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Abstract 
 
Phytate, myo-inositol hexakisphosphate, serves as an essential phosphorus 

store in plant seeds, but has antinutritive properties in the animals that 

consume it. Phytases, enzymes that degrade phytate, are added to the diets 

of monogastric animals.  Many studies have correlated the addition of 

phytase with improved animal performance, with a subset of these seeking to 

correlate animal performance with phytase-mediated release of inositol or 

phosphate.  

 

This study aimed to develop methods to measure inositol phosphates in 

poultry tissues and to determine the effect of phytase supplementation on 

poultry tissues, as the effect of dietary phytase on tissue inositol and inositol 

phosphates and phytase mediated release of inositol and phosphate had not 

been studied. The study comprised wheat/soy-based diets containing one of 

three levels of phytase and one level of d30ă inositol equivalent to the 

inositol released from total dietary phytate hydrolysis (0, 500 and 6000 

FTU/kg of modified E. coli 6-phytase and 2 g/kg inositol). Diets were 

provided for 21 days and on day 21, digesta were collected from the gizzard 

and ileum, and tissues were harvested from brain, liver, kidney, breast and 

leg muscle, and intestinal segments. Myo-inositol and inositol phosphates 

were measured in diet, digesta and tissues.  

 

Gizzard and ileal content inositol increased and total inositol phosphates 

reduced progressively by phytase supplementation. The predominant higher 

inositol phosphates detected in tissues, D- and/or L-Ins(3,4,5,6)P4 and 

Ins(1,3,4,5,6)P5 different from those generated by phytate degradation by E. 

coli 6-phytase or endogenous feed phytase, suggesting tissue inositol 

phosphates are not the result of direct absorption. Kidney inositol 

phosphates were reduced progressively with increasing phytase 

supplementation. These data suggest that tissue inositol phosphate 

concentrations can be influenced by dietary phytase inclusion rates, and that 

such effects are tissue specific, though the consequences of this for animal 

physiology and performance are yet to be elucidated. 
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Dedication 
 

As Iôm unlikely to ever write a novel, I dedicate this thesis to Imogen. When 

its finally done, finished and bound, a copy will likely sit in the cupboard 

under nanny and grandadôs telly. Youôll likely never read it ï its big, heavy, 

and fairly boring compared to most books, so I wouldnôt blame you. But if you 

get this far into it at least, I want you to know this is for you. I still struggle 

with my 8 times tables, I never learnt to ride a bike, I couldnôt tie my 

shoelaces properly until embarrassingly late in my teens (and I still avoid it 

now if I can, you can just do them loose enough to slip them on, trust me), 

but I hope this stands as proof that you can do anything, even the difficult 

things. 

 

ñOur deepest fear is not that we are inadequate, itôs that we are powerful 

beyond measure. It is our light, not our darkness, that most frightens us. 

Your playing small does not serve the world. There is nothing enlightened 

about shrinking so that other people wonôt feel insecure around you. We are 

all meant to shine as children do. Itôs not just in some of us, itôs in everyone. 

And, as we let our own light shine, we consciously give other people 

permission to do the same. As we are liberated from our fear, our presence 

automatically liberates other.ò 

- Marianne Williamson 
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1. Introduction 

 

1.1 Inositol and inositol phosphates 

 

1.1.1 Inositol stereoisomers  

 

Inositol, first characterized as a hexahydroxycyclohexane extracted from a 

meat sample (Scherer, 1850), was fully purified in 1887 (Maquenne, 1887a, 

1887b). A carbocyclic sugar, inositol forms the scaffold of a number of 

secondary messenger molecules in eukaryotic cells in the form of inositol 

phosphates (Agranoff and Fisher, 2001; Parthasarathy et al., 2006).  

 

Unique combinations of axial and equatorial hydroxyl groups result in 9 

possible stereoisomers of inositol (Figure 1.1), of which only six have been 

proven to exist in nature. No evidence of the remaining three predicted 

structures (epi-inositol, cis-inositol and allo-inositol) have been found in 

nature (Parthasarathy and Eisenberg, 1991). The myo- isoform is the most 

stable and most abundant inositol in nature. It is particularly abundant in the 

brain and other mammalian tissues (Vadnal and Parthasarathy, 1995; 

Majumder, Johnson and Henry, 1997). Its phosphorylated derivatives which 

are products of cellular metabolism are intensely studied but are also 

abundant in soils (Turner et al., 2002). 
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Figure 1.1: The 9 possible isomers of inositol, of which myo-inositol is the 

most abundant naturally occurring. Figure generated using ChemDraw v. 

19.0. 

 

1.1.2 Inositol polyphosphates and pyrophosphates 

 

When synthesised de novo, myo-inositol serves as a precursor for the 

inositol phosphates and inositol pyrophosphates, which have a number of 

biological functions within the nucleus and cytosol. The inositol phosphate 

family is comprised of molecules Ins1P through InsP6, the inositol 

pyrophosphates, PP-InsPs such as 5PP-InsP4, InsP7 and InsP8 containing 

diphosphate moieties, and the lipid-bound phosphatidylinositols (Wilson, 

Livermore and Saiardi, 2013).  
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Figure 1.2: Structures of myo-inositol and phytic acid myo-inositol 

hexakisphosphate. Figure generated using ChemDraw v. 20.0. 

 

InsP6, the hexakisphosphate of myo-inositol, also known as phytic acid 

(Figure 1.2) or in salt form as phytate, is the most abundant naturally 

occurring of the inositol phosphates (Cosgrove and Irving, 1980; Stephens 

and Irvine, 1990). A number of potential routes for its synthesis in vivo have 

been described in the literature. These include the sequential 

phosphorylation from myo-inositol described in the eukaryotic slime mould 

Dictyostelium discoideum (Stephens and Irvine, 1990), or more commonly a 

pathway óstartingô from a soluble pool of InsP3 generated as a cleavage 

product from the membrane phospholipid phosphatidylinositol 4,5-

bisphosphate, the InsP3 product can be dephosphorylated to myo-inositol or 

phosphorylated to the óhigherô InsP4, InsP5 and InsP6 molecules.  

 

1.1.3 Overview of pathways for inositol biosynthesis 

 

Inositol and inositol-containing phospholipids are found ubiquitously 

throughout the Eukaryote domain, with a range of diverse functions 

described in section 1.2.1., though inositol is also found in archaea and 

bacteria. In bacteria, phosphorylated inositol is used most notably as an 

intermediate in the production of mycothiol in the Actinomycetales order 

(Roberts, 2006). Due to the diverse nature of use of inositol and its 

phosphates across orders and indeed between different species, a number 

of pathways have been characterised for the synthesis of higher inositol 

phosphates, divided into the lipid dependent and lipid independent pathways. 
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At the inositol level however, as a precursor to these abundant molecules, 

synthesis occurs through an enzymatic cyclization of glucose to myo-inositol 

(Loewus and Loewus, 1983) and a single pathway for this synthesis de novo 

has been characterised in all three kingdoms of life (Michell, 2008). This 

pathway requires two enzymatic steps, with the myo-inositol-3-phosphate 

synthase catalysing the cyclisation of D-glucose-6-phosphate to D-myo-

inositol-3-phosphate (Ins3P) in an NAD+ dependent reaction, following which 

Ins3P is dephosphorylated to free myo-inositol by an inositol 

monophosphatase, described in detail in Chapter 2.  

 

A second pathway for the liberation of free myo-inositol and soluble inositol 

phosphates has been described within eukaryotic cells, derived from the lipid 

phosphatidylinositol-4,5-bisphosphate (PIP2), whereby PIP2 is cleaved by 

phospholipase C (PLC) to form diacylglycerol and inositol-1,4,5-

trisphosphate (InsP3) (Berridge and Irvine, 1989; York and Hatch, 2010). 

 

1.2 Functions of inositol and inositol phosphates 

 

1.2.1 Diverse functions of inositol  

 

Inositol and the compounds it is incorporated in ï phosphatidylinositol, 

phosphatidylinositol phosphates (phosphoinositides) and the inositol 

phosphates (inositides) ï play a key role in a number of signal transduction 

pathways, including but not limited to insulin signal transduction, with early 

correlations drawn between increased urinary myo-inositol and decreased D-

chiro inositol linked to insulin resistance in diabetic patients, with D-Chiro 

inositol originally discovered as a component of a putative mediator of 

intracellular insulin action, in that it accelerates the dephosphorylation of 

glycogen synthase and pyruvate dehydrogenase, the rate limiting enzymes 

of oxidative and non-oxidative glucose disposal (Ortmeyer et al., 1993; 

Suzuki et al., 1994; Larner & Craig, 1996; reviewed in Larner, 2002). 

Additionally, inositol has been implicated in calcium ion signalling, with a 

complex mechanism described across several papers dating back to 1983, 
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where InsP3 was noted to release Ca2+ from nonmitochondrial intracellular 

Ca2+ stores in pancreatic acinar cells (Streb et al., 1983), a mechanism later 

confirmed in other cell types such as insulin-secreting cells (Prentki et al., 

1984), leukocytes (Burgess et al., 1984) and Swiss 3T3 cells (Berridge et al., 

1984), as a secondary messenger in cellular signal transduction (Berridge & 

Irvine, 1984) and suggesting a significant role in the maintenance of 

intracellular calcium concentration (reviewed in: Berridge, 2009).  

 

Malfunctions of the inositol pathway have been implicated in the 

pathogenesis of a number of mood disorders, including bipolar disorder, with 

Barkai et al. (1978) and Frey et al. (1998) reporting that patients with 

depression had significantly lower levels of cerebrospinal fluid  inositol. 

Although this same reduction in cerebrospinal fluid inositol was not noted in 

the study by Levine et al. (1995b), a placebo-controlled double-blind study 

comparing the effects of 12 g/day inositol versus glucose in depressed 

patients found significant improvement in symptoms in the inositol treatment 

group versus glucose placebo. Double-blind studies treating patients 

suffering from obsessive compulsive disorder found improvement in 

symptoms when treated with inositol compared to the glucose placebo 

control groups, with significantly lower scores measured on the Yale-Brown 

Obsessive Compulsive Scale (Fux et al., 1996, 1999). In the studies 

described, inositol has been described as having the clinical profile of a 

serotonin selective reuptake inhibitor (reviewed in Parthasarathy et al., 

2006).  

 

Inositol is also considered to be a successful alternative to traditional insulin-

sensitizing drugs in management of polycystic ovary syndrome, by regulating 

steroid metabolism downstream through pathways independent of insulin 

signalling, which therefore reduces hyperandrogenism (Croze and Soulage, 

2013; Monastra et al., 2017).  

 

The study of inositol is as vast as it is varied, with an example of wider 

applications of inositol and its derivatives, at the American Chemical Society 

conference in 1936, Professor Edward Bartow from the University of Iowa 
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suggested inositol nitrate extracted from waste corn could function as an 

alternative to nitro-glycerine used in the explosive cordite (Laurence, 1936), 

and this compound is today used to gelatinize nitrocellulose or ñgun cottonò 

for use in explosives (Ledgard, 2007).The following sections will focus largely 

on the roles of inositol studied in the context of dietary inositol and inositol 

phosphates, and the implications for metabolism. 

 

1.2.2 Link between myo-inositol and glucose metabolism 

 

In humans and animals, research has shown that inositol shows promise in 

improving peripheral insulin sensitivity in studies with women with polycystic 

ovary syndrome (Genazzani et al., 2008; Costantino et al., 2009). 

Randomized control studies also showed beneficial effects of inositol 

supplementation on the occurrence of gestational diabetes mellitus and Type 

2 diabetes (Kim et al., 2012; DôAnna et al., 2015), while meta analyses of 

human studies indicating that inositol supplementation decreases blood 

glucose through an improvement in insulin sensitivity (Miñambres et al., 

2019). Previously, negative associations had been observed between dietary 

phytate levels and the glycaemic index of cereals and legumes from which 

phytate, inositol and glucose metabolism were presumed to interact (Yoon, 

Thompson and Jenkins, 1983), supported by later research showing that 

myo-inositol inhibits duodenal glucose absorption in rat models and reduces 

blood glucose rise with the suggestion of a competitive uptake model using 

the same transporters (Chukwuma, Ibrahim and Islam, 2016).  

 

The model for the interaction between glucose and myo-inositol has been 

found to be more complex and multi-faceted.  Myo-inositol and glucose 

compete for sodium as a co-transported analyte of the sodium ion-coupled 

transporters for myo-inositol (SMIT1 and SMIT2) and glucose (sodium-linked 

glucose transporter 1) (Greene and Lattimer, 1982; Schneider, 2015).  

 

As previously mentioned, myo-inositol has also shown promise as an insulin 

mimetic, with dietary inositol shown to reduce postprandial glucose levels 
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and improve insulin sensitivity in humans and rhesus monkey studies 

(Ortmeyer, 1996; Corrado et al., 2011; Kim, Han and Kim, 2014). 

Additionally, as well as de novo myo-inositol synthesis requiring glucose-6-

phosphate, glucose may inversely induce myo-inositol depletion by activation 

of the glucose-sorbitol pathway, as seen in diabetic patients (Greene, 

Lattimer and Sima, 1987). In poultry, supplemental dietary myo-inositol has 

been shown to increase circulatory glucose, insulin and glucagon 

concentrations in low calcium and phosphorous diets, and improved feed 

conversion ratio and body weight gain (Cowieson et al., 2013). 

 

1.2.3 Inositol phosphates in plants  

 

Inositol hexakisphosphate (InsP6), or phytic acid, is the phosphate ester of 

inositol, containing six partially ionized phosphate groups. InsP6 acts as an 

essential phosphorous store in a number of plant tissues and organs, 

including seeds and bran (Lopez et al., 2002). 

 

As the second most abundant inositol polyphosphate in cells, the roles of 

InsP5 have long been questioned (Shears, 1992). Historically, InsP5 and 

InsP6 were considered to be metabolically lethargic (Menniti et al., 1993), 

due to the known role of InsP6 as a phosphorous store in seeds. However, 

InsP3, InsP4 and InsP5 do not serve solely as metabolic precursors to 

production of InsP6, with studies using conventional radiolabelling 

approaches in animal cells demonstrating that InsP6 labelling is fairly 

unresponsive compared to the short-term receptor activated cell signalling of 

Ins(1,4,5)P3 (Desfougères et al., 2019). Findings have shown that the 

abundance of cellular InsP5 contributes to processes in eukaryotic cells 

beyond a simple storage function, with research showing that the Jasmonic 

acid hormone response to plant wounding is linked to InsP5 in Arabidopsis 

thaliana (Mosblech et al., 2011). Further studies have shown that the inositol 

polyphosphates are not just co-factors of this process, but that InsP5 binds 

specifically to the jasmonate receptor complex with a higher affinity than 

InsP6 with a role in its activation (Laha et al., 2016).  
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1.2.4 Inositol phosphates in human health and disease 

 

Phytic acid is considered to be an ñanti-nutrientò due to the affinity with which 

it binds to ions such as calcium, iron and zinc (Dendougui and Schwedt, 

2004; Lemma et al., 2007). The chelating properties of phytic acid have been 

linked to diets with mineral deficiencies and seen to some extent in 

vegetarians, in which the main dietary source of calories and minerals are 

plant tissues containing indigestible phytate (Committee on Food Protection 

and Food and Nutritional Board, 1973; Hurrell, 2003). Diets high in phytic 

acid have also been linked to the development of symptoms of osteomalacia, 

or rickets as it is known in children, due to its negative impact on 

phosphorous and calcium uptake (Mellanby, 1949). 

 

One particular isomer of inositol triphosphate, Ins(1,4,5)P3, commonly called 

InsP3, is formed from hydrolysis of the cell membrane component PIP2 

(phosphatidylinositol 4,5-bisphosphate), also producing DAG (Michell, 1975).  

This soluble InsP3 is free to diffuse through the cell membrane and bind to its 

receptor in the endoplasmic reticulum to release Ca2+(Steelman et al., 2015), 

important for secondary signal transduction particularly in the nervous 

system (Worley, Baraban and Snyder, 1989; Barski et al., 2003).  

Dysfunction in the sensitivity of InsP3 receptors involved in calcium signalling 

has been linked to a number of pathological conditions in humans. For 

example, in the development of genetically heritable Alzheimerôs disease, a 

mutation in the PSEN1 gene encoding the presellin-1 protein has been 

linked to an increase in calcium release mediated directly by InsP3 signalling, 

with treatment methods mediating InsP3-mediated Ca2+ signalling showing 

promise as a treatment method (Stutzmann, 2005; Berridge, 2016). 

 

Research has also linked InsP5 to the induction of apoptosis in cancer cells 

as a result of its inhibition of the Akt/PKB kinase in the PI 3-K/Akt signalling 

pathway, associated with the development of lung cancer as well as ovarian 

and breast cancer cell lines (Burgering and Coffer, 1995; Piccolo et al., 
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2004).  InsP6 has been implicated in viral capsid formation in HIV-1, 

increasing capsid stability and promoting the accumulation of DNA inside 

structures (Mallery et al., 2018, 2019), and may become a focused target for 

treatments with evidence showing removal of IPMKs decreases viral 

production (Mallery et al., 2021). 

 

Due to their wide ranging roles, and thus implications in a number of 

myopathies, inositol phosphates and the enzymes that interconvert them are 

more commonly becoming a focus for disease interventions, with beneficial 

uses for inositol phosphates in cancer treatment (Vucenik, Druzijanic and 

Druzijanic, 2020), in treating diabetes mellitus (Omoruyi et al., 2020) and in 

prevention of colitis and colitis-induced carcinogenesis (Weinberg et al., 

2021), and therapeutic approaches targeting enzymes involved in the 

synthesis pathways of inositol pyrophosphates as potential targets for 

metabolic diseases (Minini et al., 2020; Mukherjee, Haubner and 

Chakraborty, 2020). 

 

1.2.5 Roles of myo-inositol in poultry 

 

With knowledge of functions of myo-inositol in humans and non-human 

animal species, interest for its potential role in poultry (specifically, Gallus 

gallus) arose from studies showing: 1) that phytase enzymes are able to 

release myo-inositol from InsP6 in the intestinal tract of poultry (Walk, Santos 

and Bedford, 2014; Sommerfeld et al., 2018b; Pirgozliev et al., 2019a), and 

2) evidence for the absorption of myo-inositol in poultry (Lee and Bedford, 

2016; Sommerfeld et al., 2018a). Our understanding of how myo-inositol is 

absorbed from the gastrointestinal tract, transported in the body and used 

thereafter, is limited, with knowledge of transport and uptake often being 

translated from other animal models including humans. Indeed, it is assumed 

that de novo synthesis of myo-inositol in Gallus gallus proceeds from glucose 

6-phosphate (Sherman, Stewart and Zinbo, 1969; Loewus and Loewus, 

1973, 1983), with potential for release from phosphatidylinositol phosphates 

and inositol phosphates, and that inositol transport (uptake) mechanisms are 
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conserved  (Kanehisa et al., 2017, 2019; summarised in Gonzalez-Uarquin, 

Rodehutscord and Huber, 2020). Irrespective of uptake mechanism, the 

majority of myo-inositol available from dietary uptake is a result of InsP6 

hydrolysis by phytase activity (Selle and Ravindran, 2007; Kim et al., 2017), 

with lower inositol phosphates and inositol present in very low and variable 

concentrations in cereal grains (Rodehutscord et al., 2016).  A number of 

studies have focused on supplementation of myo-inositol into poultry diets, 

and have reported mixed effects on animal performance, including feed 

conversion ratio and bone strength, with studies reporting 1 g/kg inositol 

supplementation increased feed intake and body weight gain in broilers (Zyla 

et al., 2013), though very high inositol doses (30 g/kg inositol) are associated 

with a significant reduction in feed conversion compared to control diets 

(Arthur et al., 2019), and some studies have reported no interaction between 

inositol provision and bird performance (Farhadi et al., 2017).  

 

1.2.6 Importance of inositol and inositol phosphates for 

agriculture 

 

In the case of farmed poultry, birds generally have a diet consisting of corn 

and soybean meal (Casartelli et al., 2005). In crops, approximately one third 

of phosphorous is available for digestion, and the remaining two-thirds are 

bound as phytic acid (Lucca et al., 2016). As a result of this, previous efforts 

to improve animal nutrition in agriculture focused on the addition of inorganic 

phosphate to diets. However, studies have shown that alongside the 

phosphorous bound in phytic acid, a large proportion of additional inorganic 

phosphate is also lost through excretion (Fireman and Fireman, 1998). The 

addition of inorganic phosphate sources can be costly, however, particularly 

in the case of poultry farming, and whilst particle size of defluorinated 

phosphate has not been found to affect phosphate uptake when measured 

as feed intake, weight gain and bone strength (Burnell, Cromwell and Stahly, 

1990), but separate findings in Hubbard broiler chickens report that in 

comparison of monocalcium phosphate, dicalcium phosphate, defluorinated 

rock phosphate and bone ash as phosphate sources, dicalcium phosphate 
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outcompeted other sources in terms of digestibility measured as increased 

plasma concentrations of P but this did not translate to improvements in 

growth performance when all phosphate sources are supplied at the same 

level of available P (Khattak et al., 2017). In poultry, deficiencies in 

phosphorous are similar to those described in humans, leading to poor 

growth performance and rickets, as well as reduced bone development 

(Scott, Nesheim and Young, 1982). In dairy cows, reduced dietary 

phosphorous availability is linked to limited milk production and infertility 

(Brooks et al., 1984). Caged layer fatigue syndrome also occurs from 

reduced phosphorous availability in laying hens, in which the leg bones 

become brittle so that the bird can no longer stand (Simpson et al., 1964). 

The effects of insufficient phosphorous overall constitutes an economic loss 

for the producer in reducing bird weight and carcass quality and increasing 

bird mortality (Waldroup, 1999) meaning fewer birds would reach adequate 

slaughter weight for sale, and the costly supplementation of inorganic P likely 

leading to increased consumer costs as the costs to farmers inevitably need 

to be passed on through the supply chain. 

