SBM O FTU 8.80 5.07 4.66 3.50 0.42 0.48
SBM 500 FTU 8.47 5.16 4.21 3.63 0.36 0.49
SBM 5000 FTU 9.46 5.30 4.90 3.94 0.43 0.55
RSM O FTU 8.08 5.24 6.55 3.04 0.55 0.39
RSM 500 FTU 7.76 5.54 4.76 3.11 0.40 0.42
RSM 5000 FTU 9.04 5.92 6.94 3.24 0.56 0.45
SEM 0.23 0.12 0.43 0.13 0.03 0.02
Protein Source
SBM 8.91 5.18 4.52 3.69° 0.40 0.51°
RSM 8.29 5.57 6.08 3.13° 0.50 0.42°
SEM 0.22 0.14 0.55 0.20 0.02 0.02
Phytase
0 FTU 8.28 5.16 5.61 3.27°¢ 0.49 0.43°¢
500 FTU 8.28 5.35 4.49 3.37° 0.38 0.46°
5000 FTU 9.25 5.61 5.92 3.59° 0.49 0.50°
SEM 0.26 0.11 0.22 0.08 0.02 0.01
P-values
Protein Source 0.738 0.111 0.307 0.047 0.014 0.017
Phytase 0.129 0.522 0.373 0.044 0.500 0.033
Protein Source x Phytase 0.969 0.188 0.373 0.268 0.992 0.512

3¢ Means within the same column with no common subscript differ significantly (P<0.05)
Table 4.8. shows there were no significant interactions between protein source and phytase inclusion
level on Ca or P concentration or solubility in the jejunum. Phytase inclusion level had a significant
effect on total Ca and P concentration and Ca and P solubility; as phytase level increased total and

soluble Ca and P presence increased in a dose dependent manner.
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Table 4.8. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on Ca and P solubility in the jejunum

Total (g/kg)

Soluble (g/kg)

Solubility Coefficient

Diet Ca P Ca P Ca P
SBM O FTU 6.20 3.17 2.33 1.75 0.21 0.24
SBM 500 FTU 5.54 3.33 2.01 1.85 0.17 0.25
SBM 5000 FTU 6.76 3.74 2.74 2.09 0.24 0.29
RSM 0 FTU 7.32 431 2.62 1.72 0.22 0.22
RSM 500 FTU 6.97 4.63 2.26 1.70 0.18 0.23
RSM 5000 FTU 7.92 4.72 3.10 1.85 0.25 0.26

SEM 0.31 0.25 0.15 0.05 0.06 0.01

Protein Source
SBM 6.17¢ 3.41° 2.36° 1.90 0.21 0.26°
RSM 7.40° 4,557 2.66° 1.76 0.22 0.24°

SEM 0.44 0.40 0.11 0.05 0.01 0.01

Phytase
OFTU 6.76° 3.74¢ 2.48° 1.74° 0.22° 0.23°
500 FTU 6.26¢ 3.98° 2.14¢ 1.78° 0.18°¢ 0.24°
5000 FTU 7.342 4.23° 2.92° 1.97° 0.25° 0.27°

SEM 0.26 0.12 0.19 0.06 0.02 0.01

P-values

Protein Source 0.004 <0.001 <0.001 0.105 0.101 <0.001

Phytase <0.001 0.048 0.008 0.002 <0.001 <0.001

Protein Source x Phytase 0.076 0.719 0.187 0.887 0.181 0.338

a-d Means within the same column with no common subscript differ significantly (P<0.05)

Table 4.9. shows there was a significant interaction between protein source and phytase inclusion level

of Ca and P solubility coefficients and soluble P presence in the ileum. The Ca solubility coefficient was

significantly lower in birds fed diets supplemented with 500 FTU/kg compared to the diets

supplemented with 0 or 5000 FTU/kg phytase, and significantly higher in birds fed diets supplemented

with 5000 FTU/kg compared to those fed diets supplemented with 0 or 500 FTU/kg. Soluble P

presence and P solubility coefficient increased significantly in both diets as phytase supplementation

level increased in a dose dependent manner. P solubility in birds fed SBM diets supplemented with

5000 FTU/kg was not significantly different to P solubility in birds fed RSM diets supplemented with

500 FTU/kg, but was significantly higher in birds fed RSM supplemented with 5000 FTU/kg than those

fed any of the SBM based diets, or RSM based diet with 500 FTU/kg.
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Table 4.9. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on Ca and P solubility in the ileum

Total (g/kg) Soluble (g/kg) Solubility Coefficient
Diet Ca P Ca P Ca P
SBM 0 FTU 4.73 1.81 1.85 0.58¢ 0.16° 0.08¢
SBM 500 FTU 4.39 2.23 1.51 0.98° 0.13¢ 0.13¢
SBM 5000 FTU 4.95 2.31 2.18 1.15° 0.19° 0.16°
RSM O FTU 5.08 2.46 1.99 0.87¢ 0.17° 0.11°
RSM 500 FTU 4.89 2.60 1.60 1.18° 0.13¢ 0.16°
RSM 5000 FTU 5.28 2.71 2.38 1.29° 0.19° 0.18°
SEM 0.11 0.12 0.12 0.10 0.01 0.01
Protein Source
SBM 4.69¢ 2.12° 1.85°¢ 0.90 0.16 0.12
RSM 5.08° 2.59° 1.99° 1.11 0.16 0.15
SEM 0.14 0.17 0.05 0.07 0.00 0.01
Phytase
0 FTU 4.91° 2.14¢ 1.92° 0.73 0.17 0.10
500 FTU 4.64¢ 2.42° 1.56¢ 1.08 0.13 0.15
5000 FTU 5.12° 2.51° 2.28° 1.22 0.19 0.17
SEM 0.11 0.09 0.17 0.12 0.01 0.02
P-values
Protein Source 0.035 <0.001 0.038 <0.001 0.567 <0.001
Phytase 0.038 0.033 <0.001 <0.001 <0.001 0.001
Protein Source x Phytase 0.451 0.173 0.316 0.001 0.029 0.013

a-d Means within the same column with no common subscript differ significantly (P<0.05)

Table 4.10. shows there was a significant interaction between protein source and phytase inclusion
level on the amount of Ca absorbed by the jejunum and ileum; in birds fed the RSM based diets there
was a significant increase in Ca absorbed between the control diet and diet supplemented with 500
FTU/kg phytase, but this was not the case in birds fed the SBM based diets. Also, the amount of Ca
absorbed was higher in birds fed the SBM based diets than the RSM based diets at phytase level 0
FTU/kg and 500 FTU/kg, but at phytase level 5000 FTU/kg Ca absorption was higher in birds fed the
RSM based diets than SBM based diets. Protein source and phytase inclusion level had a significant
effect on P absorbed by the jejunum and ileum; more P was absorbed by birds fed the RSM based diets
than those fed the SBM based diets, and as phytase level increased P absorption significantly increased.
Phytase inclusion level also had a significant effect on the amount of Ca and P excreted; as phytase

level increased the amount of Ca and P excreted reduced significantly.
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Table 4.10. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with

0, 500 or 5000 FTU/kg phytase on absorption of Ca and P by determination at the jejunum and ileum

and in the excreta

Jejunum (g/kg diet)

lleum (g/kg diet)

Excreta (g/kg diet)

Diet Ca P Ca P Ca P
SBM O FTU 8.03° 2.71 9.27° 4.68 2.53 1.57
SBM 500 FTU 9.00° 3.77 10.24° 5.48 2.03 0.96
SBM 5000 FTU 10.18° 4.04 11.08° 6.32 1.42 0.75
RSM O FTU 6.09¢ 4.89 6.15¢ 4.02 2.56 0.89
RSM 500 FTU 8.11°¢ 5.39 8.71°¢ 4.95 1.84 0.57
RSM 5000 FTU 10.57¢ 6.13 11.12° 5.69 1.62 0.50

SEM 0.61 0.46 0.70 0.30 0.18 0.14

Protein Source
SBM 9.07 3.51°¢ 10.19 5.49° 1.99 1.09
RSM 8.26 5.47° 8.66 4.89° 2.01 0.65

SEM 0.38 0.69 0.54 0.21 0.00 0.16

Phytase
0 FTU 7.06 3.80¢ 7.71 4.35°¢ 2.54° 1.232
500 FTU 8.55 4.58° 9.47 5.21° 1.93° 0.76°
5000 FTU 10.38 5.09° 11.10 6.00° 1.52¢ 0.66°¢

SEM 0.78 0.30 0.80 0.39 0.24 0.14

P-values

Protein Source <0.001 <0.001 <0.001 <0.001 0.747 0.735

Phytase <0.001 <0.001 <0.001 <0.001 0.033 <0.001

Protein Source x Phytase 0.043 0.063 <0.001 0.199 0.943 0.975

d Means within the same column with no common subscript differ significantly (P<0.05)

4.4.5. lleal Ca and P digestibility

Table 4.11. shows there were no significant interactions between protein source and phytase inclusion

level on apparent ileal digestibility of Ca and P. lleal Ca digestibility was significantly greater in birds

fed diets supplemented with 5000 FTU/kg than those with 500 FTU/kg phytase, and P digestibility

increased significantly as phytase inclusion level increased in a dose dependent manner. The apparent

ileal Ca and P digestibility values presented in Table 4.11. are higher than would be expected based

on comparison with similar published studies.

124



Table 4.11. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on apparent ileal Ca and P digestibility

Apparent ileal digestibility coefficient

Diet Ca P
SBM 0 FTU 0.82 0.84
SBM 500 FTU 0.78 0.86
SBM 5000 FTU 0.84 0.90
RSM O FTU 0.81 0.83
RSM 500 FTU 0.80 0.85
RSM 5000 FTU 0.81 0.85

SEM 0.01 0.01

Phytase
0FTU 0.82% 0.83¢
500 FTU 0.79° 0.86°
5000 FTU 0.83° 0.88°

SEM 0.01 0.01

P-values

Protein Source 0.612 0.058

Phytase 0.048 0.017

Protein Source x Phytase 0.340 0.502

@€ Means within the same column with no common subscript differ significantly (P<0.05).

4.4.7. Total and Soluble Protein

Table 4.12. shows there were no significant interactions between protein source and phytase inclusion
level on protein solubility in any section of the gastrointestinal tract. Total and soluble protein
presence in the jejunum and ileum was higher in birds fed the SBM based diets than those fed the
RSM based diets. As phytase inclusion level increased soluble protein presence measured in the

jejunum and ileum, and total protein in the ileum increased significantly in a dose dependent manner.
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Table 4.12. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with 0, 500 or 5000 FTU/kg phytase on protein solubility in
the gizzard, jejunum and ileum

Gizzard Jejunum lleum
Total (g/kg)  Soluble (g/kg) Total (g/kg) Soluble (g/kg) Total (g/kg)  Soluble (g/kg)

SBM O FTU 171.01 119.20 93.62 84.16 70.09 63.00

SBM 500 FTU 188.62 131.59 133.48 101.42 102.75 86.64

SBM 5000 FTU 191.61 135.87 138.77 123.52 106.35 93.52

RSM O FTU 165.17 102.71 74.98 68.65 43.94 39.41

RSM 500 FTU 175.38 121.75 80.25 74.55 51.29 42.13

RSM 5000 FTU 183.59 123.33 92.82 87.53 70.35 62.53
SEM 3.87 4.30 10.14 7.43 9.61 8.28
Protein Source

SBM 183.75 128.88 121.96° 103.03° 93.06° 81.06°

RSM 174.71 115.93 82.68° 76.91° 55.19° 48.03°
SEM 3.19 4,58 13.88 9.24 13.39 11.68
Phytase

OFTU 168.09 110.95 84.30 76.41° 57.02¢ 51.21°

500 FTU 182.00 126.67 106.86 94.48° 77.02° 74.59°

5000 FTU 187.60 129.60 115.80 105.53¢ 88.35? 78.03?
SEM 2.61 4.73 7.65 6.93 6.53 6.88
P-values
Protein Source 0.467 0.179 <0.001 <0.001 <0.001 <0.001
Phytase 0.426 0.800 0.054 <0.001 0.028 <0.001
Protein Source x Phytase 0.969 0.915 0.310 0.161 0.394 0.177

@€ Means within the same column with no common subscript differ significantly (P<0.05)
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Table 4.13. shows there were no significant interactions between protein source and phytase inclusion
level on absorption of protein by the jejunum and ileum. Phytase inclusion level had no significant
effect on protein absorption, but significantly more protein was absorbed by birds fed the SBM based

diets than those fed the RSM based diets.

Table 4.13. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on absorption of protein by determination at the jejunum and ileum

Jejunum (g/kg diet) Illeum (g/kg diet)

SBM O FTU 138.40 179.78
SBM 500 FTU 169.11 181.50
SBM 5000 FTU 172.23 184.05
RSM O FTU 103.06 162.74
RSM 500 FTU 108.38 172.51
RSM 5000 FTU 114.27 178.90
SEM 11.45 2.90
Protein Source
SBM 159.92° 181.78°
RSM 108.57° 171.39°
SEM 18.15 3.67
Phytase
0 FTU 120.73 171.26
500 FTU 138.75 177.01
5000 FTU 143.25 181.48
SEM 5.62 2.41
P-values
Protein Source <0.001 0.018
Phytase 0.138 0.102
Protein Source x Phytase 0.567 0.857

3¢ Means within the same column with no common subscript differ significantly (P<0.05)

4.4.8. Digesta and Excreta water content

Table 4.14. shows there were no significant interactions between protein source and phytase inclusion
level on the dry matter content of the gizzard, jejunum or ileum digesta. There was a significant
interaction between protein source and phytase inclusion level on excreta dry matter content; excreta
dry matter content of birds fed the SBM based diets supplemented with 500 FTU/kg was not
significantly different from birds fed the RSM based diets supplemented with either 500 or 5000
FTU/kg phytase. The dry matter content of the ileal digesta from birds fed the SBM based diets was

significantly lower than that of birds fed the RSM based diets.
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Table 4.14. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on dry matter content of digesta and excreta

Gizzard (g/kg) Jejunum (g/kg) lleum (g/kg) Excreta (g/kg)
SBM 0 FTU 329.99 233.56 169.68 311.75¢
SBM 500 FTU 339.35 228.85 144.98 383.85°
SBM 5000 FTU 317.88 225.32 154.60 399.49°
RSM O FTU 323.25 257.24 172.82 334.59¢
RSM 500 FTU 334.72 255.68 185.64 373.95°
RSM 5000 FTU 373.47 247.84 188.91 378.18°
SEM 7.35 5.20 6.39 12.41
Protein Source
SBM 329.07 229.24 156.42° 365.03
RSM 343.81 253.59 182.46° 362.24
SEM 3.01 4.97 5.31 0.57
Phytase
O FTU 326.62 245.40 171.25 323.17
500 FTU 337.04 242.27 165.31 378.90
5000 FTU 345.68 236.58 171.76 388.84
SEM 3.18 1.49 1.19 11.80
P-values
Protein Source 0.818 0.178 0.019 0.900
Phytase 0.740 0.919 0.862 0.261
Protein Source x Phytase 0.909 0.995 0.320 0.031

@€ Means within the same column with no common subscript differ significantly (P<0.05)

4.4.9. Gizzard Phytic Acid

Table 4.15. shows there was no significant interaction between protein source and phytase inclusion

level on the amount of phytic acid hydrolysed in the gizzard. Phytase inclusion level had a significant

effect on phytic acid hydrolysis; as phytase level increased phytic acid hydrolysis increased in a dose

dependent manner.
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Table 4.15. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on amount of phytic acid hydrolysed in the gizzard

Phytic Acid Hydrolysed (g/kg diet)

SBM O FTU 2.79
SBM 500 FTU 2.86
SBM 5000 FTU 4,58
RSM O FTU 3.55
RSM 500 FTU 4.69
RSM 5000 FTU 4.12
SEM 0.31
Protein Source
SBM 3.41
RSM 4.12
SEM 0.25
Phytase
OFTU 3.17¢
500 FTU 3.78°
5000 FTU 4.35?
SEM 0.28
P-values
Protein Source 0.815
Phytase 0.003
Protein Source x Phytase 0.107

3¢ Means within the same column with no common subscript differ significantly (P<0.05)

4.4.10. lleal Phytase Activity

Table 4.16. shows there were no significant interactions between protein source and phytase inclusion
level on supplemented phytase and total phytase activity determined in the ileum. Total phytase is
defined as the combined phytase activity from the exogenous supplemented phytase and endogenous
phytase from intestinal mucosa and bacteria and from dietary cereals. Phytase inclusion level had a
significant effect on both supplemented and total phytase activity; as phytase inclusion level increased
phytase activity increased in a dose dependent manner. Total phytase activity was significantly higher

in birds fed the RSM based diets than those fed the SBM based diets.
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Table 4.16. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with
0, 500 or 5000 FTU/kg phytase on supplemented and total phytase activity in the ileum

Diet Supplemented Phytase (FTU/kg) Total Phytase (FTU/kg)
SBM 0 FTU 4.20 58.03
SBM 500 FTU 354.81 482.43
SBM 5000 FTU 1343.79 3624.78
RSM O FTU 4.08 76.21
RSM 500 FTU 393.17 645.38
RSM 5000 FTU 1348.78 3765.85

SEM 231.13 656.19

Protein Source
SBM 567.60 1388.41°¢
RSM 582.01 1495.81°

SEM 5.09 37.97

Phytase
O FTU 4.14° 67.12°¢
500 FTU 373.99° 563.90¢
5000 FTU 1346.29° 3695.32°

SEM 326.80 927.29

P-values

Protein Source 0.439 <0.001

Phytase <0.001 0.003

Protein Source x Phytase 0.655 0.505

@€ Means within the same column with no common subscript differ significantly (P<0.05)

4.4.11. Tibia and Femur Mineralisation

Table 4.17. shows there was a significant interaction between protein source and phytase activity on

femur mineralisation; in birds fed the RSM based diets there was a significant increase in femur ash

content between the control diet and diet supplemented with 500 FTU/kg, but this was not seen in

birds fed the SBM based diets. Phytase inclusion level had a significant effect on tibia ash content; as

phytase inclusion level increased ash content increased in a dose dependent manner.
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Table 4.17. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets supplemented with

0, 500 or 5000 FTU/kg phytase on tibia and femur mineralisation

Diet Tibia Ash (%) Femur Ash (%)
SBM 0 FTU 45.44 42.40%
SBM 500 FTU 46.74 44.77°
SBM 5000 FTU 49.32 47.06°
RSM O FTU 43.42 41.65°¢
RSM 500 FTU 47.46 44.71°
RSM 5000 FTU 50.18 47.05°

SEM 0.93 0.84

Protein Source
SBM 47.17 44.74
RSM 47.02 44.47

SEM 0.05 0.10

Phytase
O FTU 44.43¢ 42.03
500 FTU 47.10° 44.74
5000 FTU 49.75° 47.06

SEM 1.25 1.19

P-values

Protein Source 0.224 0.544

Phytase <0.001 <0.001

Protein Source x Phytase 0.676 <0.001

@€ Means within the same column with no common subscript differ significantly (P<0.05)

3.4.12. Tibia and Femur Ca and P content

Table 4.18. shows there were no significant interactions between protein source and phytase inclusion

level on tibia and femur Ca and P content. Protein source had a significant effect on tibia Ca content;

there was more Ca present in the tibias of birds fed the RSM based diets than those fed the SBM based

diets. Phytase inclusion level had a significant effect on tibia Ca content; there was significantly more

Ca in the tibias of birds fed diets supplemented with 5000 FTU/kg phytase compared to those fed the

control diet, but not between the diets supplemented with 500 FTU/kg and diets supplemented with

either 0 or 5000 FTU/kg phytase. Phytase inclusion level also had a significant effect on Ca content on

the femur and P content of both the tibia and femur; as phytase level increased Ca and P content

increased in a dose dependent manner.
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Table 4.18. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets, supplemented
with 0, 500 or 5000 FTU/kg phytase on tibia and femur Ca and P

Tibia (% of tibia ash) Femur (% of femur ash)

Diet Ca P Ca P
SBM O FTU 30.39 12.96 30.59 14.56
SBM 500 FTU 31.12 13.87 34.06 15.28
SBM 5000 FTU 34.09 15.38 35.91 16.94
RSM O FTU 33.27 12.84 31.57 16.61
RSM 500 FTU 34.60 14.39 35.90 17.70
RSM 5000 FTU 40.88 15.06 37.00 18.85
SEM 1.39 0.39 0.24 0.14
Protein Source
SBM 31.87° 14.07 33.52 15.59
RSM 36.25° 14.10 34.83 17.72
SEM 1.55 0.01 0.46 0.75
Phytase
O FTU 31.83° 12.90¢ 31.08°¢ 15.59°¢
500 FTU 32.86% 14.13° 34.98° 16.49°
5000 FTU 37.49° 15.222 36.46° 17.89°
SEM 1.42 0.55 1.31 0.55
P-values
Protein Source 0.023 0.957 0.345 0.092
Phytase 0.039 0.002 0.007 <0.001
Protein Source x Phytase 0.654 0.764 0.961 0.841

@€ Means within the same column with no common subscript differ significantly (P<0.05)

4.4.12. Tibia and Femur Strength

Table 4.19. shows there was no significant interaction between protein source and phytase inclusion
level on tibia length, width, weight or strength. Phytase inclusion level had a significant effect on bone
weight and strength; as phytase level increased tibia strength increased in a dose dependent manner,
and tibia weight was significantly higher in birds fed diets supplemented with 5000 FTU/kg than in
birds fed diets supplemented with either 0 or 5000 FTU/kg phytase. Protein source had a significant
effect on tibia length, width, weight and strength; the tibias were longer and stronger in birds fed the
SBM based diets compared to those fed the RSM based diets, but were wider and heavier in birds fed

the RSM based diets.
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Table 4.19. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets, supplemented
with 0, 500 or 5000 FTU/kg phytase on tibia length, width, weight and bone breaking strength

Diet Length (mm) Width (mm) Weight (g) Strength (N)
SBM O FTU 88.79 6.46 12.06 298.66
SBM 500 FTU 89.44 6.45 11.68 345.05
SBM 5000 FTU 91.03 6.61 12.98 373.91
RSM O FTU 86.81 6.74 13.29 257.88
RSM 500 FTU 85.23 7.04 13.62 270.24
RSM 5000 FTU 84.91 7.20 14.64 298.97

SEM 0.91 0.12 0.40 16.52

Protein Source
SBM 89.75° 6.51° 12.24° 339.21°
RSM 85.65° 6.99° 13.85° 275.70°¢

SEM 1.45 0.17 0.57 22.45

Phytase
0 FTU 87.80 6.60 12.68° 278.27¢
500 FTU 87.34 6.75 12.65° 307.65°
5000 FTU 87.97 6.91 13.81° 336.44°

SEM 0.15 0.07 0.31 13.71

P-values

Protein Source <0.001 0.004 <0.001 <0.001

Phytase 0.897 0.163 0.023 0.001

Protein Source x Phytase 0.348 0.764 0.735 0.320

@€ Means within the same column with no common subscript differ significantly (P<0.05)

Table 4.20. shows that there were no significant interactions between protein source and phytase
inclusion level on femur length, width, weight or strength. Phytase inclusion level had a significant
effect on femur strength; femur strength was greater in birds fed diets supplemented with 5000
FTU/kg phytase compared to those fed the control diet, but there were no significant differences
between birds fed the diets supplemented with 500 FTU/kg and the diets with either 0 or 5000 FTU/kg
phytase. Protein source had a significant effect on femur length, width, weight and strength; femur
length, width and weight was greater in birds fed the RSM based diets than those fed the SBM based

diets, but femur strength was greater in birds fed the SBM based diets.
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Table 4.20. Effect of soyabean meal (SBM) and rapeseed meal (RSM) based diets, supplemented
with 0, 500 or 5000 FTU/kg phytase on femur length, width, weight and strength

Diet Length (mm) Width (mm) Weight (g) Strength (N)
SBM 0 FTU 60.81 7.43 8.53 237.11
SBM 500 FTU 60.00 7.37 8.51 248.21
SBM 5000 FTU 61.75 7.54 9.17 274.46
RSM O FTU 62.47 7.75 9.49 205.36
RSM 500 FTU 63.23 7.86 9.49 215.36
RSM 5000 FTU 63.51 7.90 9.32 230.63

SEM 0.51 0.08 0.17 9.16

Protein Source
SBM 60.85° 7.45° 8.74° 253.26°
RSM 63.07°2 7.847 9.43° 217.11°

SEM 0.78 0.14 0.25 12.78

Phytase
O FTU 61.64 7.59 9.01 221.23°
500 FTU 61.62 7.62 9.00 231.79%
5000 FTU 62.63 7.72 9.25 252.54°

SEM 0.27 0.03 0.07 7.51

P-values

Protein Source <0.001 0.003 0.004 <0.001

Phytase 0.172 0.657 0.611 0.023

Protein Source x Phytase 0.353 0.843 0.240 0.781

@€ Means within the same column with no common subscript differ significantly (P<0.05)

4.5. Discussion

Insoluble phytate-mineral precipitates and soluble mineral-phytate complexes may be resistant to
hydrolysis by phytase, which is consistent with incomplete hydrolysis of phytate-P and negative effects
on mineral digestibility. In this thesis ‘susceptibility’ is defined as the availability and reactivity of the
phytate to phytase effects and is a concept explored throughout. The ‘susceptibility’ of the phytate in
a diet is dependent on the ingredients used and the solubility of the phytate, which is influenced by

gastrointestinal pH and mineral and protein presence.

4.5.1. Performance

Body weight gain was greater in birds fed the SBM based diets compared to those fed the RSM based
diets because feed intake was lower in the latter. This is likely to be due to fundamental nutritional
differences between the diets due to their differing ingredient combinations. It is widely
acknowledged that reducing dietary phosphorus availability reduces feed intake (Beiki et al., 2013;

Martins et al., 2013), suggesting the higher total phytate levels in the RSM based diets may have partly
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contributed towards this reduced feed intake. RSM also has a higher presence of other antinutritional
factors compared to SBM, such as glucosinolates (Mawson et al., 1993) and tannins (Yapar and
Clandinin, 1972), which form complexes with proteins. These protein complexes are precipitated
which results in inhibited trypsin and amylase activity, damage to the gut wall and ultimately reduced
feed intake. The trial diets were formulated to contain adequate P so it is probable that the better
feed conversion observed in birds aged 0-7 days when the diets were supplemented with phytase may
be because at this age the birds were more vulnerable to the anti-nutritive effects of phytate and
hence responded more to the effects of phytase, as opposed to an increase in P availability. Improved
amino acid digestion could also potentially have contributed to improved growth. Levels of phytase
from intestinal bacteria and mucosa and from dietary cereals are very low in young birds and increase
with age (Sebastian et al. 1998). The addition of supplemental phytase enables access to amino acids
from protein-phytate complexes that would otherwise have remained complexed. In the older birds
however, the effect of exogenous phytase on feed conversion is possibly less pronounced because

intestinal and cereal phytase levels are higher in older birds.

4.5.2. Apparent Metabolisable Energy

Energy requirements for maintenance of the bird are increased by the anti-nutritional effects of
phytate on both endogenous enzyme and protein secretion and the digestibility of minerals and amino
acids. The calculated metabolisable and analysed crude energy of the SBM based and RSM based diets
were similar, and the SBM based diets had a higher crude fibre content, yet AME was significantly
higher in birds fed the SBM based diets than those fed the RSM based diets. This may be due to a
number of reasons but may be partly because the RSM based diets had higher total phytate levels

which may have caused increased HCl and pepsin secretion.

4.5.3. Gastrointestinal pH
Gizzard pH was more alkaline in birds fed the SBM based diets compared to those fed the RSM based

diets. This may be because RSM contains more P in the monobasic form, as opposed to the dibasic
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form, than SBM; P in the monobasic form is an extremely strong acidogenic anion. RSM also contains
more phytate than SBM and phytate has an acidogenic effect. Therefore it is likely that in birds fed
the RSM based diets there was increased secretion of bicarbonate ions into the gizzard in response to
the increased acidity caused by the presence of phytate and monobasic P.

Gizzard pH was sufficiently low in all diets to allow phytic acid hydrolysis to occur, evidenced by the
lack of correlation between gizzard pH and phytic acid hydrolysis in the gizzard (r=0.074, p=0.086).
Phytate-mineral complexes are most soluble at pH less than 3 and least soluble at pH 4-7. Precipitated
phytate-mineral complexes that have not been hydrolysed in the gizzard are not accessible for
breakdown or absorption further down the intestine. Therefore, the lack of protein source effect on
pH observed further along the gastrointestinal tract is probably because phytase activity is diminished
upon reaching the posterior jejunum, so no further degradation of Ca-phytate complexes occurs.
Duodenal pH is dictated by secretions from earlier sections of the GIT; upon entering the duodenum
HCI from the proventriculus and peptides from initial HCl denaturation of proteins in the gizzard are
promptly neutralised by bicarbonate released from the centroacinar cells and intercalated ducts in
the pancreas (Kadhim et al., 2010). Neither protein source or phytase inclusion level had an effect on
duodenum pH because digesta is neutralised accordingly to the optimum pH as it enters the

duodenum.

4.5.4. Mineral Solubility and Absorption

The analysed P values in the SBM based diets were noticeably higher than the formulated values. Ca
solubility in the gizzard and jejunum was lower in the diets supplemented with 500 FTU/kg phytase
compared to the control diet and diet supplemented with 5000 FTU/kg. This effect was greater in the
gastric phase than Sl phase, and may be associated with the molar Ca concentration of the diets and
the Ca to P ratio. Also, increased production of inert Ca-phytate complexes, particularly due to non-
parallel release of Ca and P from phytate, may have promoted free phosphate or phytate precipitation
of Ca. At low phytase doses more Ca is released than P, but when high doses of phytase are
supplemented more P than Ca is released, as there is near complete phytate destruction. This results
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in a balanced digestible Ca to P ratio because the amount of P released from phytate is balanced with
the amount of Ca available for absorption.