 

1.2.7 Environmental implications 

 

Land used for agriculture accounts for approximately 38% of all global land 

use, or half of the habitable land on earth, with one third of this land used for 

crop production and the remaining two thirds for pastoral farming (Ritchie 

and Roser, 2019). In order to sustain the predicted global population 

increase to approximately 9 billion by the year 2050, models have suggested 

that food demand will increase by 54-96% (Valin et al., 2014), and a 

projected doubling of meat and dairy intake in this same time period 

(Steinfeld et al., 2006; Ros et al., 2020). The limited availability of further land 

suitable for agricultural expansion means that, to meet this increased food 

demand to support the future population, agricultural and scientific efforts 

must focus on the sustainable improvement of outputs from current land 

available for agriculture.  
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Increasing food supply to maintain food security for a growing population, 

without the real possibility of increasing land use for agriculture, will rely 

heavily on increasing intensification of farming, which would lie in direct 

opposition to efforts to alleviate agricultural impacts on the climate, with 

current intensive poultry production and waste by-products linked to NH3, 

N2O and CH4 emissions (Grģiniĺ et al., 2023). Efforts would also need to 

take into account the underlying impacts that climate change will have on 

food security and agricultural outputs (Gregory, Ingram and Brklacich, 2005), 

and how changes to livestock farming will impact downstream cost to the 

consumer when projections estimate increasing food costs as a result of 

climate change (Wollenberg et al., 2016). Phosphate availability for 

agricultural systems is a major limiting factor for system output, and in crop 

production as well as arable farming, input of rock phosphate sourced 

inorganic phosphate is the main method for circumventing this issue. As 

previously discussed in section 1.2.6, inefficient use of dietary phosphate 

already poses an issue for non-ruminant animal rearing, with further 

environmental impacts including the leaching of phosphorous into the 

environment, linked to eutrophication and algal bloom (Djodjic, Börling and 

Bergström, 2004; Fortune et al., 2005). Agricultural activities are responsible 

for 20-30% of phosphorous pollution in waterways in the United Kingdom 

(Environmental Agency, 2019), and combined with the necessity to mine for 

minerals for use as feed supplements, the overall environmental impact of 

such animal rearing practices are significant (Harper, Kornegay and Schell, 

1997; Metzler et al., 2008). As inorganic phosphate sources through mining 

are non-renewable, the potential future problems associated with continued 

overuse are unquantifiable, further encouraging the importance of improving 

the efficiency of available phosphorous utilization from crop sources.  
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1.3 Phytases 

 

1.3.1  Background to phytases 

 

The name phytase (myo-inositol hexakisphosphate phosphohydrolase) 

refers to a class of phosphatase enzymes that catalyse the hydrolysis of 

myo-inositol hexakisphosphate, releasing inorganic phosphate at each 

sequential hydrolysis step (Mullaney, Daly and Ullah, 2000).  

 

First characterized in 1907 from rice bran (Suzuki, U., Yoshimura, K., 

Takaishi, 1907), phytases are now considered to be one of the most 

important feed additives in animal nutrition (Gen Lei et al., 2013). Phytases 

are categorised into four broad classes based on their catalytic 

mechanism/structural fold: Histidine Acid Phosphatases (HAPhys); Purple 

Acid Phosphatases (PAPhys); b-propeller phytases, or alkaline phytases 

(BPPhys); and Protein Tyrosine Phosphatase-like phytases (PTPhys) (Table 

1.1). 
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Table 1.1: Phytase classification based on catalytic mechanism. 

Class pH 

range 

End product of hydrolysis Prevalence 

Histidine acid 

phosphatase (HAPhy) 

4.0-4.5 Inositol-2-monophosphate 

(InsP1) 

Bacteria, yeast 

and fungi 

Purple Acid Phosphatase 

(PAPhys) 

4.0-5.5 Inositol-2,3,4,5-

tetraphosphate/inositol-

1,2,5,6-tetraphosphate 

(InsP4) 

Plants 

Alkaline phytase b-

propeller (BPPhys) 

7.0-8.0 Inositol trisphosphate 

(InsP3) 

Bacillus, legume 

seeds, lily 

Protein Tyrosine 

Phosphatase-like 

phytases (PTPhys) 

4.5-5.0 Inositol-2-monophosphate 

(InsP1) 

Bacteria 

aInformation obtained from Shi, Potts and Kennelly (1998) and Gontia-Mishra 

and Tiwari (2013) 

 

Enzyme Nomenclature Committee refers to phytases based on the position 

on the myo-inositol ring from which the first phosphate is cleaved by the 

enzyme activity: 3-phytases (D-3-phytase or L-1-phytase; EC 3.1.3.8); 6-

phytases (D-4-phytase or L-6-phytase; EC 2.1.2.26) and 5-phytases (EC 

3.1.3.72); additionally, a separate class of phytases known as MINPPs or 

multiple inositol-polyphosphate phosphatases (EC 3.1.3.62) (Table 1.2).  
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Table 1.2: Classification of phytases based on carbon position for first 

dephosphorylation. 

Class IUPAC nomenclature Prevalence 

3-phytase 

(EC 3.1.3.8) 

Myo-inositol hexakisphosphate  

3-phosphohydrolase 

Most bacteria and 

Ascomycetes phylum a,b 

6-phytase 

(EC 3.1.3.26) 

Myo-inositol hexakisphosphate  

6-phosphohydrolase 

Plant grains/oilseeds, 

ferns, Basidiomycetes c,d,e 

5-phytase 

(EC 3.1.3.72) 

Myo-inositol hexakisphosphate  

5-phosphohydrolase 

Lily, alfalfa, beans, peas, 

S. ruminantium  f,g,h,i 

MINPP 

(EC 3.1.3.62) 

multiple inositol-polyphosphate 

phosphatase 

Bacteria, plants, animals j 

a Gao et al. (2007); b Lee et al. (2007); c Johnson, Yang and Murthy(2010); d Tu, Ma and 

Rathinasabapathi (2011); e Lassen et al.(2001); f Barrientos, Scott and Murthy (1994); g Chu 

et al. (2004); h Puhl, Greiner and Selinger (2008); i Yao et al. (2012); j Stentz et al. (2014) 

 

Phytases occur across kingdoms, with example enzymes isolated in the 

animal kingdom in the liver and blood of calves (McCollum and Hart, 1908) 

and the plasma and erythrocytes of a number of vertebrate species 

(Rapoport, Leva and Guest, 1941); plant species such as the crops soybean 

(Hamada, 1996) and wheat (Nakano et al., 1999); and a number of microbial 

species including filamentous fungi (Gargova, Roshkova and Vancheva, 

1997), various bacteria species such as E. coli sp. and Klebsiella sp. 

(Greiner, Konietzny and Jany, 1993; Greiner et al., 1997) and yeast species 

such as S. cerevisiae (Nakamura, Fukuhara and Sano, 2000). 

 

The evaluation of effective pH range of phytases is imperative from a 

biotechnology standpoint, when selective enzymes as targets for engineering 

for use in agriculture, as it is necessary for phytases to be active at a pH 

relevant to the digestive tract (Tomschy et al., 2002), with efforts often taken 

to modify enzymes for improved pH stability such as in the case of 

modification of phytase from A. niger to change the pKa of catalytic residues, 

resulting in an improved pH optimum from 2.5 to 3.2 for better performance 

in the monogastric gut (Usharsree et al., 2015). Additionally important in this 

consideration is the negative effects of phytate under these conditions, with 

InsP6 binding of protein reportedly occurring mainly in acidic environments 
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(Morales et al., 2011), such as the crop, proventriculus gizzard in poultry. As 

well as this, the effect endogenous enzymes will have on supplemented 

phytases active in the complex gut matrix must be taken into account, with 

exogenous phytases unable to survive proteolytic digestion in the intestine 

(Kumar et al., 2003). These considerations for pH tolerance, along with the 

final product of hydrolysis InsP1 (Table 1.1), near complete hydrolysis, make 

Histidine Acid Phytases ideal biotechnology targets for industry applications.   

 

1.3.2 Phytases in plants 

With phytic acid the predominant phosphorous store in plant seeds and bran, 

several studies aiming to improve phosphate utilisation by crop plants have 

investigated the regulation of plant endogenous phytases (reviewed 

in:Brinch-Pedersen et al., 2002). Total degradation of seed phytate would be 

an unsustainable solution, leading to the production of nonviable seeds, as 

phytate and its lower esters are central to a number of plant pathways and 

thus the complete removal of phytate would generate low yield or stress 

susceptible plants (Raboy, 2009), but molecular genetic methods have 

allowed for the development of low phytic acid crops such as the common 

bean (Campion et al., 2009) which show promise in human nutritional studies 

for the reduction of anti-nutritive phytate properties (Mendoza et al., 1998). 

 

Plant phytase activity has been detected in roots and root exudates, though 

the majority of phytase activity in plants is detected in grains during the early 

stages of seed germination, with notable crop plants wheat and barley 

expressing PAPhy and MINPP phytases concurrently for the liberation of 

phosphate during germination (Dionisio et al., 2011). The specific activity of 

plant endogenous phytases is very low (Rao et al., 2009; Reddy et al., 2013), 

and whilst significant research exists and is underway for the production of 

low phytic acid crop strains (Dorsch et al., 2003; Shi et al., 2005; Stevenson-

Paulik et al., 2005), for the direct downstream influence on eutrophication 

arising from high grain phytate used in feed products microbial and fungal 

phytases have been shown to be better biotechnology candidates for 
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agricultural applications (Spencer, Allee and Sauber, 2000; Colombo et al., 

2020; Dwivedi and Ortiz, 2021). 

  

1.3.3 Use of phytases in agriculture  

 

Phosphate is one of the most limiting minerals present in livestock feed 

naturally, with approximately 3 grams per kilogram of phosphorous in 

feedstuffs existing as phytate (Selle et al., 2007) and, similar to arable 

farming, animal production relies on exogenous inputs of inorganic 

phosphate from mined rock phosphate sources. Rock phosphate, like many 

other ores, is a non-renewable resource, with the U.S. Geological Survey 

2022 estimates of 71 million metric tons total remaining in global reserves. 

With a current mine production capacity of 220,000 metric tons estimated in 

2021, global consumption is estimated at 47 million tons in 2020 and 

expected to rise to 48 million tons by 2024 (U.S. Geological Survey, 2021, 

2022). Estimates for ñpeak phosphorousò, that is, the time point at which 

maximum global production rate of phosphorous is reached, varies from 

predictions between 2030-2136 (Cordell and White, 2011; Walan et al., 

2014) after which production will decline. However, despite having not 

reached this point of peak production yet, prices for rock phosphate have 

rocketed in recent years ï though the COVID-19 pandemic disproportionally 

affected prices, with 2020 rock phosphate prices at decade-long lows ï the 

price per metric tonne of unprocessed rock phosphate and diammonium 

phosphate as a fertiliser has more than doubled from 2019 to February 2022 

(World Bank, 2022). In real world terms, this means that the cost for rearing 

livestock is increasing exponentially and unsustainably, and to avoid passing 

these costs on to consumers it is necessary to find alternative, cheaper, and 

more sustainable sources of phosphate for feed input.  

 

Alongside associated problems with phosphate supplementation, the high 

phytic acid content of animal feeds is considered a potent anti-nutrient by 

virtue of chelation of divalent cations. Consequently, the use of the enzyme 

phytase to release available phosphate, to alleviate metal ion sequestration 
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and improve nutritional availability from food sources has moved to the 

forefront of agricultural animal nutrition.  

 

Ruminant animals, those with multiple-compartment stomachs, such as 

sheep, cows and goats, are able to digest phytate as the rumen gut 

microorganisms produce the enzyme phytase (Klopfenstein et al., 2002). 

Monogastric animals have far reduced gut phytase activity by comparison, 

and as such the inositol and phosphate stored in phytate is not readily 

bioavailable. As grains are the main component of feed for pastoral and 

intensive livestock farming, including the rearing of monogastric animals in 

commercial farming of swine and poultry, this then means the inositol and 

phosphate in phytates is not readily bioavailable, and so passes through the 

gut system (Pointillart, 1994; YI et al., 1996). In terms of implications for 

agriculture, not only does this mean that additional input of inorganic 

phosphate sources is required to maintain animal nutrition, but also that large 

amounts of phosphorous are lost to the environment through these practices 

(Correll, 1998; Humer, Schwarz and Schedle, 2015).  

 

Trials have been carried out to assess the benefits of the addition of 

microbial phytase to monogastric animals by measurements of weight gain 

and bone ash percentage since the 1970s, with pioneering work carried out 

by Nelson and colleagues measuring the effect of increasing doses of 

supplemental Aspergillus ficuum phytase on the utilisation of phytate 

phosphorous by broilers (Nelson et al., 1971). 

 

The first attempt to produce a commercial phytase enzyme for use in the 

animal-feed industry was undertaken by International Minerals & Chemicals 

(IMC) in 1962, though the first commercially sold phytase only became 

available in 1991, marketed by the German chemical company BASF (Lei et 

al., 2013), as an Aspergillus niger phytase isolate. Phytase is now one of the 

most commonly used animal-feed enzyme additives, representing almost 

two-thirds of feed-enzyme sales (Adeola and Cowieson, 2011). Phytase is 

most commonly used to reduce diet costs by avoiding the requirement to 

supplement with increasingly expensive inorganic phosphate sources. 
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Studies have found that the use of phytase as a feed supplement in laying 

hens and broilers has led to improved utilization of phosphorous, with 

commercial Single Comb White Leghorn laying hens fed 300 FTU/kg 

phytase in low available phosphorous diets (0.1%) performing comparably to 

birds fed adequate available phosphorous (0.45%) with no supplemented 

phytase (Boling et al., 2000) and the conclusion reached by Ceylan et al. that 

inclusion of 500 FTU phytase to broiler diets allows for a reduction of total 

phosphorous by 0.13% (Ceylan et al., 2012). Laying hens fed with 

supplemented phytase also demonstrated improved eggshell quality, with 

maintenance of proper balance of calcium and phosphate ratio critical for 

eggshell quality (Ousterhout, 1979), and reducing supplemented inorganic 

phosphorous when phytase was added to the diet did not reduce hen 

performance or the quality of the eggshells produced (Casartelli et al., 2005). 

 

1.3.4 Phytase use in poultry production 

 

The inclusion of phytase in poultry feed is by no means a new concept, it has 

for some time enabled a reduction in the production costs of poultry for 

human consumption as well as a reduction in the losses of phytate-P to the 

environment from poultry farming. Several studies and reviews have 

considered the variability of the amount of phytase needed to be added to 

the diet to replace added phosphorous adequately (Kornegay et al., 1996; 

Bedford, 2000). A second, important consideration for the inclusion of 

phytase in poultry diets is the required calcium and phosphorous content of 

the diet, and the impact of increased calcium content on phytase activity, 

with greater calcium diets decreasing the efficiency of phytase hydrolysis of 

phytate (Fisher, 1992; Sebastian et al., 1996).  

 

Supplementation of poultry diets with phytase have been shown to go further 

than simply improving feed conversion ratio and weight gain for meat 

production by improving phosphate utilisation. One example of this is the 

potential for improving meat quality and therefore reducing wastage in 
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poultry production posited in a recent study by Greene et al. (2019), in which 

phytase supplementation was shown to reduce the occurrence of woody 

breast, a myopathy ascribed to broiler chickens attributed to muscle hypoxia 

that in addition to being a welfare issue for birds also contributes to economic 

losses due to the negative impact on meat texture, and whilst the 

mechanisms by which phytase supplementation improves this are not yet 

fully elucidated, the study by Green and colleagues suggests that Quantum 

Blue phytase provision may modulate a number of metabolites including s-

adenosyl-homocystein, arginine, tricarballylic acid, NAD+, glucosamine 

phosphate, AMP, histamine and pyridoxate, and may do so through 

improved solubility and digestibility of dietary nutrients (Tamin et al., 2004). 

Similarly in laying hens, phytase supplementation has been shown to 

improve egg production (Sahara, Despedia and Aminah, 2018), egg weight 

(Um and Paik, 1999), and decrease broken and soft egg production rate 

(Lim, Namkung and Paik, 2003). 

 

1.3.5 Superdosing 

 

The use of super-doses of phytase has become the focus of phytase dietary 

inclusion research in recent years, as the inclusion of phytate is now well 

known to have benefits in terms of animal performance for the reduction of 

InsP6 in the gut lumen and provision of plant phosphate sources. 

ñSuperdosingò is the name given to the use of unconventionally high doses of 

phytase, defined as supplementation with over 1,500 FTU/kg phytase (Walk, 

Santos and Bedford, 2014) or greater than 2,500 FTU/kg phytase (Adeola 

and Cowieson, 2011). The term is more loosely defined as supplementing 

phytase at 2 to 5 times the standard phytase dose, at which levels the dose 

is associated with a rapid complete or near complete hydrolysis of InsP6 in 

the digestive tract, with an associated significant increase in feed conversion 

ratio (Walk et al., 2013; Walk, Santos and Bedford, 2014). 

 

Though the first research using super-doses of phytase was conducted by 

Nelson and colleagues using doses up to approximately 7,600 FTU/kg of 
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feed of an Aspergillus ficuum phytase preparation in broiler chick 

experiments (Nelson et al., 1971), and reporting approximately 95% phytate-

P hydrolysis alongside log-linear increases in weight gain and bone ash, little 

was understood about the mechanisms of the advantages provided by use of 

high phytase doses. Several more recent studies have suggested that the 

use of unconventionally high phytase doses has benefits for animal 

performance on multiple fronts, not only the liberation of more phosphate 

from inositol phosphate species, but the reduction of antinutritive effects of 

phytate presence leading to improved mineral utilisation (Pirgozliev et al., 

2008; Rutherfurd et al., 2012) and improvements in apparent metabolizable 

energy (AME), bone development (Fernandes et al., 2019) and amino acid 

digestibility (Zeng et al., 2014). These benefits, unrelated to those resulting 

directly from increased free inorganic phosphate from phytate degradation, 

are referred to as ñextra-phosphoricò. That is, the growth performance of 

animals exceeds that obtainable with equivalent (to complete phytate 

dephosphorylation) provision of inorganic phosphate. An indication that myo-

inositol provision, from phytate, might confer benefit was reported in a 

seminal study of broilers (Walk, Santos and Bedford, 2014).  

 

1.4 Aims  

 

The overarching aim of the project was to investigate the separable 

contributions that inositol, inositol phosphates and phosphate released from 

dietary phytate, by phytase activity in the gastrointestinal tract, make to 

poultry performance. This aim was to be achieved through the development 

of extraction and analysis techniques for first time measurements of inositol 

phosphates in poultry tissues without the use of radioisotope labelling to 

investigate the effects of phosphate release on animal performance and 

tissue response. In order to achieve this, the project aimed to: 

1. Develop a method for the synthesis of stable isotope labelled myo-

inositol. The results of which are presented in chapter 2, where a 

chemoenzymatic synthesis method was developed to produce 13C(U)-
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labelled myo-inositol from a more affordable and more readily 

available 13C(U)-labelled glucose precursor. 

2. Develop a method for the extraction and analysis of inositol 

phosphates from poultry tissues. Existing published methods allowed 

for the extraction and analysis of inositol from tissue samples, but 

optimisation of a solid phase extraction method published by Wilson et 

al. (2015) enabled first time measurements of inositol phosphates in 

poultry tissues, as is presented in Chapter 3.  

3. Using the methods developed as parts 1 and 2 of the aims, measure 

the effect that graded phytase supplementation has on tissue inositol 

phosphate levels in broiler chickens to make advances in the 

understanding of the whole animal response to phytase 

supplementation, through use of a poultry feeding experiment, 

presented in Chapters 4 and 5, and in part in chapter 6. 
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2. Producing stable isotope labelled myo-inositol 

from glucose 

 

2.1 The biosynthetic pathway for the production of myo-

inositol 

 

The biological significance of inositol is demonstrated by the prevalence of 

enzymes for the synthesis of inositol from glucose, with inositol-1-phosphate 

synthase genes ubiquitously expressed across kingdoms (Majumder et al., 

2003). The inositol-3-phosphate synthase gene, referred to from herein as 

IPS, is found in most archaea and it is predicted that myo-inositol emerged in 

early archaea approximately 3500 million years ago (Michell, 2007). Few 

bacteria encode an inositol phosphate synthase, though those that do ï 

mostly actinomyces such as Streptomyces or hyperthermophilic bacteria -  

have been found to be genetically more similar to archaeal IPS as opposed 

to those found in eukaryotes; it has been suggested in these groups that 

accumulation of myo-inositol phosphodiesters is related to high temperature 

stress and survival (Bachhawat and Mande, 2000; Nesbo et al., 2001; Kulis-

Horn et al., 2017). 

 

In humans, myo-inositol is synthesised de novo in the kidney from glucose 

(Fig. 2.1). The first step of the reaction requires the enzyme myo-inositol 

phosphate synthase to convert G6P into D-inositol 3-phosphate in an NAD+ 

dependent reaction (Loewus and Loewus, 1983), and is the rate limiting step 

(Hasegawa and Eisenberg, 1981). An example of this enzyme is the human 

ISYNA1, which converts G6P to myo-inositol 1-phosphate (Ju et al., 2004). 

Genes encoding the 1-myo-inositol-1-phosphate synthase, referred to from 

herein as MIPS in planta and in S. cerevisiae as INO1, have been found to 

be relatively highly conserved, with orthologs of the INO1 gene found in a 

range of higher eukaryotes and eukaryotic microorganisms (Majumder, 

Johnson and Henry, 1997). An inositol monophosphatase enzyme then 

dephosphorylates the inositol 3-phosphate intermediate, resulting in free 
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myo-inositol (McAllister et al., 1992). In rats, this process has been found to 

take place at the highest concentration in the testes (Hasegawa, Eisenberg 

and Jr, 1981). This process occurs similarly in most Archaea, where it is 

believed that inositol was derived by early archaeal inositol synthesis from 

G6P with evolutionary evidence that the evolution of inositol and its functions 

occurred prior to the evolutionary separation of Archaea/Bacteria from the 

primitive Eukaryota clade (Michell, 2007). 

 

Figure 2.1 below shows the generalised pathway for de novo synthesis of 

myo-inositol from a D-glucose precursor, adapted from Croze and Soulage 

(2013). 
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Figure 2.1: De novo biosynthesis pathway of myo-inositol from glucose. 

Figure adapted from Croze and Soulage (2013). Scheme produced using 

Chemdraw v19.0 
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2.2 Methods and materials 

 

2.2.1 Materials 

 

2.2.1.1 Media and reagents 

 

2.2.1.1.1 Standard reagents  

Lysogeny broth (LB) ï Lysogeny broth was made up from components in the 

lab, consisting of 10 g Tryptone (Formedium), 5 g Yeast Extract 

(Formedium), 10 g NaCl (Fisher Chemicals) and pH adjusted to 7.5 with 

NaOH in 1 L of sterile water, sterilised by autoclave.  

 

LB agar was also made fresh in the lab for each use from 5 g Tryptone 

(Formedium), 2.5 g yeast extract (Formedium), 5 g NaCl (Fisher), 7.5 g agar 

(Formedium) in 500 mL of water and sterilised by autoclave.  

 

SOB media ï In 500 mL sterile water, 10 g Tryptone (Formedium); 2.5 g 

yeast extract (Formedium), 0.295 g NaCl (Fisher Chemicals), 0.093 g KCl 

(Sigma), 1.015 g MgCl2.6H2O (Sigma); 1.235 g MgSO4.7H2O (Sigma); 

sterilised by autoclave. 

 

SOC media was made from SOB medium with the addition of 2 mL of 1 M 

glucose (Sigma)  per 100 mL SOB and filter sterilised through a 0.2 ɛM 

syringe filter. 

 

½ MS plates for Arabidopsis in 250 mL of sterile water: 0.5375 g Murashige 

and Skoog media (Formedium), 2.5 g sucrose (Fisher), 175 mL sterile water 

ï pH 5.7; 2.5 g agar (Formedium), sterilised by autoclave. 

 

E. coli TB buffer - 10 mM PIPES (Sigma) pH 6.7 (3.0236 g); 55 mM 

magnesium chloride (5.2366 g (Sigma)); 15 mM CaCl2 (1.6647 g) (VWR 

Chemicals); 250 mM KCl (18.63783 g) (Sigma); added up to 1 litre with 

sterile water and filter sterilized using a syringe and 0.22 ɛm filter (Sartorius). 
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Alternatively: 1 M MOPS (Melford) pH 6.7 2.093 g (using KOH); MnCl2.4H2O 

5.44 g (Sigma), CaCl2.2H2O 1.10 g (VWR Chemicals); KCl 9.32 g (Sigma); 

added up to 250 mL and filter sterilized through a 0.22 ɛm syringe filter 

(Sartorius). 

 

YPD - 

For 500 mL liquid media: 10 g peptone (Formedium); 5 g Yeast extract 

(Formedium); 5 g sucrose (Formedium), added up to 500 mL with sterile 

water and autoclaved 

For 200 mL solid media for plates: 4 g Peptone (Formedium); 2 g Yeast 

extract (Formedium); 2 g sucrose (Formedium); 4 g agar (Formedium); 

added up to 200 mL with sterile water and sterilized by autoclave. 

 

1 M Tris pH 8.5 - 30.285 g Tris Ultra Pure  (Formedium) dissolved in 250 mL 

distilled water and autoclaved, and pH adjusted using concentrated HCl. 

 

1 M Tris pH 6.8 - 30.285 g Tris Ultra Pure (Formedium) dissolved in 250 mL 

distilled and autoclaved, and pH adjusted using concentrated HCl. 

 

1 M Lithium Acetate pH 7.6 (Sigma-Aldrich) ï 6.598 g dissolved in 100 mL 

sterile distilled water and sterilized by autoclaving. 

 

0.2 M NaOH (Fisher Chemicals)- 1.99985 g dissolved in 250 mL sterile 

distilled water and sterilized by autoclaving.  

 

50% PEG3350 (w/v) (Sigma) 

 

0.5 M EDTA (Fisher Chemicals) ï 14.612 g dissolved in 100 mL sterile 

distilled water and sterilised by autoclaving.  

 

5 M NaCl (Fisher Chemicals) - 29.22 g in 100 mL of sterile distilled water, 

dissolved by heated stirring and autoclaved. 
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10% Sodium Dodecyl Sulphate (w/v) (Fisher Chemicals)  ï 10 g sodium 

dodecyl sulphate added up to 100 mL using sterile distilled water and 

dissolved by gentle stirring over heat.  

 

2.2.1.1.2 Antibiotic stocks: (All antibiotics sourced from Duchefa 

Biochemie) 

- 50 mg/mL Gentamicin (in sterile distilled water) 

- 50 mg/mL Kanamycin (in sterile distilled water) 

- 100 mg/mL Ampicillin (in sterile distilled water) 

- 25 mg/mL Chloramphenicol (in 95% EtOH) 

 

2.2.1.1.3 Protein purification buffers 

For the purification of the Archaeglobus fulgidus myo-inositol phosphate 

synthase, the following buffers were used with the Äkta Pure system: 

 

Lysis buffer ï 50 mM Tris-HCl (Formedium) pH 7.5, 150 mM NaCl (Fisher 

Chemicals), 10 mM Imidazole, 1% Triton-X-100 (Fisher Chemicals) 

Loading buffer ï 50 mM Tris-HCl pH 7.5 (Formedium), 150 mM NaCl (Fisher 

Chemicals), 10 mM Imidazole (Sigma-Aldrich) 

Elution Buffer ï 50 mM Tris-HCl pH 7.5 (Formedium), 150 mM NaCl (Fisher 

Chemicals), 500 mM Imidazole (Sigma-Aldrich) 

Sepharose buffer ï 50 mM Tris-HCl pH 7.5 (Formedium), 150 mM NaCl 

(Fisher Chemicals) 

 

2.2.1.1.4 SDS PAGE 

10x SDS PAGE running buffer ï 1 litre: 30.3 g Tris Ultra Pure (Formedium), 

144 g Glycine (Fisher Chemicals), 10 g SDS (Fisher Chemicals) and add to a 

final volume of 1 L using sterile distilled H2O. Diluted to 1x running stock of 

final concentration 25 mM Tris, 192 mM glycine, 0.1% SDS.  

SDS PAGE polyacrylamide gels were hand cast using the Bio-Rad Mini-

PROTEAN® Cell, with a thickness of 1.0 mm (Bio-Rad Laboratories Inc., 

2014). The recipe used for casting the gels is in Table 2.1: 
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Table 2.1: 12% SDS PAGE resolving gel recipe. All reagents sourced from 

Sigma. 

Component Stacking gel 

(5%) 

Resolving gel 

(12%) 

30% Bis/polyacrylamide 0.83 mL 5 mL 

1.5M Tris pH 8.8 - 2.3 mL 

1M Tris pH 6.8 0.63 mL - 

10% (w/v) ammonium persulfate 0.05 mL 0.1 mL 

10% (w/v) SDS 0.05 mL 0.1 mL 

Tetramethylethylenediamine 

(TEMED) 

5 mL 4 mL 

Water 3.4 mL 2.3 mL 

 

 

2.2.1.2 Yeast strains 

The wild type Saccharomyces cerevisiae haploid strain S288C, common 

bakerôs yeast, was grown on YPD nutrient-rich medium. The strain was 

obtained with permission from the National Collection of Yeast Cultures 

strain NCYC 3466. 

 

Adolfo Saiardi at the University College London gifted the S. cerevisiae 

strains BY4741, W303 and DDY1810 and their knockout and overexpression 

constructs listed in Appendix 1. The BY4741 mutant lines carry a resistance 

cassette for G418 and are protease-deficient. The DDY1810 constructs carry 

a Leu2 cassette and G418 resistance. Strain W303 and its mutant lines are 

ade2-1 mutants (Matheson, Parsons and Gammie, 2017), with significant 

similarity to the common lab reference strain S288C but divergent mutation 

allowing for strain survival carrying mutations which would be lethal in the 

S288C strain, such as survival carrying components of the SWI/SNF 

complex (Cairns et al., 1998).  
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2.2.1.3 Gateway cloning materials 

For use in Gateway cloning, the following bacterial vectors were obtained 

with thanks to Melissa Salmon: pDONR207, pH9GW, pDEST17.
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2.2.1.3.1 Bacterial vectors  

 

Table 2.2: Bacterial vectors for Gateway cloning 

Vector name Type Size Selectable 

marker 

pDONR207 Entry vector 5585bp Gentamicin 

resistance 

pH9GW Destination 

vector 

6990bp Kanamycin 

resistance 

pDEST17 Destination 

vector 

6354bp Ampicillin 

resistance 

pET23a:IPS  Expression 

vector 

3666bp Ampicillin 

resistance 

pENTR D-TOPO Entry vector 2580bp Kanamycin 

resistance 

The pET23a:IPS vector was a gift from Prof. Adolfo Saiardi at University 

College London. The p-ENTR D-TOPO directional Gateway entry vector was 

purchased from Invitrogen (K240020) (Invitrogen, 2012). 
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2.2.1.3.2 Yeast expression vectors 

 

Table 2.3: Yeast vectors for Gateway cloning 

Vector name Type Size Selectable 

marker 

pAG413GPD-

ccdB-HA 

Destination 

vector 

7668bp HIS3; 

Chloramphenicol 

and Ampicillin 

resistance 

pYES2.1-

cerMET8 

Expression 

vector 

6705bp URA3; Ampicillin 

resistance  

pE1n Modified 

GATEWAY entry 

vector 

2349bp Kanamycin 

 

The yeast vector was pAG413GPD-ccdB-HA was a gift from Dr. Mark Bailey, 

University of Birmingham department of Plant Proteomics and Signalling.  

 

pE1n was a gift from Giovanna Benvenuto (Addgene plasmid #17441; 

http://n2t.net/addgene:17441; RRID:Addgene_17441) (Dubin, Bowler and 

Benvenuto, 2008) 

 

pYES2.1-cerMET8 was a gift from Clare OôConnor (Addgene plasmid 

#107439; http://n2t.net/addgene:107439; RRID:Addgene_107439) (Reeves 

et al., 2018) 
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2.2.2 Methods 

 

2.2.2.1 Arabidopsis plating  

Arabidopsis thaliana Columbia-0 (Col0) seeds were sterilized in 10% bleach 

and imbibed in sterile distilled water. Seeds were plated onto half strength 

Murashige and Skoog agar medium and separated into two conditions ï 2 of 

the four plates of Col0 seeds were vernalized for 2 days prior to being moved 

to growth conditions, and the remaining two plates were transferred 

immediately to growth conditions after plating. All seeds were grown in long 

day conditions ï 16 hours light, 8 hours dark ï at a constant temperature of 

22°C for 9 days prior to stress treatment. 

 

2.2.2.2 Arabidopsis stress treatment 

Seedlings were exposed to abiotic stress conditions based on the 

AtGenExpress global stress expression data set showing the upregulation of 

AtMIPS1 and AtMIPS2 during stress (Kilian et al., 2007). 

One plate of vernalized seedlings and one plate of un-vernalized seedlings 

remained sealed and were transferred into an icebox and stored at 4°C on 

day 9 for 24 hours. 

 

2.2.2.3 RNA extraction 

Seedlings were flash frozen after stress treatment in liquid nitrogen and 

ground using a pestle and mortar under liquid nitrogen into a fine powder. 

RNA extraction from 100 mg of frozen and ground seedlings was performed 

using the QIAGEN RNeasy Kit as per manufacturerôs instructions (QIAGEN, 

2012). 

 

2.2.2.4 DNase treatment for RNA 

Mix: 0.8-2 ɛg RNA per extraction (maximum 8 ɛL per tube); 1 ɛL DNase 

(Promega RQ1 RNase-Free DNase); 1ɛL 10x Reaction Buffer (Promega) ï 

added up to 10ɛl using sterile deionized water. Incubate at 37ÁC for 30 

minutes, then add 1 ɛL RQ1 Stop Solution (Promega) and incubate at 65°C 
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for 10 minutes, then chill on ice for 5 minutes and proceed to cDNA 

synthesis. 

 

2.2.2.5 cDNA synthesis protocol 

To DNase treated RNA add: 1 ɛL Oligo dT and 1 ɛL dNTP mix and heat at 

65°C for 5 minutes. Chill briefly (30 seconds) on ice and centrifuge for 10 

seconds, then add 4 ɛL 5x First Strand Buffer, 2 ɛL 0.1 M DTT and 1ɛL 

RNaseOUT, mix by inversion and heat at 42°C for 2 minutes. Add 1 ɛL 

Superscript II Reverse Transcriptase (Invitrogen) and heat at 42°C for 50 

minutes, inactivate at 70°C for 15 minutes. Add 79 ɛL sterile deionized water 

to add up to a total of 100 ɛL and proceed to cloning. 

Method and materials sourced from Invitrogen RT kit (Kotewicz et al., 1985). 

 

2.2.2.6 PCR cloning of genes of interest  

Using synthesised cDNA as the PCR template with specific primers, the 

following reaction mix (Table 2.4) was used: 

 

Table 2.4: Reaction mix for Phusion PCR amplification 

Reaction Mix Per sample 

Phusion 0.2 ɛL 

cDNA 1 ɛL 

Forward primer 1.5 ɛL 

Reverse primer 1.5 ɛL 

10 mM dNTPs 0.4 ɛL  

5x Buffer 4 ɛL 

Sterile distilled water 11.4 ɛL 

 

 

Two different PCR approaches were used for amplification of target genes 

from cDNA. For the cloning of ScINO1 from S. cerevisiae cDNA and genomic 

DNA, the PCR conditions used are described in Table 2.5.  
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Table 2.5: PCR conditions for the amplification of ScINO1 from S. cerevisiae 

DNA.  

 38 cycles  

Temperature ( C̄) 98 98 58 72 72 10 

Time (ómin ñsec) 30ò 10ò 30ò 20ò/kb 5ô ¤ 

 

 

For AtMIPS1 and AtMIPS2 from Arabidopsis thaliana Columbia-0 

background, using cDNA from wild type seedlings as well as cold shock and 

osmotic stress seedlings as described above, a Touchdown PCR was used 

following unsuccessful amplification using the standard ñmiddle of the roadò 

PCR protocol used for cloning ScINO1. Conditions are described in Table 

2.6. 

 

 

Table 2.6: PCR conditions for the amplification of AtMIPS1 and AtMIPS2 

from A. thaliana cDNA.  

  11 cycles (-1°c/cycle) 25 cycles   

Temperature (°C) 98 98 60 72 98 50 72 72 10 

Time (ómin ñsec) 30ò 10ò 30ò 20ò/kb 30ò 30ò 20ò/kb 5ô ¤ 

 

 

PCR products were run on 0.8% TAE agarose gels with Ethidium Bromide at 

100 V for 45 minutes. 

 

Addition of C-terminal 6xHIS tag by PCR cloning 

The following primers (Table 2.7) were designed in order to add a 6xHIS tag 

onto the 3ô end of the cloned genes, using existing gel extracted gene 

fragments as the DNA template for PCR cloning. 
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Table 2.7: Primers for the PCR addition of c-terminal 6xHIS tag. 

Oligonucleotide Sequence 

ScINO1 reverse 

primer + 6xHIS 

TTACAGCAAACGTTCCTCAACATCATCACCATCACCAT 

 

AtMIPS2 reverse 

primer + 6xHIS 

TCACTTGTACTCCATGATCATGCATCATCACCATCACCAT 

 

 

PCR conditions used were as follows: 

 

Table 2.8: PCR conditions for the addition of 3ô 6xHIS to ScINO1 purified 

gene fragment 

 

 38 cycles  

Temperature ( C̄) 98 98 69.1 72 72 10 

Time (ómin ñsec) 30ò 10ò 30ò 1ô 5ô ¤ 

 

 

Table 2.9: PCR conditions for the addition of 3ô 6xHIS to AtMIPS2 purified 

gene fragment 

 38 cycles  

Temperature ( C̄) 98 98 66 72 72 10 

Time (ómin ñsec) 30ò 10ò 30ò 1ô 5ô ¤ 

 

2.2.2.7 Gel electrophoresis 

 

PCR reaction products were analysed by gel electrophoresis using 0.8% 

agarose-TAE gels. Gels were run at 100 V for 45 minutes in 1x TAE buffer 

and imaged using the Bio-Rad Gel Doc XR+ system using trans-UV 

illumination at 302 nm (Bio-Rad Laboratories, 2015). 
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2.2.2.8 Preparation of competent cells 

 

Mach1 DH5Ŭ from commercial one-shot was streaked onto LB agar with no 

antibiotic selection and grown at 37°C overnight for 16 hours. From this, a 

single colony was inoculated into a 10 mL liquid LB culture and grown 

overnight at 37°C with 200 rpm shaking until OD600 of 0.6 was reached. Into 

two separate 250 mL subcultures of SOB medium, 0.5 mL and 2 mL of 

overnight culture was added and grown at 18°C with 220 rpm shaking until 

an OD600 of 0.55-0.6 is reached ï approximately 17 hours for Mach1 DH5Ŭ. 

The conical flask was immediately submerged in ice for 10 minutes and 

decanted into 50 mL falcon tubes, then centrifuged at 4000 rpm at 4°C for 10 

minutes. The pellet was resuspended in 80 mL of chilled TB buffer and 

incubated in ice for a further 10 minutes then centrifuged again, and 

resuspended in 20 mL TB buffer with 1.5 mL DMSO. Cells were then divided 

into 100 ɛL aliquots into pre-chilled 1.5 mL tubes, snap frozen in liquid 

nitrogen and stored at -80°C. 

Method adapted from Untergasser (2015). 

 

2.2.2.9 Transformation  

 

2.2.2.9.1 BP Reaction 

 

Table 2.10: Reaction mixture for BP Clonase II reaction 

Reaction mix: For one sample: 

PCR product ~15-150 ng per reaction, maximum 7 µL 

Donor vector 1µl (150 ng/µL) 

TE Buffer (pH 8.0) Add up to total reaction mix 8 µL 

 

To each reaction mixture, 2 µL of BP Clonase II enzyme was added and 

reactions were incubated at 25°C for 1 hour. Following incubation, 1 µL of 

Proteinase K solution was added to each sample to terminate the reaction 

and samples were incubated at 37°C for 10 minutes. The entire reaction mix 
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(Table 2.10) was used to transform 50 µL of chemically competent E. coli 

cells.
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2.2.2.9.2 Ligation reaction 

 

The following reaction mixture (Table 2.11) for the Gateway Ligation 

Reaction was used for shuttling gene of interest from entry vector to 

destination vector. 

 

Table 2.11: Reaction mix for the Gateway Ligation Reaction using LR 

Clonase II 

Reaction mix: Per sample: 

Entry clone 75 ng 

Destination vector 75 ng 

TE buffer Add final mix up to 4 µL 

LR clonase II 0.5 µL 

The mixture was incubated at room temperature for 90 minutes, then 0.5 µL 

of Proteinase K was added and the sample was incubated at 37°C for 10 

minutes. The entire reaction mix was used to transform chemically 

competent cells and plated onto LB agar with appropriate selection for the 

destination vector and grown overnight at 37°C. 

 

2.2.2.9.3 Transformation of E. coli 

 

50 µL of chemically competent E. coli DH5Ŭ was thawed on ice and entire 

reaction mix from BP or LR reaction was added. Cells were then incubated 

on ice for 10 minutes before heat shocking for exactly 30 seconds in a water 

bath at 42°C. 950 µL of SOC mixture was then aseptically added to cell 

mixture and incubated at 37°C for one hour with shaking at 220 rpm. Serial 

dilution were plated on LB agar with appropriate selection for transformation 

vector and incubated at 37°C overnight (for approximately 16 hours).  
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2.2.2.9.4 Transformation of S. cerevisiae  

 

Method adapted from Kawai, Hashimoto and Murata (2010). 

 

Table 2.12: Recipe for Transformation buffer (TB) for S. cerevisiae 

transformation. 

Component Stock concentration Final concentration 

PEG3350 50% 400 mL 

Lithium Acetate 1 M 200 mL 

ɓ-mercaptoethanol  - 4 mL 

 

2 mg of yeast expression vector was mixed with 100 mL of yeast TB buffer 

(Table 2.12), to which one 1 mL loop of yeast was added and mixed. The 

mixture was incubated at 37°C with 200 rpm shaking for 45 minutes, 

mounted at a 45° angle before being immediately transferred to an agar 

plate with appropriate Drop Out selection and incubated at 30°C for 48 

hours.  

 

2.2.2.10 Expression and purification of A. fulgidus myo-inositol-1-

phosphate synthase  

 

Expression vector pET23a:IPS was transformed into commercial RosettaÊ 2 

(DE3)pLysS (Novagen) and plated on LB agar with Ampicillin selection at a 

concentration of 100 mg/mL overnight at 37°C as per method in section 

2.2.2.9.3. Single colonies were inoculated into 10 mL LB broth with antibiotic 

selection and grown for 16 hours at 37°C 220 rpm shaking.  

From this, an expression trial was conducted in which pET23a:IPS RosettaÊ 

2 cells were sub-cultured into 100 mL LB media with antibiotic selection and 

grown at 16°C, 18°C, 24°C, 30°C and 37°C for 18 hours with 0.1 M IPTG 

induction. Cells were pelleted by centrifugation at 6000 x g for 20 minutes 

and pellets resuspended in 2 volumes of lysis buffer (3.2.1.1.3). Cell slurry 

was subsequently lysed by three rounds of French Press at 1000psi and 

cellular debris centrifuged at 20,000 x g for 45 minutes. 6 mL of the 
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supernatant was loaded onto a hand cast 12% SDS-PAGE at 100V for 60 

minutes and stained using InstantBlueÊ (Sigma-Aldrich) protein stain for 15 

minutes and destained using sterile distilled water for a further hour. Gels 

were imaged using the Bio-Rad Gel Doc XR+ system with epi white 

illumination. 

 

2.2.2.11 Purification of A. fulgidus myo-inositol-1-phosphate synthase 

using the ÄKTA Pure system by immobilised metal ion affinity 

chromatography 

pET23a:IPS in commercial RosettaÊ 2 (DE3)pLysS (Novagen) was grown in 

four 2 litre conical flasks with Ampicillin selection at a concentration of 100 

mg/mL for 16 hours at 30°C with 160 rpm shaking and induced with 1 mM 

IPTG at OD600 å 0.7, then grown for a following 4 hours to an OD600 of <1.0 

Cells were pelleted by centrifugation at 20,000 x G and resuspended in 

50mM Tris-HCl lysis buffer (as detailed in 3.2.1.1.3). Cells were lysed by 

French press at 1000 psi and cleared lysate following centrifugation was 

syringe-filtered through a 0.45 mm filter to ensure correct viscosity.  