The phytase used in this study starts phytate degradation at the 6-phosphate position of the phytate
molecule and continues round the inositol ring, hydrolysing each of the inositol phosphates in
numerical order. At 5000 FTU/kg, the enzyme was present at a sufficiently high concentration to
complete phosphate hydrolysis of each molecule, leaving a phytate free diet and increasing free
phosphate to a ratio above that of the free Ca, increasing mineral solubility and absorption. In the
control diets the majority of the Ca may have been complexed to phytate. At 500 FTU/kg however
there may have been only partial hydrolysis of phytate, suggesting that at this phytase
supplementation level there may have been a high presence of IP, and IP3, and consequently lower
concentration of IPs for the phytase to act on, resulting in only partial release of Ca. The ability of IP
esters to aggregate decreases from IP¢ to IPs, and becomes negligible at IP4-IP1 (Yu et al., 2012), and
phytase will only work on IP, when levels are high. It is therefore possible that Ca released from the
diets supplemented with 500 FTU/kg promoted Ca-phosphate and Ca-phytate precipitation, hence
why ileal digestibility of Ca was lower at this phytase level. Additionally, phytases tend to have a 1:1
relationship between Ca and P, but it may be that when 500 FTU/kg was supplemented the Ca to P
ratio was closer to 2:1 than 1:1. This may mean that when higher phytase doses were fed the balance
was restored, causing P release to become linear and performance to improve. The mechanism of
continuing improvement in P digestibility with inclusion of high doses of phytase may be because the
phytate can be degraded at a faster rate or to a greater extent, the phytase is able to find the phytate
substrate more quickly or because the active phytase continues working in the small intestine after
leaving the gizzard (Kies et al., 2006; Zeng et al., 2014).

The observed increase in Ca absorption between the control diet and diet supplemented with 500
FTU/kg in the RSM based diets, but not the SBM based diets, may be because the phytate in RSM is
more susceptible to degradation by phytase than the phytate in SBM. Solubility in water however is

not the only factor that dictates effective mineral utilisation; for example presence of oligosaccharides
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and interactions between minerals have an impact.

Dietary Ca levels should be kept to a minimum in phytase supplemented diets (Selle et al., 2009)
without compromising performance or bone mineralisation. Ca ion concentration in the small
intestine is thought to dictate the rate of hydrolysis of phytate-P by endogenous intestinal and cereal
phytases. For example, when high levels of dietary Ca are present, phytate-P hydrolysis by endogenous
phytase reduces between 23-46% at the pH of the jejunum (Tamim and Angel, 2003). In this study,
mineral-phytate complexes were degraded more readily in the jejunum of birds fed RSM than SBM,
possibly because the phytate in RSM is reactive to the effects of phytase than the phytate in SBM.
There were therefore comparatively more free minerals present that could bind to H+ ions and

influence pH in the gastrointestinal tract of birds fed the RSM based diets.

4.5.5. Protein Utilisation

Protein solubility is reduced in the presence of phytate. This is because feed proteins, particularly
those with high concentrations of basic amino acids, become positively charged at pH below their
isoelectric point, resulting in attraction between protein and phytate (which is negatively charged at
low pH) and production of phytate-protein complexes. Another possible way in which phytate reduces
protein solubility is that at low pH phytate has a hydration shell around it which competes with other
compounds for water (Cowieson et al., 2011). This hydration shell is able to change water
conformation and reduce protein solubility by moving water molecules closer to phytate and further
from the protein (Bara¢ et al., 2004). The reduced amount of water around the protein molecule
results in reduced protein solubility. Presence of protein in the GIT stimulates gastrin and
cholecystokinin secretion which stimulates HCl and pepsinogen secretion in the stomach. Thus
reduced protein solubility caused by phytate presence results in increased pepsin, bile, sodium
bicarbonate and HCl production in the stomach (Cowieson et al., 2011), resulting in more undigested
protein reaching the duodenum. Additionally, HCl and pepsinogen production has an irritant effect on
gut mucosa, compensated by increased mucus production, which results in increased endogenous loss
of amino acids. Heightened sodium bicarbonate production, secreted in response to the reduced
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stomach pH, also has a direct negative impact on protein utilisation because excess sodium can
compromise amino acid absorption. Additionally, binary protein-phytate complexes form at pH less
than the isoelectric point of proteins and these complexed proteins are resistant to pepsin
degradation. These binary complexes, as well as tertiary ones, hinder amino acid absorption by the

small intestine.

Phytate reduces pepsin and trypsin activity, namely through binding to cofactors (such as zinc and
calcium) that activate enzymes, which leads to endogenous secretions of protein and mucin (Selle et
al., 2012). Endogenous protein turnover and mucin loss account for 13% of the total maintenance
energy requirements of the bird. The higher total phytic acid content of RSM compared to SBM may
have resulted in comparatively greater endogenous amino acid flow and hence reduced amino acid
utilisation. Also, the proteins present in RSM are less soluble than those present in SBM (Fernandez et
al., 1993). This study suggests that the ability of phytase to degrade phytate so that protein is soluble
and available for absorption is heavily influenced by its interaction with Ca, and may be dependent on

the influence that the hydration shell of phytate has on water structure and hence protein solubility.

4.5.6. Bone Strength and Mineralisation

Phytase supplementation level had a direct impact on bone development and strength; as phytase
level increased tibia and femur mineralisation, strength and Ca and P content increased, due to
heightened hydrolysis of phytate-bound Ca and P. This is illustrated by Figures 4.1. and 4.2. which
show correlations between Ca and P absorbed and bone Ca and P content, and Figures 4.3. and 4.4.
which shows correlations between Ca and P absorbed and bone strength. Statistical analysis however
revealed that these correlations were significant between Ca and P absorbed and tibia Ca and P
(p=0.048 and p=0.044 respectively) and tibia strength (p<0.001 and p=0.036), but not between Ca and
P absorbed and femur Ca and P (p=0.675 and p=0.271 respectively) and femur strength (p=0.193 and
p=0.187 respectively). This suggests that the tibia is more sensitive to the effects of phytase

supplementation than the femur at this bird age. This is in agreement with the work of Onyango et al.
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than in the femur, especially at the epiphyseal end (Applegate and Lilburn, 2002).
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Figure 4.1. Correlation between Ca absorbed and Ca in the tibia and femur

25
y = 1.3379x + 9.6903 - 24
R?=0.4512
=20 * & 22
7} =
; * o - 20 &
g 15 - * %
o *, - 18 i
® ®
S y = 0.9575x + 9.0332 &
$ 10 R?=0.4823 - e 6
S [ | 2
g - 14
L 5 _
- 12
| [
0 : : : 10
3 4 5 6

Absorption of P by determination at the ileum (g/kg)

& Femur P
M Tibia P

Figure 4.2. Correlation between P absorbed and P in the tibia and femur

(2003) among other literatures, and is likely to be because cellular sensitivity is greater in the tibia
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The measured parameters for bone development did not show a uniform trend in their response to
protein source; whilst strength, mineralisation and tibial length were greater in birds SBM, all other
bone morphometrics were greater in birds fed RSM. Phytase had a greater impact on bone strength
in birds fed the RSM based diets possibly because the susceptibility of the phytate in the RSM based

diets to the effects of phytase was greater than that in the SBM based diets.

A significant correlation was observed between tibia length and BWG (P=0.018) and length and
strength (P=0.023), but not between femur length and BWG (P=0.125) or length and strength
(P=0.088). This suggests that Ca and P distribution to leg bones may have prioritised developing length
of the bones and hence development of the tibias first, particularly in birds fed the SBM based diets,
to maintain centre of gravity and distance from the floor substrate (Reiter and Bessei, 1997; Applegate

and Lilburn, 2002).

The femurs in birds fed the RSM based diets were longer than those fed the SBM based diets possibly
because birds fed SBM had greater body weights. There is a strong relationship between bird walking
ability and body weight (Talty et al., 2010) which suggests that the greater body weights in birds fed
the SBM based diets may have promoted compensatory gait adaptations (Corr et al., 2003); longer leg
length means a longer stride so minimised energy expenditure. The morphology of broilers pushes
their legs further apart which means they position their centre of mass laterally (Schmidt et al.,2009),
suggesting that the greater tibia length in the heavier birds may be a mechanism to maintain weight
distribution and reduce joint pressure. In birds fed RSM however body weight was lower so there was
less focus on bird stability and keeping up with fast growth rate, and more on development of strong
bones and stride symmetry. Ca and P was therefore evenly distributed between the femurs and tibias
in birds fed the RSM based diets, hence why femur development was better in birds fed these diets.
It should however be noted that increased bone strength does not necessarily directly result in
reduced lameness (Waldenstedt, 2005). Another contributor may be that RSM contains more dietary

lipids which may influence collagen cross-linking (Wradale and Duance, 1996), so the bones of birds
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fed the RSM based diets may have had greater tensile strength, although this would require further

investigation.

4.6. Conclusion

The current commercial phytase recommendation of 500FTU/kg is adequate for allowing reduced
levels of inorganic P to be supplemented into broiler diets without compromising performance, while
improving P availability and digestibility. However, this inclusion level of phytase results in destruction
of only around 60% of the phytate present, whereas this study suggests that higher doses could result
in phytate destruction beyond this, leading to further improvements in performance. Alleviating the
anti-nutritional effects of phytate using high phytase levels also enables feed ingredients which may
be viewed as undesirable, due to their high phytate content, to be used successfully in poultry diets.
The capability of phytase to completely degrade phytate cannot be predicted based on enzyme activity
or ability of the enzyme to release P, but is instead may be dependent on the ‘susceptibility’ of the
phytate present to the effects of phytase in the environment of the digestive tract, and relative
solubility of the phytate. Further investigation is needed to quantify the varying response of phytate

to phytase in different feed ingredients to determine optimum phytase dosage of poultry diets.

4.7. Implications

The use of high doses of phytase can increase profitability by reducing formulation costs by removing
the restrictions of using high phytate ingredients, such as RSM, and significantly improving
performance through phytate destruction. The potential significance of the findings from this study is
that it suggests it may be possible to make poor quality, cheap protein sources produced in the UK

provide similar nutritional value as more expensive imported unsustainable protein sources.
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CHAPTER 5: Contribution of intestinal and cereal derived phytase activity to phytate degradation
in young broilers

5.1. Introduction

It has been well documented that phytate-P is largely unavailable for utilisation due to a lack of
effective phytase from intestinal bacteria and mucosa or from dietary cereals themselves, commonly
referred to as endogenous phytase (Cowieson et al., 2006). However, there is very little information
throughout the literature regarding the actual contribution of endogenous phytase to phytate
hydrolysis. Therefore estimation of total phytase activity in the gastrointestinal tract of poultry may
be flawed when based on exogenous supplemental phytase alone, as such measures do not account

for background interference caused by presence of endogenous phytase (Yu et al., 2004).

Endogenous phytase activity has been detected in all sections of the broiler small intestine but
predominantly in the duodenum (Maenz and Classen, 1998). Its presence and activity has been shown
to increase with bird age (Maronek et al., 2010), potentially due to increased maturity and small
intestinal mucosal surface area. There is, however, no data currently available stating the age at which
birds first begin to produce intestinal phytase. There is also little consensus among studies as to the
exact capability of poultry to utilise dietary phytate without supplemental phytase. For example,
Mohammed et al. (1991) found that phytate digestibility ranged from 32-54%, Edwards (1993) found
it ranged from 56-63% and Applegate et al. (2003), Leske and Coon (2002) and Plumstead et al. (2008)
identified apparent ileal phytate hydrolysis of approximately 40%, 32% and 20% respectively. There is
also variation amongst literature with regards to how much phytase is present in cereals fed to broilers;
for example for wheat, Marounek et al. (2011) and Eeckhout and De Paepe (1994) found similar levels
of 1137U/kg and 1193U/kg respectively, but Chalova et al. (2012) and Viveros et al. (2000) found
higher levels of 1759U/kg and 1637U/kg. This study examined the contribution of intestinal and cereal

phytases to phytate degradation in young broilers.
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Aim

e To investigate the impact of phytase activity from the intestine and diet on degradation of
phytate in birds aged 0-14 days post hatch

e To determine bird age at which intestinal phytase contributes towards phytate degradation.

5.2. Trial Procedure

720 Ross 308 broiler chicks, from a breeder flock aged 43 weeks, were obtained on day of hatch and
housed in 80 x 80cm floor pens in an environmentally controlled room with wood shavings as litter
until d14. Birds were distributed into 48 pens with 15 birds per pen. Two pens were considered as
one replicate (classified as a ‘plot’); therefore there were 24 plots with 30 birds per plot at the
beginning of the study. 27 birds were sampled in the study, with three spare birds per plot. Feed was
provided ad libitum via troughs attached to the front of the pen and water by nipple drinkers.
Institutional and national guidelines for the care and use of animals were followed and all
experimental procedures involving animals were approved by the School of Animal Rural and
Environmental Sciences Ethical Review Group.

Birds were fed one of 4 diets; diets were formulated to have similar total phytate levels of 10 g/kg,
phytase level of 460U/kg and dietary calcium and available phosphorus levels of 11 g/kg and 4 g/kg,
respectively. Each diet had a different combination of raw materials; treatment A and B contained
rapeseed meal and rice bran at differing inclusion levels, treatment C contained rye and wheat and
treatment D contained rye and rice bran (Table 5.1). Diets were formulated by ABVista, mixed in house
using a ribbon mixer, one batch per diet, and fed as mash. The diets were tested for nitrogen content
immediately after manufacture, and reanalysed after 5 days, before they were fed, to check protein
content did not change over time. They were also analysed for crude energy, total calcium and
phosphorus, available phosphorus, dry matter, ash, phytase activity, total phytic acid, susceptible

phytate-P and fat content using the methods described in Chapter 2 (Table 5.2). The diets contained
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titanium dioxide at a rate of 0.5% to act as an inert marker so digestibility could be measured. Diets

were stored at room temperature.

Table 5.1. Composition and nutrient content of experimental diets (g/kg)

A B C D
Maize 513.10 531.30 265.10 536.90
Rye 50.00 75.00
Wheat - Feed 300.00
Rapeseed Extruded 200.00 50.00
Soybean meal 46 177.00 263.40 294.50 298.70
Rice Bran 15.00 80.00 0.00 10.00
Soy oil 44,90 26.20 37.10 25.70
Salt 4.60 4.60 4.40 4.60
Valine 1.00 1.00 1.00 1.00
DL Methionine 2.60 3.30 3.60 3.60
Lysine HCI 3.80 3.50 3.60 3.60
Threonine 0.90 1.10 1.40 1.30
L-Arginine HCI 1.80 0.90 1.10 1.10
Isoleucine 1.10 0.80 0.80 0.80
Limestone 7.30 6.30 10.70 9.40
Dicalcium Phos 17.80 18.40 17.40 19.10
Coccidiostat (Coban - monensin) 0.20 0.20 0.20 0.20
Vitamin premix* 4.00 4.00 4.00 4.00
Titanium Dioxide 5.00 5.00 5.00 5.00

* Supplied per kilogram of diet: manganese, 100 mg; zinc, 80 mg; iron (ferrous sulphate), 20 mg; copper, 10 mg; iodine, 1 mg;
molybdenum, 0.48 mg; selenium, 0.2 mg; retinol, 13.5 mg; cholecalciferol, 3 mg; tocopherol, 25 mg; menadione, 5.0 mg; thiamine, 3
mg; riboflavin, 10 mg; pantothenic acid, 15 mg; pyroxidine, 3.0 mg; niacin, 60 mg; cobalamin, 30 ug; folic acid, 1.5 mg; and biotin 125

mg.
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Table 5.2. Calculated and analysed content of diets

A B C D

Calculated Analysed Calculated Analysed Calculated Analysed Calculated Analysed
GE Content (MJ/kg DM) 18.99 19.34 19.52 19.18
ME Content (MJ/kg DM) 12.81 12.81 12.81 12.81
Total P Content (g/kg DM) 8.40 8.03 8.80 8.09 7.40 7.54 7.70 7.22
Total Ca Content (g/kg DM) 10.00 11.97 10.00 11.82 10.00 11.45 10.00 10.23
DM Content (g/kg) 861.52 861.34 832.32 854.43
Ash Content (g/kg) 6.12 5.90 6.24 5.79
Protein Content (g/kg DM) 207.00 199.50 206.50 216.40 208.00 214.20 204.70 200.10
Available Phosphorus (g/kg) 4.50 4.64 4.50 4.61 4.50 4.19 4,50 4.16
Free Calcium (g/kg) 8.99 8.72 8.54 8.37
Phytic Acid Content (g/kg) 11.20 11.95 11.20 10.56 8.20 9.96 8.80 8.64
Susceptible Phytate-P(g/kg) 5.70 8.48 7.10 7.81 3.90 7.07 4.60 6.83
Phytase Activity (FTU/kg?) 407 396 470 472
Fat (g/kg) 85.10 76.22 67.60 62.79 55.80 55.44 52.50 48.97
Fibre (g/kg) 41.70 32.50 24.90 25.40
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On arrival birds were individually weighed and allocated to a pen. Pen allocation was randomised
across the room. Total pen weight and mean chick weight was calculated, and diet allocation was
arranged to ensure there was no significant difference in body weight by pen across diets. Each pen
was individually fed from a pre-weighed labelled bag containing 2.5kg of appropriate diet per week.
Total pen weight was determined on d4, 6, 8, 10, 12 and 14. Feed intake was also measured on these
days; feed remaining in the trough was poured into the individual bags for each pen and the bag was
weighed. Feed conversion ratio of birds aged 0-4, 4-6, 6-8, 8-10, 10-12, 12-14 was calculated based on
feed intake divided by body weight gain, taking into account any mortalities.

Feed troughs were topped up an hour before sampling each pen to encourage feeding and resulting
gut fill at sampling. Sampling was carried out at the same time each sampling day. On d4, 10 birds per
plot (5 birds from each pen per plot) were euthanised by cervical dislocation. On d6, 5 birds per plot
were euthanised (3 birds from one pen and 2 from the other pen per plot), and on d8, 10, 12 and 14,
3 birds per plot were euthanised (2 birds from one pen and 1 from the other pen per plot). The weights
and feed intakes were divided by the number of birds in the pen to determine mean individual bird
weight or intake. Mortalities were accounted for by adjusting the feed intake and body weight gain

calculations to take in consideration the amount of birds in each pen each day.

5.3. Determined Parameters

5.3.1. Digesta sample collection and pH determination

Immediately post-euthanasia, two of the euthanised birds per plot, one per pen, were individually
weighed and marked with a coloured pen for identification purposes. Gizzard, duodenum, jejunum
and ileum pH of these two birds was determined by inserting a spear tip piercing pH electrode
(Sensorex, California, USA) directly into the gut lumen as soon as they had been excised, as described
in Chapter 2, Section 2.5.1. Readings were repeated three times per section of gut per bird (ensuring
the probe did not touch the gut wall) and average pH was calculated. Gizzard, jejunum and ileum

digesta contents from all the birds per plot were then collected by gentle digital pressure into one pot

148



per section of tract per plot, and stored at -20°C prior to freeze drying. Once freeze dried the samples
were ground through a 1mm sieve. Titanium dioxide content of digesta and diet were determined by

using an ICP-OES assay, as described in Chapter 2, Section 2.5.8. and Chapter 3, Section 3.2.

5.3.2. Total and Soluble Calcium and Phosphorus Determination

For each plot, total and soluble Ca and P content was determined in the freeze-dried gizzard, jejunum
and ileum digesta based on the average of 3 readings per sampling site per plot. Diets were also
analysed for total and soluble Ca and P; 6 repeats per diet were carried out. Total Ca and P of the feed
and freeze-dried digesta was determined by acid digestion with aqua regia, followed by filtration
through Whatman #541 filter papers and analysis by Inductively Coupled Plasma- Optical Emission
Spectroscopy (ICP-OES) set at phosphorus wavelength 213.167 and calcium wavelength 317.933, as
described in Chapter 2, Section 2.5.8. Soluble Ca and P content of the freeze-dried digesta, and soluble
P content of the feed, was determined by adding ultra-pure water to the samples, shaking and
centrifuging them, and then measuring Ca and P content of the supernatant on an ICP-OES set at
phosphorus wavelength 213.167 and calcium wavelength 317.933, as described in Chapter 2, Section

2.5.8.1.

5.3.3. Total and Susceptible Phytate

Total phytic acid content of the gizzard and jejunal digesta samples and diet was analysed by the
Megazyme K-Phyt™ assay, as described in Chapter 2, Section 2.5.10. Susceptible phytate content of
the diet was analysed by adding warmed acetate buffer to the sample, incubating and centrifuging it,

tTM

neutralising the supernatant with 0.25M NaOH, and subsequently using the Megazyme K-Phyt"™ assay

to analyse phytic acid content, as described in Chapter 2, Section 2.5.11.

5.3.4. Phytase Activity
Total phytase activity of the diet and ileal digesta was determined by addition of acetate buffer to the

samples followed by incubation at 37°C. A phytate substrate solution and molybdate/vanadate/nitric
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acid solution was then added to the samples, they were centrifuged, and then optical density was

measured at 415nm, as described in Chapter 2, Section 2.5.12.

5.3.5. Data Analysis

All data was analysed using the SPSS software version 21 for Windows (IBM Statistics, 2013). After KS
testing to confirm normality, statistical analysis was carried out using Univariate analysis to determine
interactions between the analysed factors, and one-way ANOVA to test the equality of the means.
Treatment means were separated using Duncan post hoc test. Paired T-Test was used to compare the
values of means. In cases where the effect of phytase inclusion level read to be significant, a linear
and quadratic contrast was conducted. Correlations were analysed by bivariate correlation using

Pearson correlation. Statistical significance was declared at p<0.05.

5.4. Results

5.4.1. Bird Performance

Table 5.3. shows there was no significant interaction between bird age and diet on feed intake (Fl),
body weight gain (BWG) or feed conversion ratio (FCR). Birds fed diet B had significantly higher BWG
and feed conversion than birds fed any other diet. Feed conversion was the significantly lower in birds
fed diet C compared to the other diets. Feed conversion was significantly higher at bird age d0-4 and
d6-8, and lower at d4-6 and d10-12, compared to the other bird ages. BWG and Fl were significantly

higher at bird age d12-14 compared to the other bird ages.

150



Table 5.3. Effect of bird age and diet on bird performance

Age (days)  Individual FI(g)  Individual BWG (g) FCR
0-4 39.538 31.88" 1.24¢
4-6 54.18f 38.438h 1.41%°
6-8 53.14° 44,668 1.19¢
8-10 80.61°¢ 59.72f 1.35°
10-12 90.69¢ 62.54 1.45°2
12-14 111.11¢ 82.31°¢ 1.35°

SEM 9.27 6.35 0.04

Diet
A 422.12%° 301.10° 1.36°
B 447.86° 353.84° 1.27¢
C 438.80° 311.21° 1.41°
D 408.22° 309.81° 1.36°

SEM 5.33 10.21 0.03

P-values

Diet 0.013 <0.001 0.003

Age <0.001 <0.001 0.017

Diet x Age 0.642 0.662 0.394

*hMeans within the same column, within the same section, with no common superscript

differ significantly (P < 0.05).

5.4.2. Gastrointestinal pH

Table 5.4. shows there was a significant interaction between diet and age on gizzard digesta pH; at d6,

d12 and d14 pH was highest in birds fed diet C, whereas at d4, d8 and d10, pH was lowest in birds fed

diet C compared to the other diets. For every diet, there was a significant decrease in gizzard pH

between d4 and d6. Also in diets A, B and D there was a significant increase in gizzard pH between d6

and d8 to a reading similar to that found at d4. In all diets, gizzard pH was significantly lower at d14

than at d4.

Table 5.5. shows there was no significant interaction between diet and age or effect of diet on

duodenal, jejunal or ileal pH. Duodenal, jejunal and ileal pH was significantly lower at d6 than at any

other bird age. lleal pH was also significantly lower at d4 than at d8, 10, 12 or 14.
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Table 5.4. Interaction between bird age and diet on gizzard pH

Age (day) DietA DietB DietC DietD
Phytic Acid Concentration (g/kg) 11.95 10.56 9.96 8.64
4 2.91° 2.90° 2.74° 2.75°
6 238> 2.50°  2.69° 2.42°
8 2.74° 2.94° 2.61° 3.01°
10 2.59° 2.93° 2.58° 2.81°
12 262 2,78 285  2.33°
14 1.99¢ 1.67¢ 2.48° 2.30°
SEM 0.12 0.18 0.05 0.11
Age 0.025

Diet 0.046

Diet x Age 0.037

2bMeans within the same column with no common superscript differ significantly (P < 0.05).

Table 5.5. Effect of bird age and diet on duodenum, jejunum and ileum pH

Duodenum Jejunum lleum
Age (day)
4 6.10° 6.03° 6.74°
6 5.99° 5.90¢ 6.19¢
8 6.10° 6.13% 7.24°
10 6.11° 6.08% 7.33°
12 6.08° 6.08% 7.08°
14 6.13° 6.15° 7.24°
SEM 0.02 0.03 0.16
P-values
Age 0.020 <0.001 <0.001
Diet 0.613 0.660 0.840
Diet x Age 0.670 0.233 0.166

2bMeans within the same column with no common superscript differ significantly (P < 0.05).

5.4.3. Total and Soluble Ca and P

Table 5.6., 5.7. and 5.8. show there were no significant interactions between age and diet or effect of
diet on total Ca and P or Ca and P solubility in the gizzard, jejunum or ileum. Ca and P solubility in the
gizzard and jejunum was significantly higher at bird age d6 than at d4. Total Ca in the gizzard and total

P in the ileum was also significantly higher at bird age d6 than at d4. There was a significant increase
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in total Ca in the gizzard, total P in the jejunum and soluble Ca in the jejunum between bird age d10

and d12.

Table 5.6. Effect of bird age on Ca and P solubility in the gizzard

Total (g/kg)

Soluble (g/kg)

Solubility Coefficient

Age Ca P Ca P Ca P
4 9.04° 6.95 4.65° 2.83° 0.41° 0.38°
6 9.77° 6.98 6.93° 3.79° 0.61° 0.51°
8 10.10° 7.04 6.25° 3.80° 0.55? 0.51°
10 10.46° 7.09 6.48° 3.80° 0.60? 0.51°
12 11.03 7.29 6.82° 3.87° 0.57° 0.52°
14 11.30° 7.37 6.93° 4.09° 0.61° 0.55?
SEM 0.31 0.06 0.33 0.16 0.03 0.02
P-Values

Age <0.001 0.055 <0.001 <0.001 <0.001 <0.001
Diet 0.315 0.070 0.073 0.333 0.945 0.368
Age xDiet 0.593 0.073 0.148 0.792 0.962 0.981

abMeans within the same column with no common superscript differ significantly (P < 0.05).

Table 5.7. Effect of bird age on Ca and P solubility in the jejunum

Total (g/kg)

Soluble (g/kg)

Solubility Coefficient

Age Ca P Ca P Ca P
4 6.50 4.70¢ 2.52¢ 1.98¢ 0.22° 0.27¢
6 6.56 5.09¢ 3.27° 2.48° 0.29° 0.33°
8 6.69 5.31° 3.36° 2.53*  0.30° 0.34%
10 6.72 5.36° 3.36° 2.70° 0.30° 0.36%
12 6.82 5.57¢ 3.44° 2.81° 0.30° 0.38%
14 6.94 5.79° 3.61° 2.92° 0.32° 0.39°
SEM 0.06 0.14 0.14 0.12 0.01 0.02
P-Values

Age 0.260 <0.001 <0.001 <0.001 <0.001 <0.001
Diet 0.296 0.407 0.352 0.716 0.410 0.146
Age xDiet 0.162 0.618 0.202 0.721 0.843 0.720

2bMeans within the same column with no common superscript differ significantly (P < 0.05).
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Table 5.8. Effect of bird age on Ca and P solubility in the ileum

Total (g/kg)

Soluble (g/kg)

Solubility Coefficient

Age Ca P Ca P Ca P
4 4.24 3.07¢ 1.59 141 0.14 0.19
6 4.32 3.13¢ 1.70 1.56 0.15 0.21
8 4.48 3.24¢ 1.82 1.71 0.16 0.23
10 4.53 3.39% 1.93 1.71 0.17 0.23
12 4.84 3.45% 1.93 1.71 0.17 0.23
14 5.16 3.60° 2.04 1.86 0.18 0.25
SEM 0.15 0.08 0.06 0.06 0.01 0.01
P-Values

Age 0.101 0.002 0.671 0.576 0.576 0.574
Diet 0.121  0.091 0.200 0.258 0.258 0.281
Age xDiet 0.211 0.168 0.975 0.258 0.951 0.224

2bMeans within the same column with no common superscript differ significantly (P < 0.05).

5.4.4. lleal Ca and P digestibility

Table 5.9. shows there was no significant interaction or effect of diet on ileal digestibility of Ca. lleal

Ca digestibility was significantly higher at bird age d14 than at any other bird age. There was also a

significant increase in ileal digestibility of Ca between d4 and d6.

Table 5.10. shows there was a significant interaction between diet and bird age on apparent ileal

digestibility of P; at d4, 6, 10 and 14 ileal digestibility of P was the highest in birds fed diet A and at d6,

10, 12 and 14 it was lowest in birds fed diet D.

Table 5.9. Effect of bird age on apparent ileal Ca digestibility

Age (day) Apparent ileal digestibility coefficient
4 0.56¢
6 0.63°
8 0.61°°
10 0.62°
12 0.67°
14 0.72°
SEM 0.02

P-values

Age 0.001

Diet 0.209

Age x Diet 0.617

2bMeans within the same column with no common superscript differ significantly (P < 0.05).
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Table 5.10. Effect of bird age and diet on apparent ileal P digestibility

Apparent ileal digestibility coefficient

Age (day) A B C D
4 0.67¢ 0.63¢ 0.64° 0.66°
6 0.76° 0.73° 0.73? 0.72%®
8 0.76° 0.76° 0.76° 0.77°
10 0.82° 0.75° 0.77° 0.70°
12 0.79%° 0.82? 0.712 0.69°
14 0.79% 0.77% 0.74° 0.73%®

SEM 0.02 0.02 0.05 0.01

P-values

Age <0.001

Diet 0.017

Age x Diet 0.001

2bMeans within the same column with no common superscript differ significantly (P < 0.05).