 

The sample was purified using the ÄKTA Pure immobilised metal ion affinity 

chromatography (IMAC) system using a 1 mL HisTrap HP Affinity IMAC 

column (GE Healthcare) equilibrated into binding buffer, the sample was 

applied to the column at a flow rate of 1 mL min-1. The column was washed 

with binding buffer until stable UV conditions were met, with an acceptable 

baseline signal of 0.10 mAU. Protein was eluted with a linear elution of 0-

100% A:B with a gradient from 10 mM to 500 mM imidazole at a flow rate of 

1 mL min-1. Fractions containing protein, monitored at a wavelength of 280 

nm, were pooled and concentrated using a VivaspinÊ protein concentrator 

spin column (GE Healthcare) with 10 kDa cut off of by centrifugation at 6000 

rpm to a total volume of 1.5 mL. A 6 mL aliquot of this concentrated protein 

fraction was checked by SDS PAGE as described in section 2.2.1.1.4 

 

Concentrated protein from the HisTrap purification stage was further purified 

using the ÄKTA Pure Sepharose gel filtration column (HiLoad 16/600 
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Superdex 75 PG column) for size-exclusion chromatography equilibrated into 

50 mM Tris-HCl pH 7.5, 150 mM NaCl (Section 3.2.1.1.3) and manually 

loaded from the sample loop. Protein was eluted isocratically with 50 mM 

Tris-HCl pH 7.5, 150 mM NaCl for 120 minutes at a flow rate of 1 mL min-1, 

and fractions (2 mL) collected for analysis by SDS PAGE. 

 

2.2.2.12 Glucose and myo-inositol measurement  

 

Suppressed ion conductivity HPLC analysis of G6P and inositol 

monophosphate separations: HPLC was performed using a DionexÊ ICS-

2000 Ion Conductivity System (Dionex, 2006). Samples injected were 

separated by ion exchange on a 2 x 250 mm Thermo ScientificÊ DionexÊ 

IonPacÊ AS18 IC column eluted isocratically with 27 mM potassium 

hydroxide at a flow rate of 0.5 mL min-1 .  Anions were detected by 

suppressed conductivity measurement. 

 

HPLC-pulsed amperometry for the separation of glucose and inositol: 

Glucose, myo-inositol and other sugars from chemoenzymatic synthesis 

assays were analysed following 100-fold dilutions in 18.2 megaohm water by 

HPLC-pulsed amperometry on an Antec Carbohydrate Analyser fitted with a 

3 mm gold HyRef electrode. Separation of saccharides from inositol was 

achieved by 2-D HPLC on a 4 mm x 50 mm CarboPac PA1 column 

(DionexÊ) in series with a 4 mm x 250 mm CarboPac MA1 column eluted 

isocratically with 150 mM sodium hydroxide as described in Lee et al. (Lee et 

al., 2018; Greene et al., 2019). 

 

2.2.2.13 Yeast crude total protein extraction 

 

The method used was adapted from (Kushnirov and Kushnirov, 2000). 

Buffers were made to a total volume of 1 mL. 

 

A single colony of yeast was selected and grown overnight in 10 mL of Drop 

Out media with appropriate selection at 30°C with 220 rpm shaking until 

OD600 > 0.4 is reached. The culture was then pelleted at 3000 x g for 20 
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minutes, the resulting pellet resuspended in chilled water by inversion and 

centrifugation repeated a further two times before freezing in liquid nitrogen 

for storage at -80°C. 

 

Table 2.13: Components of extraction buffer A for yeast crude total protein 

extraction 

Component Stock concentration Final concentration 

NaOH 0.2 M 0.1 M 

EDTA 0.5 M 50 mM 

SDS 10% 1% 

ɓ-mercaptoethanol -  2% 

Water -  -  

 

Table 2.14: Components of extraction buffer B for yeast crude total protein 

extraction 

Component Stock concentration Final concentration 

Tris pH 6.8 1 M 250 mM 

Glycerol -  50% 

Bromophenol blue 1% 0.05% 

Water -  -  

 

Pelleted yeast cells were resuspended in 50 mL of Buffer A and heated at 

90°C for 10 minutes. To this, 0.67 mL of 3 M acetic acid was added and 

mixed by vortex for 30 seconds before heating again at 90°C for a further 10 

minutes. Following heating, 12.5 mL of buffer B was added and mixed by 

vortex for 2 seconds before centrifuging at 12,000 x g for 5 minutes. 

Supernatant was transferred to a new tube on ice and boiled at 98°C for 1 

minute before storing at -20°C or proceeding to SDS PAGE analysis. 
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2.2.2.14 Final optimised method for the production of myo-inositol from 

glucose 

The enzymes required for the production of myo-inositol from glucose are as 

follows: Hexokinase (from S. cerevisiae, Invitrogen), IPS (cloned from A. 

fulgidus) and alkaline phosphatase (Calf intestinal mucosa, Rockland Inc.), 

with Creatine Kinase (from rabbit, lyophilised, Invitrogen; enzyme should be 

made up fresh in 0.5 M diglycine buffer for use) for the regeneration of ATP. 

ATP is the limiting factor in the reaction, and use of a coupled ATP 

regeneration system allows for use of lower cost substrate (phosphocreatine) 

to maintain ATP levels for the forward reaction. 

 

For the initial step of the reaction, mixture comprises of: 10 mM glucose, 1.5 

mM ATP, 10 mM phosphocreatine, 5 mM MgCl2, 1 unit Hexokinase, 15 units 

Creatine Kinase, made up in 50 mM Tris-Acetate buffer at pH 7.5. This 

mixture is incubated at 30°C for 4 hours. 

 

Following incubation, to the mixture from the previous step add: 5 mM Zinc 

sulphate, 1 mM NAD+, 20 mg IPS (purified). Concentrations given are final 

concentrations in the mixture. Incubate mix at 80°C for a further 4 hours. 

Heating at 80°C denatures the hexokinase from the previous step. Following 

this stage, the mixture can be stored at -20°C, or proceed to the next step. 

 

For the final alkaline phosphatase step, dilute the reaction mixture 1:1 with 

50 mM Tris-Acetate buffer pH 9.5 and add 5 units of alkaline phosphatase 

(Rockland Inc.). Incubate the reaction at 37°C for 2 hours.  

 

Freeze-thawing the final mixture precipitates out protein added in previous 

steps, which can be removed by centrifuging at 15,000 x g for 5 minutes, but 

this is not essential. Take 1 mL aliquot of the mixture after final phosphatase 

reaction and dilute for HPLC analysis.  
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2.2.2.15 Isotope Ratio Mass Spectrometry measurement of ŭ13C6-myo-

inositol in poultry tissues and digesta  

Enzymatically synthesized ŭ 13C6-myo-inositol was added to poultry diets in 

the trial described in Chapter 4.2 to a final total supplemented inositol 

concentration of 2 g/kg inositol. Inositol was premixed at UEA to a final 

concentration of d30ă 13C6-myo-inositol into 500 g myo-inositol (Sigma) 

before being added to diets at the Nottingham Trent University trial facility.  

 

For analysis following the animal feeding trial, 0.5 mg samples of freeze 

dried and milled gizzard and ileal digesta, and 0.5 mg of freeze dried tissue 

samples, were analysed for ratio of ŭ 13C to 12C using a Thermo Finnigan 

Delta plus XP IRMS connected via a Conflo IV to Flash HT for bulk analysis 

ŭ 13C by Dr. Sarah Wexler at the Stable Isotope Analysis Platform (Stable 

Isotope Laboratory, School of Environmental Sciences, University of East 

Anglia). 
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2.3 Results 

 

2.3.1 Cloning and expression of myo-inositol phosphate synthase 

proteins 

The initial research aim was to produce a traceable form of inositol for use in 

feed trials, by reproducing the biochemical synthesis pathway of inositol from 

glucose in vitro.  

 

The biosynthetic pathway for the production of myo-inositol from glucose is 

formed of three basic steps ï the conversion of glucose to G6P, the 

conversion of G6P to myo-inositol-1-phosphate, and the dephosphorylation 

of myo-inositol-1-phosphate to myo-inositol. 3 enzymes catalyse these 3 

steps: a hexokinase, a myo-inositol phosphate synthase, and a myo-inositol-

1-monophosphatase (Loewus and Loewus, 1983). As the rate-limiting step of 

this biosynthesis pathway is the conversion of G6P to myo-inositol-1-

phosphate, the initial focus for synthesizing this biosynthetic pathway was 

selecting a suitable myo-inositol phosphate synthase. A literature search 

provided candidate genes for myo-inositol phosphate synthase enzymes 

from Arabidopsis thaliana and Saccharomyces cerevisiae to be cloned and 

expressed. Table 2.15 shows the myo-inositol phosphate synthase genes 

initially selected for cloning and expression. 

 

Table 2.15: Myo-inositol phosphate synthase genes selected for cloning and 

transformation a 

Gene Gene code Length 

(kb) 

Location Protein 

length (aa) 

Protein 

size 

(kDa) 

AtMIPS1 AT4G39800 2794 Chromosome 4 511 56.5 

AtMIPS2 AT2G22240 2696 Chromosome 2 510 56.3 

ScINO1 YJL153C 1602 Chromosome X 533 59.6 

AfINO1 AF_1794 1176  392 43.7 

a Gene information accessed from UniProtKB accessions P42801, Q38862, 

P11986 and O28480 respectively  
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Table 2.16: Michaelis-Menten constants of selected myo-inositol phosphate 

synthases for D-G6Pb 

Gene Origin  Km (D-G6P) Specific activity 

AtMIPS1 c A. thaliana 0.68mM 9.4±0.9 mM-1 min-1 (at 30°C) 

AtMIPS2 c A. thaliana 0.45mM 8.8±0.9 mM-1 min-1 (at 30°C) 

ScINO1d, e S. cerevisiae 1.18mM 3.1 mmol min -1 mg -1 (at 55°C) 

AfINO1d A. fulgidus 0.12mM 11.8 mmol min-1 mg -1 (at 90°C) 

b Gene information accessed from UniProtKB accessions P42801, Q38862, 

P11986 and O28480 respectively  

c Enzyme catalytic efficiency data accessed from Donahue et al. (2010) for A. 

thaliana MIPS enzymes  

d Enzyme catalytic efficiency data accessed from Chen et al. (2000) for A. 

fulgidus IPS enzyme and ScINO1 

e Enzyme catalytic efficiency data accessed from Majumder et al. (Majumder, 

Johnson and Henry, 1997) 

 

The above named genes were selected on consideration of a relatively high 

specific activity, size of the enzyme and requirement for particular buffer 

components for catalytic activity (Table 2.16).  Our intention to couple the 

MIPS enzyme to hexokinase demands that MIPS is more active in the couple 

than hexokinase. Moreover, the need to clone and express these enzymes in 

a system for rapid production, such as in E. coli or S. cerevisiae with a short 

life span, requires relatively small enzymes for ease of cloning and 

transformation.  

 

Eukaryotic MIPS enzymes were the primary selection due to ease of using S. 

cerevisiae as model organism for producing the eukaryotic MIPS in 

laboratory conditions. The Arabidopsis thaliana myo-inositol phosphate 

synthases both have highest activity at 30°C at pH 7.5, ideal for 

reproducibility in the lab. These genes were cloned from a cDNA library 

produced from RNA extracted from Arabidopsis thaliana Columbia-0 

background, with previous research showing that AtMIPS1 had highest 

expression in cauline leaf and vascular tissues, and AtMIPS2 highest 
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expression in seeds and seedlings (Schmid et al., 2005; Winter et al., 2007). 

Reflected additionally in the difference in Vmax in Table 2, Donahue et al. 

(2010) found AtMIPS1 to have a larger role in the turnover of G6P to myo-

inositol than MIPS2 and MIPS3. Whilst a great amount of research has been 

carried out characterizing the A. thaliana myo-inositol phosphate synthases, 

no crystal structure of these enzymes has been published to date.  

 

Similarly, research has also historically utilized and characterized the 

ortholog in Saccharomyces cerevisiae, INO1 (Greenberg and Lopes, 1996; 

Carman and Henry, 1999; Henry, Kohlwein and Carman, 2012). The gene 

length of the S. cerevisiae myo-inositol phosphate synthase is considerably 

shorter than its higher eukaryotic equivalents, facilitating its use in the 

Gateway cloning system with greater success than the longer Arabidopsis 

MIPS. The highest activity of ScINO1 is also at 30°C, easily achievable in lab 

conditions both in vivo and in vitro, at pH 5.5.     

 

Though the yeast INO1 is reported to be most highly expressed when grown 

in inositol-deficient media, cDNA was prepared from yeast grown in a 

standard complete synthetic media.  

 

The final inositol phosphate synthase, from the hyper-thermophile 

Archaeoglobus fulgidus (Klenk et al., 1997). was gifted in plasmid from 

Adolfo Saiardi (University College London), The enzyme is active at 90°C at 

a neutral pH, with specific activity recorded of 11.8 ɛmol min mg-1 (Chen et 

al., 2000), and has the highest reported specific activity of a MIPS enzyme to 

date.  

 

Figure 2.2 shows the successful cloning PCR of ScINO1 and AtMIPS1 with 

5ô CACC for Gateway cloning using Phusion High Fidelity DNA polymerase 

and touchdown PCR conditions. ScINO1 length is 1602 bp, coding sequence 

length for AtMIPS1 is 2095 bp. Bands were excised from gel using a scalpel 

and extracted using Qiagen Gel Extraction kit (QIAGEN, 2001). 
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Figure 2.2: Agarose gel electrophoresis (1% agarose, TAE) from Touchdown 

PCR of ScINO1 (Lane 3, A) and AtMIPS1 (Lane 4, B). Lane M denotes 1kb+ 

ladder DNA marker. Lane 1 was a PCR of AtMIPS1 which did not amplify 

from template. Lane 2 a PCR of ScINO1 which did not sufficiently amplify 

from template. 

 

Figure 2.3 shows the band for successful PCR of AtMIPS2 from A. thaliana 

cold shock cDNA library using touchdown PCR conditions with Phusion High 

Fidelity DNA polymerase, with addition of 5ô CACC for Gateway cloning. The 

coding sequence length for AtMIPS2 is 1533bp. The band was excised from 

the gel and DNA extracted using Qiagen Gel Extraction Kit (QIAGEN, 2001). 
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Figure 2.3: Agarose gel electrophoresis (1% agarose, TAE) of AtMIPS2 gene 

cloned using touchdown PCR, where A marks AtMIPS2 (lane 3). M denotes 

1kb+ ladder DNA marker. Lanes 1 and 2 were additional PCR reactions for 

AtMIPS2 which failed to amplify. 

 

Arabidopsis thaliana MIPS1 and MIPS2 were cloned out of Arabidopsis 

cDNA libraries produced in stress conditions to improve mRNA expression 

prior to RNA extraction of these genes, however these genes proved difficult 

in transforming into bacterial entry vectors. This may have been due to the 

size of the genes, with their size being over half the size of the bacterial entry 

vector which may have resulted in the gene being cleaved from the vector; 

this would allow for positive colonies to grow on selection plates that later 
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yielded negative colony PCR results. In addition, this may have been due to 

the nature of the genes being expressed: as the myo-inositol phosphate 

synthase genes are important regulatory genes, also linked to stress 

responses, increasing the production of these proteins and therefore 

increasing inositol and phosphate turnover in the cell by expressing them 

with a constitutive promoter in a vector may be lethal to the cells involved. 

 

Instead, Gateway constructs were prepared for expression of yeast MIPS 

(Ino1) in yeast using the pDONR207 Entry Vector. Figure 2.4 shows the 

successful bands showing full length coding sequence insertion (lane 

marked F+R for priming with Gene Forward and Gene Reverse primers) as 

well as insertion into the vector, primed using cloning vectors T7 Forward 

primer and the reverse primer for the ScINO1 gene (lane marked T7+R). 
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Figure 2.4: Agarose gel electrophoresis (1% agarose, TAE) of PCR products 

resulting from Colony PCR of ScINO1 in pDONR207 Gateway Entry Vector, 

where A denotes size of tagged ScINO1 (Lanes 1 to 4) and M denotes 1kb+ 

DNA ladder.  

 

Colonies were picked at random from a selection plate and resuspended in 

20 µL of sterile distilled water, 1 µL of this suspension was used as the 

template for PCR. Colonies that showed a successful PCR for gene insertion 

were inoculated into 10 mL LB liquid media with gentamicin and grown 

overnight for vector to be purified using Qiagen Mini Prep kit (Quaigen, 

2015).  

 

The S. cerevisiae INO1 gene was cloned out of the yeast cDNA library 

produced and transformed into a Gateway entry vector and a bacterial 

destination vector later found to be unsuitable for downstream purification 

using the ÄKTA Pure system. As such, a C terminal 6xHIS tag was added by 

PCR cloning to the ScINO1 fragment (method listed in section 2.2.2.6), and 
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this was cloned using the Gateway cloning system into the p-ENTR-D-TOPO 

entry vector, and ligated from this to the yeast expression vector construct 

pAG413-GPD-cHA gifted from Dr. Mark Bailey (University of Birmingham), 

as shown in figure 2.5. 

 

 

 

Figure 2.5: Agarose gel electrophoresis (1% TAE agarose) of PCR products 

of colony PCR conditions for c-terminal 6xHIS tagged ScINO1 (band size 

denoted A), where lanes 1-6 are PCR amplified reaction products. Lane M, 

1kb+ ladder.  

 

The resulting construct from the Gateway ligation reaction, ScINO1 pAG413-

GPD-cHA, was transformed into NCYC3466 wild type S. cerevisiae using the 

method adapted from Kawai, Hashimoto and Murata (2010) (Method detailed 

in section 2.2.2.9.4. Transformed yeast were induced and grown overnight 

for preliminary analysis of protein expression. Crude protein was extracted 

from cultures using the method described in section 2.2.2.13 adapted from 

Kushnirov and Kushnirov (2000). The results of typical expression trials are 
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shown in Figure 2.6 (detection with Invision HIS tag stain) and Figure 2.7 

(stained for total protein with Instant Blue). 

 

 

Figure 2.6: SDS PAGE analysis of crude total protein extraction of the 

ScINO1 overexpression line of S. cerevisiae NCYC3466 stained using 

InVision HIS-tag in-gel stain. The band corresponding to the approximate 

size of INO1 with 6xHIS tag is marked A. Lanes 1 to 6 are biological replicate 

samples of ScINO1 carrying S. cerevisiae NCYC3466 cultures. 
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Figure 2.7: SDS PAGE analysis of crude total protein extraction of the 

ScINO1 overexpression line of S. cerevisiae NCYC3466 stained using 

Instant Blue total protein stain. The band corresponding to the approximate 

size of INO1 with 6xHIS tag is marked A. Lanes 1 to 6 are extracts from 

biological replicates of ScINO1 vector S. cerevisiae NCYC3466 cultures. 

 

The band of approximately 61 kDa corresponds to the predicted size of 

ScINO1 with the addition of a 6XHIS tag at the C terminal of the protein. 

Further purification from cultures expressing the ScINO1 pAG413-GPD-cHA 

construct with purification by hand through a 1 mL HisTrap HP Affinity IMAC 

column (GE Healthcare) was not wholly successful, with multiple bands 

evident on the gel (Figure 2.8). 
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Figure 2.8: SDS PAGE analysis of cleared cell lysate and protein following 

manual purification using HisTrap HP Affinity IMAC column for enrichment of 

HIS tagged proteins. Lanes marked M correspond with Precision Plus 

Protein Standards, where lanes 1 to 5 are successive 1 mL load fractions, 

lanes 6 to 10 are successive 1 mL elution fractions, lane 11 is cleared cell 

lysate and lane 12 is cell pellet. Band corresponding to ScINO1 is marked A.  

 

The lack of success in yeast prompted reappraisal of strategy, both of the 

expression host and the encoded transformation sequence.  At this stage of 

the experimentation the Fiedler group reported successful expression of 

archaeal enzyme in a bacterial expression system (Harmel et al., 2019). A 

construct encoding IPS from A. fulgidus in pET23a was subsequently 

obtained from Adolfo Saiardi (UCL) .  
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2.3.2 Purification of IPS  

 

pET23a:IPS was transformed into commercial RosettaÊ 2 (DE3)pLysS 

(Novagen) E. coli cells. Protein expression trials were conducted at UEA 

(Fig. 2.9), comparing the relative protein expression of IPS in E. coli grown at 

18°C, 24°C, 30°C and 37°C. Cultures were OD adjusted to lowest OD 

equivalent and total protein was analysed by SDS PAGE gel for expression 

(Figure 2.9).   

 

Figure 2.9: SDS PAGE gel electrophoresis of total expressed protein from 

expression trials of pET23a:IPS in RosettaÊ 2 (DE3)pLysS, where lane 1 to 

4 are samples of E. coli grown at 18°C (lane 1), 24°C (lane 2), 30°C (lane 3) 

and 37°C (lane 4) respectively, and lane M is Precision Plus Protein 

Standard. Arrow marked A denotes approximate size of A. fulgidus IPS 

protein.  

 

Following expression trials, pET23a: IPS was expressed in commercial 

RosettaÊ 2 (DE3)pLysS (Novagen). Cells were, grown at 30°C with 160 rpm 

shaking for 18 hours, induced with 0.1 M IPTG for 4 hours in four 1 litre 

flasks of LB medium with ampicillin and chloramphenicol selection. At OD600 
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of å 1.0, cultures were centrifuged, the cells resuspended in lysis buffer and 

lysed by French press. The cleared cell lysate was purified using the ÄKTA 

Pure system (methods detailed in section 2.2.2.11). The following figures 

(Fig 2.10 & 2.13) show UV traces for the purification of IPS from Rosetta 2. 

 

 

Figure 2.10: UV trace from ÄKTA Pure system of IMAC HiTrap purification of 

IPS.  Thirty six mL of a cell lysate of pET23a:IPS expressing RosettaÊ 2 

(DE3)pLysS was obtained from four litres of culture and loaded onto the 

column.  

 

Protein fractions collected from IMAC purification were analysed by SDS 

PAGE (Fig 2.11, 2.12) 
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Figure 2.11: SDS PAGE of 50 mL samples from unconcentrated sequentially 

eluted 2 mL fractions (lanes 1-8) from ÄKTA Pure purification of IPS protein 

following IMAC purification. Lane M is Precision Plus Protein Standards. 

Band corresponding to AfIPS is marked A. 

 

Figure 2.12: SDS PAGE of 5 mL loads of concentrated IPS fractions prior to 

Sepharose gel filtration for purity (Lanes 1 to 8 represent concentrated 

aliquots from sequential fractions eluted and analysed as lanes 1 to 8 in fig 

2.11). Lane M is Precision Plus Protein Standards. Band corresponding to 

AfIPS is marked A. 
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Samples from the gel fractions labelled in Figure 10 were pooled and 

concentrated using a 10 kDa cut-off VivaspinÊ protein concentrator spin 

column (GE Healthcare) before loading onto a HiLoad 16/600 Superdex 75 

PG column for further purification of IPS by size-exclusion chromatography 

from contaminating proteins in the IMAC eluate. The results are shown in 

Figure 2.13. 

 

 

 

Figure 2.13: Size exclusion chromatography (Gel filtration) of IMAC purified 

IPS fractions. 

 

Peaks corresponding with UV absorbing fractions shown in the gel filtration 

chromatogram from this purification were analysed by SDS PAGE for the 

presence of a band corresponding to the expected size of IPS protein (Figure 

2.14). 
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Figure 2.14: SDS PAGE of Sepharose purified IPS protein, where lanes 1 to 

4 denote sequential elution fractions from Sepharose gel filtration purification 

of protein fractions. Lane M is Precision Plus Protein Standards. Band 

corresponding to AfIPS is marked A.  

 

Finally, IPS protein purified using the ÄKTA pure system was concentrated 

using a VivaspinÊ protein concentrator spin column (GE Healthcare) to a 

final concentration of 0.46 mg/mL in a total volume of 1.2 mL as determined 

by nanodrop (NanoDrop 2000c, Thermo Scientific) and stored as 50 mL 

aliquots at -20°C for use future use in chemoenzymatic assays. 

 

2.3.3 Function and activity of Archaeoglobus fulgidus IPS 

 

Previous studies have shown the optimal activity of the A. fulgidus inositol 

phosphate synthase, hereby known as IPS, is within the range of 65-95°C, 

reflecting its hyperthermophile origins (Chen et al., 2000; Fujisawa, Fujinaga 

and Atomi, 2017). Following purification of IPS from its bacterial expression 

host, the next logical step was to determine suitable reaction conditions to 
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verify catalytic activity of the purified protein. IPS catalyses conversion of 

G6P (hereafter G6P) to 1L-myo-inositol-1-phosphate, known also as 1D-

myo-inositol 3-phosphate (Figure 2.15).  Relaxation of IUPAC rules for 

numbering of carbons in myo-inositol, only, among inositol isomers (Biochem 

J., 1989), allows the use of the D-nomenclature for numbering of carbons. 

This convention has universally been accepted for description of inositol 

phosphates in biological systems where, with very few exceptions, myo-

inositol and its phosphorylated derivatives prevail (Thomas et al., 2016). 

 

 

Figure 2.15: Scheme for the isomerization reaction for the conversion of G6P 

to inositol monophosphate by inositol phosphate synthase (IPS), requiring 

NAD+ as a co-factor. Figure produced using ChemDraw (v. 20.1), substrate 

and product are shown in ring form. 

 

Previous research has shown that IPS is a Class II aldolase dependent on 

the presence of a divalent metal ion such as Zn2+ or Mn2+ for activity, and 

relatively unaffected by the presence of ammonium cations, in contrast to 

most inositol phosphate synthase enzymes (Chen et al., 2000; Neelon et al., 

2005). As such, assay conditions to this effect utilised the optimum 

temperature range of the enzyme and its previously reported high activity in 

the presence of zinc cations, and the assay conditions were as follows: total 

concentration of 5 mM glucose-6-phosphate, 1 mM NAD+, 1 mM ZnSO4, 20 

mg IPS enzyme in 1 mL of 50 mM Tris-AC buffer pH 7.5 

 

The reaction to establish functional activity of IPS was carried out at 85°C for 

4 hours, with 200 mL of the reaction sampled every hour and stored at -20°C 

for later analysis. The assay products were analysed by HPLC using the 
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DionexÊ ICS-2000 Ion Conductivity System using suppressed ion 

conductivity detection, as described in section 2.2.2.12 (Dionex, 2006).   

 

Initial experiments were conducted to find conditions for separation of 

substrate, G6P, and product (1L-Ins1P, 1D-Ins3P, hereafter Ins3P). The 

AS18 IC column was chosen as it is commonly used to separate anions such 

as chloride, sulphate, nitrate and phosphate (Thermo Fisher Application Note 

154, (Borba and Rohrer, 2016). It was postulated that G6P and Ins3P would 

differ in retention time by virtue of the different pKaôs of sugar and cyclitol 

hydroxyls, and that by virtue of the esterified phosphate would elute before 

non-esterified inorganic phosphate. The suppressed-ion conductivity method 

also allows collection of separated ions in water, the eluate from the 

suppression module of the chromatograph when used in óexternal waterô 

mode. Here, the machine was used in standard óeluent recycleô mode. 

Standards (50 mM) of G6P (Sigma) and Ins3P (Cayman, CAY10007778, 

sodium salt) were initially run as control samples alongside diluted assay 

samples to determine the positions of elution of substrate, product and 

potentially interfering buffer components: the buffer components are present 

at 5-fold higher concentration than the G6P substrate. 

 

The results (Figure 2.16) shows the comparison of the 50 mM standards of 

G6P and Ins3P (Figure 2.16 A and B respectively) alongside a 1 in 10 diluted 

sample of the IPS assay following 4 hour incubation at 85°C of 20 mg IPS 

with 5 mM G6P (Figure 2.16C). 
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Figure 2.16: Separations of G6P and Ins3P by Ion Exchange 

Chromatography where A 50 mM G6P; B 50 mM D-Inositol-3-phosphate and 

C 1 in 10 dilution of 4 hour sample of IPS assay for conversion of G6P to 

inositol monophosphate. 
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Clearly, isocratic elution of the AS18 HC column with 27 mM KOH, is 

sufficient to resolve Ins3P and G6P, with retention times of 4.1 minutes and 6 

minutes, respectively.  Comparison of the traces, Figure 2.16A & B with 

Figure 2.16C, further reveal that the assay was successful, evidenced by the 

presence of a peak co-eluting with the Ins3P standard concomitant with a 

reduction in peak co-eluting with the G6P standard. Integrations of the peak 

areas of the assay dilution sample and the standards suggests that 

approximately 80% of the starting G6P has been converted to Ins3P by the 4 

hour time point of the assay. The chromatographic method also separates 

the substrate and product from other buffer components. Previously 

published literature utilising a similar method reported a 50% yield at gram-

scale, with purification and yield assessed by NMR (Harmel et al., 2019), 

following enzymatic methods devised for synthesis of 13C myo-inositol 

(Saiardi et al., 2014). 

 

2.3.4 Enzyme coupled assays  

 

2.3.4.1 Experiments using commercial hexokinase for conversion of 

glucose to G6P 

 

Due to the scale demanded of in vivo experiments for which this chemo-

enzymatic synthesis is purposed, it was deemed necessary to synthesize 

G6P from glucose. While 14C myo-inositol is commercially available, it is c. 

100-fold more expensive than 14C glucose, from which Ins3P can be 

synthesized by coupling hexokinase to IPS. Moreover, it was recognized that 

the methods in development here would be equally appropriate for the 

synthesis of stable isotope [13C] myo-inositol, raising the possibility of use of 

[13C] myo-inositol and analysis of metabolism by Isotope Ratio approaches. 

In order to test the feasibility of coupling the two enzymes, initial studies were 

undertaken with a commercially available Saccharomyces cerevisiae 

hexokinase, sourced from Sigma-Aldrich (H4502). Figure 2.17 shows the 

reaction scheme for the phosphorylation of glucose to G6P. 
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Figure 2.17: Reaction scheme for the phosphorylation of glucose to G6P by 

hexokinase, with ATP as a phosphate donor. Figure produced using 

ChemDraw (v. 20.1), substrate and product are shown in ring form. 

 

KM is the substrate concentration at which half of the maximum velocity of 

the enzyme-catalysed reaction is reached, determining the binding affinity of 

an enzyme towards a particular substrate (Michaelis & Menten, 1913, in: 

Johnson & Goody, 2011).  The yeast hexokinase (Sigma) used in the 

reactions described here has a KM for glucose of 0.12 mM at pH 7.5 at 30°C 

and this reaction for the phosphorylation of glucose to G6P by yeast 

hexokinase requires Mg2+ as an activator (Kunitz and McDonald, 1946; 

Pollard-Knight and Cornish-Bowden, 1982; Cardenas, Rabajille and 

Niemeyer, 1984). None of these components are known interferences in the 

MIP-catalysed reaction. 

 

The end point hexokinase assay was made up as two separate mixtures of 

400 mL, in 50 mM pH 7.5 and 100 mM pH 9.0 Tris-Acetate buffer, containing 

a final concentration of: 0.75 mM ATP (Sigma), 7.5 mM MgCl2 (Sigma), 10 

mM D-Glucose (Sigma) and 20 units/mL Yeast Hexokinase (Invitrogen). 

 

The assay was run in pH 7.5 Tris-acetate buffer, the most suitable for 

coupling this step to the IPS assay for isomerisation of the produced G6P to 

Ins3P, as well as at an alkaline pH (Tris-Ac pH 9.0) specified by 

manufacturers guidelines as the upper optimal pH for hexokinase activity 

(Sigma-Aldrich, 2017). The assay was run for a total of 4 hours at 30°C as 

100 mL reactions in 0.2 mL tubes, with samples removed and frozen at -20°C 

at hour intervals. One hundred-fold dilutions of the assay at 1 hour and 4-



 86 
 

hour time points were analysed by ion exchange chromatography. The HPLC 

resolution of G6P production is shown in Figure 2.18.  

 

 

 

Figure 2.18: Chromatographic separation on a Dionex AS18 IC column of 

hexokinase reaction products and standards, measured by suppressed ion 

conductivity.  A 100 mM G6P standard in 18.2 Megohm water, B 100 mM 
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glucose; C 1/100 dilution of the hexokinase assay after 1 hour in pH 7.5 

buffer; D 1/100 dilution of the hexokinase assay after 1 hour in pH 9.0 buffer, 

E 1/100 dilution of the hexokinase assay after 4 hours in pH 7.5 buffer and F 

1/100 dilution of the hexokinase assay after 4 hours in pH 9.0 G6P elutes at 

6.43 minutes. 

 

Figure 2.18 shows the separation of G6P from assay and buffer components 

on the AS18 IC column eluted isocratically with a 27 mM KOH. While 

glucose is not detectable by this method, anions components in the buffer 

can be detected eluting at approximately 3.5 and 4.5 minutes.  

 

Calculations taking account of the 1:100 dilution and the initial assay 

concentration of 10 mM glucose and 0.75 mM ATP, set an upper limit of 

product of 0.75 mM G6P, which with a 20 mL injection of this 100 mL final 

dilution would suggest the maximum detector response available would be 

for a peak of approximately 15 mM G6P. Comparison of the detector 

response obtained for the assay products with that for a 20 mL injection of 

the 100 mM G6P standard, suggests complete conversion of glucose using 

the available phosphate for G6P production by the 4 hour assay time point, 

with approximately 90% conversion at 1 hour. Moreover, there was no 

difference in the efficiency of phosphorylation between the pH 7.5 and pH 9.0 

buffer conditions used for this assay.  

 

2.3.4.2 ATP regeneration coupled hexokinase assays for conversion of 

glucose to G6P 

 

In the hexokinase reaction shown in section 2.3.4.1, ATP as the phosphate 

donor is the limiting factor, in that the absence of available ATP limits the 

turnover of glucose to G6P by hexokinase even when glucose is 100-fold in 

excess of the KM of hexokinase. As this chemoenzymatic synthesis is 

ultimately devised for use with a universally labelled glucose precursor ï 

such as U-13C6-glucose or U-14C6-glucose, which are more expensive than 

conventional 12C6-glucose (glucose), or which pose additional problems of 
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purification arising from incomplete conversion or general considerations of 

use of radioisotopeï it was necessary to improve the turnover of glucose to 

G6P by hexokinase by providing an alternative phosphate donor in the 

reactions. The rationale here was to reduce the amount (and cost) of ATP. 

The solution tested in the following used an ATP-regenerating system 

whereby ADP produced during kinase reaction is recycled to ATP by the 

action of creatine kinase action on sacrificial creatine phosphate substrate, 

shown in Figure 2.19. 

 

 

 

 

Figure 2.19: Reaction scheme of the conversion of glucose to G6P by 

hexokinase, using ATP as a phosphate source. Coupled to this is the 

regeneration of ATP from ADP by creatine kinase, using phosphocreatine to 

regenerate ATP and producing creatine as a by-product of this regeneration. 

Figure produced using ChemDraw (v. 20.1), substrate and product are 

shown in ring form. 

 

For the ATP-regeneration coupled hexokinase assay, the reaction was 

carried out in a 500 mL mix made up in 50 mM Tris-Ac pH 7.5 buffer 

containing final concentration: 50 mM D-glucose, 1.5 mM ATP, 5 mM 

phosphocreatine, 5 mM MgCl2, 0.4 units yeast hexokinase and 6 units of 

creatine kinase. 
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Using this assay mix, ATP is maintained above the KM of hexokinase by the 

action of creatine kinase, which under the conditions of the assay has a 

higher rate than hexokinase itself. The concentration of available phosphate 

in terms of starting ATP and phosphocreatine is in excess of the starting 

concentration of glucose, glucose becomes the limiting factor of the reaction. 

This is important, particularly in terms of formulating this assay for its use 

with 13C and 14C D-glucose, in which its total conversion through the myo-

inositol is required to prevent losses of more expensive heavy or 

radiolabelled isotope through incomplete conversion.  

 

Products generated from coupled assays were analysed by HPLC on the 

AS18 HC column by the standard method. Typical results are shown in 

Figure 2.20. 

 

 

 

 

Figure 2.20: Separation of ATP-regeneration coupled hexokinase assay 

products by Ion Exchange Chromatography.  A 50 mM G6P standard; B 50 

mM D-Ins3P standard; C 1:100 dilution of assay at 2-hour time point and D 

1:100 dilution of assay at 4-hour time point. Elution time for G6P is 6.4 
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minutes, elution time for D-Ins3P is 4.5 minutes. Unlabelled peaks running 

before this correspond to buffer components absent in the G6P standard. 

The HPLC column was eluted with a potassium hydroxide isocratic gradient. 

 

By comparison of the data in Figure 2.20 to the results shown for the end-

point assay in Figure 2.18, it is apparent that inclusion of the ATP-

regenerating system has, by 4 hours, increased G6P production. Peak area 

calculations suggest complete phosphorylation of glucose to G6P from the 

available ATP and phosphocreatine.  

 

Considering the ultimate goal of efficient, cost-effective conversion of 

glucose to inositol, the advantage of the coupled assay that it limits the 

concentration of expensive starting reagents such as ATP. The foregoing 

data show that a starting concentration of 50 mM ATP, to match the starting 

glucose, is simply not necessary. Indeed, inclusion of the coupling reagents 

allows linear conversion of glucose to G6P over 4 hours, evidenced by the 

doubling of G6P peak area between 2 and 4 hours.  

 

2.3.4.3 Hexokinase and myo- inositol phosphate synthase coupled 

assay  

 

The next step for the chemo-enzymatic synthesis focused on coupling the 

two enzymatic reactions in one reaction mixture. The significant difference in 

the active temperature range for the two enzymes, with the yeast hexokinase 

active at 25-30°C and the A. fulgidus IPS active at 65-90°C with very little 

activity below this temperature range (Chen et al., 2000) means that it would 

be impossible for both enzymatic steps in the assay to proceed 

simultaneously, and therefore it is necessary to allow the first enzymatic 

reaction to proceed first at 30°C. Following a 2-hour reaction, the hexokinase 

reaction products were stored at -20°C overnight, and the following day IPS 

and the cofactors necessary for this reaction were added in to the reaction 

and the incubation temperature increased to 80°C for the IPS synthesis step, 

which also heat inactivated the hexokinase enzyme allowing for it to be 

removed from the reaction mix at a later stage. Figure 2.21 shows the 
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reaction scheme for this coupled assay, with Table 2.17 detailing the reaction 

mix and the addition of IPS components after 2 hours. 

 

 

 

Figure 2.21: Reaction scheme for the conversion of glucose to Ins3P by 

hexokinase and inositol phosphate synthase, with G6P as an intermediate. 

The hexokinase-catalyzed reaction is coupled to creatine kinase reaction for 

the regeneration of ATP from ADP by dephosphorylation of phosphocreatine. 

Figure produced using ChemDraw (v. 20.1), substrate and products are 

shown in ring form. 
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Table 2.17: Reaction mix for the ATP-regenerating hexokinase-coupled IPS 

assay for the conversion of glucose-6-phosphate to inositol monophosphate 

Component Final concentration f 

Glucose 50 mM 

ATP 1.5 mM 

Phosphocreatine 5 mM 

MgCl2 5 mM 

Hexokinase 0.4 units 

Creatine kinase 6 units 

f This reaction was incubated at 30°C for 2 hours and then stored at -20°C 

overnight, after which point the following was added 

Component Final concentration g 

Zinc sulphate 5 mM 

NAD+ 1 mM 

IPS 20 mg 

g Following which the reaction was incubated at 80°C for a further 4 hours. 

 

 

The assay for coupled reaction from glucose to inositol-1-phosphate 

contained: 50 mM D-Glucose, 1.5 mM ATP, 5 mM phosphocreatine, 5 mM 

MgCl2, 0.4 units yeast hexokinase and 6 units of creatine kinase. This 

reaction was incubated at 30°C for 2 hours, after which point the following 

was added and the reaction was incubated at 80°C for a further 4 hours: 5 

mM ZnSO4, 1 mM NAD+, 20 mg IPS. The reaction was carried out in multiple 

100 mL aliquots from the same master mix of starting components. Results 

are shown in Figure 2.22. 
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Figure 2.22: Separation of Ins3P and G6P by Ion Exchange 

Chromatography.  A 50 mM G6P, B 50 mM Ins3P standard, C 50 mM 

phosphocreatine (PCr), D 50 mM ATP standard, all prepared in 18.2 

MOhm.cm water, E 1 in 100 dilution of IPS assay using commercial G6P as 

the starting material and F 1 in 100 dilution of Hexokinase-IPS coupled assay 

with glucose as the starting material. 
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The hexokinase-IPS coupled assay was run alongside a control assay using 

the IPS enzyme and commercial G6P as the starting material, as in section 

3.3.3 for comparison of the efficiency of the IPS enzyme in the buffer 

components from the hexokinase assay. By comparison of the relative peak 

area for Ins3P and remaining G6P, identified by their co-elution with known 

standards at 4.5 minutes and 6.3 minutes respectively, as shown in Fig. 2.22 

ï   with parallel assays run for the same length of time at the same 

temperature ï approximately 90% of the G6P precursor, be that commercial 

or enzymatically synthesised, was converted to Ins3P.   

 

The purification of inositol phosphates, whether isolated from environmental 

samples or labelled tissue, or whether generated in vitro in enzyme assays, 

has been a perennial problem since first description of separations of inositol 

phosphates (Tomlinson and Ballou, 1962; Anderson, 1964; Irving and 

Cosgrove, 1972). Purification from other inositol phosphates, buffer 

components and other interferences has exercised the modern inositol 

phosphate community, with relatively few developments since detailed 

metabolic studies of the 1980ôs, exemplified by Stephens and co-workers 

(Stephens and Downes, 1990a). Commonly, HPLC-resolved peaks of 

labelled material were desalted in batch-mode on Dowex ion-exchange 

media with eluting volatile eluents removed by multiple cycles of freeze-

drying, before use as substrates for further study. One recent development 

that has perhaps not received the scrutiny, verification of efficacy, that earlier 

methods have, is the use of titanium dioxide (TiO2) beads for purification of 

total inositol phosphates. The method derives from the use of TiO2 for pre-

enrichment of phosphor-peptides for proteomic studies (Matsuda, Nakamura 

and Nakajima, 1990). The method has been used recently for enrichment of 

inositol phosphates from biological samples (Wilson et al., 2015). The 

method involves adsorption of inositol phosphates under acid conditions to 

TiO2 beads (approximately 5 mg per sample), washing of the beads with acid 

and elution of inositol phosphates by raising of pH, the bicarbonate or 

ammonium hydroxide commonly used can be removed easily under reduced 

pressure ï effectively desalting the sample. 
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2.3.4.4 Using titanium dioxide beads for inositol monophosphate 

purification 

 

Using a method adapted from Wilson and Saiardi (2018), products from the 

hexokinase and IPS coupled assay were mixed with 1 volume of 1 M HClO4, 

3 mM EDTA and incubated with 5 mg of TiO2 beads, eluted with 2.8% 

NH4OH and dried completely before resuspending in 18.2 Mohm.cm water. 

TiO2 beads have been previously reported to bind phosphorylated 

compounds and inorganic phosphate with high affinity. The method was 

employed here to attempt purification of the Ins3P product and remnant G6P 

from remaining trace metals and proteins, as the high thermostability and pH 

activity range of the IPS enzyme made precipitation of the protein difficult, 

though other phosphate containing compounds present in the buffer would 

be similarly enriched by this method, and the resulting clean up products 

would retain the phosphocreatine used in the ATP regeneration for the 

hexokinase assay. The results of which are shown in Figure 2.23.  
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Figure 2.23: Suppressed ion chromatography separation of D-Ins3P and 

G6P in A, IPS reaction from G6P following TiO2 clean up; B, hexokinase-

coupled IPS reaction from glucose following TiO2 clean up; C, D-Ins3P 

standard; D, Glucose-6-phosphate standard. 

 

Consistent with speculation of the affinity of TiO2 for multiple assay 

components, those bearing phosphate moieties, the employ of the TiO2 

purification method as a clean-up step for enzymatically synthesized myo-

inositol resulted in a concentration of the co-substrates for coupled assay 

steps, evidenced as a shoulder peak corresponding to the near co-elution of 

phosphocreatine (PCr) and D-Ins3P in Fig 2.23B.  
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2.3.5 Three step coupled enzymatic assay from glucose to myo-inositol 

 

The final step in the chemo-enzymatic synthesis of inositol from glucose 

involves dephosphorylation of the resultant Ins3P. This was achieved using a 

commercial alkaline phosphatase, with a broader effective pH range and 

higher efficiency than other potential phosphatases that might be cloned and 

expressed for this purpose. Calf intestinal mucosa (unconjugated) alkaline 

phosphatase was  chosen on grounds of cost and specific activity and 

purchased from Rockland Inc. (Rockland Immunochemicals, 2020). The 

specific activity for hydrolysis of p-nitrophenol phosphate of 6 mM per minute 

at pH 9.8 at 37°C is well-suited for assays run in neutral to basic buffers.  