5.4.5. Ca and P digested

Table 5.11. shows there was a significant interaction between age and diet on the amount of Ca

digested in the jejunum; at d14 significantly more Ca was digested by birds fed diet C and significantly

less Ca was digested by birds fed diet A than birds fed any of the other diets.

Tables 5.12. and 5.13. show there were no significant interactions between age and diet or effect of

diet on Ca and P digested in the ileum or P digested in the jejunum. At bird age d6, d8 and d10

significantly more Ca was digested in the jejunum by birds fed diet A than those fed any other diet.

The amount of Ca and P digested in the ileum and P digested in the jejunum was significantly lower at

bird age d4 than at any other bird age. The amount of P digested in the jejunum was significantly

higher at d12 and d14 than at any other bird age.
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Table 5.11. Effect of bird age and diet on amount of dietary Ca digested in the jejunum (g/kg diet)

Ca

Age (day) A B C D
4 1.80¢ 1.85° 1.99¢ 1.94¢
6 2.18°  1.94° 2.13¢ 2.10°
8 2.29% 2.26° 2.149 2.10°
10 2.42°  2.27° 2.27° 2.26*
12 2.61%° 274 2.69° 2.47°
14 2.90* 2.95* 3.27% 293°

SEM 0.14 0.16 0.18 0.13

P-values

Age 0.001

Diet 0.163

Age x Diet 0.002

2bMeans within the same column with no common superscript differ significantly (P < 0.05).

Table 5.12. Effect of bird age on amount of dietary P digested in the jejunum (g/kg diet)

Age (day) P
4 1.29¢
6 1.67¢
8 1.80
10 1.90°
12 2.37°
14 2.45°

SEM 0.15

P-values

Age <0.001

Diet 0.721

Age x Diet 0.919

abMeans within the same column with no common superscript differ significantly (P < 0.05).

Table 5.13. Effect of bird age on amount of dietary Ca and P digested in the ileum (g/kg)

Age (day) Ca P
4 3.59¢ 2.29¢
6 4.36° 2.61°
8 4.74% 2.80%°
10 4.93%¢ 2.81%
12 5.31% 2.94°
14 5.41° 2.95?

SEM 0.25 0.09

P-values

Age <0.001 0.002

Diet 0.223 0.185

Age x Diet 0.910 0.444

2bMeans within the same column with no common superscript differ significantly (P < 0.05).
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5.4.6. Phytic Acid Hydrolysed

Table 5.14. shows there were no significant interactions between age and diet or effect of diet on the
amount of dietary phytic acid that was hydrolysed in the gizzard, jejunum or ileum. There was a
significant increase in phytic acid hydrolysed between d4 and d6 and between d10 and d12 in the

gizzard, jejunum and ileum.

Table 5.14: Effect of bird age on total dietary phytate hydrolysed measured in the gizzard, jejunum
and ileum (g/kg)

Age (day) Gizzard Jejunum lleum
4 1.20¢ 2.00°¢ 3.12¢
6 1.33° 3.21° 3.39¢
8 1.44° 3.20° 3.46¢
10 1.46° 3.32° 3.61%
12 1.51° 3.41° 3.79%
14 1.52° 3.47° 3.96°
SEM 0.04 0.21 0.11
Diet
A 1.39 3.23 3.59
B 1.36 3.15 3.57
C 1.36 3.11 3.56
D 1.26 3.07 3.52
SEM 0.03 0.03 0.01
P-values
Age 0.003 <0.001 <0.001
Diet 0.846 0.544 0.786
Age x Diet 0.059 0.070 0.690

2bMeans within the same column with no common superscript differ significantly (P < 0.05).
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5.4.7. lleal Phytase Activity
Table 5.15. shows there were no significant interactions between age and diet or effect of diet onileal
phytase activity. There was a significant increase in ileal phytase activity between d4 and d6 and ileal

phytase activity was higher at d12 and d14 than at any other bird age.

Table 5.15. Effect of bird age on phytase activity in the ileum (U/kg)

Age (day) lleal Phytase Activity (U/kg)
4 22.03¢
6 38.49¢
8 40.21¢
10 41.67"
12 43.30%
14 44.99°
SEM 1.68
Diet
A 38.78
B 38.10
C 38.23
D 38.68
P-values
Age <0.001
Diet 0.770
Age x Diet 0.759

abMeans within the same column with no common superscript differ significantly (P < 0.05).

5.5. Discussion

Findings from this study suggest that endogenous phytase, from intestinal bacteria, intestinal mucosa
and from dietary cereals, contribute towards degradation of phytate at age d4, resulting in the
hydrolysis of over 1g of phytate /kg diet. The amount of total dietary phytate hydrolysed ranged from
21% to 36% in diet with sufficient P availability, but this value may be greater in diets limited in P.
Phytase activity increases gradually with bird age, but there appears to be a greater influx, with
associated increase in phytic acid hydrolysis and mineral utilisation, between d10 and d12. There were

strong correlations between phytic acid hydrolysed in both the gizzard and jejunum and measured
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ileal phytase activity (Figure 5.1), suggesting that endogenous phytase contributes towards phytate

degradation.
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Figure 5.1. Correlation between phytic acid hydrolysed and phytase
activity of individual birds

5.5.1. Performance

There was a strong correlation between ileal phytase activity and feed intake (r=0.770, p<0.001). Thus
individual feed intake and body weight gain were probably highest between d12 and d14 post-hatch
because the birds were bigger at this age. The transition from dependence on the yolk for nutrients
to reliance on feed contributes to the low feed intake at d0-4. Supplies from the yolk can last only 4-5
days (Sell et al., 1991) which suggests that the observed significant increase in Ca and P utilisation
between d4 and d6 may be representative of a combination of the shift to dependence on dietary
intake of minerals, increased gut maturity and heightened endogenous phytase activity. Birds younger
than d4 post-hatch were not analysed in this study due to the large number required to obtain
sufficient digesta, as analysed in Chapter 3, Section 3.1. The accuracy of the presented feed intake
data may however be questionable as the quantities of feed measured were very small, hence any

spillages would have had a huge impact on the readings. An increase in intestinal weight also occurs
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as a result of the transition to nutrient supplies from feed; the increase in intestinal weight occurs
more rapidly than the body mass of the whole bird (Sklan, 2001). P digestibility was highest but BWG
was lowest in birds fed diet A possibly because intestinal phytase activity and intestinal surface area,
and hence P solubility and absorption, was greater in birds fed this diet, but more energy was being
put into gut development than bird growth so did not transpire into improved BWG.

As expected, feed intake was lowest in birds fed diet D because this diet contained the highest levels
of rye. Rye contains approximately 3.5% arabinoxylans (Sarossy et al., 2012), so birds fed diet D were
more likely to have had increased digesta viscosity and resulting reduced feed intake. Feed conversion
and body weight gain were highest in birds fed diet B possibly because this diet had the highest protein
content. It also had the highest P content which may have increased skeletal weight. Birds fed diet C
had the lowest feed conversion, possibly due to reduced accuracy associated with collecting feed
intake data from very young birds in such a short time period. Feed intake and BWG increased
significantly at d8 to d10 possibly because at d10 villus volume in the jejunum and ileum reaches is

peak (Noy and Sklan, 1997) so nutrient absorption in relation to bird size is greatest at this age.

5.5.2. Gastrointestinal pH

There were no significant correlations between ileal phytase activity or phytate hydrolysis and pH in
any section of the tract measured. However, duodenum, jejunum and ileum pH was lowest at d6;
optimum phytase activity in the small intestine occurs at pH 5.5-6 (Maenz and Classen, 1998) so it is
possible that the reduction in pH may have instigated the increase in ileal phytase activity and hence
hydrolysis of phytate at this age. The higher gizzard pH observed in the d4 birds compared to the d6
birds is potentially due to the immaturity of the proventriculus and gizzard. In the older birds the
increased feed intake may have led to increased pH due to the increase in dietary limestone ingested;
analysis of a digestibility marker in the digesta would be required to confirm limestone digestibility.
The observed significant decrease in gizzard pH of birds fed diet A and B at d14 compared to birds fed
diets C and D may be because diets A and B had lower limestone content, so the buffering capacity
was lower compared to the other study diets. Also, between d12 and d14 the amount of Ca in the
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gizzards of birds fed diets C and D reduced and hence the buffering capacity of these diets was higher.
At d4 it may be that the diet had very little impact on pH in the gizzard due to the very small quantities
consumed. The significant decrease in gizzard pH observed between d4 and 6 in all diets coincides
with an increase in phytic acid hydrolysis and Ca solubility, meaning less Ca was present in the gut
lumen to influence pH. The onset of endogenous phytase activity between d4 and 6 may account for
the observed decrease in duodenum and jejunum pH at this time period, again due to increased Ca
absorption, as shown by correlations between gizzard Ca solubility and jejunum and ileum pH (r=0.251,
p=0.025 and r=0.281, p<0.001 respectively). The effect at d8 and 10 may suggest selective Ca
consumption of the mash diets or modified diet consumption based on Ca requirements (Wilkinson

et al. 2011).

5.5.3. Mineral Solubility and Absorption

Observed strong correlations between ileal phytase activity and total Ca and P on the gizzard (r=0.698,
p<0.001 and r=0.888, p=0.002 respectively) and total jejunum Ca and P (r=0.288, p<0.001 and r=0.281,
p<0.001 respectively) illustrates the impact that endogenous phytase, coupled with increased feed
intake, has on mineral utilisation. Increased ileal Ca digestibility at d14 compared to younger birds is
possibly due to increased ileal phytase presence. Endogenous phytase activity and phytate hydrolysis
increased between d10 and d12 post-hatch due to increased gut maturity (Torok et al., 2011). For
example, Nitsan et al. (1991) found that chymotrypsin activity reached a maximum level at
approximately d11 post-hatch, and chymotrypsin is inhibited by phytate and activated and stimulated
by calcium. Mucosal alkaline phosphatase is not secreted into the gut lumen until approximately d5
(Sabatakou et al., 2007); the pH optimum for alkaline phosphatase lowers as the concentration of
phytate lowers, due to presence of phytase. This partly explains why apparent ileal digestibility of Ca

and amount of Ca digested in the ileum increased between d4 and d6.

lleal P digestibility was highest in birds fed diet A at bird age d4, 6, 10 and 14 possibly because diet A

had the highest susceptible phytate value meaning that, although this diet had the highest total
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phytate content due to its high level of rapeseed meal, the phytate present was most susceptible to
the effects of phytase. This coincides with the findings of Akinmusire and Adeola (2009) who found
that microbial phytase has more effect on improving true P digestibility in birds fed RSM rather than
SBM. Diet A also had the lowest Ca:P ratio at 1.49:1. P utilisation is reduced as the Ca:P ratio increases,
and both Mitchell and Edwards (1996) and Dieckmann (2004) state that the optimum Ca: P ratio to be
1.5:1 in relation to P digestibility. Additionally, release of P from phytate is more difficult when the
phytate is also bound to protein as phytate-protein-phosphorus complexes, so the lower protein
content of diet A may have resulted in comparatively increased P release from phytate in birds fed
this diet (Jacob et al., 2000). Furthermore, GIT pH was lower in all sections of the tract in birds fed diet
A which again suggests that P release from phytate was higher in birds fed this diet because the
complexes were more soluble, as the further away the pH is from neutral the less likely ternary
phytate-protein-mineral complexes are to form. Also, diet A had higher fat digestibility because it had
the highest fat content and highest phytate content; phytate raises solubility of bile acids (Yuangklang
et al., 2005) and inositols which are generated from phytate hydrolysis are involved in fat metabolism
and transport. It is therefore likely that serum cholesterol was higher in birds fed diet A; high serum
cholesterol has been shown to increase total P digestibility (Huff et al., 1998; Liu et al., 2009) by
forming chylomicrons with fatty acids. Diet A also contained more fibre than the other diets which
may have improved gizzard development and enhanced bacterial fermentation which regulates P
digestibility and absorption. Bacterial P availability is reduced in the large intestine by phytase-
mediated heightened P absorption in the small intestine, hence phytase improves fibre digestibility as
shown in this study by a strong correlation between ileal phytase activity and apparent ileal P

digestibility (r=0.976,p=0.031).

Intestinal brush border phytase activity may be subject to regulation in response to dietary P status of
the bird, as illustrated by strong correlations between ileal phytase activity and P solubility in the
gizzard and ileum (r=0.989, p<0.001 and r=0.921, p<0.001 respectively). The lower ileal P digestibility
observed in birds fed diet D at age d6, 10, 12 and 14 is likely because diet D had the lowest total and
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soluble Ca and P, and the phytate in this diet was least susceptible to the effects of phytase so P release
from phytate-complexes was lowest. Diet D also had the had the lowest fat content which, as

previously mentioned, results in reduced serum cholesterol levels and hence P digestibility.

5.6. Conclusion

This study proves that intestinal and cereal derived phytase activity is quantifiable in regulating
phytate-P digestion. Endogenous phytase, from the diet and intestinal bacteria and mucosa,
contributes significantly towards degradation of phytate at bird age d4. It then continues to increase
with age, reaching activity levels of approximately 45 U/kg by d14. Further investigation is required to
evaluate the observed significant increase in phytase activity at d12 compared d10 post-hatch, and to

determine the extent of the impact of endogenous phytase in older birds.

5.7. Implications

This study shows that endogenous phytase activity in the tract has a significant effect on phytate
degradation. Although this effect of endogenous phytase is small compared to that provided by
supplemented exogenous phytases, knowledge of activity levels produced is useful for formulating

pre-starter, starter and layer diets based on phytase activity and phytate concentration.
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CHAPTER 6: Effect of feeding broilers diets differing in susceptible phytate content

6.1. Introduction

Insoluble phytate—mineral precipitates and soluble mineral—-phytate complexes may be resistant to
hydrolysis by phytase (Maenz et al., 1999). In calculating the P available from a diet following phytase
addition, the total phytate-P concentration of a diet may therefore be misleading because the total
amount of phytate in the diet does not represent the volume of phosphorus available for release. This
suggests relative solubility and susceptibility of phytate to phytase should therefore be accounted for
when formulating with phytase as this may account for anecdotal reports of apparent ‘phytase failure’
in diets. This is of particular importance if reliance on phytase for dietary P availability is high. As
illustrated in Chapter 3 Section 3.5.1., phytate susceptibility varies considerably between diets and is
dependent upon the ingredients used, ingredient variability and solubility of the phytate.
Gastrointestinal pH also potentially has a significant impact of phytate susceptibility because it is
addition of H+ ions to the weak acid phosphate groups of phytate that convert it from being resistant
to susceptible to the effects of phytase. In this study, the total and susceptible phytate contents of the
individual feed ingredients being fed were analysed and diets were formulated based on these values.
Diets were diagnosed to examine the following hypothesis: degree of phytate susceptibility rather

than total phytate will dictate level of response to phytase enzyme supplementation.

Aim

e To determine if ‘susceptible’ phytate as opposed to ‘total’ phytate should be measured when
investigating phytase efficacy and formulating diets that provide maximum mineral utilisation
e To examine the relationships between factors that influence and respond to phytate

degradation
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6.2. Trial Procedure

240 Ross 308 broiler chicks, from a breeder flock aged 42 weeks, were obtained on day of hatch and
housed in 80 x 80cm floor pens in an environmentally controlled room with wood shavings as litter
until d28. Birds were distributed into 48 pens with 5 birds per pen. One pen was classified as one
replicate. 4 birds per pen were sampled in the study and there was one spare bird per pen. Feed was
provided ad libitum via troughs attached to the front of the pen and water by nipple drinkers.
Institutional and national guidelines for the care and use of animals were followed and all
experimental procedures involving animals were approved by the Nottingham Trent University

College of Science ethical review committee.

Birds were fed one of 4 dietary treatments in a 2 x 2 factorial; 2 diets with high or low susceptible
phytate content, containing 0 or 500FTU/kg phytase. Each treatment was fed to 12 pens. Diets were
mixed in house using a ribbon mixer. Dry ingredients were mixed for 5 minutes prior to addition of oil,
and then mixed for a further 5 minutes. The experimental diets were fed to the birds from Day 0 (1

day posthatch) to day 28.

Table 6.1. Composition of diets (g/kg)

Ingredient High Susceptible Phytate Low Susceptible Phytate
Wheat 531.30 485.60
Soybean meal 46 312.80 318.80
Wheat Bran 100.00
Rice Bran 80.00

Soy oil 38.70 59.70
Salt 4.70 4.60
DL Methionine 2.90 2.90
Lysine HCI 2.30 2.10
Threonine 0.80 0.70
Limestone 5.40 4.90
Dicalcium Phos 17.80 18.40
Coccidiostat (Coban -

monensin) 0.20 0.20
Vitamin premix* 4.00 4.00
Titanium Dioxide 5.00 5.00

* Supplied per kilogram of diet: manganese, 100 mg; zinc, 80 mg; iron (ferrous sulphate), 20 mg; copper, 10 mg; iodine, 1 mg;
molybdenum, 0.48 mg; selenium, 0.2 mg; retinol, 13.5 mg; cholecalciferol, 3 mg; tocopherol, 25 mg; menadione, 5.0 mg;
thiamine, 3 mg; riboflavin, 10 mg; pantothenic acid, 15 mg; pyroxidine, 3.0 mg; niacin, 60 mg; cobalamin, 30 ug; folic acid, 1.5
mg; and biotin 125 mg.
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Table 6.2. Calculated and analysed content of diets

High 500FTU/kg
Calculated Analysed

Low OFTU/kg
Calculated Analysed

Low 500FTU/kg
Calculated Analysed

High OFTU/kg

Calculated Analysed
GE Content (MJ/kg DM) 20.43
Total P Content (g/kg DM) 9.90 9.70
Total Ca Content (g/kg DM) 8.40 8.31
Ash Content (g/kg) 6.75
DM Content (g/kg) 863.30
Protein Content (g/kg DM) 225.90 223.74
Free Phosphorus (g/kg) 3.50 3.80
Supplemented Phytase Activity (FTU/kg) 0 15.91
Total Phytase Activity (FTU/kg)* 58.23
Phytic Acid Content (g/kg) 13.10 14.90
Susceptible Phytate-P (g/kg) 8.30 8.61
Fat (g/kg) 64.80 70.67
Fibre (g/kg) 28.30

9.90
8.40

225.90
3.50
500

13.10

8.30
64.80
28.30

20.57
9.74
8.22
6.80

866.18
224.08
3.87
872.62
1428.62

14.60
8.47

70.74

8.90
8.40

227.70
3.50

11.10

5.30
74.00
29.50

21.11
8.66
8.20
6.84

887.71
229.29
3.77

36.03

21.57

12.19
5.65

70.75

8.90
8.40

227.70
3.50
500

11.10

5.30
74.00
29.50

21.13
8.74
8.18
6.77

869.18
229.97
3.72
835.39
1380.38

12.70
5.88

70.81

1 Dietary cereal phytase activity and supplemented phytase activity combined, analysed by ISO 30024
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On arrival birds were individually weighed and randomly allocated to a pen. Total pen weight was
calculated and pen/diet allocations were altered to ensure there was no significant difference in

starting body weights across diet.

Total pen weight and pen feed intake was determined on d7, 14, 21 and 28. The weights and feed
intakes were divided by the number of birds in the pen to determine mean individual bird weight or
intake. Mortalities were accounted for by adjusting the feed intake and body weight gain calculations
to take into consideration the amount of birds in each pen each day. Sampling was carried out at the
same time each sampling day. On d14 and d28 two birds per pen were euthanised by cervical
dislocation and individually weighed and marked with a coloured pen for identification purposes. Feed
troughs were topped up an hour before sampling each pen to encourage feed and hence gut fill at

sampling.

6.3. Determined Parameters

6.3.1. Digesta sample collection and pH determination

Gizzard, duodenum, jejunum and ileum pH of the two euthanised birds were determined by inserting
a spear tip piercing pH electrode (Sensorex, California, USA) directly into the gut lumen immediately
after excision, as described in Chapter 2, Section 2.5.1. Readings were repeated three times (ensuring
the probe did not touch the gut wall) and average pH was determined for each gut section. The pH
readings were recorded for each individual bird to allow individual weight to be considered in the
analysis. Gizzard, jejunum and ileum digesta contents from each individual bird were then collected
into one pot per section of tract per bird. The pots were then weighed, stored at -20°C and then freeze-
dried to determine digesta sample dry matter content, as described in Chapter 2, Section 2.5.2. Once
freeze dried the samples were ground with a pestle and mortar. Titanium dioxide content of digesta
and diet were determined by inductively coupled plasma atomic emission spectroscopy (ICP-OES) as

described in Chapter 2 Section 3.2 (Morgan et al., 2014).
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6.3.2. Total and Susceptible Phytate

Total phytic acid content of the gizzard, jejunum and ileum digesta and diets was analysed by the
Megazyme K-Phyt™ assay, as described in Chapter 2, Section 2.5.10. Susceptible phytate content of
the diets was analysed by adding warmed acetate buffer to the sample, incubating and centrifuging it,
neutralising the supernatant with 0.25M NaOH, and subsequently using the Megazyme K-Phyt™ assay

to analyse phytic acid content, as described in Chapter 2, Section 2.5.11.

6.3.3. Total and Soluble Calcium and Phosphorus Determination

For each individual bird sampled, total Ca and P content was determined in the freeze dried gizzard,
jejunum and ileum digesta samples in triplicate. The diets were also analysed for Ca and P content in
triplicate. Total Ca and P was determined by ICP-OES after acid digestion with aqua regia, as described
in Chapter 2, Section 2.5.8. Soluble Ca and P content of the freeze-dried digesta and feed was
determined by adding ultra-pure water to the samples, shaking and centrifuging them, and then
measuring Ca and P content of the supernatant on an ICP-OES set at phosphorus wavelength 213.167

and calcium wavelength 317.933, as described in Chapter 2, Section 2.5.8.1.

6.3.4. Tibia and Femur Bone Strength

The right tibia and femur was collected from each individual bird sampled. The tibia bones were
separated at the tibiotarsal junction, where the feet were removed, and the tibiofemoral junction.
Femur bones were separated at the tibiofemoral junction and the hip. The bones were defleshed of
muscle and tissue by hand using a scalpel. The length and width of each bone was measured using
digital callipers and recorded. Bone strength was analysed using a TA.XT plus texture analyser (Stable
Microsystems, Guildford, UK) set up with a 50kg load cell and 3 point-bend fixture (Park et al., 2003,
Taylor et al., 2003; Shaw et al., 2010) , as described in Chapter 2, Section 2.5.7. The texture analyser
was set to measure force in compression, test speed was set at Imm/sec, and trigger force was set at
7g (0.069N). The texture analyser was calibrated using a 5kg weight and the peak force in Newtons

was recorded for each bone.
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6.3.5. Tibia and Femur Mineralisation and and Ca and P content

The tibia and femur bones were wrapped individually in foil and autoclaved for 15 minutes at 121°C.
Any remaining flesh and connective tissue was removed by hand and the bones oven dried at 110°C
for approximately 4 days until constant weight. The dried bones were then weighed into pre-weighed
ceramic crucibles and ashed for approximately 14 hours at 650°C (Hall et al., 2003). The crucibles were
then left to cool in a desiccator and reweighed. Bone ash was calculated as ash weight as a percentage

of dry bone weight, as described in Chapter 2, Section 2.5.3.

The ashed bone samples were acid-digested with aqua regia, filtered, diluted and analysed for Ca and
P content by ICP-OES set at phosphorus wavelength 213.167 and calcium wavelength 317.933, as

described in Chapter 2, Section 2.5.8.

6.3.6. Phytase Activity

Supplemented phytase activity of the diet and ileal digesta was determined using a Quantiplate™ Kit
for Quantum phytase, as described in Chapter 2, Section 2.5.13. Total phytase activity of the diet and
ileal digesta was determined by adding acetate buffer to the samples, incubating it at 37°C, adding a
phytate substrate solution and molybdate/vanadate/nitric acid solution to the samples before
centrifuging them and measuring the optical density at 415nm, as described in Chapter 2, Section

2.5.12.

6.3.7. Pepsin Activity

Pepsin activity in the gizzard digesta was determined using 2% bovine haemoglobin as the substrate,
based on the method presented by Liu and Cowieson (2011), as described in Chapter 2, Section 2.5.15.
Briefly, 5ml of 2% haemoglobin solution was added to approximately 1g digesta sample and the
solution was incubated at 37°C for 10 minutes. 1ml of pepsin solution was then added to the solution
and it was incubated for a further 10 minutes at 37°C. The reaction was stopped by addition of 10ml

of 5% trichloroacetic acid followed by incubation for 5 minutes at 37°C and filtration through a 0.45
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um syringe filter. The optical density of the solution was then read on a UV spectrophotometer

(Unicam Helios, USA) set at 280nm.

6.3.8. Data Analysis

All data were analysed using SPSS (v.21). Pen served as the experimental unit for all parameters
measured. The statistical model included diet and bird age. Multiple ANOVA test were used to test
the equality of the means and Univariate analysis was used to determine interactions between the
analysed factors. When differences were significant, means were separated using Duncan post hoc
test. The relationship between individual factors was investigated using Pearson product-moment
correlation coefficient and interpretations of the strength of the relationship between the two
methods was based on guidelines by Cohen (1988); weak relationship r = 0.10 to 0.29, medium
relationship r =0.30 to 0.49 and strong relationship r =0.50 to 1.0. Statistical significance was declared

at p<0.05. In the event that interactions were not significant, main effects were discussed.

6.4. Results

6.4.1 Bird Performance

Table 6.3. shows there were no significant interactions between bird age and diet on weekly feed
intake or feed conversion, and no effect of diet on weekly feed intake or feed conversion. As bird age
increased feed intake significantly increased linearly, but feed conversion was significantly better at
d7-14 and significantly worse at d14-21 compared to the other bird ages. There was an interaction
between bird age and diet on weekly BWG; at d0-7 and d21-28 BWG was lowest in birds fed Low 0
FTU/kg but at d7-14 and d14-21 it was lowest in birds fed High 0 FTU/kg and Low OFTU/kg. At d7-14

and d21-28 BWG was highest in birds fed High 500 FTU/kg.
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Table 6.3. Effect of phytate susceptibility and phytase supplementation on bird feed intake (Fl), body
weight gain (BWG) and feed conversion ratio (FCR) at d7, 14, 21 and 28

Age (days)? Diet Individual FI (g)  Individual BWG (g) FCR
0-7 High 0 FTU 158.34 106.27° 1.49
High 500 FTU 148.72 106.32° 1.41
Low O FTU 144.53 93.29¢ 1.57
Low 500 FTU 158.22 96.14° 1.68
SEM 3.01 2.94 0.05
7-14 High 0 FTU 309.71 263.33°¢ 1.19
High 500 FTU 326.00 277.40°2 1.18
Low O FTU 306.79 265.39¢ 1.15
Low 500 FTU 291.95 268.13° 1.12
SEM 6.04 2.69 0.02
14-21 High 0 FTU 666.86 403.62° 1.67
High 500 FTU 701.83 454.39° 1.58
Low O FTU 696.13 400.03° 1.75
Low 500 FTU 718.92 460.13° 1.57
SEM 9.38 13.91 0.04
21-28 High 0 FTU 884.94 640.89° 1.39
High 500 FTU 920.75 710.39° 1.30
Low O FTU 920.51 610.35°¢ 1.51
Low 500 FTU 887.61 641.25° 1.39
SEM 8.60 18.33 0.04
Age
0-7 152.45¢ 100.50 1.54°
7-14 308.61°¢ 268.56 1.16¢
14-21 695.93° 429.54 1.64°
21-28 903.45° 650.72 1.40°¢
SEM 149.51 101.56 0.09
P-values
Age <0.001 <0.001 <0.001
Diet 0.597 <0.001 0.063
Diet x Age 0.490 0.002 0.092

ab Means within the same column, within the same age group, with no common subscript differ significantly (P<0.05)

Table 6.4. shows there were no interactions between phytate susceptibility and phytase inclusion on

cumulative feed intake, BWG or feed conversion at bird age d0-28. BWG and feed conversion was

significantly better in birds fed the diets with high phytate susceptibility, and the diets supplemented

with phytase at age d0-28.
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Table 6.4. Effect of phytate susceptibility and phytase supplementation on feed intake (Fl), body
weight gain (BWG) and feed conversion ratio (FCR) at d0-28

Diet Individual FI (g) Individual BWG (g) FCR
High 0 FTU 2019.86 1414.10 1.43
High 500 FTU 2097.30 1548.50 1.36
Low O FTU 2067.95 1369.06 1.51
Low 500 FTU 2056.69 1465.65 1.40

SEM 13.87 33.34 0.03

Susceptibility
High 2058.58 1481.30° 1.40°
Low 2062.32 1417.36° 1.46°

SEM 1.32 22.61 0.02

Phytase
0FTU 2043.90 1391.58° 1.47°
500 FTU 2077.00 1507.08° 1.38°

SEM 11.70 40.83 0.030

P-values

Susceptibility 0.256 0.015 0.003

Phytase 0.294 <0.001 0.001

Susceptibility x Phytase 0.487 0.457 0.802

ab Means within the same column with no common subscript differ significantly (P<0.05)

6.4.2. Gastrointestinal pH

Table 6.5. shows there was an interaction between phytate susceptibility and phytase inclusion on
duodenum pH at bird age d28; duodenum pH was significantly higher in birds fed High 500 FTU/kg
than those fed High 0 FTU/kg and Low 500 FTU/kg. There were no interactions between phytate
susceptibility and phytase inclusion on gizzard, jejunum or ileum pH at bird age d28, or on gizzard,
duodenum, jejunum or ileum pH at bird age d14. Duodenum pH was higher in birds fed the high

susceptible phytate diets than those fed the low susceptible phytate diets at age d14.
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Table 6.5. Effect of phytate susceptibility and phytase supplementation on gizzard, duodenum,
jejunum and ileum pH

Gizzard Duodenum Jejunum lleum

Diet di4 d28 di4 d28 dia d28 di4 d28

High 0 FTU 2.58 2.97 6.23 6.07° 5.92 6.17 6.82 7.12

High 500 FTU 2.45 2.65 6.16 6.17° 5.97 6.07 6.97 7.22

Low O FTU 2.46 2.84 6.10 6.14®® 6.00 6.10 7.13 7.31

Low 500 FTU 2.33 2.79 6.05 6.05° 5.97 6.06 6.97 7.20
SEM 0.04 0.06 0.03 0.02 0.01 0.02 0.06 0.03
Susceptibility

High 2.52 2.81 6.19° 6.12 5.94 6.12 6.89 7.17

Low 2.40 2.82 6.07° 6.10 5.99 6.08 7.05 7.26
SEM 0.04 0.00 0.04 0.01 0.01 0.01 0.06 0.03
P-values
Susceptibility 0.226 0.963 <0.001 0.445 0.469 0.510 0.133 0.390
Phytase 0.076 0.285 0.076 0.807 0930 0.229 0.940 0.947

Susceptibility x Phytase ~ 0.827 0.455 0.827 0.005 0.523 0.595 0.147 0.294

abMeans within the same column with no common superscript differ significantly (P < 0.05).