The complete reaction scheme for all components included in the buffer for 

this assay is shown in Figure 2.24, with each enzyme added into the reaction 

in a stepwise manner following incubation for the accumulation of precursors 

from previous enzymatic steps.  
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Figure 2.24: Reaction scheme for the stepwise conversion of glucose to 

inositol by hexokinase, inositol phosphate synthase and alkaline 

phosphatase enzymes, with G6P and Ins3P as reaction intermediates. 

Figure produced using ChemDraw (v. 20.1), substrate and products are 

shown in ring form. 

 

Assay conditions were trialled for efficient dephosphorylation of inositol 

monophosphate in the existing buffer conditions, knowing that use of a 

powerful phosphatase such as the one used from Rockland 

Immunochemicals would also dephosphorylate remaining G6P, 

phosphocreatine and ATP in the buffer from previous enzymatic steps. 

Adding the phosphatase to the assay in situ instead of first purifying inositol-
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1-phosphate from the previous enzymatic assay steps reduces endogenous 

losses from purification steps (Table 2.18). 

 

Table 2.18: Assay mixture for the 3-step enzymatic coupled assay for the 

generation of myo-inositol from glucose. Final concentrations are given as a 

concentration in a total reaction of 500 mL, from which four 100 mL aliquots 

were used as separate reaction mixtures. 

 

Component Final concentration f 

Glucose 50 mM 

ATP 1.5 mM 

Phosphocreatine 5 mM 

MgCl2 5 mM 

Hexokinase 0.4 units 

Creatine kinase 6 units 

f This reaction was incubated at 30°C for 2 hours, after which point the 

following was added 

Component Final concentration g 

Zinc sulphate 5 mM 

NAD+ 1 mM 

IPS 20 mg 

g Following which the reaction was incubated at 80°C for a further 3 hours. 

Component Final concentration h 

Alkaline phosphatase 2 units 

h Following which the reaction was incubated at 37°C for 1 hour. 

 

Following enzymatic steps, the reaction products were subjected to HPLC 

and pulsed amperometric detection. Pulsed amperometry of analytes in 

hydroxide eluents on gold electrodes is a sensitive method for the detection 

of saccharides. A discussion of the optimization of waveforms for detection 

can be found in Rohrer (2013), following the work of LaCourse & Johnson 

(1993). The approach works for cyclitols and has been used for 



 100 
 

measurement of inositol in feed and digesta sample samples in later 

chapters of this thesis. 

 

A calibration curve generated by injection of 10 mL aliquots of 1-10 mM 

inositol is shown in Figure 2.25. 

 

Figure 2.25: Calibration of detector response (integrated peak area) for myo-

inositol derived from 2D HPLC-PAD of inositol standards.  

 

 

Figure 2.26: Overlay of inositol standards from 20 mL injections (1 mM, 2 mM, 

3 mM,  4 mM, 5 mM, 10 mM) separated by 2D HPLC-PAD with a gradient of 

150 mM NaOH used to generate calibration curve in figure 2.25.  
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Figure 2.27: Separation of myo-inositol from glucose and glycerol as a buffer 

component by 2D HPLC-PAD with a gradient of 150 mM NaOH.  

 

Inositol was separated from its buffer components by 2-dimensional HPLC-

pulsed amperometry (method described fully in section 2.2.2.12). The 

commercial alkaline phosphatase was supplied in a buffer containing 

glycerol, which runs close to but separable from myo-inositol, labelled in 

figure 2.27. The alkaline phosphatase used in this assay is capable of 

dephosphorylating all phosphate containing compounds present in the 

buffer, including glucose 6P and Ins3P. Nevertheless, the 2-dimensional 

HPLC allows inositol which elutes early from the 1st column onto the main 

separating column, but switches the later eluting glucose to waste before it 

reaches the separating column. Consequently, glucose while 

electrochemically active on gold electrodes at this pH, is not detected or 

reported in this chromatogram. Inositol production was determined by 

comparison to a calibration curve of known standard concentrations of 

injected inositol, and the estimations of percentage conversion of glucose to 

inositol were made from the known starting concentration of glucose and the 

calculated recovery of inositol, as measured by PAD, suggesting an 

approximately 80% conversion of myo-inositol from starting glucose based 

on HPLC measurement, though this is without purification. 
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2.3.6 Chemoenzymatic synthesis of 13C(U)-myo-inositol  

 

The use of a stable isotope e.g. 12C or 13C instead of radiolabelled (14C) 

precursor, potentially affords a number of benefits, not only to help define 

optimal conditions for radiolabel conversion but also in final metabolic use of 

the synthesized labelled (13C or 14C inositol). Firstly, all enzyme assays 

demand use of substrate in/above the Km of individual enzymes to drive 

reactions forward. Use of 14C alone would poise substrate concentrations 

below Km, because of the specific activity of the radiolabel. Consequently, 

even radiolabelled assays demand inclusion of un(radio)labelled ócarrierô, 

usually 12C.  The methods chosen for assessment of conversion of glucose 

to G6P to Ins3P and hence to inositol, suppressed ion conductivity and 

pulsed amperometry do not rely on measurement of radioactivity and are as 

applicable to 13C precursors as they are to 12C precursors, of course, one 

would not by choice to use 14C if one didnôt have to. The constraints of the 

Radioactive Substances Act (1993) limiting open source radiation use to 

license holders in full compliance with regulations, and the high cost of 

purchasing radioisotopes compared to the stable isotope equivalents as well 

as the required safety materials for handling of radioisotopes such as 

shielding and the cost associated with safe storage and disposal, preclude 

this.  A second benefit of the use of stable isotope, 13C in particular, is that it 

opens up the use of sophisticated Isotope Ratio Spectrometry methods for 

study of metabolic conversions relevant to inositol (Harmel et al., 2019). 

Such methods can be applied against a physiological metabolic background 

of 12C metabolism. A third benefit is that the use of 13C glucose to generate 

13C inositol affords opportunity for the production of standard compounds 

that can be powerfully combined with 12C inositol in further experiments. 

Indeed, one such possibility is the tracing of inositol between metabolic pools 

of inositol phosphates generated e.g. from 12C glucose via (M)IPS with those 

that bypass this enzyme when experimental systems can be supplied with 

exogenous 13C inositol or vice versa  (Desfougères et al., 2019).  
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Table 2.19: Hexokinase and IPS coupled assay mixture for 13C(U) D-glucose 

conversion to myo-inositol monophosphate. Concentrations are in a total of 

200 mL reaction mix split into two 100 mL reactions for 2-hour and 4-hour 

incubation periods at 30°C for the hexokinase reaction. The assay mix was 

made up to a total of 200 mL with 50 mM Tris-Acetate buffer at pH 7.5. 

Component Final concentration f 

13C(U) D-glucose 10 mM 

ATP 1.5 mM 

Phosphocreatine 5 mM 

MgCl2 5 mM 

Hexokinase 1 unit 

Creatine kinase 15 units 

 

Using multiple reaction mixes as described in Table 2.19, and through the 

method development steps described earlier in this chapter, 13C(U)-Inositol 

was synthesised through from D-Glucose-13C6 (Aldrich). Chromatograms for 

the conversion from glucose-6-phosphate to inositol-3-phosphate by IPS are 

shown in Figure 2.28. 
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Figure 2.28: Suppressed ion chromatography separation of D-Ins3P in A, 

IPS reaction from G6P synthesised using hexokinase from D-Glucose-13C6; 

B, 1 in 100 dilution of IPS assay using commercial G6P as the starting 

material; C, D-Ins3P standard run alongside samples.  
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2.3.6.1 Use of 13C Inositol in Animal Feeding Experiments 

 

Typically, metabolic tracers used in animal feeding studies of this nature 

require use of radioisotope labelling, restrictive to many research groups with 

limited locations licensed to carry out animal experiments feeding 

radioisotopes outside of mouse and rat studies. Research involving stable 

isotope measurements in poultry is limited, and has focussed on measuring 

natural variations in stable isotope concentrations arising from crops with 

C3/C4 photosynthetic pathways for the purpose of determining geographic 

provenance of meat samples (Department for Environment Food and Rural 

Affairs, 2013) and to trace the sources of atmospheric aerosol particles in 

poultry housing as a tool for improving animal husbandry conditions 

(Skipitytǟ et al., 2017). Recently, the use of diets of different plant origin, with 

significantly different naturally occurring levels of Carbon-13, has been 

employed to estimate metabolic rate of broiler tissues through measurement 

of Carbon-13 turnover (Pelícia et al., 2018).  

 

Without being able to vary diet composition in the experimental design, a trial 

was carried out (described in full in Chapter 4) which attempted to also 

employ the use of Carbon-13 as a metabolic tracer, but specifically for the 

measurement of the metabolic fate of dietary inositol rather than total 

consumed carbon, and so employed the method described above for the 

synthesis of 13C myo-inositol as a dietary supplement. Based on the limits of 

detection of the Thermo Finnigan Delta plus XP isotope ratio mass 

spectrometer, 13C6-myo-inositol was synthesized based on the final 

optimised protocol described in section 2.2.2.14, and was added to poultry 

diets at a final concentration of d30ă 13C6-myo-inositol in a mixture of 500 g 

natural myo-inositol (Sigma) before being added to poultry diets at 2 g/kg at 

the Nottingham Trent University poultry trial facility.  

 

Following the animal feeding trial, 0.5 mg samples of freeze dried and milled 

gizzard and ileal digesta, 0.5 mg samples of ground and milled diets and 0.5 
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mg of freeze dried tissue samples (from 100 mg samples lysed for 

extractions described in chapter 5), were analysed from ratio of ŭ 13C to 12C 

at the Stable Isotope Analysis Platform (Stable Isotope Laboratory, School of 

Environmental Sciences, University of East Anglia) but no significant 

difference was found in any sample compared to the Pee Dee Belemnite 

standard. Full tabulated results are provided in the appendices (Appendix 2). 

 

2.4 Discussion 

 

Historically, metabolic or enzymatic research using a traceable form of myo-

inositol relied on tritiated [3H-]myo-inositol for detection of picomolar 

concentrations of inputted label in order to follow metabolic pathways to 

higher inositol polyphosphates or pyrophosphates, easily discernible from the 

relative initial pool of unlabelled species (Mayr, 1988; Harmel et al., 2019). 

Traditionally, these studies of isolated cells, cell lines and sometimes tissue 

slices, have been analysed by strong anion exchange (SAX) HPLC with 

coupled scintillation counting for detection. However, for longer term studies 

of whole complex organism metabolism, in which the pharmacokinetics of 

labelling of different tissues is undefined and consequently dose of labelled 

precursor required is unknown, a stable isotope might be more appropriate. 

Like many fields of research, inositol phosphate research could benefit from 

alternatives to radiolabelling, for legislative and democratizing purposes. 

Indeed, the availability and ability to handle commercial labelled myo-inositol 

and its phosphates is restrictive by virtue of cost and facility to handle 

radioisotopes. Both radio-labelled and stable isotope-labelled inositol are 

more expensive than common sugars such as glucose, particularly for 

universally-labelled structures.  

 

The generation of an in vitro chemoenzymatic synthesis assay for the 

generation of a stable isotope labelled myo-inositol will likely be instrumental 

in tackling the question of the metabolic fate of inositol in poultry.  Without 

which, the determination of the physiological explanation of the benefits of 

phytase, will remain obscure ï evidenced by correlative studies alone ï 
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those which relate measured inositol with growth performance without insight 

into use of inositol by different organs. 

 

Work by Harmel et al. (2019) made great strides in successful gram scale 

synthesis of 13C stable isotope-labelled myo-inositol for metabolic labelling of 

mammalian HCT116 cells for NMR analysis, building on previous research 

using the Archaeoglobus IPS by Adolfo Saiardi and colleagues (Saiardi et 

al., 2014). The method employed by both groups used chemical 

derivatization, normal phase chromatography and saponification to purify the 

resulting 13C myo-inositol, with a final yield of approximately 50% in respect 

to initial [13C6] glucose input.  For the downstream applications, proposed of 

this thesis, further purification may not be necessary to remove buffer 

components for feed trial use in whole animal experiments.  

 

The use of 13C6 myo-inositol as a metabolic tracer in the feeding trial 

described in this thesis was unsuccessful, in that the isotopic label was not 

detectable in feed, digesta or tissues at the levels used. In the absence of 

description of whole animal experiments with 13C6 myo-inositol, the method 

was adopted from geological use of IRS. Despite its ultimate failure, it is a 

promising advance in the move away from the use of radioisotope tracers in 

longitudinal metabolic studies using whole animals. It is likely that the 

inclusion rate of 13C6 myo-inositol in this case was insufficient for detection 

once diluted into animal feed, taking into account the additional carbon load 

in the feedstuff that would further dilute the 13C supplemented. The 

experiments, nevertheless, provide useful insight into the inclusion rates 

required for detection in a whole-animal feeding trial context as opposed to 

when included in cell line, bacterial cell and in vitro experiments for 

measurements.  
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3. Improving the efficiency of inositol phosphate 

extraction from biological tissues 

 

3.1 Introduction 

 

As with all life systems, phosphorous is considered an essential nutrient for 

poultry development (National Research Council, 1994), with the majority of 

dietary phosphate in animal feed provided from plant sources, namely grains. 

Approximately two thirds of phosphate in grains is bound in the form of 

phytate and is thus unavailable for digestion (Lucca et al., 2016). In order to 

circumvent the need for the addition of inorganic rock phosphate and to 

reduce costs to the producer and consumer, poultry diets are now often 

supplemented with microbial phytase (Selle and Ravindran, 2007) with the 

intention of accessing phytate-bound phosphate as an economical 

phosphate source and reduce pollution from phosphate run off.  

 

The benefits of the addition of phytases to animal performance include 

improvement of feed conversion ratio as well as the reduction in myopathies 

such as woody breast disorder which reduce meat quality (Greene et al., 

2019).  The economic benefits for farmers are widely tested in animal 

feeding trials (Schmeisser et al., 2017; Pirgozliev et al., 2019b). Whilst 

performance parameters such as weight gain and feed conversion ratio 

convey the significance of the importance of the use of phytase to 

consumers most easily, a mechanistic understanding of these benefits is 

crucial. Of particular interest is phytate degradation within the digestive tract, 

the reduction in phytate-P excretion and understanding the causes of these 

poultry growth benefits rather than just correlating their use with increases in 

bird weight. The benefits to furthering this understanding are multiple, with 

the research field aiming for complete phytate hydrolysis within the gut lumen 

and thus complete Pi release, as well as with interest in understanding the 

mechanisms of these enzymes in alleviating costly conditions for meat 

production such as woody breast (Greene et al., 2019).  

 



 109 
 

Within these feeding trials, biochemical measurement, typically of bone or 

blood parameters, are routinely taken alongside bird performance 

measurements to investigate the physiological mechanism(s) underlying the 

benefits of addition of phytases to diets. Increasing numbers of studies 

formally address the degradation of phytate during passage through the 

gastro-intestinal tract. Here, freeze dried and milled feed and digesta are 

extracted using e.g.  NaF-EDTA solution pH 10 (Zeller et al., 2015a) and 

InsP3-6 analysed by high performance liquid chromatography with post-

column complexation with ferric ion under acid conditions and detection of 

complexes by UV at 290 nm for inositol phosphates.  Inositol can be 

measured in the same samples from dilutions of these NaF-EDTA 

extractions, as well as from dilutions of extracted blood plasma, by HPLC 

pulsed amperometry (Laird et al., 2016).  

 

For biological tissue samples, however, the methods of extraction and 

analyses of inositol and its phosphates are markedly different from the 

relatively simple, high throughput methods applied to digesta (Zeller et al., 

2015b). Due to the high levels of phosphate-containing protein and lipid 

contaminants, relative to InsPs, measurement of tissue inositol and InsPs 

has previously proved difficult, with analysis limited to myo-inositol 

measurements with more consistent reproducibility by tissue lysis under 

acidic conditions (Greene et al., 2019). In recent years, attention is now 

being focused on tissues and organs, predominantly by targeted gene 

expression, such as on inositol or phosphate transporters (Hu et al., 2018; 

Walk, Bedford and Olukosi, 2018; Sommerfeld et al., 2020), signalling 

pathways (Schmeisser et al., 2017; Greene et al., 2019; Greene, Mallmann, 

et al., 2020) or metabolic pathways (F. Gonzalez-Uarquin et al., 2020; 

Greene et al., 2020a; Gonzalez-Uarquin et al., 2021). Western blot analyses 

of proteins involved in signalling or transport from tissues samples taken 

from mucosa, liver or muscle have also been described (Huber, Zeller and 

Rodehutscord, 2015; Greene et al., 2019; Whitfield et al., 2022), but not 

beside measurements of InsPs in tissue samples and certainly not from large 

scale feeding trials where analysis would have most statistical value. 
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Methods had previously been developed for the clean-up of inositol 

phosphates from complex tissue samples, namely in isolated skeletal 

muscles from Xenopus laevis and rat samples in stages of isometric and 

isotonic tetanus. This method is complex with multiple steps following 

extraction in 2M perchloric acid, including the addition of EDTA and acetic 

acid, pH adjustment to mild acidity with KOH and subsequent charcoal 

treatment and freeze drying before samples could be analysed by HPLC 

(Mayr et al., 1992).    

 

In recent research in the animal cell biology field where InsPs are most 

widely studied as agents of cell signalling, controlling diverse, biochemical, 

physiological and developmental phenomena, researchers have begun to 

exploit the phosphate binding property of TiO2 to enrich low concentration 

inositol phosphates from mammalian cell extracts (Wilson et al., 2015). The 

use of TiO2 beads allows purification of inositol phosphates by virtue of the 

binding of phosphate groups under acidic conditions, and elution under basic 

conditions, from which point the enriched sample can be concentrated to 

allow analysis of samples with previously too low concentrations for analysis 

by traditional methods such as PAGE or HPLC. The phosphate adsorbing 

properties of titanium were first documented in 1990 (Matsuda, Nakamura 

and Nakajima, 1990), but only in recent years have methods been developed 

utilising these properties for sample enrichment from low concentrations in 

relatively easily disrupted sample types.  

 

To make complementary inositol phosphate measurements in tissues and 

organs to accompany measurements of inositol phosphate and inositol levels 

in digesta, method development was required to test the suitability of the use 

of TiO2 as an extraction method for poultry tissue inositol phosphates.  
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3.2 Methods and materials 

 

3.2.1 Materials 

Reagents used for extractions were as follows: 

1 M HClO4 perchloric acid (Sigma 244252) 

2.8% NH4OH Ammonium Hydroxide diluted from stock (28-30% NH3 in H2O, 

Sigma) 

Hichrom Titansphere® TiO2 5 mM bulk material (GL Sciences) 

IKA T-10 Ultra-Turrax® High-Speed Homogeniser  

 

3.2.1.1 Animal tissues 

 

Poultry tissues used in this chapter were provided from an animal feeding 

trial conducted at Harper Adams University by C. Arthur (Arthur et al., 2019). 

The study was approved by Harper Adams University Research Ethics. 

Animals in the feeding trial were supplied a mash basal diet split into six 

diets, three diets supplemented with one of three levels of inositol (1.5 g/kg, 

3 g/kg or 30 g/kg), two diets supplemented with two levels (1500 or 4500 

FTU/kg) of Quantum BlueÊ phytase (AB Vista, UK), and one control diet. 

Diets were supplied to 480 male Ross 308 from 0 to 21 days of age in 60 

raised floor pens at eight birds per pen. At day 21, one bird per pen was 

killed and blood collected, tissue and digesta samples taken and immediately 

frozen at -80°C.  

 

3.2.2 Methods 

 

3.2.2.1 Tissue disruption 

Tissues from 192 male Ross 308 broiler chicks reared to 21 days in inositol 

and phytase ñsuper-dosingò feed trials conducted at Harper Adams 

University were collected from random birds and immediately frozen at -80°C 

following necropsy. Varying sample weights from 100 mg up to whole organ 
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(frozen weight) of kidney, brain tissue, leg and breast muscle, were 

homogenised by Ultra-Turrax in 600 mL 1 M perchloric acid (pH 1.0) on ice 

and transferred to a 1.5 mL tube. Tubes were rinsed with a further 200 mL of 

1 M perchloric acid which was pooled with the initial volume used for lysis.  

Samples were kept on ice for 20 minutes with vortex mixing every 5 minutes, 

then samples were centrifuged at 13,000 x g for 10 minutes at 4°C. The 

resulting cleared lysate was transferred to a clean 1.5 mL tube. 

 

3.2.2.2 Titanium dioxide bead extraction 

The following extraction method is adapted from Wilson et al. (2015). All 

steps were carried out at 4°C for the prevention of much-vaunted acid 

degradation of inositol phosphates. However, we note the stability of inositol 

phosphates revealed in the pioneering work of Cosgrove and colleagues and 

others whereby migration of phosphate between cis vicinal positions of 

incompletely substituted inositol rings requires boiling in 1M-HCl for ca. 10 

minutes to move, but not lose, phosphate (Cosgrove and Irving, 1980; 

Stephens, Hawkins and Downes, 1989). Prior to extraction, the TiO2 beads 

(Titansphere® TiO2 5 mM) were weighed and washed in 1M perchloric acid, 

weighed out for 5 mg of beads per sample and resuspended in perchloric 

acid at 5 mg in 50 mL.  

 

To each cleared lysate, 5 mg of Titansphere® TiO2 beads (Hichrom) was 

added from a total resuspension of TiO2 5 mM bulk. Samples were vortexed 

briefly and incubated on a fixed speed tube rotator for 30 minutes. Samples 

were then centrifuged at 3500 x g for 5 minutes to pellet the TiO2 beads and 

HClO4 supernatant discarded.  