6.4.3. Total and Soluble Ca and P

Table 6.6. shows there was an interaction between phytate susceptibility and phytase inclusion on the
amount of soluble Ca present and the Ca solubility coefficient measured in the gizzard at bird age d28;
Ca solubility was significantly higher in birds fed both the diets supplemented with 500 FTU phytase
and significantly lower in birds fed the Low 0 FTU diet than those fed the High O FTU diet. Gizzard
soluble P content at d28 was significantly higher in birds the diets with high susceptible phytate
compared to those fed the diets with low susceptible phytate. Also, total P content at d28, soluble P
content at d14 and d28, the solubility Ca coefficient at d14 and the solubility P coefficient at d14 and
d28 was significantly higher in birds fed the diets with 500 FTU phytase compared to those fed diets
containing 0 FTU phytase.

Table 6.7. shows there was also an interaction between phytate susceptibility and phytase inclusion
on the Ca solubility coefficient measured in the jejunum at bird age d28; the solubility coefficient was
significantly higher in birds fed the High 500 FTU diet and significantly lower in birds fed the diets
containing 0 FTU phytase. Jejunum soluble Ca and P content was significantly higher in birds fed the
diets with high susceptible phytate compared to those fed the diets with low susceptible phytate at
age d28. Soluble Ca content at d28, soluble P content at d14 and d28, the Ca solubility coefficient at
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d14 and P solubility coefficient at d14 and d28 were all significantly higher in the jejunum in birds fed
the diets containing 500 FTU phytase compared to those fed the diets with 0 FTU phytase.

Table 6.8. shows there were no interactions between phytate susceptibility and phytase inclusion on
ileal total and soluble Ca and P content. lleum soluble Ca and P content and the Ca solubility coefficient
were significantly higher in birds fed the diets with high susceptible phytate compared to those fed
the diets with low susceptible phytate at age d28. Soluble Ca and P content at d14 and d28, the Ca
solubility coefficient at d14 and d28 and the P solubility coefficient at d28 were all significantly higher
in the jejunum in birds fed the diets containing 500 FTU phytase compared to those fed the diets with

0 FTU phytase.
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Table 6.6. Effect of phytate susceptibility and phytase supplementation on Ca and P solubility in the gizzard

Total (g/kg)

Soluble (g/kg)

Solubility Coefficient

Ca Ca P Ca P
Diet di4 d28 di4 d28 di4 d28 di4 d28 di4 d28 di4 d28
High 0 FTU 8.15 10.75 4.27 7.28 7.17 6.87° 4.13 3.67 0.87 0.83° 0.45 0.40
High 500 FTU 8.35 1082 450 750 733 7.43° 466 4.34 0.90 0.90° 0.50 0.46
Low O FTU 8.02 10.66 4.23 7.02 7.12 6.54¢ 4.10 3.55 0.86 0.80°¢ 0.45 0.39
Low 500 FTU 8.23 10.75 4.49 746 7.25 7.36° 462 4.22 0.88 0.90° 0.50 0.47
SEM 0.06 0.03 006 0.09 0.04 0.18 0.13 0.17 0.01 0.02 0.01 0.02
Susceptibility
High 8.25 10.79 4.39 7.39 7.25 7.15 440 4.01° 0.89 0.87 0.48 0.43
Low 8.12 10.71 4.36 7.24 7.19 6.95 4.36 3.89°¢ 0.87 0.85 0.48 0.43
SEM 0.04 0.03 001 0.05 0.03 o0.07 0.01 0.04 0.01 0.01 0.02 0.01
Phytase
0 FTU 8.08 10.71 4.25 7.15° 7.15 6.71 4.12° 3.61° 0.87° 0.82 0.45° 0.40°
500 FTU 8.29 10.79 4.50 7.48 7.29 7.40 4.64° 4.28 0.89° 0.90 0.50° 0.47°
SEM 0.07 0.03 009 012 0.05 0.24 0.18 0.24 0.01 0.03 0.01 0.03
P-Values
Susceptibility 0.407 0.465 0.859 0.092 0.487 <0.001 0.569 0.007 0.279 0.004 0.728 0.961
Phytase 0.606 0.466 0.096 0.001 0.155 <0.001 <0.001 <0.001 0.044 <0.001 <0.001 <0.001
Susceptibility x Phytase  0.990 0.925 0.927 0.222 0.896 0.006 0.964 0.871 0.150 0.028 0.970 0.223

25 Means within the same column with no common superscript differ significantly (P < 0.05).
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Table 6.7. Effect of phytate susceptibility and phytase supplementation on Ca and P solubility in the jejunum

Total (g/kg)

Soluble (g/kg)

Solubility Coefficient

Ca Ca P Ca P
Diet dia d28 dia d28 dia d28 dia d28 dia d28 dia d28
High O FTU 6.76 9.47 430 579 357 3.90 2.13 2.89 0.43 0.47¢° 0.23 0.32
High 500 FTU 7.19 986 4.57 594 3,65 4.26 2.34 3.24 0.44  0.52° 0.25 0.35
Low O FTU 6.72 9.27 424 562 353 3.88 2.11 2.84 0.43 047¢ 0.23 0.31
Low 500 FTU 6.85 9.79 450 584 359 4.09 2.33 3.14 0.44 0.50° 0.25 0.34
SEM 0.09 0.12 0.07 0.06 0.02 0.08 0.05 0.08 0.01 0.01 0.01 0.01
Susceptibility
High 6.98 966 444 587 3.61 4.08 2.23 3.077 044 0.49 0.24 0.33
Low 679 953 437 573 356 399° 222 2.99° 043 049 0.24 0.33
SEM 0.07 0.05 002 0.05 0.02 0.03 0.01 0.03 0.01 0.01 0.01 0.01
Phytase
0 FTU 6.74 937 427 571 355 389 2.12° 2.87° 0.43° 047 0.23* 0.31°
500 FTU 7.02 983 454 589 362 4.18° 233 3.19° 0.44* 0.51 0.25*  0.35°
SEM 0.10 0.16 0.09 0.06 0.02 o0.10 0.08 0.11 0.01 0.01 0.01 0.01
P-Values
Susceptibility 0.314 0.652 0.651 0.447 0.195 0.018 0.536 0.003 0.627 0.128 0.706 0.203
Phytase 0.149 0.126 0.077 0.324 0.114 <0.001 <0.001 <0.001 0.032 <0.001 <0.001 <0.001
Susceptibility x Phytase  0.436 0.841 0.985 0.839 0.786 0.073 0.949 0.247 0.517 0.030 0.974 0.656

ab Means within the same column with no common superscript differ significantly (P < 0.05).
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Table 6.8. Effect of phytate susceptibility and phytase supplementation on Ca and P solubility in the ileum

Total (g/kg)

Soluble (g/kg)

Solubility Coefficient

Ca Ca P Ca P
Diet di4 d28 di4 d28 di4 d28 di4 d28 di14 d28 di4 d28
High 0 FTU 476 6.17 1.88 3.53 1.19 2.62 0.80 1.12 0.14 0.32 0.09 0.12
High 500 FTU 5.33 6.24 2.19 3.63 1.24 2.94 0.83 1.25 0.15 0.36 0.09 0.14
Low O FTU 464 6.14 186 351 1.14 2.41 0.77 1.07 0.14 0.29 0.08 0.12
Low 500 FTU 5.07 6.16 2.03 3.54 1.21 2.76 0.81 1.22 0.15 0.34 0.09 0.13
SEM 0.14 0.02 0.07 0.02 0.02 0.10 0.01 0.04 0.01 0.01 0.01 o0.01
Susceptibility
High 5.04 6.20 2.04 3.58 1.21 2.78° 0.81 1.19° 0.15 0.34° 0.09 0.13
Low 4.86 6.15 1.94 3.53 1.18 2.58° 0.79 1.15° 0.14 0.32° 0.09 0.13
SEM 0.07 0.02 0.03 0.02 0.01 0.07 0.01 0.01 0.01 0.01 0.00 0.00
Phytase
0 FTU 470 6.15 1.87 352 1.17° 252° 0.78° 1.10° 0.14> 0.30° 0.09 0.12°
500 FTU 520 6.20 2.11 3,59 1.22° 2.85? 0.82° 1.24* 0.15° 0.35° 0.09 0.13°
SEM 0.18 0.02 0.08 0.02 0.02 0.12 0.01 0.05 0.00 0.02 0.00 0.01
P-Values
Susceptibility 0.523 0.645 0.453 0.386 0.012 <0.001 0.127 0.001 0.028 <0.001 0.255 0.179
Phytase 0.095 0.679 0.064 0.280 <0.001 <0.001 0.022 <0.001 <0.001 <0.001 0.086 <0.001
Susceptibility x Phytase  0.797 0.822 0.583 0.630 0.441 0.518 0.642 0.299 0.996 0.875 0.544 0.604

ab Means within the same column with no common superscript differ significantly (P < 0.05).
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6.4.4. lleal Ca and P digestibility

Table 6.9. shows there were no interactions between, or effects of, phytate susceptibility and phytase
inclusion on apparent ileal digestibility of Ca of P. The digestibility of both nutrients was incredibly
high in this study compared with most others which may explain the lack of enzyme effect and this is
backed up by the relatively high proportion of phytate hydrolysed at the terminal ileum even in the O
FTU diets. The apparent ileal Ca and P digestibility values presented in Table 6.9. are higher than would

be expected based on comparison with similar published studies.

Table 6.9. Effect of phytate susceptibility and phytase supplementation on apparent ileal Ca and P

digestibility
Apparent lleal Digestibility Coefficient
Ca P

Diet di4 d28 di4 d28
High O FTU 0.79 0.75 0.92 0.87
High 500 FTU 0.81 0.76 0.93 0.88
Low O FTU 0.78 0.75 0.92 0.87
Low 500 FTU 0.80 0.76 0.93 0.87
SEM 0.01 0.01 0.01 0.01

P-Values
Susceptibility 0.991 0.880 0.386 0.183
Phytase 0.803 0.233 0.125 0.415

Susceptibility x Phytase 0.130 0.336 0.958 0.283

ab Means within the same column with no common superscript differ significantly (P < 0.05).

6.4.5. Ca and P digested

Tables 6.10. and 6.11. show there were no interactions between phytate susceptibility and phytase
inclusion on the amount of Ca and P digested in the jejunum and ileum. Phytate susceptibility had no
significant effect on the amount of Ca and P digested in the jejunum and ileum. The amount of Ca
digested was significantly higher in the jejunum at d14 and d28 and ileum at d28 in birds fed the diets

containing 500 FTU phytase compared to those fed the diets with 0 FTU phytase.
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Table 6.10. Effect of phytate susceptibility and phytase supplementation on amount of dietary Ca
and P digested in the jejunum (g/kg diet)

Amount of mineral digested (g/kg diet)

Ca P
Diet di4 d28 di4 d28
High O FTU 4.68 6.20 4.67 7.08
High 500 FTU 5.29 6.29 4.84 7.13
Low O FTU 4.43 6.05 4.48 7.01
Low 500 FTU 5.12 6.53 4.76 7.06
SEM 0.17 0.09 0.07 0.02
Phytase
O FTU 4.56° 6.12° 4.57 7.04
500 FTU 5.21° 6.41° 4.80 7.10
SEM 0.23 0.10 0.08 0.02
P-Values
Susceptibility 0.469 0.219 0.825 0.687
Phytase 0.027 0.045 0.160 0.752
Susceptibility x Phytase 0.894 0.607 0.340 0.981

abMeans within the same column with no common superscript differ significantly (P < 0.05).

Table 6.11. Effect of phytate susceptibility and phytase supplementation on amount of dietary Ca

and P digested in the ileum (g/kg diet)

Amount of mineral digested (g/kg diet)

Ca P
Diet dia d28 dia d28
High 0 FTU 5.46 6.15 7.53 7.99
High 500 FTU 5.70 6.23 7.63 8.10
Low O FTU 5.46 6.10 7.46 7.98
Low 500 FTU 5.63 6.19 7.55 8.04
SEM 0.05 0.02 0.03 0.02
Phytase
0 FTU 5.46 6.13° 7.49 7.98
500 FTU 5.67 6.21° 7.59 8.07
SEM 0.07 0.03 0.03 0.03
P-Values
Susceptibility 0.726 0.163 0.658 0.847
Phytase 0.055 0.023 0.554 0.575
Susceptibility x Phytase 0.767 0.814 0.977 0.878

2P Means within the same column with no common superscript differ significantly (P < 0.05).
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6.4.6. Phytic Acid Hydrolysed

Table 6.12. shows there were no interactions between phytate susceptibility and phytase inclusion on

the amount of dietary phytic acid that was hydrolysed in the gizzard, jejunum or ileum. The amount

of phytic acid hydrolysed was significantly higher in birds fed the diets containing high susceptible

phytate in the jejunum and ileum at age d28 and the ileum at age d14.The amount of phytic acid

hydrolysed was significantly higher in all sections of the tract at both bird age d14 and d28 in birds fed

the diets with 500 FTU phytase compared to those fed the diets with 0 FTU phytase.

Table 6.12. Effect of phytate susceptibility and phytase supplementation on amount of dietary phytic

acid hydrolysed by the gizzard, jejunum and ileum (g/kg)

Gizzard Jejunum lleum
Diet dia d28 dia d28 dia d28
High 0 FTU 1.26 3.75 3.34 5.54 4.50 7.72
High 500 FTU 1.59 4.00 3.72 6.01 4.74 8.11
Low O FTU 1.19 3.49 3.11 5.30 4.30 7.61
Low 500 FTU 1.55 3.88 3.44 5.71 4.51 7.77
SEM 0.09 0.09 0.11 0.13 0.08 0.09
Susceptibility
High 1.42 3.88 3.53 5.78? 4.62° 7.91°
Low 1.37 3.69 3.28 5.51° 4.40° 7.69°
SEM 0.02 0.07 0.09 0.10 0.08 0.08
Phytase
0 FTU 1.22° 3.62° 3.22° 5.42° 4.40° 7.67°
500 FTU 1.57° 3.94° 3.58° 5.86° 4.62° 7.94°
SEM 0.12 0.11 0.13 0.16 0.08 0.10
P-values
Susceptibility 0.477 0.242 0.125 <0.001 0.032 0.005
Phytase <0.001 0.042 0.033 <0.001 0.023 <0.001
Susceptibility x Phytase 0.821 0.628 0.848 0.504 0.883 0.136

2P Means within the same column with no common superscript differ significantly (P < 0.05).
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6.4.7. lleal Phytase Activity

Table 6.13. shows there was an interaction between phytate susceptibility and phytase inclusion on
total phytase activity at both d14 and d28; total phytase activity was significantly different between
each of the diets, with birds fed the High 500 FTU diet having the highest phytase activity followed by
those fed Low 500 FTU, then High OFTU and finally Low O FTU. There was no interaction between
phytase and phytate susceptibility supplemented phytase activity at either bird age d14 or d28. There
was also no effect of phytate susceptibility on phytase activity at either bird age d14 or d28.
Supplemented phytase activity level in the ileum was significantly higher in birds fed the diets with

500 FTU phytase compared to those fed the diets with 0 FTU phytase at both bird age d14 and d28.

Total phytase activity was always higher in the high susceptible compared with low susceptible diets
regardless of whether exogenous phytase was added or not. Given there was no such effect on the
added activity, the difference noted above for total phytase activity probably relates for endogenous
phytase activity, either of dietary, mucosal, or ileal microbial origin. The fact that the high susceptible
diet encouraged higher endogenous phytase activity is possibly a result of the presence of more

susceptible substrate. The hydrolysed phytate data tends to support this finding.
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Table 6.13. Effect of phytate susceptibility and phytase supplementation on phytase activity in the

ileum
Supplemented Phytase (FTU/kg)  Total Phytase (FTU/kg)
Diet dia d28 dia d28
High 0 FTU 2.33 3.67 48.86¢ 59.51°¢
High 500 FTU 214.99 357.70 537.09° 664.87°
Low O FTU 241 3.89 42.56¢ 51.79¢
Low 500 FTU 212.12 383.74 472.13° 575.05°
SEM 52.80 91.85 115.30 141.97
Susceptibility
High 108.66 180.69 292.97 362.19
Low 107.26 193.81 257.35 313.42
SEM 0.49 4.64 12.60 17.24
Phytase
O FTU 2.37° 3.78° 45.71 55.65
500 FTU 213.55° 370.72° 504.61 619.96
SEM 74.66 129.73 162.24 199.51
P-values
Susceptibility 0.143 0.447 <0.001 <0.001
Phytase <0.001 <0.001 <0.001 <0.001
Susceptibility x Phytase 0.123 0.454 <0.001 <0.001

ab Means within the same column with no common superscript differ significantly (P < 0.05).
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6.4.8. Pepsin Activity

Table 6.14. shows there were no interactions between phytate susceptibility and phytase inclusion on
pepsin activity. Birds fed the high susceptible phytate diets had higher pepsin activity than those fed
the low susceptible phytate diets at both bird age d14 and d28. Pepsin activity was also higher at both
bird age d14 and d28 in birds fed the diets with 500 FTU phytase compared to those fed the diets with

0 FTU phytase.

Table 6.14. Effect of phytate susceptibility and phytase supplementation on pepsin activity in the

gizzard
Pepsin Activity (U/kg-1)
Diet di4 d28
High O FTU 930.83 686.84
High 500 FTU 1029.28 838.65
Low O FTU 879.45 677.53
Low 500 FTU 948.43 774.13
SEM 26.92 33.12
Susceptibility
High 980.05? 762.75°
Low 913.94° 725.83°
SEM 23.37 13.05
Phytase
0 FTU 905.14° 682.19°
500 FTU 988.86° 806.39°
SEM 29.60 4391
P-values
Susceptibility <0.001 0.031
Phytase <0.001 <0.001
Susceptibility x Phytase 0.352 0.129

2 b Means within the same column with no common superscript differ significantly (P < 0.05).
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6.4.9. Tibia and Femur Strength, Mineralisation and Ca and P content

Tables 6.15. and 6.16. show there were no interactions between phytate susceptibility and phytase
inclusion on tibia or femur strength, length, width, mineralisation or Ca and P content. Tables 6.15.
and 6.16. also show that birds fed the high susceptible phytate diets had significantly higher tibia P
content at bird age d28 and femur Ca and P content at both bird age d14 and d28. Table 6.15. shows
that birds fed the diets supplemented with phytase had significantly higher tibia Ca and P content at
both bird age d14 and d28 and tibia strength and ash content at bird age d28 than those fed the diets
without phytase. Table 6.16. shows birds fed the diets supplemented with phytase also had

significantly higher femur strength at d28 and Ca and P content at both bird age d14 and d28.
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Table 6.15. Effect of phytate susceptibility and phytase supplementation on tibia strength, length, width, mineralisation and Ca and P content

Strength (N) Length (mm) Width (mm) Weight (g) Ash (%) Ca (% of ash) P (% of ash)

Diet di4 d28 di4 d28 di4 d28 di4 d28 di4d d28 di4 d28 di4 d28

High 0 FTU 57.29 246.67 59.04 89.30 4.31 7.68 3.47 13.85 31.79 32.81 22.37 31.42 9.94 13.66

High 500 FTU 60.24 287.03 58.97 89.48 4.33 7.61 3.59 13.55 32.10 35.20 25.13 34.09 10.81 16.59

Low O FTU 56.70 241.95 58.50 89.70 4.25 7.38 3.44 13.39 31.96 32.75 22.74 27.96 10.15 12.72

Low 500 FTU 60.25 269.19 57.01 89.23 4.28 7.40 3.25 13.21 31.99 35.11 23.69 32.14 10.57 15.76
SEM 0.82 9.06 0.41 0.09 0.01 0.07 0.06 0.12 0.05 0.59 0.53 1.11 0.17 0.78
Susceptibility

High 58.77 266.85 59.01 89.39 4.32 7.65 3.53 13.70 31.94 34.01 23.75 32.75 10.38 15.12°

Low 58.47 255.57 57.76  89.47 4.27 7.39 3.35 13.30 31.98 33.93 23.21 30.05 10.36  14.24¢
SEM 0.10 3.99 0.44 0.03 0.02 0.09 0.06 0.14 0.01 0.03 0.19 0.95 0.01 0.31
Phytase

OFTU 57.00 244.31° 58.77 89.50 4.28 7.53 3.46 13.62 31.88 32.78> 22.55° 29.69° 10.04°> 13.19¢

500 FTU 60.24 278.11* 57.99 89.36 431 7.51 3.42 13.38 32.04 35.15* 24.41* 33.11* 10.69* 16.17°
SEM 1.15 11.95 0.28 0.05 0.01 0.01 0.01 0.08 0.06 0.84 0.66 1.21 0.23 1.05
P-values
Susceptibility 0.935 0.356 0.122 0.933 0.513 0.178 0.267 0.500 0.978 0.941 0.323 0.002 0.935 0.018
Phytase 0.366 0.008 0.330 0.881 0.733 0.900 0.800 0.686 0.888 0.028 <0.001 <0.001 0.016 <0.001

Susceptibility x Phytase  0.933 0.591 0.377 0.732 0.963 0.789 0.349 0923 0908 0991 0.098 0.372 0.387 0.875

2PMeans within the same column with no common superscript differ significantly
(P <0.05).
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Table 6.16. Effect of phytate susceptibility and phytase supplementation on femur strength, length, width, mineralisation and Ca and P content

Strength (N) Length (mm) Width (mm) Weight (g) Ash (%) Ca (% of ash) P (% of ash)

Diet di4 d28 di4 d28 di4 d28 di4 d28 di4 d28 di4 d28 di4 d28

High 0 FTU 60.22 182.86 45.51 68.40 4.89 8.53 2.58 10.05 33.65 33.63 24.20 33.12 12.86 15.23

High 500 FTU 61.69 219.02 45.20 67.20 4.79 8.91 2.45 10.73 33.73 34.87 29.51 37.88 15.52 17.62

Low O FTU 59.71 191.56  45.09 66.82 4.83 8.46 2.57 9.64 33.16 33.45 22.23 31.53 11.96 14.85

Low 500 FTU 63.15 211.44 44.60 67.28 4.88 8.56 2.62 9.84 33.22 34.72 27.14 35.77 14.85 16.45
SEM 0.67 7.30 0.16 0.29 0.02 0.09 0.03 0.21 0.13 0.32 1.39 1.22 0.72 0.54
Susceptibility

High 60.95 200.94 45.35 67.80 4.84 8.72 2.52 10.39 33.69 34.25 26.85° 35.50° 14.19° 16.42°

Low 61.43 201.50 44.85 67.05 4.85 8.51 2.59 9.74 33.19 34.09 24.69° 33.65° 13.40° 15.65°¢
SEM 0.17 0.20 0.18 0.27 0.01 0.08 0.03 0.23 0.18 0.06 0.77 0.66 0.28 0.27
Phytase

OFTU 59.96 187.21° 45.30 67.61 4.86 8.50 2.58 9.84 3341 33.54 23.21¢ 32.33¢ 12.41¢ 15.04¢

500 FTU 62.42 215.23* 4490 67.24 4.84 8.74 2.53 10.29 33.47 34.80 28.33° 36.82* 15.18° 17.04°
SEM 0.87 9.91 0.14 0.13 0.01 0.08 0.02 0.16 0.02 0.44 1.81 1.59 0.98 0.71
P-values
Susceptibility 0.881 0.950 0.258 0.212 0.885 0.172 0.532 0.179 0.611 0.992 0.001 0.011 0.039 0.021
Phytase 0.446 0.003 0.365 0.534 0.824 0.127 0.706 0.355 0.947 0.342 <0.001 <0.001 <0.001 <0.001
Susceptibility x Phytase 0.759 0.368 0.836 0.168 0.520 0.350 0.471 0.615 0.993 0.893 0.746 0.615 0.750 0.223

#bMeans within the same column with no common superscript differ significantly (P < 0.05).
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6.4.10. Correlations between factors

Each parameter measured was correlated against each other for each individual bird, to determine
how the different factors and mechanisms impacted on each other on a bird to bird basis. Table 6.17.
shows the correlations between the measured factors at bird age d14. Table 6.18. shows the
correlations between the measured factors at bird age d28 and Table 6.19. shows the correlations
between the measured factors and bone parameters, strength and mineralisation at d14 and d28.
Only significant (P<0.05) correlations are presented and only strong correlations are discussed. Strong
correlations are shown in red, medium correlations are shown in blue and weak correlations are
shown in green, based on the guidelines of Cohen (1988); weak R?°0.10 to 0.29, medium R?°0.30 to

0.49 and strong R%°0.50-1.
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Table 6.17. Correlations between factors in individual birds at d14

Gizzard Solubility Coefficient Ca
Gizzard Solubility Coefficient P
Jejunum Solubility Coefficient Ca
Jejunum Solubility Coefficient P
lleum Solubility Coefficient Ca
Jejunum Ca Digested (gikg diet)
Gizzard Phytate hydrolysed (gfkg)
Jejunum Phytate hydrolysed gfkg)
lleum Phytate hydrolysed (gfkg)
Supplemented Phytase (FTU/kg)

lleum Solubility Coefficient P
Jejunum P Digested (g/kg diet)

Gizzard Total Ca fgfkg)
Gizzard Total P (g/kg)
Gizzard Soluble Ca [gfkg)
Gizzard Soluble P (gfkg)
Heum Ca Digested [gfkg diet)
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Jejunum Total P {gke)
Jejunum Soluble Ca (g/kg)
Jejunumsaluble P k)
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0.841

lleumTotal P (gikg)

lleum Soluble Ca fgfkg)
lleum Soluble P (gflg)
lleum P Digested jz/kg diet)
Total Phytase (FTU/ke)

Weight [g)
Gizzard pH
Duodenum pH
Jejunum pH
lleum pH

AID Ca

AD P

Weight [g)

Gizzard pH

Duodenum pH 0.237

Jejunum pH

lleum pH 0.284

Gizzard Total Ca (g/kg) 0.201

Gizzard Total P gfkg) 0.226 -D.070 0.792

Gizzard Soluble Ca [g/kg)

Gizzard Soluble P (g/kg) 0.921
Gizzard Solubility Coefficient Ca 0.938 0.921
‘Gizzard Solubility Coefficient P 0.907 0.380 0.510
Jejunum Total Ca [g/kg)

Jejunum Totsl P (g/ks)

Jejunum Soluble Ca (g/ke) 0.20

JejunumsSoluble P (gfkg)

Jejunum Solubility Coefficient Ca 0.994 0.737
Jejunum Solubility Coefficient P 0.276 0.228| 0

0.789 0.554
lleum Tatal Ca [g/ks)
lleumTotal P [gks) 0.013
lleum Soluble Ca (g/kg) 0.252

lleum Soluble P [g/kg)
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Table 6.18. Correlations between factors in individual birds at d28
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Table 6.19. Correlations between factors and bone parameters, strength and mineralisation in individual birds at d14 and d28
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6.5. Discussion

6.5.1. Effect of phytate susceptibility and phytase supplementation on bird performance, GIT pH,

mineral utilisation, pepsin activity and bone strength and mineralisation

6.5.1.1. Performance

Interestingly, overall (dO to 28) BWG was significantly higher and FCR significantly improved in birds
fed the diets with high susceptible phytate compared to those fed diets with low susceptible phytate.
Among other factors instigated by the differences between the compositions of the diets, this may be
because mineral solubility, total ileal phytase activity and phytate degradation was higher in birds fed
the high susceptible phytate diets. BWG and FCR was also significantly higher in birds fed diets with
supplemented phytase and there were strong correlations between phytase activity and BWG
(r=0.555, p=0.031) and FCR (r=0.559, p<0.001) at bird age d28. This experiment presented slightly
confounding results in that pepsin activity increased with phytase presence. A possible explanation
for this is that phytate reduces pepsin activity which results in endogenous flow of amino acids and
minerals, reduced reabsorption of sodium and damage to membrane transporters (Liu et al., 2008).
Pepsin releases protein from protein-phytate complexes and phytase increases the rate of this release
and prevents complex formations occurring, thus improving protein digestibility (Kies et al., 2006). It
is possible therefore that performance was greater in birds fed the high susceptible diets because

there was comparatively less precipitation of protein with phytate in birds fed these diets.

Approximately only 30% (d14) to 50% (d28) of the total phytate hydrolysed was hydrolysed in the
gizzard, suggesting that susceptibility of phytate in the small intestine is as essential as its susceptibility
in the gizzard. This suggests the assay for measuring phytate susceptibility may require amendment
as involves just exposing the feed samples to conditions that mimic the gastric phase. The solubility
of phytate complexes is dependent on a number of factors, including duration of incubation, pH, molar
ratio of the mineral to phytate and presence of multiple cations (Maenz et al., 1999). The high

susceptible phytate diets contained rice bran which has been shown to increase digesta viscosity
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above that of wheat bran (Farrell and Martin, 1998), suggesting that gastric residence time may have
been greater in birds fed the high susceptible phytate diets, so there was greater time for degradation
of phytate mineral complexes to occur. Gizzard pH was sufficiently low in all diets in this study to allow
phytic acid hydrolysis to occur. Increases in phytate hydrolysis in the jejunum and ileum with bird age
were small compared to those in the gizzard, suggesting it was increased digesta retention time in the
gizzard that caused the observed increased phytate hydrolysis with age. The positive effect of phytate
susceptibility on bird performance may not be just due to a direct effect on mineral and protein
availability because binding of phytate to metallic cations not only makes them unavailable as
nutritional components but also has an impact on cell vesicular trafficking, DNA signalling and repair

and endocytosis (Bohn et al., 2008).