 

To elute the bound inositol phosphates, the TiO2 was resuspended in 200 mL 

~2.8-3% ammonium hydroxide solution (pH 10.0) and resuspended by vortex 

before fixed speed rotation for 5 minutes at 4°C. Samples were centrifuged 

at 3500 x g for 1 minute and supernatant containing the inositol phosphates 

were transferred to a clean 1.5 mL tube. A further 200 mL elution in fresh 3% 

ammonium hydroxide was carried out as before for full recovery and the 
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supernatants pooled. Samples were then vacuum evaporated until dry and 

resuspended in 100 mL of 18.2 mOhm.cm water for further analysis by HPLC 

or stored at -20°C prior to downstream analysis. 

 

3.2.2.3 HPLC separation of inositol phosphates 

Inositol phosphates were resolved by anion exchange HPLC on a 250 x 3 

mm Thermo ScientificÊ DionexÊ CarboPacÊ PA200 column (DionexÊ) 

and guard column 50 x 3 mm of the same material, eluted at a flow rate of 

0.4mL min-1 with a methanesulfonic acid gradient. Inositol phosphates were 

detected after post-column addition of 0.1% (w/v) ferric nitrate in 2% HClO4 

(Phillippy and Bland, 1988) delivered at a flow rate of 0.2 mL min-1. The 

gradient was (A) water, (B) 0.6M methanesulfonic acid: time (minutes), %B; 

0, 0; 25, 100; 38, 100. (Whitfield et al., 2018). 

 

For separation of inositol phosphates including later eluting inositol 

pyrophosphate species (InsP7 and InsP8), inositol phosphates were resolved 

by anion exchange HPLC on a 250 x 3 mm Thermo ScientificÊ DionexÊ 

CarboPacÊ PA200 column (DionexÊ) and guard column 50 x 3 mm of the 

same material, eluted at a flow rate of 0.4 mL min-1 as above, with a gradient 

of HCl (Blaabjerg, Hansen-Møller and Poulsen, 2010), resulting in earlier 

elution of InsP2-6. Inositol phosphates were similarly detected as above 

following post-column addition of 0.1% (w/v) ferric nitrate in 2% HClO4 

(Phillippy and Bland, 1988). All separable inositol are identified in Appendix 

3. 

 
3.3 Results 
 

3.3.1 Whole organ extractions 

 

Initial extractions were performed using whole kidneys, to reduce potential 

variability across tissue (Fig. 3.1). One might envisage hypothetical 

differential inositol phosphate metabolism between distal tubules and ducts 

or in respiring muscle tissue e.g. with distance from vasculature. Samples 

were homogenized from frozen in ice-cold 1 M HClO4.  
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Figure 3.1: Profile of inositol phosphates in whole broiler kidneys. A, B and C 

are 20-fold diluted extracts of whole kidneys extracted using TiO2. D, 

standards run beside the sample set from which A-C were obtained.   

 

Kidneys selected for whole organ extraction were obtained from birds fed the 

same experimental diet during the animal feeding trial, the basal Control diet 

without supplementation of phytase or additional inositol, and thus variation 
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in the levels of each inositol phosphate species obtained during extraction 

can only be attributed to bird-to-bird differences as whole organs were used. 

Samples were diluted to reduce potential variation in detector response due 

to signal saturation of the UV detector, and in doing so increased the 

baseline noise-to-signal ratio seen in the chromatograms (Fig 3.1A, 3.1B, 

3.1C). Critically, the peaks identified in these samples co-elute with known 

inositol phosphates identified in the acid-hydrolysed InsP6 standard (Fig 

3.1D), with peaks eluting at the same retention time for myo-InsP6, as well as 

co-eluting with species in the regions of InsP3, InsP4 and InsP5 when eluted 

using the 0.6 M methanesulfonic acid gradient for separation.  



 116 
 

 

Figure 3.2: Profile of inositol phosphates in whole broiler kidneys on 0.8 M 

HCl gradient. A, B and C are concentrated extracts of whole kidneys purified 

using TiO2. D, standards run beside the sample set from which A-C were 

obtained.    

 

The same samples as presented in Fig 3.1 (Fig 3.1 A-C) were subsequently 

separated using a higher strength gradient of 0.8 M HCl (Fig 3.2 A-C), a 

stronger acid and more powerful eluent which allows for separation of the 
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more highly charged and therefore later eluting inositol pyrophosphate 

species of InsP7 and InsP8. No higher inositol pyrophosphates were 

detectable in the whole organs extracted and analysed by this method. 

 

3.3.2 Technical replicability of extraction 

 

To ascertain the reproducibility of profiles analysed in extracted poultry tissue 

samples, replicate extractions were performed in triplicate using three 

samples of 100 mg slices taken from the sample bird tissue sample, each of 

four tissue types ï brain tissue (Fig 3.3), kidney tissue (Fig 3.4), breast 

muscle (Fig 3.5) and leg muscle (Fig 3.6). 100 mg slices were taken from still 

frozen tissue samples and extracted side by side using the adapted TiO2 

extraction method described above, with the resulting freeze-dried extractant 

resuspended in 100 mL of 18.2 mOhm.cm water, with 20 mL injections for 

HPLC analysis.  
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Figure 3.3: Reproducibility of broiler brain tissue extractions. A, B and C are 

replicate extractions of 100 mg samples taken from the same broiler brain. D, 

standards run beside the same set from which A-C were obtained.  

 

 

The same inositol phosphate species, identified by retention time, were 

detected in all of the replicate samples of brain tissue extracted, though in 

one replicate sample (Fig 3.3B) levels were near the limited of detection to 
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definitively separate peaks from baseline noise for integration. Clear 

discernible peaks were identified in two replicates (Fig 3.3A, C) as separable 

from baseline noise, and co-eluting with peaks in the hydrolysed InsP6 

standard (Fig 3.3D) in the regions of known InsP3, InsP4 and InsP5 species 

as well as a peak co-eluting with myo-InsP6. Variation in samples may result 

from use of transverse slices of tissue from the same brain as replicate 

samples, resulting in differing inclusion of superficial veins in the cerebrum in 

the three samples extracted. 
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Figure 3.4: Reproducibility of broiler kidney tissue extractions. A, B and C 

are replicate extractions of 100 mg samples taken from the same broiler 

kidney. D, standards run beside the same set from which A-C were obtained. 

 

 

Variability in detectable inositol phosphates was reduced in kidney tissue 

replicate extractions, where there were higher overall detectable levels of 
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individual inositol phosphate species (Fig 3.4A-C). All peaks detected after 

retention time of approximately 10 minutes co-eluted with known myo-InsP 

species identified in the standard run alongside the samples (Fig 3.4D) from 

which Figure 3.4A-C originated.  
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Figure 3.5: Reproducibility of broiler breast muscle extractions. A, B and C 

are replicate extractions of 100 mg samples taken from the same broiler 

breast muscle. D, standards run beside the same set from which A-C were 

obtained.  

 

 

Similarly, minimal variation in detected inositol phosphate levels following 

TiO2 extraction and concentration was measured in breast muscle replicate 

extractions. All peaks were separable from baseline noise (Fig 3.5A-C), 

though levels were far lower than measured in kidney tissue (Fig 3.4). 

Identifiable inositol phosphate species were consistent across replicate 

extractions and eluted at retention times of known inositol phosphate 

species, as identified by comparison to the standard run alongside the 

sample set (Fig 3.5D).  
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Figure 3.6: Reproducibility of broiler leg muscle extractions. A, B and C are 

replicate extractions of 100 mg samples taken from the same broiler leg 

muscle. D, standards run beside the same set from which A-C were 

obtained.  
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Larger variation in levels of extracted inositol phosphates was seen in leg 

muscle compared breast muscle. As noted in all tissue types trialled, the 

same InsP species were detected across the triplicate tissue extractions (Fig 

3.6A-C), with InsP4 and InsP5 species identifiable compared to the myo-InsP6 

hydrolysed standard run alongside the samples, and detectable InsP6 (Fig 

3.6D). 
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3.3.3 Standardised extraction procedure as applied to multiple tissue 

types 

 

Chromatograms in Fig 3.7(A-D) show identified profiles of inositol 

phosphates extracted from 100 mg of organ samples from kidney (Fig 3.7A), 

brain (Fig 3.7B), breast muscle (Fig 3.7C) and leg muscle (Fig 3.7D) from the 

same bird fed the Control basal diet meeting total bird requirements 

(described in brief in section 3.2.1.1, further elaborated in Arthur et al. 

(2019)). 
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Figure 3.7: Inositol phosphates in broiler tissue. Extracts of A, kidney; B, 

brain; C, breast muscle; D, leg muscle; from a single bird. E, standards run 

besides the sample set from which A, B, C and D were obtained. Inositol 

phosphate classes are identified in the standard. 
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In these sample dissections, samples were taken along the coronal plane of 

the brain, so that only forebrain tissue was extracted, with no visible 

cerebrum veins present in the tissue. Species of distinct inositol phosphate 

classes identified in each tissue type were common to all tissue types, with 

no identifiable tissue-specific species of inositol phosphates separable, and 

all peaks were identified as myo-inositol phosphates based on co-elution with 

peaks in the hydrolysed myo-InsP6 standard (Fig 3.7E) which gives rise to all 

separable lower inositol phosphate species. 

 

Different organs show differing concentrations of inositol phosphates, with 

the highest detectable total inositol phosphate levels noted in kidney tissue 

samples (Fig 3.7A), followed by leg muscle (Fig 3.7D). Concentrations of 

InsPs detected in extracted brain and breast muscle samples from the 

selected bird were low, but identifiable as distinct from baseline noise in the 

resolved chromatography.  

 

3.3.4 Comparative capacity of feed grade titanium dioxide to extract 

inositol phosphates  

 

TiO2, as previously mentioned, is commonly used as an inert digestibility 

index marker for monogastric animal feeding trials where treatments varying 

in nature are tested for effect on apparent ileal digestibility of gross energy 

and nitrogen. The use of TiO2 by cell biologists as an enrichment method for 

phosphopeptide and inositol phosphate research (Wilson et al., 2015), and 

the benefits in applying this method to extraction and analysis of inositol 

phosphates in poultry tissues (Sprigg et al., 2022), raised concerns as to 

whether the TiO2 manufactured for use as a common digestibility index 

marker can be considered inert, or whether it would behave similarly to the 

fixed size TiO2 beads manufactured and marketed for phosphopeptide 

enrichment purposes.  

 

As such, mixed particle size titanium (IV) oxide manufactured and distributed 

as an inert digestibility index marker for monogastric feeding trials obtained 

from Target Feeds was directly compared to TitansphereÑ spherical (mixed, 
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5 mm and 10 mm; GL Sciences Inc.) bulk material for its capacity to enrich 

inositol phosphates in solution, and thus its potential for interference in the 

context of an animal feeding trial. Aliquots, 5 mg, of both TiO2 types were 

applied to diluted acid hydrolysed InsP6 as a representative sample, with the 

samples extracted as described in section 3.2.2.2, and analysed by HPLC. 

Resulting chromatograms following resuspension of enriched samples are 

shown in Figure 3.8.  
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Figure 3.8: Chromatograms for comparative purification of acid-hydrolysed 

InsP6, where A is the starting sample of acid hydrolysed InsP6, B is the 

resulting sample following purification with TitansphereÑ TiO (GL Sciences 

Inc.) and C is the resulting sample following purification with feed grade TiO2 

(Target Feeds).  
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With comparison to the known spiked concentration of InsP6 hydrolysate 

used as a model sample, the commercial TitansphereÑ TiO2 had over twice 

the binding capacity of the feed grade TiO2 mixture obtained from Target 

feeds, with calculated recovery of InsP6 hydrolysate following processing 

through the extraction protocol 79% of total from the TitansphereÑ TiO2 

compared with 32% from the feed grade TiO2. This difference in extraction 

capacity may be due to the difference in particle size, with the TiO2 

manufactured for phosphopeptide enrichment of a fixed 5 mm and 10 mm 

spherical shape, as opposed to mixed particle size of the bulk material in the 

indigestible marker. However, the ability of the feed grade TiO2 to bind and 

retain the InsP6 hydrolysate through the extraction protocol for enrichment 

suggests that the material used is not as inert as considered, and the TiO2 

formulated for use as a digestibility index marker retains the same chemical 

ability to interact with phosphates under in vitro conditions as the commercial 

phosphopeptide enrichment brand.  

 

3.4 Discussion 

 

3.4.1 Chromatographic resolution of tissue inositol phosphate species 

 

The use of TiO2 as both bulk material and pre-packed columns have proven 

useful tools for the enrichment of phosphopeptides (Pinkse et al., 2004), and 

has been proven effective for the purification of low concentration inositol 

phosphates from large volumes of acidified mammalian cell extracts (Wilson 

et al., 2015).  Nevertheless, the published method of Wilson and colleagues 

couples extraction of TiO2 enriched inositol phosphates with PAGE analysis 

which broadly limits separation to inositol phosphate classes. Additionally, it 

is restricted to higher inositol phosphate classes as lower inositol phosphates 

(i.e. InsP3) stain poorly by toluidine blue and cannot be quantified by gel 

electrophoresis. The coupling of this TiO2 enrichment extraction method with 

existing HPLC methods (Whitfield et al., 2018) allows for easy separation of 

inositol phosphate classes and species (with the exception of paired 

enantiomers, phosphorylated on the 1- or 3- position and/or the 4- or 6- 
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position of the inositol ring). Moreover, it offers far simpler quantification of 

inositol phosphates in samples by direct comparison to detector response to 

standards of known concentrations, rather than quantification of band density 

on gels by colorimetric methods.  

 

The acronym QuEChERS is given to sample extraction methods designed 

for chromatographic analysis of analytes in a variety of samples, first 

introduced for pesticide residues analysis in high moisture fruit and 

vegetables, and expands to describe methods that are: Quick, Easy, Cheap, 

Effective, Rugged and Safe, including using small amounts of material and 

solvent (Rejczak and Tuzimski, 2015). Whilst this refers to a specific method 

(Anastassiades et al., 2003), the concepts are broadly applicable to the 

design and optimisation of disruptive extraction methods. Typically, 

extraction of inositol phosphates from animal organs in this context would 

require extensive whole animal radiolabelling with 3H-inositol, making 

analysis expensive, problematic and unattainable for the majority of research 

groups without access to facilities licensed to carry out this work and the 

methods for later analysis of the findings. This restricts such work to cultured 

tissue or small animal work, not relevant for this type of study. The method 

described here removes the obstacle presented by large-scale radioisotope 

feeding trials in animals, utilising TiO2 beads instead for enrichment of low 

concentration acid-soluble inositol phosphates for purification from tissue 

samples. It can be carried out in multi-sample batches as well as on low 

volumes of tissue samples allowing for replicate measurements without 

exhausting whole organs for single measurements. 

 

3.4.2 Potential implications for the suitability of titanium dioxide as a 

digestibility index marker 

 

Inert digestibility index markers are the anchor of many animal feeding trials 

designed to analyse nutrient utilisation and amino acid digestibility along the 

gastrointestinal tract. Their use is widely accepted as a method less labour 

intensive than simple balance sheets of quantitative analysis of feed intake 

vs faeces and urine. Digestibility markers, chromium dioxide, CrO2, or 



 132 
 

chromic oxide, Cr2O3; titanium dioxide, TiO2 and acid-insoluble ash, AIA; are 

commonly used at inclusion level of  0.1 to 0.5% (Zhang and Adeola, 2017), 

though the rational of choice of marker in individual studies is rarely qualified. 

A meta-analysis of poultry studies revealed substantive differences in ileal 

amino acid digestibility coefficients between CrO2, TiO2- or acid insoluble 

ash-normalized feeding trials (Cowieson et al., 2017). An explanation of the 

differences was beyond the scope of the study, but one might hypothesize 

variability in recovery of the marker through the digestive tract, biochemical 

reactions of the marker with the tract and its contents as potential 

explanations.   

 

Several studies have compared the use of chromic oxide (Cr2O3), a widely 

accepted digestibility index marker in ruminant animals, with the commonly 

used inert marker TiO2 in monogastrics, for the effect on apparent ileal 

digestibility of gross energy and nitrogen. Some have reported inconsistent 

results pertaining to the effects of the type of digestibility index marker on the 

apparent ileal digestibility and apparent total tract digestibility of amino acids 

and gross energy, and the recovery of the marker itself, and that this affect 

can be diet dependent (Wang and Adeola, 2018). Nevertheless, the 

reproducibility of measurements of TiO2 post recovery, and the safety of TiO2 

compared to the carcinogenic properties of Cr2O3, have positioned TiO2 as 

the most suitable marker for use in most animal feeding trials. However, the 

interest in the comparison of different digestibility index markers has brought 

to the fore the disparities in results with different markers which implies they 

may have specific interactions with dietary components.  

 

Quite separately, the employ of TiO2 has grown in popularity in a parallel 

field of study, that of intracellular cell biology where it has been used as a 

solid phase extraction medium for concentration of inositol phosphates 

(Wilson et al., 2015), with adapted methods for use in extraction and 

concentration of inositol phosphates in poultry tissues described in this 

chapter. The method of extraction for inositol phosphates using TiO2 (section 

3.2.2.2; published Wilson et al., 2015; Sprigg et al., 2022) requires incubation 

at an acidic pH for an extended period for phosphate containing compounds 
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to be adsorbed to the surface of the TiO2 particles, before subsequent elution 

steps at a basic pH of approximately pH 10.0. This transition from binding in 

acidic to eluting in basic conditions mirrors the transit time and pH changes 

measured in different segments of the digestive tract of broiler chickens, from 

acidic pH (2.5 ï 3.5) in the proventriculus/gizzard to basic in the terminal 

ileum and cecum/colon (pH 8.0) (Ravindran, 2013). Crucially, it eludes to 

theoretical possibility that the digestive tract provides opportunity for in vivo 

interactions between TiO2 as a marker and phosphopeptides in the digestive 

tract, with the acidic pH of the early tract ideal for binding phosphate 

containing compounds to TiO2 which would then be later extractable by basic 

digesta extraction methods usually carried out at pH 8.0-10.0 (Ajuwon et al., 

2020; Whitfield et al., 2022). Additionally, the indiscriminate binding of TiO2 

to all inositol phosphate isomers could also have the potential of interrupting 

phytase degradation of inositol phosphates bound to TiO2 during gut transit 

should these interactions occur in vivo, which may in part be reflected in the 

oft noted phenomena of complete InsP6 hydrolysis in the gizzard in poultry 

that then reappears in ileal digesta samples.  

 

For all the foregoing reasons, it became evident that the effect of the addition 

of TiO2 as a digestibility index marker on the measurement of dietary inositol 

phosphates required further investigation in the context of poultry feeding 

trials in order to ascertain any potential effect the inclusion of TiO2 may have 

on the subsequent recovery of inositol phosphates when in vitro assays 

show feed supplemented TiO2 is capable of interacting with inositol 

phosphates. It is, however, important to note that, as of 5th May 2021, official 

Regulation came into place regarding the safety of use of titanium dioxide in 

animal feed due to potential for genotoxicity, requiring the withdrawal of 

additive TiO2 or premixes for animal consumption containing TiO2 from by 

20th June 2022 in the EU (Bampidis et al., 2021). The feeding trial carried out 

as part of this research, as described in later chapters 4, 5 and 6, were 

carried out prior to this change in legislation in accordance with Home Office 

Regulations.  
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4.  The effect of phytase supplementation on the 
appearance of lower inositol phosphate esters in the 
broiler digestive tract 
 

4.1 Introduction 

Feeds formulated for intensely reared poultry are produced largely of wheat 

and wheat by-products, maize and maize by-products, cereals and grain 

legumes and meal (McDonald, Edwards and Greenhalgh, 1990). Therefore, 

depending on cereal source, a broad variety of basal phosphate 

concentrations and endogenous grain phytase activity exists in the feedstuffs 

(Eeckhout and De Paepe, 1994). The majority of dietary phosphate in animal 

feed mash is present as phytate, the salt form of phytic acid (myo-inositol 

1,2,3,4,5,6-hexakisphosphate; InsP6), the primary storage form of phosphate 

in plant tissues, but a form with largely reduced availability for digestion by 

non-ruminant animals (Lucca et al., 2016).  

 

Poultry diets are now often supplemented with microbial phytase (Selle and 

Ravindran, 2007) with the intention of accessing phytate-bound phosphate 

as an economical phosphate source in order to circumvent the need for the 

addition of inorganic rock phosphate.  

 

Phytate as a phosphate source had been previously assumed to be poorly 

utilised by poultry species because of a lack of enzymes capable of InsP6 

hydrolysis naturally available in the avian digestive tract, though endogenous 

phytase enzymes in avian species have been described (Alaeldein M. 

Abudabos, 2012). Poultry and swine do both possess small intestinal 

phytases, and in very low calcium diets chickens are capable of breaking 

down as much as 70% of the phytate bound phosphorous, however when 

fed commercial diets with sufficient calcium levels the intestinal phytase in 

poultry is largely ineffective (Maenz and Classen, 1998). This is partly 

explained by the ability of phytate to readily form both soluble and insoluble 

chelates with multivalent cations (Cheryan, 1980), and these associations 

are postulated to decrease association of mineral co-factors with intestinal 

phosphatases and thus shift equilibriums toward less active conformations 
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(Maenz and Classen, 1998).  The impact of poultry endogenous enzymes on 

dietary phytate degradation is considered to be insignificant, and the 

involvement of plant endogenous phytase activity still present in grain 

derived food is believed to also be limited. The changing gut pH is likely to 

reduce plant phytase stability (Leytem, Widyaratne and Thacker, 2008), 

which coupled with the impact of high-temperature pelleting of mash diets 

renders grain endogenous phytases ineffective in degrading phytate in 

poultry diets. 

 

The ability of non-ruminant animals, those with single stomachs, to digest 

phytate P varies considerably, with reports citing loss of phytate from the 

digestive tract between 10 to 50% (Cowieson, Acamovic and Bedford, 2006). 

Endogenous phytase activity has been found to be higher in the duodenum 

than in any other intestinal segment in poultry (Maenz and Classen, 1998), 

with phytase activity attributed to the small intestinal brush border mucosa. 

Studies in rats have shown that the production of these endogenous 

intestinal phytases is stimulated by the presence of phytic acid in the 

duodenum and jejunum (Lopez et al., 2000), though these studies also state 

that whilst these endogenous enzymes show high activity when animals are 

fed a diet containing purified phytic acid, the activity is negligible in the 

hydrolysis of normal dietary phytate (Jongbloed, Mroz and Kemme, 1992; 

Rapp, Lantzsch and Drochner, 2001), and is inhibited by increased 

concentration of inorganic phosphate in the gut lumen (Greiner, Konietzny 

and Jany, 1993; Hu, Wise and Henderson, 1996).  