Birds fed the diets with high susceptible phytate hydrolysed significantly more phytate in the jejunum
at d28 and the ileum at both d14 and d28 than birds fed the diets with low susceptible phytate. This
is partly due to the difference in compositions between the two diets; the high susceptible phytate
diets contained rice bran and the diet with low susceptible phytate diets contained wheat bran. Rice
bran and wheat bran, despite having high levels of Ca (0.64% and 0.91% respectively) and P (1.69%
and 0.70% respectively), are viewed as undesirable cereals for poultry diets, predominantly because
they have high phytate values (approximately 5.3% and 2.5% respectively). This is because milling to
produce bran fractions concentrates the phytate. Approximately 47% of the phytate in wheat bran is
susceptible to the effects of phytase, whereas approximately 94% of the phytate in rice bran is
susceptible to hydrolysis by phytase, which suggests that that supplementing poultry diets with
phytase could enable rice bran to be used more successfully as an ingredient in poultry diets. This is
demonstrated in this study, in that performance results for birds fed the rice bran based diets were
similar to or better than found in previous studies where birds were fed standard commercial wheat-

soyabean based diets when supplemented with phytase.
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6.5.1.2. Gastrointestinal pH

At d14 duodenum pH was significantly higher in birds fed the diet with high susceptible phytate diets
compared to the low susceptible phytate diets possibly due to increased Ca release from phytate-Ca
complexes. Duodenum pH was highest at d28 in birds fed the high susceptible phytate diets with 500
FTU/kg phytase which suggests that bicarbonate ion secretion into the duodenum was increased to
overcome heightened acidity of the digesta from the gizzard. This decreased acidity may have been
caused in part by the higher levels of phytate in the gizzard of birds fed this diet which caused
increased secretion of HCl in response to a higher presence of intact protein. The decreased acidity
in birds fed diets with phytase may be because gastric residence time was lower as less intervention
was needed by the bird to provide optimum pH for pepsin activity. Pepsin activity was higher at this
pH possibly because the phosphate groups from phytate were able to interact with a-NH, more readily
in this environment, so more pepsin was secreted to compensate for lost proteolytic capacity in
response to increased phytate-protein complexes (Selle et al., 2000). It appears that susceptibility of
phytate to phytase has an impact only when the pH range is outside the range for phytate solubility.
This again illustrates that phytate susceptibility influences phytate hydrolysis in the small intestine as
well as the gizzard, and hence possibly dictates the efficacy of endogenous intestinal bacteria and
mucosa phytase efficacy. Pepsin activity was also greatest in birds fed the diets with high susceptible
phytate as there was more pepsin present to compensate for the higher total phytate concentration
and because gizzard pH was closer to the optimum of 2.8 for pepsin activity (Walk et al., 2012). The
higher water holding capacity of rice bran compared to wheat bran may have increased pH in birds

fed the high susceptible phytate diets (Silveira and Badiale-Furlong, 2009).

6.5.1.3. Mineral Solubility and Absorption

The greater amount of soluble P in the gizzard and more soluble Ca and P in the jejunum and ileum in
birds fed the high susceptible diets at d28 illustrates the greater response of this diet to phytase effects.
When phytate is in excess, formation of soluble complexes between phytic acid and a metal ion
produces predominantly 1:1 relative quantities of reactants and products, whereas when the relative
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guantities are between 1:2 and 1:5, pure phytic acid metal salts precipitate. When metal ions are in
excess, phytic acid becomes phytate (Vasca et al., 2002). Only very low or very high metal: ion ratios
are able to then increase phytate solubility (Bohn et al., 2008). In this study phytate was in greater
excess in the high susceptible diet than the low susceptible diet, meaning the phytate was more
soluble, hence phytate hydrolysis was greater.

At d14 Ca and P presence in the gizzard directly influenced mineral presence in the jejunum (r=0.782,
p<0.001 and r=0.771, p<0.001 respectively), but mineral presence in the jejunum had no effect on the
ileum due to absorption of minerals in the jejunum (r=0.051, p=0.088). At d28 however the opposite
was true, Ca and P presence in the ileum was effected by that in the jejunum, whereas mineral
presence in the gizzard had no impact on the jejunum. This suggests that bird response to phytase and
mineral utilisation may vary with age depending on stage of growth and requirement. The high
susceptible diet contained more wheat than the low susceptible diet, and the endogenous phytases
in wheat are not inhibited by Ca?* unlike endogenous phytases in many other cereals (Tang et al.,
2006). This potentially explains why the higher Ca levels in the high susceptible diet did not have a
negative impact on phytate-P hydrolysis.

The lower mineral solubility in birds fed the low susceptible phytate diets compared to the high
susceptible phytate diets may be because there was incomplete dephosphorylation of the inositol ring
of phytate in birds fed this diet. This may have resulted in a higher presence of IP4 and IP3, and
therefore less IPg for phytase to act on. It may also have increased the presence of IPswhich is able to
complex to cations. This suggests there may have been only partial release of Ca which may have
promoted Ca-phosphate and Ca-phytate precipitation. Unlike IPs, IP;and lower inositols do not reduce
mineral absorption directly, but instead interact with phytate and contribute towards negative
mineral absorption (Sandberg et al., 1999).This requires further investigation as the lower inositol
esters were not measured in this study. Absorption of Ca was greater in birds fed the diets
supplemented with phytase which potentially had a direct impact on performance due to reduced

formation of insoluble calcium soap with fatty acids in the gut lumen (Diarra et al., 2010). Also, phytate
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forms complexes with Ca ions which are required for endogenous a-amylase activation, thus increased

Ca availability increases carbohydrate metabolism (Liu et al., 2008).

6.5.1.4. Pepsin Activity

In this study pepsin activity increased with phytase presence which is in agreement with the work of
Liu et al. (2009) who found that phytase inclusion of 500 FTU/kg increased the activity of pepsin by
12%. This finding is however in contrast with some of the literature in which it is stated that phytase
may spare excess pepsin secretion by hydrolysing phytate and alleviating the negative effect of
phytate (Cowieson et al., 2007); for example found Walk et al. (2012) found phytase level of 5000
FTU/kg reduced pepsin production by increasing its efficiency and Esmaeilipour et al. (2011) found
that phytase increased stability of pepsin by 6.5% and hence reduced its production. Also, birds fed
the high susceptible phytate diets had higher pepsin activity at both d14 and d28 than those fed the
diets with low susceptible phytate. This may be because more phytate-complexes could be readily
dissolved in birds fed the high susceptible phytate diets so there was a reduced inhibitory effect of
phytate on pepsin. There was also more protein present for pepsin to hydrolyse, resulting in increased
pepsin secretion. Pepsin activity was also strongly correlated with soluble P content in the gizzard
(r=0.676, p<0.001), jejunum (r=0.720, p<0.001) and ileum (r=0.743, p<0.001) and soluble Ca content
in the jejunum (r=0.641, p<0.001) and ileum (r=0.722, p<0.001) at bird age d28. This may be because
pepsin releases protein from phytate-protein-mineral complexes (formed both in the gastrointestinal
tract and in cereals as globoids) which weakens the complex and releases minerals. The observed
effects may be partly because phytase neutralises the negative effects of phytate on protease activity
and hence increases the presence of peptide end-products from protease digestion which are involved
in protein digestion regulation. Phytase may therefore have increased pepsin activity by alleviating
the suppressive effect of phytate on proteolytic enzymes, although this would require further
investigation. Pepsin activity was higher at d14 than d28 possibly because digesta residence time in
the younger birds was shorter and hence proportionately more pepsin per gram of digesta was
secreted.
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Phytase prevents precipitation of protein with phytate by increasing the rate of release of protein
from a phytate-protein precipitate and inhibiting complex formation (Kies et al., 2006) and phytate-
protein aggregates leave unsuitable protein substrates for pepsin (Yu et al., 2012). There were strong
correlations between pepsin activity and both total and supplemented phytase activity at bird age d14
(r=0.590, p<0.001 and r=0.566, p<0.001 respectively) and d28 (r=0.730, p<0.001 and r=0.701, p=0.001)
and between pepsin activity and the amount of phytate hydrolysed in the jejunum and ileum at d28
(r=0.666, p<0.001 and r=0.546, p<0.001 respectively). Pepsin is able to release protein from
precipitates alone, but the process is speeded up by phytase.

At gastric pH, Ca has the same solubilising effects on protein and phytate as pepsin (Pontoppida et al.,
2007) and Ca ions dissociate insoluble phytate-protein complexes which form soluble Ca-phytate. This
occurs through competition for binding to the phosphate groups of phytate between divalent cations
and the positively charged sites of the protein. Low pH promotes pepsin activity and hence increases
protein digestion, particularly digestion of amino acids that are associated with pepsin activity such as
serine, glutamine, leucine, and tyrosine (Walk et al., 2012). The observed increased performance in
birds fed the diets containing phytase may also be because hydrolysis of phytate leads to reduced
mucin loss, increased mucosal protection from microbial growth, improved pancreatic enzyme activity
and heightened amino acid digestibility. This is because phytate removes Ca from the mucin, due to
its requirement for divalent cations, which alters its fluidity because Ca makes mucin smaller and more

dense through to loss of intramolecular water (Moran, 2006).

6.5.1.5. Bone Strength and Mineralisation

The direct effect of phytase on both increasing hydrolysis of phytate-bound Ca and P and elimination
of the antinutritional effects of phytate on divalent cations and other mineral chelators explains why
birds fed the diets with phytase had increased tibia and femur Ca and P at d14 and d28 and improved
bone strength at d28. Bone strength was more sensitive than ash content to dietary effects in this
study potentially due to the methodology used (Rath et al., 2000). In this study susceptible phytate
content had no impact on bone strength or ash content at either bird age studied. Birds fed the diets
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supplemented with phytase had better tibia and femur strength at d28 possibly because phytase
promoted bone development and helped maintain serum Ca values at their optimum in the blood,
resulting in optimum bone development.

Biochemical adaptations mean that the proximal epiphysis of both the tibia and femur is affected most
by diet, due to the impact and pressure put on the bones by ligament action and muscle tension to
support the muscles during growth (Wideman and Pevzner, 2012). This explains why at bird age d28
there were strong correlations between BWG and tibia and femur length (r=0.503 p<0.038 and
r=0.549, p<0.001 respectively), strength (r=0.571, p<0.001 and r=0.418, p=0.003) p<0.001 respectively)
and width (r=0.533, p=0.011 and r=530, p<0.001 respectively). Femur length, strength, weight and
width also correlated strongly with pepsin activity (r=0.728, r=0.993, r=603 and r=702 respectively,
p<0.001 for all). This is possibly because, as stated previously, more Ca and P can be released from
protein-phytate-mineral complexes because pepsin releases the protein from these complexes,
subsequently weakening the bond between the phytate and minerals, and phytase helps speed up
this process. Phytase presence may also have increased glycine and serine availability and digestion,
resulting in increased collagen strength (Selle et al., 2007). This, coupled with increased mineral
solubility, resulted in more Ca and P present for bone formation, hence why there were also strong
correlations between femur length, strength, weight and width and Ca solubility in the jejunum
(r=0.713, r=0.628, r=0.553 and r=0.687 respectively, p<0.001 for all) and ileum (r=0.816, r=0.710,
r=0.681 and r=0.764 respectively, p<0.001 for all) at bird age d28. In the growth phase the majority of
Ca is used for bone formation in order to support body weight, with P deposition following Ca
deposition (Barreiro et al., 2009). The lower femur Ca and P content at bird age d14 and d28 and tibia
P content at d28 in birds fed the low susceptible diet is largely due to reduced release of minerals from
phytate-mineral complexes, but may also be partly because this diet had slightly higher fat content,

which may have reduced intestinal absorption of minerals.

There are conflicting views as to whether the tibia or femur is most sensitive to the Ca:P ratio and the
impacts of phytate on phosphorus. In this study the tibia was more sensitive than the femur to phytase
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effects but the femur was more sensitive to phytate susceptibility than the tibia. This may be because
the femur reacts most to changes in bodyweight and skeletal mineralisation partly because external
torsion on femurs is greater than that of tibias, suggesting the effects observed in the femur may have
been primarily a response to the indirect effects of phytate susceptibility on increasing bodyweight,
as opposed to a direct effect of phytate hydrolysis on mineral availability (Applegate and Lilburn, 2002).
Cellular sensitivity is however greater in the tibia than in the femur, especially at the epiphyseal end
(Kocamis et al., 2000) so the tibia response is a result of increased release of minerals from phytate
by phytase. This difference emphasises why it is important to measure both tibia and femur

mineralisation and strength in this type of study.

6.5.1.6. Conclusion on effect of feeding broilers diets differing in susceptible phytate content

The organic P component of feed ingredients fed to poultry exists in both phytase-susceptible and
phytase-resistant forms, and binding of divalent cations to phytate can cause a portion of dietary
phytate to be resistant to hydrolysis by phytase. This study showed that birds fed diets with high
susceptible phytate content had significantly higher cumulative BWG and FCR, P solubility and phytate
degradation in the jejunum and ileum, pepsin activity and femur Ca and P content at bird age d28 than
birds fed diets with low susceptible phytate content. Consequently, accuracy of diet formulations and
phytase matrix values could potentially be improved by measuring reactive phytate content of the
individual ingredient being fed as opposed to an accepted total phytate content value for the
ingredient, although further investigation is required to confirm this. This study also suggests that the
effect phytase supplementation will have on bird health and performance could potentially be
anticipated by measuring how much of the total phytate in a diet is susceptible to the effects of

phytase in vitro prior to feeding.

6.5.2. Interactions between factors
The correlations seen between total and supplemented phytase activity and pepsin at both d14 and

d28 are possibly because phytate binds to the peptide that activates pepsin, and hence obstructs
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conversion of the zymogen to pepsin (Yu et al., 2012) and because phytase alleviates the suppressive
effect of phytate on pepsin. Phytase efficiency is dependent on phytate solubility which is affected by
intestinal pH and Ca levels as illustrated by correlations between total and supplemented phytase
activity and the Ca solubility in the jejunum and ileum at d14 and d28, ileum pH at d14 and gizzard pH
and soluble Ca content at d28. As shown in this study, gastrointestinal pH varies considerably between
individual birds resulting in large variation in Ca and P solubility and hence availability for absorption
between individuals.

The ability of phytase to degrade phytate is negatively affected by high dietary Ca levels and high Ca:
AvP ratios. The observed correlation between supplemented and total phytase activity and Ca and P
solubility possibly relates to the ability of phytase to alleviate binding of minerals to phytate and
hydrolyse phytate, which in turn balances the soluble Ca and P in the small intestine, reduces
digestible P to Ca ratios and reduces dietary buffering capacity. The consequence of this is decreased
precipitation of calcium phytate and calcium phosphate and hence improved digestibility of Ca and P
and therefore improved performance and bone mineralisation, observed in this study as correlations
between jejunum and ileum Ca and P solubility and both bodyweight and measured bone parameters.
The correlation between phytate hydrolysed in the jejunum and ileal mineral solubility may be partly
because phytate binds to metal ions that are required as cofactors for digestion. For example, a-
amylase requires Ca as a cofactor (Cowieson et al., 2006) so increased secretion of pancreatic a-
amylase, in response to presence of undigested food in the small intestine, would result in increased
secretion of Ca, although these effects are likely to be very small and requires further investigation.
Consequently, the secretion of cofactors is increased through negative feedback mechanisms due to
phytate binding to the cofactors as well as to dietary proteins and digestive enzymes directly. Reduced
apparent mineral digestibility by phytate may be due to reduced availability of dietary minerals for
absorption, increased endogenous secretion of minerals in the gut lumen or a combination of the two.
The correlation between pepsin activity and P solubility in the jejunum and ileum and Ca solubility in

the ileum at d28 may be because phytase combats the negative effect of phytate on enzyme activity
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and mucin production in the small intestine. Additionally there may have been reduced gizzard pH
because HCI production was high in response to the presence of phytate-pepsin complexes and also
the diets contained wheat and rice bran, so digesta retention time may have been high. It should
however be noted that mineral solubility in water does not necessarily correlate with bioavailability,
partly because a highly soluble minerals are more susceptible to dissociation and resulting binding to
phytate.

The correlations between individual bird tibia and femur strength and body weight at d14 and d28
illustrates that birds with higher body weights may have stronger bones and thus body weight
potentially dictates bone strength. Bone strength is also determined by degree of mineralisation of
the bone matrix and volume and structure of the bone tissue (Boivin and Meunier, 2002), as seen by
correlations between tibia and femur strength, width and length at d14. This is dictated by
physiological maturity of the bird as well as nutrition, genes for expression of collagen and proteins,
guantity and quality of the organic and inorganic material and structure of the bone (Rath et al., 1999;
Boskey et al., 1999). It should however be noted that in this study bone length and width were
measured with callipers which does not indicate bone curvature so this may not have been the most
appropriate method; measuring bone length and width using a pachymeter may be a more accurate
alternative (Soares Da Silva Araujo et al., 2003).

In this study there were no correlations between bone strength and ash, Ca or P content in either the
tibias or femurs at either bird age. This may be because in this study bone strength was measured by
three-point bend test, which measures the ultimate load put on the bone until it breaks. This alone
may not completely quantify bone strength, as it reflects just the rigidity of the bone and elastic
deformation until the point where the bone is no longer resistant. It is therefore imperative to
measure both bone strength and bone mineralisation to obtain a complete assessment of bone
strength at different ages, as bone mineralisation indicates compressional strength. For example, Rath
et al. (2000) found bone strength and ash peaked between d21 and d35, followed by reduced strength

but not reduced bone ash.
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The amount of phytate hydrolysed in the ileum and ileal soluble P content correlated with tibia and
femur ash and Ca and P content at d28 but not at d14, possibly because bone density does not reach
its peak until between d21 and d28 post-hatch (Talaty et al., 2010) and the amount eaten by the birds
is lower and more varied between individuals at d14. Hypocalcaemia, due to reduced dietary Ca
availability, leads to weaker bones and lower mineralisation through a reduction in collagen
crosslinking and instigation of PTH secretion and vitamin D synthesis which releases bone minerals
(Talaty et al., 2009). The interaction between Ca, P, vitamin D and other calcitropic hormones is
complex and requires that Ca and P in poultry diets is balanced as Ca combines with P to form calcium-
phosphate crystals. This is demonstrated by strong correlations between Ca and P in the tibia at d28
and femur at d14 and d28 and between tibia P and Ca and femur P and Ca at both d14 and d28. Dietary
protein level also has a direct effect on bone strength as excess protein intake can cause negative Ca
balance and hence inhibit bone growth, so it is necessary to supplement Ca with protein to maintain
optimal Ca balance and bone health. The protein levels in the diets in this study were at a level that

facilitated bone formation.

6.5.2.1. Conclusion on the relationships between factors that influence and respond to phytate
degradation

This study showed that total and supplemented phytase activity directly increased pepsin activity at
both d14 and d28, possibly due to hydrolysis of phytate which inhibits pepsin. This study also showed
that total and supplemented phytase and pepsin activity increase jejunum and ileum soluble Ca and P
content due to release of minerals from phytate-mineral and phytate-protein-mineral complexes.
Interestingly, in this study it was phytate hydrolysis in the jejunum as opposed to the gizzard that
significantly correlated with total and supplemented phytase, pepsin and tibia Ca content. Phytate
susceptibility appears to impact on phytate hydrolysis in the small intestine as well as in the gizzard.
This suggests that phytate susceptibility potentially influences endogenous bacteria and mucosa
phytase efficacy, and that the assay used to measure susceptible phytate may need to be modified to
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encompass exposing the samples to small intestine phase environmental conditions as well as gastric

phase.

6.6. Implications

It is widely accepted that response to phytase is largely dictated by the concentration of phytate, level
of supplemented phytase, the intrinsic properties and source of the phytase and feed particle size
(Amerah and Ravindran, 2009). This study however suggests that the susceptibility of phytate to the
effects of phytase should also potentially be considered when developing phytase matrix values and
formulating diets as could act as a tool to indicate the response to phytase. Measurements of
susceptible phytate content could therefore enable the effect phytase supplementation will have on
bird performance to be anticipated prior to feeding, although this requires further investigation. This
study also suggests a deeper understanding of the impact of supplemented phytase on pepsin activity

is required, as it has been demonstrated that they work synergistically to enhance mineral availability.
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CHAPTER 7: Conclusions and Recommendations

Phytate reactivity, and hence phytase efficacy, is dictated by conformation and configuration of the
phytate molecule, the pH of the tract environment, the presence of substrates that may compete with
phytate for mineral binding, the source of phytate and the volume of phytate ingested (Cowieson et
al., 2006). In this section the potential importance of determining phytate susceptibility to phytase
and the effect of supplementing high levels of phytase in broiler diets will be discussed. The impact of
pH on phytate susceptibility and protein-phytate interactions in the broiler gastrointestinal
environment, and the impact of endogenous intestinal phytase on phytate degradation will also be

discussed.

7.1. Availability and reactivity of phytate in ingredients and diets fed to broilers, and in the

different environments of the broiler digestive tract

7.1.1. Phytate susceptibility to the effects of phytase

Measurements of total phytate concentration do not necessarily indicate substrate availability for
phytase (Dayyani et al., 2013); this study suggests it may instead be measurements of phytate that is
susceptible to the effects of phytase that could enable accurate determination of phosphorus
availability for the bird. Measuring phosphorus release from phytate-P complexes after the diets have
been exposed to conditions that mimic the GIT may therefore be the most accurate way to predict
phytate degradation and enhance accuracy of phytase matrix values. This is illustrated through data
presented in Chapter 6 in that BWG, FCR, P solubility and phytate degradation in both the jejunum
and ileum, pepsin activity and tibia and femur Ca and P content was significantly higher in birds fed
diets containing high susceptible phytate compared to those fed diets containing low susceptible
phytate, despite a greater total phytate content in the high susceptible phytate diets. As shown in the
study observing susceptible phytic acid content of common feed ingredients fed to poultry in the UK
(Chapter 3 Section 3.5.), phytate susceptibility varies considerably between ingredients and between

batches of ingredients, and total phytate content appears to bear no relationship to the susceptible
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phytate content of an ingredient. Further investigation is required to determine feed ingredient
combinations which have the greatest susceptibility to the effects of phytase. Both total and
susceptible phytate content can be measured using simple colorimetric assays and measuring

susceptible phytate takes little more time than that required to measure total phytate.

7.1.2. Superdosing phytase

The current phytase dosage in most commercial broilers is approximately 500 FTU/kg of E. coli phytase
equivalents, but doses higher than this result in further improvements in bird performance, as
illustrated in Chapter 4 when doses of 5000 FTU/kg were fed. Rather than just increasing release of
minerals and amino acids from phytate-complexes, higher phytase doses increase phytate destruction
so the extra-phosphoric anti-nutritional effects of phytate are alleviated. Phytate destruction results
in subsequent production of lower inositol-phosphate esters (IP1-1P4) which are more soluble in the
small intestine than IP¢ and IPs and have a lower capacity to chelate divalent cations. This suggests
that feed ingredients currently viewed as undesirable due to their high phytate content could

potentially be usable in poultry diets when combined with high phytase doses.

7.1.3. Gastrointestinal pH

This project illustrates that gastrointestinal pH has possibly the greatest impact on the interaction
between phytate and feed components (illustrated in Chapter 4 Section 4.4.3., Chapter 5 Section
5.4.2. and Chapter 6 Section 6.4.2), alongside the presence of components that may compete with
phytate for mineral binding and the volume and type of ingested phytate. Findings from this project
suggest that phytase appears to reduce the requirements for HCl secretions which makes gastric pH
closer to the optimum for pepsin and for phytate-complex degradation (pH <3), and hence improves
ileal amino acid digestibility. Additionally, less intervention is required to alter pH which reduces
gastric residence time (Maenz, 2001). The study presented in Chapter 4 supports the proposal that

high phytase levels assist Ca release, potentially releasing sufficient Ca from Ca-phytate complexes to
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maintain performance and bone ash, suggesting it may be advantageous to feed reduced Ca and high

phytase diets in order to obtain optimum gastric pH.

7.1.4. Protein-phytate interactions

The isoelectric point of a protein source determines the strength of the interactions between phytate
and protein, and hence the ability of phytases to release protein from phytate-protein complexes. At
gastric pH, phytate has a strong positive charge and protein has a strong negative charge resulting in
binary protein-phytate complexes that are relatively soluble (Selle et al., 2012), hence why phytate is
most susceptible to the effects of phytase here. At intestinal pH, both proteins and phytate are
negatively charged and have strong electrostatic attractions with a net positive charge, resulting in
formation of tertiary protein-phytate complexes which are not easily hydrolysed. In this project
intestinal pH was lower, and hence further away from the isoelectric point, in birds fed diets with high
phytate and low susceptible phytate content, which may have resulted in heightened presence of
pepsin-resistant protein-phytate complexes being formed and hence reduced performance in birds
fed these diets. This highlights the significant impact that GIT pH has on protein digestibility and hence

bird performance.

7.1.5. Endogenous phytase

There is a common misconception that poultry lack any endogenous phytase, however, an
investigation within this project (Chapter 5) illustrated phytase activity from intestinal mucosa,
bacteria and the diet reaches levels of 45 U/kg in digesta by bird age d14 and the amount of total
dietary phytate hydrolysed ranged from 21% to 36%. However, the impact of endogenous phytase
remains small compared to the effect of supplemented phytase due to their site of action within the
gastrointestinal tract: supplemented phytases work in the gastric phase, where phytate-complexes
are relatively soluble, whereas endogenous phytases are produced mainly in the duodenum where
phytate solubility is greatly reduced (Maenz and Classen, 1998), thereby reducing their potential

efficacy.
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7.2. Future Research and Development

The use of phytase in poultry feed, and hence interest in phytase research, is anticipated to increase
globally in the future. This is driven largely by depletion of global phosphate supplies and increasing
focus on sustainability. Inorganic phosphate supplies are non-renewable, the quantity and quality are
declining and production costs are increasing. Increased efficiency of phytate-P utilisation could aid
the preservation of global P reserves (Selle et al., 2007). Research into phytase is not only driven by
its economic and environmental impact on generating bioavailable P but also by recognition of its
extra-phosphoric effects and the development of matrix values for amino acids and energy, as
demonstrated in this project and other recent publications. This section explores the future of phytase

and makes recommendations on how key findings from this project may be applied.

7.2.1. Zinc deficiency as a tool for measuring phytate effects

Zinc is the cation most vulnerable to formation of complexes with phytate and zinc deficiency in
broilers occurs only when phytate is present (Kornegay, 2001). This suggests the degree of zinc
deficiency could be used as an indicator of the chelating capacity and hence anti-nutritional impact of
phytate, and phytate susceptibility to phytase. It may be advantageous therefore to measure zinc
concentration in the duodenum when analysing the impact of phytate in nutrition studies. This is
because the shift of pH in the duodenum causes phytate to readily seek cations (chiefly zinc) with
which to complex, and subsequently the rate of zinc secretion into the duodenum via the pancreas
exceeds the rate at which dietary zinc is consumed. This also suggests that zinc deficiency could be
completely eliminated by supplementing diets with high levels of phytase. A valuable area of future

research is the use of zinc responses as a tool to investigate phytate susceptibility.

7.2.2. Mineral chelators
Mineral chelators, such as EDTA and citrate, can assist the conversion of phytate from phytase-
resistant to phytase-susceptible form in the gastrointestinal environment (Maenz et al., 1999). Such

chelators can remove the divalent cations that bind to phytate making that portion of it resistant to
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phytase and hence increase susceptibility to phytase. It would be advantageous to determine the most
effective competitive chelator, or combination of chelators, and the optimum supplementation level
in a range of diets, with regards to enhancing phytase activity and improving phytate susceptibility.
Chelators can also improve mineral solubility via competitive chelation; the chelator binds to minerals,
therefore decreasing the amount of minerals available to form insoluble phytate-mineral complexes.
Mineral-chelate complexes are soluble (Vieira, 2008) and can therefore be absorbed intact, or the
minerals can be released to binding sites on the brush border membrane of intestinal epithelium. It is
probable that chelators have a greater beneficial effect on diets that have high phytate, low

endogenous phytase and high multivalent mineral levels, but this requires further analysis.

7.2.3. Improved analysis of tibia and femur health

This project has emphasised the need for clarity in measuring bone parameters. The 3-point bend
method used in this project to analyse bone breaking strength was successful at detecting some
dietary effects on bone formation. As this method measures only the ultimate load on the bone prior
to breaking, only deformity and elasticity rather than compressional strength experienced by the bird
are measured, suggesting its ability to truly reflect bone health may be questionable. This method also
assumes that the bone is a compact cylinder and considers only external diameter of the bone, and
hence does not take into account the considerable variability in internal composition of bones (Winter,
2008). Shear or torsion testing may be more advantageous methods for measuring bone breaking
strength as these approaches account more for bone geometry and generate data that are more
representative of the types of injuries seen at processing, although this would require extensive
validation before the method could be universally adopted for measuring bone strength in poultry.
Bone mineralisation is considered to quantify compressional strength (Rath et al., 2000), so bone ash
content is often used as an indicator of strength. Bone mineral density, which is measured by methods
including X-ray and ultrasound, is considered to more accurately reflect bone mineral content and
quality and is valued because it is non-invasive (Barreiro et al., 2011). Bone density is however subject
to change based on the organic content the bone whereas ash content does not, and analysis of bone
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density is more costly compared to analysis of ash content. This suggests that further investigation is
needed into the most accurate method for measuring both bone breaking strength and mineral
content. It is, however, clear that both need to be measured as alone these factors are not able to
ascertain bone health; for example, a deformed bone will have different breaking strength compared
to a normal bone even if they have similar mineral and organic matrices.

It would also be advantageous to measure other minerals in bones besides Ca and P as an indicator of
bone health. With regards to measuring mineralisation, many authors have found that hydroxyapatite
and aluminium have similar density, so it is potentially possible to reduce time spent measuring bone
Ca and P content by measuring aluminium content using radiology and comparing it to the amount of
Ca and P using a pre-determined scale (Almeida Paz and Bruno, 2006).

It may be beneficial to measure zinc in broiler bones because, as stated earlier, phytate is a potent
zinc chelator and zinc is important for stimulating osteoblast activity and for suppressing osteoclast
activity (Park et al., 2013). Measurements of magnesium content in bones could indicate increased
precipitation of Ca and P caused by phytate. This is because high levels of Ca and P cause manganese
deficiency because precipitation of calcium phosphate in the intestinal tract leads to decreased
absorption of magnesium (Bao et al.,, 2010). It may also be valuable to measure sodium in bones
because phytate has a negative effect on acid-base balance, due to its impact on Ca, which affects the
impact that sodium has on acid-base balance and lowers osmotic pressure. The result of this is soft
bones and retarded bone growth. Also, copper causes bones to become more fragile, epiphyseal
cartilage to become thicker and vascular diffusion of thickened cartilage to be reduced (Mikulski et al.,
2009). Zinc, magnesium, copper and sodium deficiency can result in shortening and thickening of leg
bones suggesting measurements of the length, width and strength could directly indicate the extent
of the anti-nutritional effects of phytate. Additionally, there is evidence to suggest that silicon is
localised in active calcification sites in bones and hence dietary silicon supplementation may improve
bone development in broilers, suggesting it may also be advantageous to measure silicon in broiler

leg bones (Elliot and Edwards, 1991). These minerals can all be measured at once using the ICP-OES
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assay used to measure bone Ca and P content, therefore providing a powerful profile for no additional

cost or time.

7.2.4. Improved phytase efficacy

Research effort is required to develop microbial phytases with greater capabilities for degrading
phytate, resulting in a further decrease in P excretion and production of better extra-phosphoric
responses. These phytases need to have higher specific catalytic activity (per unit of protein) and
higher activity in wider pH ranges (Marquardt and Bedford, 2001).

There is evidence to suggest that the feeding of other enzymes alongside phytase could improve
nutrient utilisation. For example, Ravindran et al. (1999) and Zyla et al. (1999) found that combinations
of phytase and xylanase in wheat-based diets was advantageous, possibly because the xylanase
facilitates substrate access for phytase and increases the absorption of nutrients liberated by phytase.
Also, supplementing acid phosphatase with phytase, and combinations of 3-phytases, 6-phytases and
acid phosphatases could accelerate dephosphorylation of phytate (Zyla et al., 2004).

Itis well established that higher phytase doses increase phytate degradation, but further investigation
is needed into the maximum level that can be supplemented with beneficial results. Shirley and
Edwards (2003) found that supplementing maize-soyabean meal diets with a maximum of 12,000
FTU/kg phytase resulted in phytate degradation of 94.8% which had a significant impact on bird
performance, tibia ash and AME. Investigation is required into whether inclusion levels this high have
any negative effects of broiler health, whether it is worth the extra financial cost and whether efficacy

can be increased even further to achieve complete dephosphorylation of phytate.

7.2.5. Feeding ingredients with reduced phytate content

Recent identification of genes that suppress phytate synthesis, resulting in low-phytate seeds, suggest
it may be possible to diminish phytate accumulation in feed ingredients (Nyannor et al., 2007; Raboy,
2007) and hence reduce the requirement for P supplementation in poultry diets. Low-phytate seeds,

including corn, barley and soyabeans, and high phytase crops, particularly wheat, have been shown to
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have increased P bioavailability, but the adoption of this approach is dependent on global acceptance
of genetically modified crops (Sands et al., 2003; Hatzack et al., 1999) and how readily available these
crops are which will dictate the cost efficiency. Another possible method is to pre-treat feed
ingredients with phytase to reduce their phytate content. This has been found to be a particularly
advantageous approach in oilseed meals, for example Newkirk and Classen (2001) found that feeding
broilers diets containing rapeseed meal that had been pre-treated with phytase resulted in higher
amino acid digestibility. Additionally, the development of transgenic birds that are able to produce
greater levels of endogenous phytase could be beneficial, although again this is dependent on public
acceptance (Debnath et al.,, 2005). The costs and advantages of these approaches however require

further research.

7.3. Recommendations

e Dietary phytate that is susceptible to phytase effects as opposed total phytate content should
potentially be considered when determining phytase matrix values. Both total and susceptible
phytate content can be measured using simple colorimetric assays. For optimum response to
phytase it may be beneficial to formulate diets based on the susceptible phytate content of
the individual batch of ingredients being fed.

e Some feed ingredients have high total phytate content but also high susceptible phytate
content, meaning they have the potential to be used as replacements for more expensive,
unsustainable feed ingredients such as soyabean if used in the presence of phytase. This is
particularly the case in diets supplemented with high doses of phytase (>500 FTU/kg), because
high phytase doses alleviate the extra-phosphoric anti-nutritional effects of phytate as well as
increase mineral availability.

e Intestinal and cereal-derived phytase activity is quantifiable in regulating phytate-P digestion,

and should hence be considered when developing phytase matrix values.
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e Excessive dietary limestone levels in poultry diets, and possibly in other species, potentially
has negative implications on gastrointestinal pH due to the high buffering capacity of

limestone (Morgan et al., 2014).
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A comparison of two methods for determining titanium dioxide
marker content in broiler digestibility studies
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The tse of inert markers 42 Broitr cets aVaninates she moad 10 quanbitatively eknite fod intale and axcrels culpol & deemine
ahef algesatiiny, and enahles nuinent upfake ar specifc points Mg the gastoitastisnl Fact 20 be examined. Tianum dando
(TR0, is commnanly wsed for this pupese and measwred wsing a UY-spectrophotometn ssay. Two exgoviments weve conducted
& obsane wheshey an Waacavaly coupad phasma coical eovssion specroptbotonme ey (CP-GES) assay (s able (o rapdace the
UV-spectroscopy @ssay far rapid anadysis of 170 i brover feed and o’ digesta samyies. (0 she frst expeniment, TR0, meas adkded
af 5 grky 10 19 heafer defs. Ross 708 s brotrs it = 952) fedf these diets wene invaked i1 2 sevies of digesdion stodies to
dedermine doo a\gesta revoreny of X0, in the secand cupoviment, definad amrounts of 1iD, wave added fo Noal digesta samplos
from Ross 208 make beaders by = 176 a0 TAD, recosevies were dsenmmined The foad and Maal sarnpdes rom dolh sxpermants
were anafysed by both UV-spectroscapy and NP-OES, and relatodness of she Padings Som the two assays was detovmioed,
Ovevra redatecness of the T assays was hong fov delermiination of 130, conceniration i dath the broder diels and dral digests
samples £ = G908 and 1 = 0.884 reipectivel)). Overal ecowy of spdemented Ti0, was 97.62% Dy Me UV-Spectascopy assay
and $8.77% by the ICP-0ES essay. The KOP-OES assay in ¥vs study was 25 accorale as specivophotometne determimahion fov the
quannificanion of 110, condent The KOP-DES methed gan a5 e ssed to ana)se sevacy’ aaments mithin ane assay, witm 2 single
preparation step, and dhus the measwement of 110, may be hoovparated ato the analysis of ather minevals. Tvme and resources

AAGted o deteaminitg ded ApestionTy (o Sroviys coold Be mitverised by using the ICP-0ES assay 1o replace e

WNV-apeciroscopy assay whan measuning 110, concantrasion.

Kirgmordi: brale: tiinim doide, dgmtizbty, nethosslogy
implications

Tranum diasice {T10;] 15 commonly added as 2n inerd madker
%0 boder ciets tn enable diet digesthilty to bo determined.
This study demsarstrates $at an inductively coupled plasma
optical emession pechophotometss POP-0ES| assay could
replce the commonly used UV-spectroscopy issay dor the
datenmination of TiQ, concentration in podiry dets and ileal
digesta. This is ahantageous because the IKP-OES assay usad
in this study has comparatively qrester detection bmis and
samithaty than the UV-spactroscopy assay. In addition, the
WP-OES assay enables TiD; derenmination 1o be ncorporated
nto other mneral concentralion anakses.

Introduction

izort digestibd ity markers added %o broiker dets eliminate the
need 1o evaluate quanttatve feod intake and excreta cuapat,

' lgtﬁgm; ik

and enable sutrent wtiisabon % be examned along the
gastrointestingl tract (Shart 6 3, 1996) Inert markers must
msarnain dgestive wansit at the same speed as ather dietary
nutrients n the ract and be physiokogicaly Inactive, 6 well 35
being noe-doc, exsly maksed, able ¥ be

reiaed into o diet, indigestitiie and nomrabsorbed (Lagger of of,
1992; Tigomeyer ot &, 2001). Taanum dicxide (TI0,) has
some advantages over the commonky used Awomic oslde
(Cr70y), wath studies shonwing isprovements in eprodudbiitg
and homogereity (lagger o &), 1992). TiO; & dvo epproed
Tor use 25 3 Jeed 2ddive by the Foed and Drug Adminstration,
undke Cry0; (Titgemeyer et &, 2007). Another commonly used
mark & add-nsolble ash but & has been suggested that
its dgestive yansit does not accuraely reflect that of feed
passage (Cheng and Coon, 1950),

The method most widely used o determing 710, con-
centsation is UV- primarily based around the
method of Shart of al. {1996). The method mvelves the initis
Irgdrokyss of #he sample velth sulobwric acd (K50, folloaed
brg & colowr seaction. An miznse orangadye low celowr resuts
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from the addtion of Mydrogen peraside (H,0,) % an
acidic titanium (Ti) soketion, and the clour intessity can be
quantified &y UV-spectiometry. Tha method has been used
amessful:’ n several species including posltry (Short ef al,
1996}, contle [Tagemeyer el &, 2001) and pigs Uagger et al,
1992}, but some authors reported being unable 1o achiewe
refabie results wsing this process (Myers et af, 2004].

In poultry research, 110, a5 a detary marker has been
used successilly to determing cakchum and phospharus utl:
Imation [Walk et al, 2012). Miresal dgestislity and util<a-
tion in posdtyy is frequently analysad by inductively coupled
pleama optical em=sion spectrophotometer {IKP-0ES) o
preference to UV methods as the KCP-OES 2553y can be
used 10 anadyse many dloments n ase preparation. Ti con:
contration can be detected by ICP-OES, which sugoests
wat there is potessial for TiD; measurement 1o be made
concurrently with mineral content, thus reduting sealyss
sme and resource use

A comparnison between a UV-spectroscopy assay and
ICP-0ES assay lor determination of Ti0; has previcusly been
investigated by Boguhn e Al (2009] in tudkey dets and
&qesta. In this paper, It was supgested that ®wre was
ncomplete recovery of TiO; for both assays used, and
bence valoes sead 10 be lower than expacted. Howen,
detaied inspection of the sesults of the turkey data presented
oy Boguhn er &l [2009) confirms that for some of the
samples the radings weee higher than when the
N spectroncopy assay was used, and lower than expected
when the ICP-DES assay was used This suggests that
potentialy neither, or st coe, of the assays s preducng
vahozs that are regresentative of the TiD; coacentration in
the sample. 1 is possble that the UVespoctroscopy assay is
anpliying the vake, and the ICP-OES assay is not detecting
al e 110, in the sample. The condusion made by Boguhn
ef at. (20050 that both assiys can be wsed to determine
Ti0; may thessfore be questionatie, Rodebwtscord e al.
12012) have subsequently wed ICP-OES 10 analyse TiO,
concentration i broiker ileal digesta, indicating that the
new ICP methodology s an attractive prospect to workers n
the fiedd, us highlighting that this & an area that requires
further validaton, Therefore, the aim of this study was to
Imeestigate consistency of THD; recorery om an ICP-0ES and
a UN-speciascopy assay, and evaluate whether the ICP-0ES
assay can be used 25 an allemative to the UY-spectroscopy
assay for e determmnation of 110, as a marker in pouktry
digestibiity studes

Material and maothods

Burds and Ausbandry

For experiment 3, Aoss 308 make broders (n = 452) wese
Imvolvad in @ series of digestion studies o desenming ileal
dhgesta recovery of T, either by UVspectioscogy by the
method of Short o &, {1996}, or by an ICP-OES assay. Binds
were fod 1 of 19 eapevimental diets in mash form, each with
110, added at 5 g%0: 6 semi-synthetic stardh dextrose-basad
dets and 13 more commercial styfe diets based on

ceeals Inchding wheat rapesesd, make and rz:.’ and
suya bean meal. NI the 19 diets were anslysed for TiD,
concentrascn. Each diet was fed to a mimimum of 20 brds.
Al hirds were from breeder fiocks 42 % 45 weeks and
were obtaned frome 3 commercial on the day of
hawch. Chicks were randomised by weght and glaced in
064 m” flooe pers n groups of foue, bedded on chean wood
shavings. Srds wore alowed o Abilum &ccess o the
weatment diets and waer for the duration of the trials, which
spamed between 2 and 4 weeks, The mom was therme-
staticaly controlled o prodoce an inltial temperature of 32°C
and reduced to 21°C by day 21. The lighting regimen used was
24 hlicht cn dey 1, with darkeess inceasing by | hiekay unti 6 h
of dackness wans reached and this was meintained $rcughout
the romander of the study. Birds were cuthanised by cenvical
cidocation. Dgesta sample odection wis camied cut on
& ot of 104 T4dayold bieds, 144 21-day-old bick and
164 26-thay-oMd birds. Al each bird age, digesta wes pooked par
peen of four binds, and averaged acress dist. Digesta coment veas
removed fom the mbetingl ssction disid o the Meckels
chvertcubam and peceamal to the ileo-osoo-—colonic pnction of
each bird, The dgesta samples were thon freaze-dried ard
greund thiough 3 1 mm screen,

For esperiment 2, Ross 308 male tealers [0 = 176] were
fed a ciet that contained no Ti0, from day O %0 42. The birds
weee from a breeder flock aged 43 weeks, and were obtained
from 2 commerdial hatchery oo the day of hatch. Chick
placing room temperature and lightieg regime were 25
previously described, Sinds were allowed ad (bikm access o
the weatment diets and water ko the duration of the 1rial
Digesta content was removed from the intestingl section
distal to the Meckel's diverticulum and peosmal 10 the
lken-cron-coknic juncen of cach Sird The samples wese
freeae-dried and ground theouch a 1 men screen. Ti0; wans
subsequently added to the digesta samples at 4, 5, 10, 15
and 20gkg 1o encompass the tiege found in poultry
igestibiity stodies.

A Teed and digesta samphes om bath experiments 1
and 2 were andywd for Ti0; concentration by both the
UV-spectroscopy and [CP-OES assays descrbed below,

Caltvahio standarols

Abcet 150 my TiO, wis dissoled in 100ml of 7.4 M H,50,
and dikted tn SO0 mi wath distiled water to produce a
standard 11 solution of 0.5 mg'mi. This standard solution was
wsad w0 peepae e calbation cunve for both the
UY-spactioscopy and ICP-0ES assays. For the ICP-0E5 assay,
the r.o, standard solution vwas chuted with ultrapure wabe

‘m mn; increments to produce standarcls between  and

. These standwds were measwred on an KP-0OES
(mea 2100 OV KP-0ES. moded PO Excell VG Elemnentak;
Parkin-Bimer, Shelon, CT, USA) set 10 detect T at wavelaagth
334,936 nm. and & calbration cunve was derived Som the
readings. For the UV-spectioscopy assay, graded velumes of
1i0; standzed solution was pipetted into ndividual 100 m!
vohemetric flasks asd made up to 10mi wath 74 M H,50,
About 10mi 30% ¥,;0, was then addad o e solutions
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and the conients wee mada up o 100ml wath disiled
waater befone measunement on a specropheiom eler (Unicam
Felicr, Barleskira, UK sef ot 470 nm

LN sperirencony disdy

The UN-spectimeopsy aisey was based an the study by Shar
et al (1998) Briefly, triplicate aliquots (~03g) of each
digesta sample and free replicaies of pach of the 1% dend
sampdes viere ashied in pororlain cnecihles Tor 16 hat 850
Unce cooled, 10ml HR80, (TAM) was added to each
crpfibde and the samgles wwe hegsed for ~Th wmil
completely dissalved, The comtenis were then ranslered
cuarnitatiely inta 100/l wolumetsic ks wa Flter papers
(Whatman 541} using distilled waier, About 10 ml of 30%
H,0, was tran added to aach flask and the flasks mada 1
woiume with distlled water, Solinions wese thinoughly
mixad bedors reading on a spectrophotemener sel at 410 nm,
Sample anaksis was repeated il the Zvalue betwen the
same =amples sceeded 5%,

TCP-ET Asisy

For fhe (C*0E% assay, an aqua nega digestion step was
carried out according b Associafion of Odfcal Analytical
‘Chemists 285.00. Briefly, 10ml of aqua regia (355 to 37.55%
Frchinchionc acid and 65 io 77% i acld at aeatioal 3: 1)
s sckiisd % 50 el glass eonical Nasks conlaining driplcale
Aliguots [~0.5 gh ol each digesta saeple and five rephcales
ol each leed :amgle, and leff al mwom tempemalure
[144%C £0.1% se.m.) for a minmum of 12 h. The amples
worm then boiled untl completely dissolved, fer ~1 h, The
coments werg then filiered through Whatman 341 filier
papers imb: S0 mil wolumeinic Masks and mesde to vl ume with

Titanium cinside hrailer digestibility methodology

ulirapure waier, befomw iamdeing o 15 ml jubes,
The: seenpdes wers assaped on 2n |CF-0ES 2f fo cheiect Ti a1
wavelength 334936, Sample snabpis wiss repeated il the
Zvalus bebvmen the same samples eooeeded 5%, Four
digesta samples were repeated using a reduced sample Size
(=01 q) with eight rephcates 1o asew whethar smaller
guardities of maeral were visble lor the assiy.

Sentisnical amalysis

Aill data were snakysed using IBM SPES siatistics wersion 21.
Ttests waarg concucted to differentiate babween means. Tha
relatedniss of the meadings from ook rsay was investigated
ising Peamsan product-momant corelation coeticient, and
interpietatiors. of the strength of the relationship betaesn
the two meshods weee based on geidelines by Colen | 1986);
wrak melafionship re= 010 b 029, median welatiomsip
=330 o §.49 and strong relationship r= 050 to 1.0,
Lirear mgressions were caloulaied using the tnm and
raegunsd Ti concenrations. Signifcance was acoepted al
F< 05,

Raswlts ard disouwssion

There were no signilicent diflerances betwesn any Til,
coreentrations messned by the UV-speciroscopy awsay and
the ICF-OES assay. Thara wers consistendly sirng relation-
ships betawen the two methods for analysis of Tid,
concantration i g dists (Talde 1) and Beal digests
Tabke 2). This suggests thal The ICP-DES assay used in this
study is suocesshul at identifying dict and ikeal digesia Ti,
corcentrabion, and hence kas the podential 1o replace ihe
witkedy usid U-spectroscopy assay.

Table 1 Rl of do KPS aisy g Ui boscony sy o deferming o af T, conceniation i b dhety”

et 1}

Methad of 160; deierminaiion (ghg)
[t ICPOES LIV Specia sy Rl s
Sernlapaihetic suwch dennes’ &l 631 [LERA
Willeal iy ™ .81 509 L
Wheat soys bean § FILURg phyiass) 545 597 paTa
Wivear son b 4580 FTLNG phrycil L1 i1} [l ]
Wivea vy bean $5900 FIG pirpize) 54 637 0708
ViRt mpesed (0 FTLbG iyl €01 651 [LERS
WViveal vapussad (500 FTVeg phytene] 450 a0 DLBEG
Vireal rpesond (5000 FT LW phyiased £A48 6.1 .563
Maie rig etevd B At 055
Magpe woaw bean 459 448 0555
Nua2g, rye, whisl, soym bean 4,07 5,08 [LI53
Mawce. rye. wowa besn L15 547 il
SEm. LIRT] @31

HIFOES = indwilmdy ¢ supled phana il o sl on gyedreshomewie; Ty & ikenien decds Tl @ tkasiun
frnd

“Thie drngr ol & i s mass of Tve seplasln po dbel, mnne wd n pe

“sirergih of the welyorehin benwies the KOPOES 38 UWSpodinimohiny reethad fon Ti webista siad i bch bt woliond caafebiaot @ The retall is

ol

it v witeadnd Ty ool of s arws-ayelbele v ek devtioas-haed dies
The amage meanured T, montens of o shea g beo el basid dets
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Tabsle 2 Relirodvwnds of ay (CP-GES aisay and (O apechiosoogy snvay ke v detinntion of i, conamtanon i Aeader o

gesla” acparicreey 1)

Nastyadd of T, detenms ruron dghg)
ot KPOES UV specrescopy Telaecness’
Sen-syietc sarch destrose’ 1358 1340 0776
Wt sogs tenr” 15, 1555 0540
Wheat 3942 bean (D FIUADY piytase) 1343 1385 0512
Whwt seqa bewn (500 FTUNG pliyta) 1563 1567 082
Wihest soye besn (5000 FTUbg phtael 1332 141 o
Wit g esind (0 FT MG phypaied 1316 1248 0.529
Wheal rag esewd (500 FTUk g phntene) 1419 149 063
Wheat ragessed (%000 FIUVRY phrptne) 1292 un oesa
Naire ripeised 1223 12m 0584
Noloe srea been 1289 129 076
Niakoo, fpe, wheat, soya boan 1233 1204 0.563
Nusibe, 1pe, woph bean 1219 1206 0646
sen o 016

KPOES = induckncly coudded 3kame aptical

10, = dewde T =~

ﬂumwummanmnu&m 000, With Goesta Snpbes (odeoned 21 age 14 1) or 28 days post A

Frodyks s mpbcated 3 e of Feee Tnes pir dgets angie

Mrerct of the etarmy betsens e K POES v UN-spaatmicopy me o fee T meacansd ' 8300 3 gesty samyg e whese candides ot b e

tenat e F oS

“Th nwrage wwanawed 150, content of deal dgevts Smen brde nd ore of 6 wvel urrehetc wweh St baud chete, Yo 12 birck per et

150 Dincks i s, % o6 6 poni o) 4 Dk por dut

“The avege rwasasad TIO, Coment of ol ouwra Dars bk fed 1 of 3 udwal ey beay wed S dis, bom §4 bess pee Sl 190 bisk in

toay, nmummmmm

The KCP-0ES assay had o be modfied 1o analyse leal
digesta sorples in experiment 1 o some of the samples
contained THO; lewels that seturated the 3CP-0ES detector,
vhith compromised the sesitivity of the mexurement.
When a smaller samgle sioe 10.29) was amalysed, the
samples Al read in the optimuns recessary ange for datec-
ton by the KP-DES, and thevedoes smaller quantities can be
untsersally wsad to avaid ey need to dikge the samples with
ultrapwe water. Coelficients of varisticn for the svalier
sample S0 were <5%.

Relatedness between the two metheds in determination of
ileal digesta Ti0, was numericaly greater when phytase was
Inchaded in the diets (Table 2). Phytase improves digestivility
and therelore intresses TiD; digesta comtent (Rutherfurd
o af, 2004) The sersitivity of the UV-spectrescopy atsay
decreases as Ti0, concentration decreases (Bogubn ef af,
2009), whewas the sansiwity of the ICP-OES assay &
consistent and not dictated by concentration in the sample.
This suggests that i the presence of high Tid; concentration,
such @ in the digesta samples fom birds fed phytase,
the two assays were similar in sevsitivity, howewer,
the sampies with lower TID; concentration, the simiarity
In sensitivity Between the two assays raduced and the
UV-spactroscopy assay was comparativey less reliable. This
alvo potentially espleins why cbserved deviances in Ti0,
leedd in $he diet sway from the supplemented S gkg were
greater when analypsed by UV-spectroscopy than by ICPO28
The obiserved deviaaces are Ekely because detary T10; kvl
were measuted per kg beed.

I ths Study, there ware no Sigpilican differences

o hetween the calcudated
i the asabtical
rocoveries of Ti0,, whoreas peevicus research has shown
mmddﬂmmmmemmnwn«d

20090, In acdition, Boguin er &l {2009) found that the
walues from the ICP-OES assay were lower than the expected
walues, which was not the ciss in this study (Tadles 1 and 2),
This may be because of the shorter digestion time wed
(25 min  contrast te &0 min), and therefore there may have
been Incomplete dissclution of the samples, Further
verification of full Ti recovery was made in the second study
where knoan amomts of Ti were added 10 digesta before
cuortificabon analyss wa both methods. Ths dound
consistently strong relationships betacen the two methods
at the different Ti0; supplementation dreels in the digesta
samples (Table 3) and that the siepes produced by both
methadks wese dmost idéntical The observed récovery ol
wpplemented Ti0; was 97.62% by the UV-spectroscopy
assyy ard 98.77% by the ICP-OES assay i thes study.

The man advantage of the KP-0ES assay when compared
With the IN-specyoscopy is ™at the loeas has been shown 10
be more sensifwe al quantitatve anshss with anproved
cetection Tmits. The ICP-OES asiary is ako e tme-consuning,
and the ICP-OES enables sl domants to be detacied n
pralkel, which seduces preparation time and fe amownt of
samgle, and hence potentially the number of birds required.

There are, however, some advanleges to the UV-
spectroscopy say compared with the ICPOES axay. The
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Tabke 3 Coladased wiggws of Govar sgwisions ase! celatadvess of
AR OES assay sod UV-speckostopy ausay foe the cesronatioo of 10,
oy 3t Vet kel i1 brovke V! algesta’ (e S 080 fepanieant 27

Mothod of 110, detormaination og,lgl

Ti0; b 1o sarple

Vg IC7-0ES LY spectroscopy mnm'
0 01312027 035 (2003 0382

5 A94 12024)  40900030) ous

10 1006 |40200 984 (4021) L8 [11]
15 1480 110.23) MAE3 2027 20318
20 2004 (40200 Y4 A0 @734
Sope” 0939 05

WPOES = nohatvey cowpled phasve rlidl ewiiiion spedbmdvrion e,
0, = trssem doucle 1) » Tk

“The sromage resparne of ke cgeta pookd fom | T8 birds agad 41 cays posts
hatch o et 10 forey pet i,

S of the widioo b Setawn the ICP-OES axd Uiapwrtancay raechod
ot Tiomwsarer i oo dgetka srngd e wbee coebderes n e rmedta < DI
‘émmﬁ-emhmﬁmuuxu&-m

oece i

KCP-OES 3ssay S mMmore SX00ns owieg to the cost 10 run T
KCP-DES 2nd 1o maimtain the apos gas supplies, althaugh
this is mitgated by the potertal for concuent mineral
analyss. The KP-OES astay % also more hazardous a5 it
rwalves the ese of aqua segia. which is moderately more
comsive than 504, Furtharmore, the desection range is
greater in e IN-spectioscopy methed which reduces any
potential need for diution of samphes; howeves, in s sludy,
2 reduced sampde weight (0.2 o) was shown to overcome any
recirement for dilution with the ICP-02S method.

In conduskon, the ICP-OES assay used in thi study was
swecessful in determmining 190, added as an inert marker in
aler dgestbiliy studes and could replace the widely usad
UN-speciroscopy assay. The ICP-0ES assay is more semitive
a1 quantitatively anaysing TiD; concentration, consumes
bess Time than e UY-spectroscopy assay and alows the Ti0,
determination to be camied out concurreatly with other

Titanum deoxde tealer digestibiity methodoiogy

méneral amalysts by ICP-QES, However, it 15 essential that the
curent sample weight 10,2 q digesta) Is used for detaction
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The effect of dietary calcium inclusion on broiler gastrointestinal pH:
Quantification and method optimization

N. K. Morgan,*! C. L. Walk,i M. R. Hedford. and E. J. Burton*
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ABSTRACT There s litthe copsensus as to the most
appmipeiate wethodokgy for the measarement of gas-
troigestingl pH n chickens. Au experiment was o06-
durted to establish the optinsam sampling method for
the determmation of brollee digesta pH s birds Sod
differmg levels of divtary cucinm, Rees 308 broilers (6
= 1§00 were fod 1 of 2 experimenzal diets, ane oomtainkg
0.8% rooocakbhun phosphinte and 257 limestome ond
one contaimizg 4% monscalelnm phasphate and 1'%
lumestome. Four Factoes were inwstigated o detenuine
tbe most appropriste method of messuring brailer gs-
crodmostinad digesta pH: removal from the tract, peo-
lomgrd ale exposure, altering the temperature of the
aszr, and controdling she water cantent of the digesta.
The conditions were assssed ol hind sges from 7 1o 42
d pesthatch. Dietary Ca content had po significant of-
fect on in sitn pH, but it contritmted toward virionee
im ez witn pH of both gexard and ducdenum digesta
Digeeta pH resd higher when the digesta was remaved

frome the triee, but the smovsn of tie the digesta
wis expaend to air did not affect the reading, Digesta
pH read higlier when measured ot rocan temperatuve
than when messared at 41°C. temperature made the
stroogest unioe vontribation to explalning variasee in
deodennn pH, awd the second strongest contributian
to explaluing vartanoe (n greand pH, after diet, When
wator wies ackied 1o the digesta, before ph determina-
tion, the pH of the digesta resd higher (# < 0.001) than
when wessured in sitn. The weshod that resudted in
pH readings that were moest representarive of hird gas-
troéntestinal environmess was insestion of & pH peobe
directly inte the gut lumen postenthanasa, becwuse
messretent vx xitn likedy encouarages dissoclation of
carbomic acid, the major bufler & the gastrolutestinal
wract, which causes pH to read to be higher than whet
messured in st This stody shows thas the wethod of
PH messtmiment neods careful consideration to ensur
the validity of the result,

Key words: broiler, dietary eadeiant, soethodology, pH

INTRODUCTION

INgesta pH & one of the major gastrointestingd (GI)
facters that nflaenee yntriest boavallabllity (Pang acxd
Apglegate, 2007) and the ittestinal microbtota (Hajati
axd Rezaei, 2010). It is imperative that broilee GEF pH
is bpt ot o constamt optimal level as swall changes
oulsde the normal pH ranges (gixzard 1.2-1 and dao
devun 5.7-6.5; Parg and Applegste, 2007; Jimadnes
Maresro et al.. 2009: Walk et al, 2012} can have sig-
nificant negative lmplicwions on digestion arxd minersl
awhsoeption [Bristal, 2008). Accurate determination of
digista pH in brodles chickens could theefore act a5 a
tool to imdicate the potentiol for optimum gut bealth
Al mnximan auerient atsorption.

C04 Poukny Scioser Assocsat oo line
Reaeoves] Mo 00, 2003

Avorpted Nossaitey 3, 2013

T e rospoand el surbor el osoezainto s ik

W14 Poultry Sctemce 95:354- 3604
Bt/ Jdx doiong/ 10,3382 /ps. 20 13- (XK

The eurremt wethodalogies used for digesta pH de-
terminatson in brodlers are based predouminsatly oo bis-
toric technigues, with the most frequently cited being
almnost 30 vr ald (Hurwite, 19500 Clunles wxd Leeson,
1984). The majrity of methods imolye the wse of &
pH meter with a hamdzeld probe, but sample Bandling
efore pH testing varks among studies; in particalar
whether the mensuremont is determined in sios or ex
situ. To investigate fimestone aml pliytase effects oo
intestinsal pH, measarenents were taken diroctly from
the cligests contents in the Jumen by Walk et al. (2012)
In thix stixly, n pH probe [Sensorx S1ITICT, Gasden
Grove, CA) was inserted directly tuto the gut fumen,
theough openlogs mode by sepoarnting the sections of
G1 trmct, immedistely pesteuthanasia. In this stady,
gizzard pH ranged froen 176 o 2,63 awd doodenam pH
rouged froen $.36 0 624 A stmidar in sita method eas
carried out by Zou et al. [2009), bused oo the metixxl
of Manzanills ot al, (XK6), to expkue the effects of
sodinzy butyrate in the Gl tract In which & unipelar
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elocerode {no Tarther details specified) was mserted
hrougl simall incssons made in the gur wall, The go-
sord pH m that stedy ranged from .02 te 3.2 and
ducceniin pil meged from 6.16 w0 6.20. Winget o al,
[1962), teorwever, messurnd Gl pH in vivo to investigate
the effoet of fssting on Gl pH in laying bens. To soquire
wnoll intestino pH, n pH electrode (GK2021, Rodsom-
eter, Copenhagen, Denmark) wis luseted Lato sa inci-
sban made in che small inzestine wnder anesthetic, and
10 obtain gizzard pH the bind swallowed a pH electrode
{Radiconeter, GZRZA), and it was forved through the
esophagus into the gezanl Radiographs were taken to
ensure the probes were Is the correct pasition. In this
suxly, gimtric pH ranged frotn 317 to 348 ducdenal
pH manged from 537 to T.A0 Adthomgh this method
utinimizes alteratdon of the GI envirawment chrough air
expasure, its invasiveness precludes geoeeal e,

In comrest 10 the Lo sion methods discwsssd above,
Engberg et al. (2004). Gomzikes-Alvarado et al. {2008),
and Jinroes-Mareno et al, (2000) remooved the diges
ta bofore meswuring pH to explore the effects of fiber
rwmree and heat processmg, ard the offects of whale
wheat and xylanwse, ou Gl pH. Gizaard pH ranged
from 3.14 10 396 and doodenim pH rangad from 572
w 6.9G ) these sinlies, These findings indicate that
gezard pH tends to be higher when mensured ex situ
than in sitw. This sugzests that the lmpact of removiog
the digesta from the tract s potentinliy a koy Factor af-
fecting G pH determination. This may be because vx-
posire to air canses carbonate from dsetory limestone,
Blood bulfering capacity. amd pancreatic secretdans to
disocive 10 C0) and water (Guinotte ef al, 1995,
thus resuiting in removal of hydrogen loes from the
milyu (Zbhang and Coon. 1997).

Some of the methods prsently ned to determine
ponitey GI pH mvalve the addition of water to the
digestn before pH determnination. For example, to m-
vestigse the offect of copper an the Gl environuwsst,
digesta was removed and 9-fold didutson of dedanized
water vas added, husal an the digesta weight before
pH determimation (Pang and Applgate. 2007}, [o ths
staxly, pH i the gireard rarged froon 3.07 to 3.28 and
in the ducdemum, from 6.22 to 6.32. The same mothod
wis carred oot by Heeslunand et al. (20117 and Es-
mocsliponr ot al, [20E1) to ipvestigate the effect of non-
astibiotic fowd wdditivis and the effect of xylanase and
citric acid, respectively. on the Gl environment: gleeard
anel ducdenum pH ranged froen 285 to 422 and 5.92
o G20 respoctively. in these sixdios To exiamine she
offects of dietary Co and fat on intestinal pH. Shafey
ot ol (1991) flushed the GI tract from the base of the
gizzard with 2 ml of distiled water, and then whded
am additioenl 5 mL 10 the digista befare messaring pH;
dusdenial pH in this study ranged from 5.86 to 6.24.
Al o investigate she effect of citric acld and phyvtae
om GI pH. Nourmobammadi et al. {2011) added 20 mlL
of sterilined plasiological saling (1:10 dilution) to [0 2
of digesta wontent; giczoanl pH rnged from 3.09 o 3.23
sud dumdenuan from 5.71 to 530, Methods involving

iluthug digesta samples bofore pH detensination have
Lot obsecvid a5 tar back as 1060, when Bowen axd
Waldroup (1960) examined the influesce of propyas
glyool on GI pH. In that stixdy, the gizzard pH rnged
from 247 ta 306, and the dixdennzn pH ranged froen
46 10 665, It can be noted from these results cthae pll
gemeally resds higher in diluted digesta samples than
those detenained in sitn, This indicates that & farther
potential issue 1o considor Is warlation betweon satples
basixd an hydrogen oo concesgration, thae is, how di-
lutod the digesty i by recent water conszmption or by
wlidition of water to digesta before pH determinatinn.

1o laying hens, the mmpact of varving wolisuw and
source of lmestone in a diet b been extensively re
searchod, bait ln broilers there sre limited published
data. There is & perveption that there are no bssnes
suroundding overinclusion of limestone in byoiler diets
Hewever, a combmation of both the Ligh buffuring eu-
pacity of carbonate aud an elovsted pH causnd by pros-
voee of Ci lscks to rabend digest s pH lovels (Exmnay ond
Cean, 2010]. An iscrvase in GI pH in broilers fed high
Ca fram limestome redwced apparent eal CP digest-
ibality (Walk et al, 2012). Altkough miecal resenrch
texdds to prioritize P, & it Is nocrenewabde and hesco
Increasingly expersive. the potestial negative effects of
incarreet limestane supplemeatation, eepecially with
reand 1o GE pH, =hould pot be discounted.

The aims of this study were to establish the opti-
mum samplng msethod for the determination of brailey
digesta pH that ks most representative of the Gl mvi-
ronpsent sl sobesquontly. to determine the effect of
divtury litnestone imchasion level on digesta pH. The
sampling methods msessed were the efiect on pH of
renaving the digesta from the gut, subjecting the di-
gesta to peodonged alr exposure, allering temporsture
af the digesta pH assay, and evatrolling the amount of
water peesendt m the digesta, in bieds fed 1 of 2 dietary
liestone bevels,

MATERIALS AND METHODS
Birds and Husbandry

FRosx 3OS, male broilers (o = 60) from s 42-wk-old
hoveder flock were obtadued from s commercinl latch-
ery at duy of hatch. Chicks wete tanlomized Ly weight
el phacad in 064 m? Boor pens in groups of 6, bedded
an clean wood shavings. Birds were allowod ad Hbstam
acvess to the treatment diecs and warer for the duration
of the triol. The room was thenmostatically controlled
Lo proddece an initial teenperature of 32°C, reduced to
21°C by d 21, The Bgiting regimen wsed was 24 & of
light om d 1, with darkness neossing v L h o day
untidl 6 b of davkmess was tosched, and this wis mais-
tadued theoughont the reansinder of the study. All bards
sumpled were eothaniasd by cervical disleeatson. This
occurved at the same tme each sanpling day, after ar
Jeist 6 hoof lghe, 10 essuze maxomad gt Il Distioe-
tomal and sativonl guidelines for the care and n=e of
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animals were Jallowed, and all experiznental procedsmes
inselving snlmals wore apgroved by the University Cal-
legze of Scienve ethical review camamiztee.

Dietary Treatments

Experitmetital divts were formalated to be as nutri-
txanlly simlar g5 poassible, with the exeopaions of P
and Ca, and to meet the nsqirernents of the age and
sirain of bird. The low dict was formualuted a1 & kv
level of Ca and P (4% mosocdelum phasphate axl
1% Tmestome), aud the bigh diot wss Semulated to
comaln double the inchsicn levels of Ca and P (055
munocakcinn phosphace and 2% limestane). These by
ok were clkeon 10 produce a measurable difference in
cligesta buffering, Thix resulted 2 divtary treativecs
griups with coch treatment repliated by 3 pens of 6
Chicks sach (30 chicks /dietary treatment ). After dictary
trentinet allocation. ixdivkiual hirds within pens were
subsequently assigued to 4 desigsated samphing methed
nw detalled o the eethodology below for each oxperi-
Tnet.

Table 2, Acsdleading copacity (ABC) and baforing capacity
[BUF) of the experimental diets

High Low
Ty Sremcee et Luwsteen fat?
wi? 6 (5]
SEM am wm
Apcat 200 L0
AR 2,00 M0
Al 1600 1330
SEM ? e
mord 108 i
Hr-y* e ™w
HUp- o el
ETEY] w3 no

Hlgh lumstose dat ootaion] DA ek lion plyegliaw asd

Paw Hwtowe db comtazvad QAN mosmcadeam plengrhate wnl 1%
Twsane

Tratial pH of margien

SACK- bl ing capeaity 1o pll 2
SArLbinding capenity W plt 3
S Ackd-linking cagonaty o pH 4
ia¥e ring onpadity 1o pll 2.

¥ Bl rivg ey 1o pH 1
YEuuth ring capacey 1o pH 4

Thae Nanestooe in the diets had a particle siee of 1 w0
2 wm (avwrage US standard screes number 1), Sodi-
um Bearbomste wes added to the diets to redoce total
chloride comtemt, Divts were fod | mash Soem. miixed
in house. and were anadyzed for gross enorgy by bomb
calarlmerry (Robbins and Finman, 2006), DM. and
protein content (caleulated as nitrogen waltiplied by
.25} by the AOAC Internatsonal (1995, 2001 | standand
methods [030.15 and 090,03, respectivedy). Phosphorns
and Ca cootent of the divt= wete analyzed by lodac
tively coupled plasioeroptical emesion spectivscopy
following, an nqua regin digestion step (AODAC 98541},
Cakendated and onalyzed vadues for each diet are shown
m Tabde 1.

Ackl binding capority sl bullering capocity of the
diets were determined based on the ssey of Lawkar o
al, (2006), A 0.0-g sample of diet was suspended in 50
mL of ultra-pure water with continwous sirring. The
suspension was then titrated with 0.3 wol/L of HC
s that approcimately 10 additions of titrant wore m-
quired ta reach pll 20, The pH readings after each xl-
ditioe were reeocded followlng equiliiratzon for 3§ min,
Acid-hinding copacily wis ealenlatid s the amonnt of
acld s mllllequivalents required to Jower the pH of 1
&z of food to pH 2, 3. and 4. This was repeated 5 Cimes
per diet, The asalyzed valiss ace presexted b Table 2.

Experiment 1: Effect of Diet and Age
on Gizzard and Duodenum Digesta
pH In Situ

Forty-cight hirds were used to wevss the effect of
virying dietary lanestone comtent and the effoct of bied
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age on digesta pH. Samnpling was carred oot oo 8 binds
per day (4 birds ot esch diet per day). ond 7. 14, 21,
28, 35 wixd 42 posshatch, Immediately postentbannsia,
the gizzard was removel intact and & dightad pH meter
(Mestko Toledo, UK) with a spesr tip piercing pH elec-
trode (Setsorex SITHD) waes dinstly meerted mto the
digestn in the lumen of the proximnl goxard (peoven-
triculor opeming), whik ensuring the pH ekctrede did
oot touch the glemed wall, and the pH wis reconded,
This wns repeated & thwos. putting the peobe in diffec
et wress of the giezanl vach time (mean varlability <
D07 SEM). The probe was rinsed with ultre-pure water
vece all 6 readings had been takon. The peociss was
then repented In the duodennl boop of the sume bird.
Tteadings werw takon w1 the distal end of the duodenans;
lussérd on mverage Jemgth of the ducdenmun across the
bird ages, the ducdemun was cut at a point 30 e from
the wixzard (Yaduv e¢ al.. 2010), st the pH vhectoode
was isserted directly into this opening, Again, measure
meuts wore topeated 6 tines (s vanahility & 004
SEM]. The tip of the pH probe was stored in pH 4 solu-
tiom when not in nse,

Experiment 2: Effect of Removing Digesta
from the GI Tract on Determining

Digesta pH

Tweaty-four birds were used to assess the effect of -
moving the digesta from the Gl tract on medeuring di-
fasta pi. Saanpling wse cauvied ant on 8 bivck per day
(4 blrds an each divt per doy), on d 7, 14, and 28 past-
bacch. Imanodintedy posteuthnnasia, m sitw gixzard and
duoderssd pH were determnined, as previcusly describod,
[or every bint om ench sampling day (nwas variability
1+ 0.06 SEM axxd = 000 SEM, respectively) Foe ane
half of the birds (0 = 4: 2 on e diet, per saupling
lay ), the digistn wist retnenved immediately after in st
PH leul Dewa determined and was put imo ocrerifuge
tubsess that had been mamtained at reom tomperaturo
(I4A°C £ 025 SEM). A stop wateh was slarted the
instant the digesas wis put oo the centrifuge tubes.
and pH was recarded every 15 5 for 3 min usiveg a spear-
thp ebectrode aml digital pH meter. This catire procss
was carred ot an the other half of the birds (n = 4;
2 oo wach det. per samplicg day), oxcepl the digesta
was put into contrifvge tubes that had been previcasly
warmed 10 41°C in & wuter bath.

Experiment 3: Effect of Digesta Water
Content on Digesta pH

Thirty-six binks wor wsed 1o msss the effect of di-
gsta sutar content oo digesta pH. Samplicg was car-
riedd 0wt om 12 birds per day (6 an each diet per day),
on < 21, 35, and 42 posthateh. Inedintoly posteutha-
masda, in shtu glexand pH was determined as previously

described (wmoan varisbility = 004 SEM). The digesta
contents wore then transferred imto Tael comtamers
nid weighed, noed then immediately snap froeem using
o dry ice/mdustrial meshivlatod spirit mix, The froeen
sunples were frocze-debed, yeweighod, snl the merge
warer cantont actoss nll the ssmples was calculated.
This process was repested in the ducdenm of the same
bird (mean variotion in sita £ 007 SEM|. For each sec-
tivn of the tyact, after froexe drytug, the sanphs were
reconstituted with w corresponding volurne of deionized
water (pH 6.90 = 0,02 SEM) t0 ensure undforn watey
comlent ol to the average of all siunples callected.
The pH of the reconstituted digesta samplis wass theo
meisured directly with 6 replicate readings per sample
for the gazard snd duodesum (eon voriability = 006
and = 0.06 SEM, respectively].

Statistical Analysis

All data wore analyzed uxing JBM SPSS statisties
verséan 21 Im experiment L, an ANOVA was cossducted
1o determine 2wy interactsons betwoen bird sge and
dietary limestone content on m situ gizzaod and doo-
denum pH. Whos means wore significanthy differont,
t-tests wero conductanl 1o differentinte between means.
Statlstical power caleulations were used 1o predics sa-
ple stee thnt would be required to predict differences in
dietury lmestone content effoct at differont pH mes-
sures. In experiment 2, multiple linesr rogrossions, with
mdividual bird wanber 5 8 covariste, were wod to
determine the unique contribution and relatedness of
e exposed Lo air (Jog time in soconds), digesta temn-
persture, and dict on vanance in gheard and ducdenal
pH at d 7. 14 and 25 [nterpeetations of the strength
between the selarbanships wore based on thsse of Cohen
{21668} small 1 = 0.1-4.29, medium r = 0.30-4.39, axd
Lirge f = 030 1o 1.0, &Tests were comductid ta make
statisticol comparsons between i situ pH and pH
the expovential time paint whete digests pH coasxl
to fluctuate postoemoal from the tract, Two-, 3, and
d-way Intersetions between ciet, time exposed to adr,
digesto temperature, and bird age were determized by
nukiple ANOVA. In experiment 3. Ltests wire con-
ducted 1o make statistioal comparksons Letwewn in sitn
pH and the pH readings of the snmples that had been
reconsttuted with water, Too. and Soway inteructions
amoug diet, bind age, axd saanpling method {in sty ar
recomstatated with known water coutorg] wore dotes-
miped by mushtiphe ANOVA, Multiple e regressions,
with Jndividual bird as a covariate, were wsed to deter-
miine the unique contsihuthon and redatedness of digesta
water content and diez on virseno In glezsd and doc-
denal pi ar d 21, 55, amd 12, Pearsom proxduct-moenent
carrelation cocfliciont wae carried out to investigate the
relativistop between i sato pH and digesta DM ar d
2L, 35, nnd 42, Siguificaxe wes always acoopind at P
< LU
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RESULTS AND DISCUSSION

This wecion of expermnveds imwatiguted both the of-
fect of dietary Ca level on digesta pH in beoilers, and
alzo wheehier pH is altered by sample retrieval methods.
Qzly signifleant nteractlons wre presented i the tabks
word discussedd. I the isteractions were not significant.
the main effects wore dacieed,

Effect of Diet and Age on In Situ Gizzard
and Duodenum pH

The in site giezard and ducdenal pH valoes in this
stody were not significartly d@@fferent fram those foomd
throughous the literatare, such as those by
both Zou et al. (2000) and Walk ot al. (2012). Ix ox-
poshnent 1, sn lnteraction [P < 000) was abservid he-
tween bird age and dietary lmestane eontont an i site
siezard pH (Table 3). In general, gixsawd pH luctuated
substantinlly (1.8 to 3.6) among the doys mensured.
This may he partly due to the thoe that the birds were
ewhanized beforo saple eollection; the amteriar tract
s anptiod during dark perkads, suggesting thal foed
intake {May et al, 19890), and thus retention time in
the tract, may vary between bieds. Another possible
explanation foe this variation is that the bads were §fod
e mash dbet al hooen may have sedevted O frivs the
ot (Wilkimson ot al,, 2001] sl sooxdified et con-
sumption based om Ca reguirements,

There wis no relationship besween gixzard pH and
bard age. which is In agreomwent with the work of Angel
et al. (2000). Glrzard pH was. however, sigaifscanely
bsigher i birds fed the high Lmestone det compared
with birds fed the low limestane diet on d 7, 14, and
35 (Table 3). This may be largely due to the greater
buffering capacity of the bigh lmestoes dies compared
with the ke Hiestone diets (Table 2). Stmbilar find-
Ings haew boon oleerved thronghaons the literamge; for

MORGAN ET AL

example, ghezand pH was 237 compared with 252 &
birds (age 0-16 d) fod vither o deet containing 064 ar
LOGH Ca, respectivedy. in o =tudy conducted by Walk
et al {2012), and in o stixdy hy Guinette et al. [1995)
aexard pH ju lmatiee birds was 2,70 compared with
352 in divts comtabuivg either 10 or 36 g/ky of Ca,
respectively, This obeesved incrense in pH with higher
dietary limestane eoatent in the gzxards of gemerally
wanger birds may be hecanse they are more vulser-
able o ahegatians In the G emvanment, and they
arc unable w0 react to the incressed bicarbonate kool
by mereasing proventricular HCE sscretion because of
the bumaturity of the gizzard (Coutu and Craig, 1988;
Winkler ot al.. 1006). This, howeyer, does not explain
the mo-esnergence of this sleerved finding in the d 35
hirds.

Conversely, on d 28 aud d 42, ghotard pH was higher
in birds fod the bow lmestoos dxe, and diet had no
Influenen o6 gizeard pH At d 210 This Goding is diff-
et to reconcile abomgside findings from cther ages. A
possible explanativn i that feed intake was increassd
and gzard retention time reduced to meet the high
domand for Ca (Zhang and Coct, 1997), thereby ex-
meding capacity to socrete sufficient HCl 1o maluain
nexdity of digesta in the gieewrd. Unfoetunately, fond
intaloe, relative gizard sive, and digesia transit rate
were not measured in this study, so this theory canmos
be verified at this pomt. The low sampling sees, and
high varshbilty in geeard pH. suggest that furder i
vestigation with moee birds s needed o fully evaluate
these findings.

In the doodenum no jnteractions or significant effects
of dietary Ca level or bird age were observed on digesta
pH {data not shown). Provious studies have suggestod
that alteration in grezord pH subsegquently affected du-
odenal pH via manipulation of bacterial colomization
of the Yower digestive mract (Dulee, 1992, Fernandex et
al, 2002). However, the curvent stody does mot reflect

Tabde 3. lesseon of dietary el bl snd Bl age oa b sitd gosard pH of Tevikers (exgsoiment
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Table 4. Inlluence of dutary calaes lovel, bird age, mathod and digsda bmpenilure oo geaed and dipete pil of Broders messarad
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this finding. This may be due to methodscal differences
I the sample handiing before pH messaroment. The
nundiz of bisds necosary to predict diffecescm in duo-
derum pH between the 2 diets wax highest st d 21
ad lowest at d 35, with 23 bards amd 9 bieds required,
respectively. Simalar figunes weore also observd i the
gizxard (Table 3) highlighting that wariathon betwwen
idividual birds regardisg the offect of diet on GI pH,
i detectable in both the ghezord and ducdensn. This,
Boowver, requires further investization, because there
wie slighe variation between pambers of birds requined
az the other bird ages.

Effect of Removing Digesta from the GI
Tract on Determining Digesta pH

In experizont 2, there was no offect (P > 0.05) of
temipetature x dive x ageon gezard pH. Howerer, gix.
zard pH was significantly higher in bads fed the high
Iinsestone diet compayed with thase fod the low lime-
stane diet, but only o d 34 There was no dfect of diee
on geeeard pH cod 7 or d 28, but there was o sumerical
merease in giexard pH in bieds fod the high Umestoae
diet at d 7, which resulted in & dee x age Interaction
[P < 006 Table 4) This erease | pH cased 1y
high dimtary linestone preseoce hiss possible segntive
unplications for Ca and P utilzation, because at kigh
pH hydrolysis of phytate-Ca complexes s vedocond, as
most mbcrobial phvtsees v aetive anly ar low pH. Ad-
ditionally, a1 kew pH Ca med P are rolatively solubide,
and are Mare unhkely to precipitate, but at higher pli

phvtate-mincral enusplexes are mare isoluble (Sell et
Al 2000), s previpitstion of Ca, P, and plytate is
likely, Gizzard pH decreased from d 7 to 28, which may
be cue to an increase in DM coatent of the digesta due
to heightened feed mtake. The findings from this stady
suggest that high dietary nclusson knwls of lsomstoann
potentislly has a detrimontal effoct on gut pH, bue fur-
ther investigation using & Jarger popmlation of beoilers
would be needed to fally identify the extent of chis ef-
fect an phatate.

Mumtalning samgples at roon teqeperatare after ro-
nxval from the tract lod 10 gezard pH readings Lbeing
aonsitently higher ex situ than i sitn, but when the
digesto pH wiws iensured ex stw i samples maintaiwed
at 41°C, this was not always the case (Table 4). An In-
teraction [P < (L06) wies ohservnd betwoon tinsperatine
and Bled age on digesta pH o the giezard {(Table 4). On
d 7 and 28, gieeord pH owas sigmbontly higher when
messured at room temperatare than when measunxd at
41°C, but temperature had 2o offect on glezand digesta
pH an d 3. Simikre to the gieeard, dusdenum pH wies
mutmerkally higher when messarsd ot roon tenpera-
ture thaz when messured at 41°C. with the exception
of d 28 in birds fed tho high diet, where duodenum
pH wis the Jowest and oot alfected by temporature
% e (P < D05 Table 4). This may be doe to the
sinall smnpling size, gut maturity oc hagh varshility in
duodenums pH. Digesta temperitare made the stran-
gest unbgue contribution to duelernin pH, Al secand
sLrangest conteibusion o gizgard pH, whea the effects
of diet and time exposed to air were contralled for, and
digesta temperature and pH wore ocerelated [Table 5).
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The observed findings may bave been confounded by
imxhividual biwel varistion; thes, further luvestigation Is
reesded to fully consider the interaction hetwenn digesta
temperatare and bird age. This again highlights that
ruesuring digesta pH in sita is likedy to provide pH
reading that are most repeesentative of the GI tract
envirammert of the bird.

The time of digesta exposure 10 sic hadd no signifi-
cant effect on giexard or dwodennm digesta pH, but
inbtinl removal of digesta from the tract lead to a nu-
yuerical rise o pH hefore the readings platensed {daza
ot shown). Thie platosy may indicate the point at
which nn further OOy resnains to be telesssd om the
carhomate i the digesta. Althongh time exposed to
alr had no signifleane effect on digesta pH, it did make
the biggest unigee contribution taward the vanance
obarwwd in duodensl pH in 1-d-old birds (Tablo 3).
This may be becawse as this bird age there were mote
Cha fons present in the digesta to influence pH. The
effect of time exposure did not, however, significantly
affect duodensl pH at this hird age bocanse the factors
Of chet, time exposed o air s digesta lemperatore
aceonnted for anly 24% of the voriance in dnodenal pH
(Taldo 5). The generally observaxd increase in pH when
roesssunsd ox situ compared with (e sita ln botd the
woerard aned doodenum [Tablde 4] & potentially srerib-
uteble to COy velense froon carbonate baffering pH oo
axpostee ta ale by altering the equilibrium of carbanic
acid dissociation tward water and COo Purther In-
vestigotion i required to comfirm this It con therekore
he speculated that a comhbinaton of both begghtened
pH buffering effect and redeced digesta temperature
an expaative 1o ak contribinted to the cherrvid Inereso
in plf on removal of digesta from the truct, This =ag-
gests that measuring pll of digesta that his been re-
tuoved fromn the tract may not be pravidiog a true
represesdntion of suy divtary officts oo the GI tract
enviroument,

det [T momonicnm

| ar b |

Effoct of Digesta Water Content
on Digesta pH

In experiment 3, digeeta from both the gizeard wnl
duodenum were standardised with o known volume of
water to ideutlfy the effect of dilution on the sciclisy
of the sraple. This wis westigated to xdewxify the
infinence of varktion in water cowsampeson by the bird
on digesta pH. A secondary ann of thas study wes 10
dentify If water adidition to the smanple before pH de-
wermioantion, as obeerved in published studies such a
Pang snd Apphkgate (27), Smulikawska et al. (2008},
and Mirzaie et al, (2012}, wus affacting the accaracy of
the pH reading.

Diet hisd mo effect on gazard or ducdenal pH in ex-
perlment 3 [data not shown). Digesta pH read hagher
[P < 006} in the samples that bad been recanstiuated
with water compared with the in situ measurements
m the geezard aonl the duodennm (Talde 61, The addi-
tiom of water dilutes hydrogen ous, thereby redwcmg
the acdity of the digesta. Desplte both soaibes usmg
the sune range in dietary Co comcontration between
treatments, Shafex (1099) fousd o significant office of
dietary O on digesta pH, which was not found in this
stucly. This may be dee to the substazaial amount of
distilled water (spproximately 7 ml) abded to the di-
gesta before pH messurement in the study codected
by Shafey [1999). Tn the curvere study, the observed
higlwr pH in the neconstituted samples suggests that
aelimg water 1o digeta, conpled with resoving che di-
gestas fromn the tract hefore reading the pH, potestially
reduces the accuracy of the rending and does not neces-
sarily vefloct the GI traet environmen within the bird.
Further investigntion ix noeded into the influence that
warlution in water comoamption may bave oo digista
pH because the method wed in this stdy observes
omby the Smpact of a slagibar lovel of resestitation on
digessa pH.
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It i likoly that Feeze<drring had litthe direct effect
00 the pH of the digesta, or infleence on the kigher pH
vbeerved in the reconstituted samples (Table 6). This s
baserd om the general acceptance that choraical reactiv-
&y o solid form correpands to the pH of the agueons
sodution befare froeze-deing, referred to as pH memary
(Govindarajsn ot ol 2000). Numerces studies obser
g the impoct of freezedrying on sample pH, for ex-
ample Costantizo et al. (1997) and Viakos et &l (2000),
foundl that pH and behaviee of peoteisa in an agueous
states wore sbmbar 10 thase presenind in Uhe ssme solu-
txm after frocse-drying,

Digesta DM coutent of boel the gixzand aud jejumum
was snuperically higher o bisds fod the low Lmestooe
diet compared with these fisd tho bigh Bmestose diet
oy blrd nge o 21, 35, wexd 92 (pieerd 50250 z/kg +
1298 SEM anml 46774 g/kg = 10.23 SEM, respoctively.
and cduodenum 39657 5 kg © 12,49 SEM and 395.71
wkg £ 1477 SEM, respectively). This may be becanse
foodd mtake of the low Smestone dier was higher, 1o
meet the demuands for Cx. There weee strong cercia-
tioms betwven digesta DM asd in site pH in the goezard
ard 21 {7 = <0765}, d 35 (r = ~0.649), ool od 42 (1 =

~.652), und in the duodesuns ot d 21 (¢ = 0.550), 1 35
(r e 0.720), wd d 42 (r = —D.743), where coafidenos
in the reult wis alwiys P < 005, This supports the
supposition that digests water content mfluences Gl
truct pH. This i olso i(Bustrated in Table 7, wherely
recomstitution with water was shown 10 make the big-
gest unlgue coatribution toward the variance absorvwd
Ies duodenad pH. whets the coutribution of dict was se-
counted foe, st all the bind ages in thix experiment.
Recoostitation with water also made the biggest uigqoe
ocomtobution 1o geeard at d 42, and made reiatively
high contribmtions m the other bird ages b this expers-
wxait. As bivd age bscveasod, effoct of water coutent sl
diet on the varinnee in pH in both the geard snd duo-
denum decreasind (Table 7), Likely due to mereased gut
waturity and beoce ahility 1o respond to alteruthons to
the GI environment.

Sample haclling profosndly atficts pH - decormins-
tion ds digesta. A key fnctor seems to be remsoval of
the digestn sample from the tract because this appears
to cause pH 1o alter from the mm situ value. Retnoval
of digesta from the bird also affects pH via an ssso-
cated temperature redwetion, which can be partially

Tabbe 7. Conelatican and relative sontritation af reconstzation sod dietazy lmesstooe oo gieard anid dosdese digestn pH of broil-
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witgoated through use of 0 water bath to maantain bird
body temperature. Houvver, this approach is uot rec-
ommenderd becunse the baffermg effect on removal can-
nok bo aavecome. Witor comtent of the digesta wis ako
shown 1o bave o substantind effect on pH. but thes could
not be stardordmed withont confoemding results by re
exwving the digesta fram the tract. It can be conclinded
it the mothod that gives the most nocarate repressn-
tatiom af broiler GI et snvizamest when determin-
myg digesta pH is to itsect a pH probe dicectly in situ
lyito the gut lumen mmedsately pasteuthanassa. Gewer-
ally, pH was higher in birds ferd the hagh limestone diet
campared with bieds S the low limestane diel, sug-
wosting that excessive dietary limestone levels in brailer
diets potentially bas negative implications oo Gl tract
pH. However, this comcluslan requlnes verlficaton o a
Bager sndy using the optioum sampling technkjues
described sbove aced o wider range of lmestone levels
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In vitro versus in situ evaluation of the effect of phytase supplementation on
calcium and phosphorus solubility in soya bean and rapeseed meal broiler diets
N. K. MORGAN, C. L. WALK', M. R. BEDFORD', axo E. . BURTON

Schoof of Animal, Rurid wod Exvironneniof Sornce, Nottinghew Trent Uneversaty, Sothaoell, Engrland, UK, aed "AY
el Mariboreugh, UK

Abstract 1. Jn sabvo sscaps provide 3 mipud and s | toal 1y evahate dielary vffocts, but lone
Lonisationrs, Lo this sty the et of phytse suppdementation un solubility, and presumed avaikibility, of
caleamm {Ca) andd phosphons (1) in sosa bean meal (SBM) and ripeseed meal (RSM) ased dies were
evabsated Boch ae sew and by o twossep i oo digestion: assoe tha smmilaed the gasine and small
mundine (S1) phoses of dipntica.

2. Comparison of the i ouve odings 1o im situ lindiags wis wed 0 cabaile e m o woay. Rens WS
Beodlers (w - 1925 were ferd on one of 5 SBM or RSM diess supplemenced with 0. 300 or W00 F1U/ kg
phytase from 0w 38 d pos hasch. The 6 dicws and coe SEM and RSM were oxposcd 10 3 eosiop 0 iwo
ooy, Co snd P osoludbdiy aesd pH i the giszand amd jjuscd digetas and in the gastric and S1phase of
A Boths éa aitmoand dn oot aalvses detected that Ca sokdteliey was lowest when diets were supgiemened
with MM FTU kg phyisse, cosspared 1o the contrel ceets and diois sspplemented with S000 F1U kg
iyt Phoaphbons salubilin wcreased with inoreming ptase lovel, Both meshods abo idenafiod tha
el sulubility plateas i the wsiric pliee.

4. Overall relatonship of e o mcthods was stvoog for both detensmnaton of gusire phase Ca ad P
sdubality € = Q96 sl 052, yespectvely) and ko SE phase Gl 1 solobliey (r - 071 and Q82
respectivedy | Hoswewr, mémeenl solubilite and gH were highee whon mvasured 20 satre shin i st snd dhe
i ineay identified an isievaciion among the effects of pluse, peotein source and pliyene indesion
Jevel oo Ca solubility that the m s assay did moe detsct

ST worsicp 0 okt assay successfully predicied plyease dilicocy, but to determine detaded response
effects in the soimel, 1w séw daey i stll reguared.

INTRODUCTION instigate an increase m gastnc pH, which shifis the

PH anay from the opdmum (pH 1L8) for pepsin
aceivity. Large ranos of UatP have alao been axso
cated witls rexliced phytase elficacy (Tamim and
Angel, 2008, Tamim o wl, NN4) and hence

Dictry ingredients, phytwe concentraton and
FAsarotnestinal are among the factoes that
ductare waiksbahity of dietiry Gilicin and phos-

phorus, Mineral solubaiity is pressmed 10 indicate
availability following the studies of Shatey il
McDonald (1991}, Tamim & oL (2004) and Walk
ol (N0 Despiae having one of the Jowest
Aivaties with phytate, dictury <alcuan bus e
greatest practical nopact on phvede-P availabiliy
dur ta ity high inchsion levels in beaoiler dies
(Mawnz & al, 1999}, High dictry limestane levels

reduced mineral swvaikability (Selle o of 21000)
and  bid  perfonmance  (Hifl o of,  1995;
Cabahusg & af, 1999, Comtesan o al, 2006},

Low inmrmsk plytese acenity b the small mies
tew (S1) phusse {froos de proximal duodemnem 1o the
distal ileum) of poultsy, and low phytase acovity in
cammon poultry feed wgrediene. lead 1w very im-
Ited relesse of P from phycwed withour the ase of

Linnvrgersbonn st Vawke K Miegas, % boml od Assnd, Kudd ssl birasmonnssd o, Neotaghan Tt Usberdn Sesbadt Natrghsnslin

Frglond NG Uk Kawd saisnvpei¥oie s ub
Aecrpendd tar pabianan 12 Nvwader A4S

O W04 B By SOeime Ll
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excgenies phvases. However, same  endogeions
playtase actmity his boen detected in 2l sections of
the beoder SI, but memt oy in (e dioode-
nean. incicagng that oprionum efliciency of endogen-
oun plhytse cwone 3 pH AR AN Heoneewer ok
prtate-mineral coenplexes are mast soluble in the
wop,  prowiniicals  axd gesaed  {collecuwely
referved s o the getrie phase), hyditysng phytne
a these eardier regives of die gstroinestinal
remes potental foo mineral wmdsation (Tamam
o ul, 2. As the pH of this gastnic phase of Uw
wract i ess than 4 (Selle o af, 2000), commercally
sovaibhlbe micreiial phay e asnally demonsivale ape-
mwm ethicency ot thas pH.

Digesta pH & one of the major gastraintesdinal
factors influcncing Ca and P solubilbey (Walk o af.,
FON28). As pH Increses Ao the gastroiniessinal
trandt, the attiniy of phytate foe Ca o increased and
more phiytaea conplezes arve fornmed. Small
desiations from the normsd motbrainiestnal ract
P oranges  (girzmd  1.2-40 i doadenam
59-6.5) (Fang and Applegate, 2007; Walk # aof,
20124, such as those imitiated by the high acid
butfering capacity of linestone, may significantly
reduce Caoand P absorpion {JlmenezMoreno o
al, ME. This may subsequently result in an
increase in gastrointestinad pH, and thereby reduce
the minerakphytate molar mtio reqaired o preci-
ptare phiyeate | Maenr of ol , 19949),

The concentration of Ca ioms in the S =
thought 10 determine the mte of hydrolysis of phy-
tse-P by endogenous phytise (Maenz and (assen,
1996}, For example. insestinal phytase acidly s
Y& reater when birds were fed on diets contiining
1 g/hyg compared o 9 g/ kg Ca from eidher CaCOy
or Ca malme {Applegate o of, NR)  Phyrae P
hychobeis By emdagenous phytiase is carsequenitly
rediced  the presence of hagh (4 tar example,
the apparent absorpdon of Pwas 24.9% when beok
bers were led on diets contmning 5 g/kg Ca (s
Lnestane] coen 0 2% when G was noe
ackded { Tanum and Angel. 2003). Thereisa percepe
GO MAt Nene Are 00 isies s aver-indu-
san of limestone in broiler diets, but these findmg
suggest that the potentia) impact of high levels of Ca
on exogenaus phytrse efficacy requires cossidera-
tom amd furthey investigation,

In vure assays bone the potential o a6 as
rapicd apd costelfective tooly tor the evaluation
ol both phytassr efficacy and G and P avaiabilicy
in dictary ingredients. There ae, however, limita-
tians 0 i sive metbodologies: it s mpossibde
exactly reconstruct the environmental varabilsy
and inleractons found 14 site, so I wito asays
are able to measure degradabilicy only and not
digestibility. The osverall sim of this study w10
compare i owsw and i sile quanudicaton of Ca
amd P osolubiiliey in 4 range of ibets. The firg
objective was w examine the solubtity of Ca and
P puwe awa b meal (SRAD and rapeseeid

oieal [RSM) using a twostep o wlin sy prxe-
dure developed by Walk 2 of CH012e) The secmud
abjecove was i determine the influesce of thice
kevels of phyvese on Ga arxd " solubilie i SBM-
and REM-Tusexd diees bath e st and 20 sétu. The
final obpetive was 1o evaluase the teostep @ o
aay by comparing (o and P osolubiliy deter
maned @ whie s Gaoand P solubility mesared oo
sitw in both the gasine and ST phase,

MATERIALS AND METHODS

Birds and husbandry
Institutional and natonal gudeimes for the care
andd wse of ammak were followed and all experi-
mentsl  proondures  involving  amimak were
approned by the Nowioghaon Trent University
College of Saence elhical review commiitee.
Ross 308, male beoilers {n = 192) from a 42-
week odd breeder Hock, were abtined from a com-
mercial batchery on the diy of hatch, Chicks were
randomised by weight and placed in 064 m” floor
mmiugwpso(@!x(kicdmukmwoodsw
Barels were alicmsed ad Dt access 1o the veaumem
elicts and warer for the dimson of the aial (d0-28).
The roant s thermostatically comeralled w pro-
duce an inind wmperatare of 32°C and reduced
10 21°C by d 21 The highting regimen msed was 24 h
light on d L vith darkises increxany by 1 b per o
untd & b of darknes was reached and this was
makntned tsrovghout the yemainder of the study,

Divtary treatiments

Experimentad diets were armanged as a 2 = 3 factonal
design inchoding owva dietary prosem souroes (SBM or
RS and thiee levels of phyose (I}, 500 or
SO0 FTU /). This resudied in o ssal of 6 reament
gronps. replicated by 8 pens af 4 chicks cach (2
chicks/digtary weanpent). Diets were given in mesh
form and formulased o meet o exoerd Ross 308
nutrient reguirements (Tulde 1), Diets were mmed
u hoesse and S tar P and Ca comsent by 1€
OES (ICPNS model Q) Excell VG Elemental,
Connectiout, USA) following an sy e digestion
step (AOAL, %85.01; Levem o o, S0R). Tieaniven
dioxide was adided 25 an inert marker for puirient
digestibility evahation and the dictary content quin-
tifwel by the mctbaod of Shoer 4 ol (19496). Towl
pintate contene o arsbecd Ty o KPInt asay
(Megarme'™, Wicklow, Ireband, UK) and phytase
actwary was amalysed according 1o the methed of
Engelen o ol (201, The Sformukued and aralysed
walues for conh dict are shown m Tabk: L The phy
tise veed in the experiment win an Eskaiohin ok
frptytase with an expected activiry of 5000 FTU /g
(Quantum Blue™, AB Vista Feed Ingredients,
Marthoarmph 1R

269



AN TR MINERAL ST 5
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In st procedure

Immediately after killing by cenieal didocation,
on d 28, me gleand was removed mct ana 4
digatal pH iseter {Meter Toledo, Leicester, UK)
with spear tip piereing pll electrode (Sensorex,
Califormin, USAY was mserted divecdy o the
digesea . the umen of the proximal gizzard

(praventricular opening), ensuring that the pH
ebectrode dad not touch the grzard wall o vecond
P This measure was repeaned O dmes in differ-
ent s of the guzard (mean variabiliey + 0.07).
S pH was recosded i dw same way from tie
medial jejunum (the intestind senon distal w
the duedenad Joop and prockmal w the Mevkels
diverticolum; mean variability £ G.06). After pH
measenients wese obtasied, glzzad o jejunal
chigesta was poaled per pen and Iroeen at -2°C
prior w freeze drying (LTE Scenific. Lancashire,
UK) for 5 d w corstant weight

Soluble: Ca and P oontent were derermined
the gicenrd und jojunal digeaen and in che food by
aomethoed based on Selt-Davis and Maoee [ N0N).
Brietly, 2 g aof sample was weighed inin @ pre-
wemhed bote and 200 nsl ulva-pure water (HOW
000 water punfier for don  chromstograph,
Mallipnne, Wattind, UK} wa addel The sample
wans plhced oo a shaker set at 200 cpm for 60 mn
prior o being centrifuged at 8600 r for 10 man
The supermatot was then fliered  duaugh

Whatman #4541 filter papers before mesmrement
by ICPOFS, with ul\thlulhh far Ca and P sel al

317455 and 219.817 nm, sespectively, S sopls
cates were analysed for each sample. 1CP som-
dards were made by dilwing 1000 maskg
seancand (Fisher Scientifie, Loughbarough, LK)
and ultra-pure water. If it was noe possible w0
carey ant the I1OP analsic immevdiarely, & dvope
of concenated HCI per 20 ml extract were
added to arddify the ssmples. The percent Ca or
I solubsiliey was calculated according to the {allow-
ing equation:

(Saluble Caar P in digesta sapernatant
Towal Ca or Pin the diei) % 1K)

oo wrtew provedues

A wostep i s assay procedise was used o
investigie salubiliey of Ca and P in (e gsine
and S51 phases of digestion i saimples of RSM
and SBEM and m the 6 complete dicts gnen m
the previously described i satu stady. This asay
was an thar of Walk o« ol (20124} with the
fullowtng medlification: Ca and P eoncenieion of
the supcrnatants were analysexl by HOVOES o
opposed 0 colonmetne amalves. Boetly, earch
fred mgredient or deet was ground through a
I man sreen and 25 g was weighed into pre
weighed wbes. For cach plase, gasaric and SL 4
wansmuim of 4 subaamples wese analed for cack
dict and feed ingredient. Samples were amalwed
for Caand P contenit in triphcate on the ICIMOES
Fomnme e gastne plase, 459 miof S N HC),
with 2000 U pepsin/ml (Sgma-Aldrich, Do,
UK] was added 1o the prewesghed simmples before
iubauigg ac 41°C fae 20 min, Sample pH owas
then obuined in viplcate wsimy, a spear 1ip
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plercing  pH  electrede  (Sensorex,  Calitomia,
LSA) 10 ensure camples were within the Ginget
range of pH 3545, Sanples were then diluted
10 A ml with 0.1 3 1303 and cenuifuged ac L1 O
gt 4°C for 1 min before the mbes were
weaghed. Pastcenmifugadon, the supenatant was
collectent e a sepurate prewvigled whe The
sample was again diluted o 2 ml widh 8.1 » HEOL
recvnirifuged and the supenstnt collocted. The
pooled supernatant  was  Rliered  through  a
022 pm fileer (Feher Sciemific, Loughboroagh,
UK) and stosed ot -20°0C uniil fusther analysis.
The fltered supernmatnt was diluted 1110 wialy
alora-pore water and analysed for soluble Caand
P wing HCPOES seq ot 213617 nm for P and
JT938 i for Ca s previowsly described, The
prercent gastre Ca or 1" solubility was then calcu
Euned according o the SoSlowing equation:

(Solble Cayor P in the gasanic phase/
Toeal Caor P in the diet) x 100

For the intestnal phase, the amples wese
weighed and incubated foc 20 i a1 41°C wikh
HO and pepsin as foe the gosric  phise.
Trommedliately after this instial incutadon, 1.5 ml of
NaHCOy comtaming 2 mg of pancreatin/ml (Sigma-
Aldrich, Dorver, UK) wae selded 10 sach conple
befoce mixing and incubimtiog the samples at 41°C
for an adkditknsad 80 min. The contents of each tube
were (Ben made up o 45 ml with 082w HCIO, o
stop the eriymatic reaction and weighed before
centrifagation at 4°C a 7200 » g for 1 nmin. The
supermaant was  lmediately  filtered  throagh
Whatman 541 Glter pager and diluted 1210 wich
1 30 FINO,. The dibuted samples were then analoeld
tar Caand P oomsent using [C1POES s descnbed
previvanly, The percent of soluble Ca or P in the SI
wins calcuiied dccording to the fallowing equation:

(Soluble Ca or P in the 51/ Total
Ca or P i the dict) » 100

Seatintical analysis

All dat were analysed using TBM SPSS statstis
versian 190 Multiple ANOVA was used (o deles-
mine the effect of protein source and phvese
inclusion on solubdity of Ca and P in the gastrc
and S phase of hoth the oo witro arsd in sile san
ples. The sadsicdl model included  prorein
soarce, phytase inclusion level and  digestion
phase o investgate all two- aned threeasay interac-
ove. Todependint sample Mests were weed 1w
directly compare the findings from the s wio
and an sue methudologies, The relatexdnes of
the  methodalogees  was  mvestgited  weing
Peasson product-moment correlation caefficient
and mterpremgens of the suenmh of e

rebationship between the oo methorks was based
on guelines provided by Cohen (1985]: weak
relationship » « (L1029, medium relmionship
o« 030084 and swvng  relationship
row 05010, Resuls were anlv yecorded where
confidence  in the result was P aan,
Sundicanoe was accepted at 47« (L5,

RESULTS AND DISCUSSION

Saluhility of Ca and P in SBM and RSM
determined by in witre methodology

While Tahle 2 shows the expected lewels of pliytise
actviey within manufacuwred diees, Table 1 showed
that the analysed dictary Ca values in this stady were
higher than the Formukaed vilisess As Caoawd P
solubiliy bevels are infhienced by wowl dicuny
mineral content (Maenx o al. 1968 this is likely
ta hine reduced minerl solubilicy; which i mm has
been reporied woredice phivase elficacy, inciease

testinal pHE aned vedlice mingreal Absorpuon
AWl el 20120}, The e ot soluabiliey of Ca e P
in vither RSM or SEM were absarrved 1o be lower
{F <005} inn the SI pheasa: than in the gastric phise
{Table 2}, which is i agreement with carlier sagges-
o thae o P solubiliey resuch a plasean n che
gasric phase (Walk o af, 20124). Mineral sodubdlity
in the gatrie phase therefore dictates avaibabehity of
these mincraks in the subscquent regions of the
gartroentestmal trct. Phytave, Caand P are rebainvely
soluble at gastnc pHl and are hence unlibely 1o pre-
apiate. Howerer, ar bhaghes pl [phl 4% plycae—
minenyd complexes are mare insoluble (Selle o al,
200, so precipiztion of Ca, P and plytate s more
likely in the SI phase, thereby redicing G amd P
absospticon. The i 2w pH ranges within this suady
wure smakar o those recorded i aitw ( Table 4), and
are also similar w0 those found in publedied i situ

Tablo 8. Swlatelty of # and Co {6/ 100 £) Mernsad fow sigs
raw wvand (SEM o rgeserdd soond (RS 1whiwand b & e sinty

i vy oy prweedare
Moo phaae Solilde (2 Sade 1
Lz
Sove Youn sedd Ay nay
Kapronl pmedd n nx’
3ol oot
Soaa bean sl 04y nar
Kapowoed mead ot ns
SEM s nie
Foalue
rotain woercw waiz o
e o) UL
Protcin somoe » Those NS NS

oonn Mun el et g deal e Ceaad] L6 8 Drradp B o
ey oseribed Sy VSt o o SNTAG wh b waa b Boadcos Myww
vegrern e werage of 18 epdvases por teed wgimdes “ Moae sabn
o odewes weh e crmnrnny wgernrips e dberene 18 < LAY
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stodics (Shubcy, 1900 Pasg anid Applegate, 20075, phosse [Table 4). Ths rosilted in & phuse » plytase
I adchiiom, Cosoluiba Bty m SEM e been previonshy [P < 006) inwraction: the reduction i Ci solubi-
reparted as approximately 98% sohuble {Zhang and Sty between the  diets supplemented  with
Coon, 1T g P o appeoxnnatedy 5% soluble MEPTU kg phytase and the other dicis was
(Chiresan, 29, which & comparable o the 89% greater (< 005) in the gastic phase than the
Al 45 soluble Caand P, respectively, observoed bn SI phase. This effect was overcome when the diets
this suxly (Table 3). Rapeseed mwal comtirined were sapplemented with 5000 FT1, ke of pliyses
dightly more soluble Ca and I than S8M, in both and may be assoctitesd with the molar Ca concen-
the gustric and S1 ploses (Table 3). Thie may be wratson of the diew and the CotooP ratio.
becanse boch gastric and SEpH were lower when the The observed difference i st Ca solube
RSM veas suljecied 1o the 31 e sesay, resaling Ty betsven the two prolein soRroes was grealey
few precpitaton of Caphosplate o Caphytate (F < .05) an the pastic phase than the SE phose.
comparcd to the SEM senples (Table 4) Thre resliedd 0 a phase « prowin  soune
(f' < 0053 merastiom amt may be due to the
preater ditference in pld (P < 00%) hetween the
&M&yatl‘;.d’hﬁll‘.o&iw wmm..ﬂ.&ﬂr"wu'nmwpnmn
ety supplcasciod it pytane tion of Ca and phyvtate at higher pH. Inlerctions

The 20 odtm salubiliey of Ca v lowese in the diets among phytse supplementation, protein souroe

supplemented with 200 FTU/kg phytase oy And digestion phase (F < 005} were obsenwd an
pared 1o the odher diets an the gastoe and S| e sitw Ca (Lable 4) and P solubtlity, and ix ode P
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solubilsty (Table 5), In the giemwd, Ca sobability
was reduced in both SBM and RSM dicts supple-
menred with A0 FT kg pll}nm compared
the other diets and redaced in SBM diets com-
pared with RSM dives. However, thore wias no
effect of diel oc protein source an i siw Ca
wlubility i the S phase, except when RSM way
supplemented with 5000 FIU kg se, which
was higher than SEM at 500 FIUAg (Tabie 4).

The én edtre stidlics indicater thal, m the SBM-
busard diets, variance in 1 solubility between the two
plsases was oot influenced by phytase inclusion Jevel,
Caenvrsely, i the RSN -based diets, as phiyese keved
mecreased, the difference in P salibiliy benwen e
gosue and SI phae morcosd (P o< 005),
Addiicnally, as phiytase level increased, the differ-
enee i gatric Psalubulity between the two protein
sourtes decreased (P « 0.035) but no dilferences
wese dnecrvexd i e 31 o acany plavuos sappibe-
mentation level {Tabde 51 This again highlighes tha
mineral soluldlity i the gasiric phose determines
sudwexjuent mineral absorpdon i die 85, and sag-
worsts dha, withan the S tselt, dier compaosition has
i direet effect on miperal solukality.

In sitn P solubiliy in the gasuic and intestinad
phases mcreased with increasing phtise suppie-
mentanon and was higher in the SEM diets than
the RSM dicws at all phytase inclusion levels.
Howvver, in the gastric phase, an Increase = P
solubility  compared  whih  the  pon-phyase

supplemensed SEM dice was higher oaly i abe
presence of 500 FEU/ kg phytase. Phytoe supple-
menton ixreased foosiw ¥ solulzhity in the RSM
diets comparalde w the na s pplemen
tex] SEM dicts, b oanly at 5000 FIU kg (Table 5)
This may be prartly becanse the salubidiy of phy
e st i sumceptibiliey 1o degradaton by phy
tase differs between SBM aod RSM: the phivoae
present in SBM = potentially more soluble arnd
suscepeibie o the effeces of phytase duan the phy
tate present in RSM | Macnz o of,, 1990).

Comparison between In svtre and In sty
methodalngies

The range of parmmsetess measisrexd revealed many
consstencies but abu sanne difrrences hotwven
the m i and ix sito methods. There were sew
el stromp relationships between the two meth-
ol partceularly for Caoand P osolubility i the
gasnic phase (r « 0968 and 0917, respecinely),
and tor Ca and P solubelity in the SI phase
(r = 713 and O.824). Whik: Tables 4 and 5 show
peedominantly stomg and medium relasanships
between the two methods in the gastne phase, the
SI phase shows a higher proportion of weak rela
Gombips beeween the methaods. This suggests s
the w wlo assay is more comparable 10 i wln
measures for minesal sobabdity 3 ihe gastric
phase, rather than the S plase, mest Bhely due
o the lack of absorpuan wad secretion of Ca and
P in the SI phaesc #n vitrn compared 10 s

Both the o witro mnd in st soays descotcd
that, acrass both gasune and SU phases, Ca soluby-
Lty was Jowest in abe dicss supplemented with
300 FTU/ kg and win haghest i the diets
mented with 5000 FTU ‘kg, and thae I solabelity
mcreased with incressing phyiass supplenseita
ton kevel Both methods also idendfied tha Ca
solubality was higher in the RSM-based dicts cons-
pared 10 the SBM diets (Table 4), and har P
sodubality win hagher i the SBM-bawd  diets
{Table 5), A phise x protein source x phytse
inchisson  Jevel  inwracson on P solabiity
(Fable 5) anxl phase effect on pH (Table 4) was
also detected by both methods. These tindings
Indicare hat this m wire assay conld be o profi-
cient wol 10 indicate the efficacy of plyase a
ncresang Ca and P sodulnlity.

However, there were some contrasting find-
ings between the o webo and #n it anahais, which
are likedy due 0 the closed and dyronmse sypstems
lnp«u\dv with @ avbro and iv st methods, The
i sz e n closed astem where the hydro.
Iysis of physue results in increased P and (a4 on
copcentrations in the SUpermaLmnt, as materak ane
not absocbed and are therefore not remoned from
the swstem (Walk of af, 2002a). The lixelhoud of
Carphasphate precipatavan s highee in st than
e sitw because hagh accumulaved Ca bevels 1m cite
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promore boch precipunton ond inorescsed il
cansing 2 reducton in miseral solubality (Sclle
of al, MNE). This imphes that minor phytise and
protcin susnce effects are IRl o appear e bave
more  influence on mineral solubulity when
ohsened v avtm G woukl occur mowix This
may explan why intercoors hetween protein
SOAITUE A phvtase micieson evel were observedd
on Ca solubihity in the gastne phase (Table 4) and
P solubilsy m che SI phase [Table 5) when mea
stwed vt bat were ot identified when mea
sared mosvre A methodobogical hmsitation in the
#n it sty sy abso have Jessened (e seasitivity,
as no sedation was apphed pror to killing, it s
possibie thar some digesta mixing br«tm phoases
iy have occorred through fow morten peristalsis,
e b Aitfersnces idenrifued in the cnuly wagpes
that minimal intexference occured. No relaton
ship was observed Between the tee methods for
the messurement af o salubility in the SBM con
trol diets in the SI phase (Table 4).

The reliranchipe beewesar the tun methords fre
the measurensent of P solubihity in the SUphase were
sronger n the RS\ based diets compared 1o the
SBM clicts  Talke 51, This may b asnibatalde w the
hagher Ca o avaitable P ragio (2.890:1) of the SBM-
hasedd dacts, which camexd plicephale W be reaxtily
precipatated and reduoed release of free P Tn the in
sitso syem. the release of these small amounts of
free P is desectable, s there s accumulition,
wlsereas in sit the free P would have been readily
absirbied, Pintases ave most acuve ar bow pld, s the
bydrohsis of phntate—caloomm and  pliveaic-phos-
phanis complexes were Skeldy 1 be bess when deter-
minee] e than m sy, doe o the bigher pH in
the i ot samples. This would resule in greater
C;phaftmc formation and precipiacon . the

v loser manesal sodobilioy e wlhn coen
parecd (o in witx. In future studies, pH may need o he
sanapekised i the o assay, based on the props
erties {mamely Ca, P and phytate comtenit) of the diet
being analysed, in ovder w0 accurately idenuty phy
Lo ellcacy. There ks also viarfaton in retenuion tne
between the teo methods, whih may expliin why a
phase = prosan souree < plvtise erstathon
Tevel ineeracton wis found when G solubility was
messured i, bt was notwhen desedied an vimy
(Table 4). In the m v anples Gere are minoe
amonas of endogenous phnaase in the S1phase tha
contribule Wwards mineral release from phptate,
which may go some way 1owards exphining why
prowin soarce and phatise suppletoeication had
an eftect on S phase pHowhen determined mw sin,
hait et when imeasised o wbo (Tabke 4). This
indicates Uit the fv witbro akry & more proficient at
measurng mineral solubility m the gastne phase
than tlwe S| phase,

The wostep an o assar in this sudy was
sucvesslud e ileoudyiay die elfece of ploauoe supre
plementation oo Ca and P solubiliy in the gasaic

el 81 e, d_“nll'ymﬂ hat it can be el e o
wol W imbcine detary effecs on the GIT e
onment. Thes assay is, homever, wnabile O messane
digesitiliey as it is it ¢loseed system s cane cone
pletely munke the dynamic hird GIT conditions,
suggestiengy in sitw acalysls is sl required o fully
distimguish photase chiects on minenal salwbilicy.
Daciary leveds of Ca 1wl plivssir (Boonn s x
phase previpatation af soluble Ca and 1 and henee
availahility of these mineraks, Therefare, ealciom
phosphate preapiation cccurs if the CacP ratio »
not balanced and if the pH is high. The efiects of
pintase on detary free Caaml Paod phytase are
posstive s, but potentially cause inereased

calciim phesplane peecipitnion (v ofmy, which
reduces the relialshity of this assay.
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