 

Previous studies have characterised InsP6 hydrolysis and the lower InsP 

isomer products in different segments of the digestive tract of broilers with 

the addition of supplementary exogenous phytases of a variety of origins to 

the feed (Zeller et al., 2015b), with most added microbial phytase activity 

occurring in the crop and gizzard due to their active pH range suited to the 

acid environment found here (Yu et al., 2004; Onyango, Bedford and Adeola, 

2005), though exogenous supplementary phytases of bacterial origin are 

more likely to retain activity into the jejunum and ileum than fungal phytases 

(Simon and Igbasan, 2002). In the present study, digesta analysis was 
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carried out to confirm previously established patterns for gastrointestinal 

phytase-mediated generation of inositol phosphates in different parts of the 

digestive tract, and to confirm that these effects are separable from the 

effects of inositol supplementation at the predicted concentration of released 

inositol from complete phytate hydrolysis by phytase addition.  

 

 

4.2 Materials and methods 

 

4.2.1 Animals and management 

The study was performed at Nottingham Trent University (NTU) Poultry 

Research Unit, School of Animal, Rural and Environmental Sciences, NTU. 

Institutional and UK national NC3R ARRIVE guidelines for the care, use and 

reporting of animals in research (Kilkenny et al., 2010) were followed during 

the study and all experimental procedures were approved by Nottingham 

Trent Universityôs animal ethics review committee (internal code 

ARE202134). Birds underwent routine vaccination for Marekôs Disease and 

Infectious Bronchitis (IBH120) at the commercial hatchery.  

 

An Owner Informed Consent form was signed by the legal owner of the 

animals and the use of the animals authorised in this study, confirming 

compliance with all study protocol requirements and legal requirements 

including safe disposal of animals in this study. All regulatory requirements 

including applicable animal welfare regulations were strictly complied with by 

Nottingham Trent University, and conduct of the study was authorised by 

Nottingham County Council Trading Standards and the Food Standards 

Agency. 

 

A total of 480 male Ross 308 broiler chicks were supplied from a commercial 

hatchery (PD Hook, Cote, Oxford, UK) in a 21 day experiment. On day 1, 

chicks were randomly allocated to one of 8 dietary treatments; each of which 

had 6 replicate floor pens (0.8 x 0.8 m, stocking density 15.2 birds/m2 i.e. 

approximately 15 kg per m2 at trial end) bedded on wood shavings, with each 



 137 
 

pen containing 10 birds. Light was provided for 23 hours with 30-40 lux 

intensity, 1 hour dark, and gradually adjusted to achieve 4-6 hours of dark by 

day 7, with 30 minutes of dawn/dusk lighting applied either side of dark 

period. The temperature of the housing unit was set to 30°C at day 1 and 

gradually decreased to 22°C over the rearing period. Air quality 

measurements of carbon dioxide and ammonia levels were monitored, with 

ammonia not exceeding 25ppm. Diets and water were offered ad libitum for 

consumption until euthanasia at d 21. 

 

Data for mean gizzard and ileal inositol contents in responses to phytase 

with N and standard error reported by Walk et al. (2018) was used to conduct 

a power calculation indicating 6 replicates per treatment were sufficient to 

identify treatment differences at a power setting of 80% and a type 1 error 

rate of 5%. 

 

 

Table 4.1: Animal feeding trial study design 

Number of treatments:             8 

Replicates per treatment: 6 

Animals per replicate: 10 

Randomisation plan for treatment 

allocation: 

Randomised within regional blocks in single pen 

room 

Diet phases: Starter ï 0-21d 
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Table 4.2: Animal feeding trial study parameters 

 

Parameter Study Day Comments 

Body weights, g 0, 7, 14, 21,  Animals were weighed on a per pen basis. 

Aim to weigh birds at approximately the same time on 

each day of weighing. 

Aim to weigh the birds using the same sequence of pens 

on each weighing occasion.  

On Day 0, weighing will take place prior to the feeding of 

the Test Diets and on Day 21 prior to slaughter. 

Feed intake, g 0, 7, 14, 21,  Recorded weight of all feed offered (including any 

additional feed offered in between) on Days 0, 7, 14, 21) 

.  

Recorded weight of all soiled feed removed on Days 0, 7, 

14, 21, and throughout the rest of the study as 

necessary. 

Weighed the feed from any pen where an animal has 

been withdrawn at the time of withdrawal in order to 

adjust feed intake for mortality by calculating bird days. 

Feed 

conversion 

0, 7, 14, 21,  To be calculated (and added to the data set) by:   

Feed consumed /Total weight gain over each weekly 

period per treatment group. 

Mortality Daily Dead weight (g) and record cause. 

Culls Daily Live weight (g) and record cause. 

Measure of 

health status 

Daily Including litter consistency. 

Undesirable 

consequences 

of treatment 

structure 

Daily Determined from the above measurement of health 

status.  

Therapeutic/pre

ventative 

treatments 

As it occurs Plans to record each therapeutic intervention as a result 

of daily measurement of health status, though no 

interventions were necessary during the trial. 

Digesta 

collection 

21 d Euthanise 2 birds per pen by schedule one method. 

Collect material from gizzard and ileum on marked, 

individual bird basis.   

Tissue 

collection 

21d From the same 2 birds collect brain, kidney, liver and 

leg/breast muscle samples and digestive tissues 
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Table 4.3: Pen layout and assigned blocks 

pen 

number 

block 

identifier treatment   

pen 

number 

block 

identifier treatment 

1 1 D   25 4 A 

2 1 F   26 4 C 

3 1 E   27 4 D 

4 1 A   28 4 F 

5 1 B   29 4 E 

6 1 H   30 4 H 

7 1 C   31 4 B 

8 1 G   32 4 G 

9 2 D   33 5 H 

10 2 G   34 5 D 

11 2 F   35 5 C 

12 2 H   36 5 F 

13 2 C   37 5 B 

14 2 B   38 5 A 

15 2 E   39 5 G 

16 2 A   40 5 E 

17 3 F   41 6 A 

18 3 G   42 6 F 

19 3 A   43 6 G 

20 3 E   44 6 B 

21 3 B   45 6 E 

22 3 H   46 6 C 

23 3 C   47 6 H 

24 3 D   48 6 D 

 

 

Birds were weighed by pen before placement (day 0) and on day 7, day 14 

and day 21 to measure mean bird weight (BW) and calculate mean BW gain. 

Feed intake (FI) was also measured for day 0 to 7, day 7 to 14 and day 14 to 

21 and used to calculate feed conversion ratio (FCR). Mortality was recorded 

daily, and any culled or dead birds were weighed. Treatment FI and FCR 

were adjusted according to the number of bird days, defined as the number 
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of days alive in each pen multiplied by the number of days without incidence 

of mortality. Two birds per pen were randomly selected for sampling on day 

21 post-hatch and were euthanized via cervical dislocation without prior 

stunning by a trained personnel in accordance to the Welfare of Animals at 

the Time of Killing (England) Regulations (2015) guidelines for poultry.  

 

Average bird weight was calculated as follows: 

ὃὺὩὶὥὫὩ ὦὭὶὨ ύὩὭὫὬὸ
Ὕέὸὥὰ ὴὩὲ ύὩὭὫὬὸ ὡὩὭὫὬὭὲὫ ὦόὧὯὩὸ

ὔόάὦὩὶ έὪ ὦὭὶὨί ὥὰὭὺὩ Ὥὲ ὴὩὲ
 

And body weight gain at each measurement interval (Day 7, 14 and 21) as: 

ὄέὨώ ύὩὭὫὬὸ ὫὥὭὲ Ὕέὸὥὰ ὴὩὲ ύὩὭὫὬὸ Ὀὥώ π ύὩὭὫὬὸ  

 

Individual feed intake was calculated by averaging method, taking into 

account ñbird-daysò, as follows: 

ὍὲὨὭὺὭὨόὥὰ ὪὩὩὨ ὭὲὸὥὯὩ

 
Ὕέὸὥὰ ὴὩὲ ὪὩὩὨ ὭὲὸὥὯὩ ὲόάὦὩὶ έὪ Ὠὥώί Ὥὲ ὩὼὴὩὶὭάὩὲὸὥὰ ὴὩὶὭέὨ 

ίόά έὪ ὸὬὩ ὲόάὦὩὶ έὪ ὥὰὭὺὩ ὦὭὶὨί Ὥὲ ὩὥὧὬ Ὠὥώ
  

 

This method is limited by the assumption that birds in each pen consume the 

same amount of feed regardless of their body weight.  

 

From the above data, Feed Conversion Ratio (FCR) was calculated at each 

measurement interval (Day 7, 14 and 21) as follows: 

ὊὅὙ
Ὕέὸὥὰ ύὩὭὫὬὸ έὪ ὪὩὩὨ

ὔὩὸ ὴὶέὨόὧὸὭέὲ ὊὭὲὥὰ ὦὭὶὨ ύὩὭὫὬὸ ίὸὥὶὸὭὲὫ ύὩὭὫὬὸ
 

 

4.2.2 Test diet and digesta sampling  

Each of eight test diets (Table 4.4) was fed to birds in a total of 6 pens, on an 

ad libitum basis with the amount consumed recorded on a weekly basis. 

Feed samples were collected at the start and end of the phase (days 0 and 

21). The study was comprised of one diet phase ï a starter, during which 

birds were offered a crumbled diet ad libitum from Study Day 0 to Day 21. 

Formulations of base diet (T1) and others containing test substances (T2-T8) 

are shown in Table 4.5. 
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Basal diet preparation and manufacture was provided by Target Feeds, and 

test substance Quantum Blue 5 g (QB) was provided by the trial sponsor AB 

Vista. Inositol treatments were prepared at UEA for inclusion in the test diets, 

with 13C Inositol (produced as described in Chapter 3) hand mixed into 500 g 

commercial 12C Inositol (myo-Inositol, Thermo Scientific) at a final ratio of 

d30ă, or 30 parts per thousand 13C Inositol to 12C inositol. 

 

 

 

 

 

Table 4.4: Dietary treatments and Test Substance inclusion rates 

Dietary Treatment  

(T) 

Test Substance inclusion rates to the 

basal diet 

Quantum 

Blue 

g/tonne 

13C 

Inositol 

mix 

g/tonne 

12C 

Inositol 

mix 

g/tonne 

Titanium 

Dioxide 

g/tonne 

T1 Control - - - - 

T2 2 g/kg Ins - 2000 - - 

T3 Phy500   100 - - - 

T4 Phy6000 1200 - - - 

T5 Control Ti - - - 5000 

T6 2 g/kg InsTi - 2000 - 5000 

T7 Phy500 Ti  100 - - 5000 

T8 Phy6000 Ti 1200 - - 5000 

 All Test substances were mixed into the basal diet at the appropriate rates 

at Target Feeds. 
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Table 4.5: Ingredient composition and calculated nutrient concentrations of 

the basal diet. 

Ingredient Starter Nutrient  Calculated 

Wheat 63.12% Crude protein (%) 21.55 

Soybean meal1  30.59% Poultry AME kcal/kg 2961.14 

Soy oil  2.70% Calcium (%) 0.95 

Salt 0.35% Total phosphate (%) 0.73 

DL Methionine 0.17% Available phosphate3 (%) 0.45 

Lysine HCl 0.12% Phytate P (%) 0.23 

Limestone 0.95% Crude fat (%) 4.11 

Dicalcium Phosphate 1.50% Poultry ME MJ/kg 12.39 

Vitamin premix2 0.50% Poultry NE Kcal/kg 1952.36 

 

148% minimum declared crude protein; sourced from USA. 

2Vitamin and Mineral Premix content (per kg diet): Manganese 100 mg, Zinc 88 mg, 

Iron 20 mg, Copper 10 mg, Iodine 1 mg, Magnesium 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 10.0 mg, Pantothenic acid 15 mg, Pyroxidine 3.0 mg, 

Niacin 60 mg, Cobalamin 30 µg, Folic acid 1.5 mg, Biotin 125 µg. 

3 Available phosphate (%) does not account for phytate P contribution 

 

 

From each euthanised bird, the gizzard was excised and opened so the 

contents could be scraped into a 100 mL container as a pooled sample from 

both birds, prior to storage at -20°C prior to freeze drying. For ileal digesta 

collection, digesta from the same two birds was collected by gentle digital 

pressure into one pot and stored at -20°C prior to freeze drying. Once freeze 

dried, samples were finely ground with a pestle and mortar and stored at 4°C 

until analysis. 

 

4.2.3 Diet and digesta extraction 

For inositol phosphate analysis, 100 mg of each milled dry feed and digesta 

sample was extracted with 5 mL of a solution containing 0.02 M EDTA and 
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0.1 M sodium fluoride (pH 10) as a phytase inhibitor. Samples were 

incubated shaking for 30 minutes at room temperature, following which 

samples were sonicated in a chilled sonicator bath for 30 minutes and then 

incubated at 4°C for 2 hours. Samples were then centrifuged at 9000 x g for 

15 minutes at 4°C and 1 mL of the supernatant fraction removed and filtered 

through a 0.45 mm PTFE filter (Kinesis, UK) into 2 ml vials. HCl extracts were 

additionally performed on 100 mg milled dry feed and digesta samples by 

incubating by shaking for 30 minutes in 5 mL 0.5 M HCl at room temperature, 

followed by bath sonicating for 30 minutes and then 2 hour incubation at 4°C, 

following which samples were centrifuged at 9000 x g for 15 minutes at 4°C 

and 1 mL of cleared supernatant transferred to vials. 

 

4.2.4 HPLC analysis for inositol and inositol phosphates 

Samples (20 mL) were analysed by high-performance liquid chromatography 

and UV detection at 254 nm and 290 nm after post-column complexation 

with ferric nitrate. Separation of inositol phosphates was achieved on a 

Dionex CarboPac PA200 column with a corresponding 3 x 50 mm guard 

column eluted at a flow rate of 0.4 mL min-1 with a linear gradient of 

methanesulfonic acid, reaching 0.6 M (Lu et al., 2019). Fe(NO3)3 solution in 

2% HClO4 was used as the reagent for detection (Phillippy and Bland, 1988) 

added at a flow rate of 0.2 mL min-1. The elution order of InsPs was 

established using acid hydrolysed InsP6 standards. Concentration of InsPs 

was established by reference to UV detector response to injection of 1 mM 

InsP6 (Merck). 

 

For inositol analysis, samples extracted as above were diluted 50-fold in 18.2 

MOhm.cm water. Inositol was determined by 2d-HPLC with pulsed 

amperometric detection  of 20 mL aliquots according to Lee et al. (2018) on 

Dionex CarboPac PA1 and MA1 columns. Concentration of inositol was 

determined using a linear calibration curve from inositol standards (0.01-0.2 

nmole in 20 mL, r2 > 0.995). 
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4.2.5 Statistical analysis 

 

Inositol phosphates and total inositol phosphates for all 8 treatment groups in 

the study were compared by two-way ANOVA with Tukeyôs multiple 

comparisons test using GraphPad Prism, version 7.0e, for Mac OS X 

(GraphPad Software, La Jolla, CA); inositol was compared separately by 

one-way ANOVA with Dunnettôs multiple comparisons test using the same 

software. Individual treatment groups were further compared to the Control 

by multiple T tests with statistical significance determined using the Holm-

Ġ²d§k method, with alpha = 0.05, and each row analysed individually without 

assuming a consistent standard deviation, using the same software. Analysis 

of difference between groups for the inclusion of TiO2 as an indigestible 

marker was performed using regression analysis using the same software. 

The level of significance for all tests was set at p < 0.05. Adjusted p values 

are presented in the text. 

 

4.3 Results 

 

For analytical comparisons, the dietary groups supplemented with 2 g/kg 13C 

inositol mixture (d30ă) will in this chapter be considered as a standard 

inositol dose to be compared to the response from released phytate inositol 

and phosphates from phytase supplementation. 

 

4.3.1 Diets and bird performance 

 

Diet content was analysed to measure variability between calculated inositol 

and inositol phosphate contents of basal diets, with predicted increased 

inositol content in the 2 g/kg Ins and 2 g/kg Ins Ti supplemented diets (Fig 

4.1 & 4.2). Diets annotated óTiô contain 5 g/kg TiO2 as a digestibility index 

marker, absent in those without annotation. Diets Phy500 and Phy500 Ti 

were supplemented with 500 FTU Quantum Blue phytase, Phy6000 and 
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Phy6000 Ti were supplemented with 6000 FTU Quantum Blue phytase. 

Phytase added to the diets should have minimal activity in the dry feed 

matter.  

 

Figure 4.1: Inositol phosphate (InsP2-6) levels (nmol/g dwt) in single 

measurements of diets fed to broilers from 0-21 days. A, diets extracted 

using adapted method in 0.5 M HCl; B, diets extracted using published NaF 

EDTA extraction method; extracts analysed and quantified by HPLC. 
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A published method for extraction of inositol phosphates from digesta and 

diets (Zeller et al., 2015a), that employs sodium fluoride-EDTA buffer (pH 

10.0), was used initially for extraction of the diets used in this trial (Figure 4.1 

B). However, HPLC analysis found significant variation in the inositol 

phosphate levels in the diets, most notably a significant reduction in InsP6 

suggesting measurements were impacted by activation of plant endogenous 

phytases in the basal diets by rehydration at pH 10. This is a commonly 

observed consequence of the continued activity of these phytases when 

diets rich in endogenous phytase are used as ómashô as opposed to a heat-

pelleted diet in the feeding trial (Cavalcanti and Behnke, 2004; Moss et al., 

2017). As a result of this, diet extractions were repeated using 0.5 M HCl to 

extract acid soluble inositol phosphates and prevent phytate degradation 

during the extraction process, the results of which are shown in Figure 4.1 A. 

Summed totals for inositol phosphates recovered by the two extraction 

methods are shown in Figure 4.2 AB. 
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Figure 4.2: Total inositol phosphate (InsP2-6) levels (nmol/g dwt) in single 

measurements of diets fed to broilers from 0-21 days. A, diets extracted 

using adapted method in 0.5 M HCl; B, diets extracted using published NaF-

EDTA extraction method; extracts analysed and quantified by HPLC. 

 

In HCl extracts the major constituent of the diet was InsP6, as expected, with 

very little variability of this or inositol phosphates between diets. Comparison 
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with NaF-EDTA extractions indicates that the use of HCl to extract the diets 

in this instance reduced the impact of endogenous phytase activity on the 

measurements produced, allowing for confirmation that starting inositol 

phosphate levels were equal across all diets. Inositol and inositol phosphate 

concentrations quantified by HPLC are shown in Table 4.6.  

 

Table 4.6. Measured inositol and inositol phosphate levels of basal diets from 

single measurements. Concentrations given as nmol per gram dry weight. 

 

Diet Inositol InsP3 InsP4 InsP5 InsP6 

Control 80 260 430 1660 18240 

2g/kg Ins  6700 190 540 1530 18980 

Phy500 100 210 430 1540 18520 

Phy6000 60 290 750 1460 15980 

Control Ti 160 300 480 1390 17760 

2g/kg Ins Ti 7420 230 460 1280 17270 

Phy500 Ti 90 220 460 1270 16630 

Phy6000 Ti 180 70 690 1600 16760 

 

In respect to inositol concentration, the basal control diets and phytase-

supplemented diets contained similar concentrations of inositol, whilst the 

two inositol supplemented diets measured similarly to each other and 

subsequently far removed from the other dietary conditions.  

 

Growth performance data is presented in table 4.7, 4.8, and full growth 

performance data and mortality is presented in Appendix 4. In this study, 

feed intake (FI) was not influenced by diet during the trial (p > 0.05), and 

whilst there are numerical differences in bird weight (BW) gain and feed 

conversion ratio (FCR) compared to the Control diet, these differences are 

also not significant overall for the study period (p > 0.05), apart from during 

the first week of the feeding period where the FCR for Phy6000 was 

significantly lower (p = 0.0399) compared to the Control. Birds in the 2 g/kg 

Ins-supplemented group showed a significant increase in weight gain (BW) 
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compared to the Control treatment group over the 21 day period (p = 

0.0089). 

 

Table 4.7: Influence of diet on growth of broilers1 from day 0 to day 21  

Diet Week 1 FI, g Week 2 FI, g Week 3 FI, g BW gain, g 

Control 172 290 589 700a 

2g/kg Ins 159 268 568 769a 

Phy500 167 294 617 703 

Phy6000 158 305 624 706 

Control Ti 148 256 553 726 

2g/kg Ins Ti 172 288 582 779 

Phy500 Ti 167 293 597 736 

Phy6000 Ti 165 300 624 716 

1 Means represent response of 6 replicate pens (60 chicks total, 10 per 

pen/treatment) 

a Significant difference in BW gain between Control vs. 2 g/kg Ins, p = 0.0089 

 

Table 4.8: Growth performance of broilers1 from day 0 to day 21 calculated 

feed conversion ratios2 

Diet Week 1 FCR Week 2 FCR Week 3 FCR Total FCR 

Control 1.97a 1.38 1.40 1.58 

2g/kg Ins 2.01 1.32 1.46 1.60 

Phy500 1.76 1.26 1.46 1.49 

Phy6000 1.60a 1.23 1.44 1.42 

Control Ti 1.73 1.27 1.52 1.51 

2g/kg Ins Ti 2.03 1.34 1.43 1.60 

Phy500 Ti 1.84 1.35 1.50 1.56 

Phy6000 Ti 1.71 1.23 1.42 1.45 

1 Means represent response of 6 replicate pens (60 chicks total, 10 per 

pen)/treatment 

2 Feed:gain; corrected for mortality 

a Significant difference in FCR Week 1 between Control vs. Phy6000  
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4.3.2 Gizzard digesta 

 

The proventriculus and gizzard function as the true stomach in poultry for the 

mechanical processing of food, where the muscular movements on the 

gizzard function to grind food mixed with pepsin and hydrochloric acid 

secreted by the proventriculus, and many birds consume grit and small 

stones to aid with mechanical digestion of food in the gizzard (Svihus, 2014; 

Takasaki and Kobayashi, 2020). The gizzard has been shown to be the 

primary location for phytate hydrolysis by exogenous supplemented phytases 

in the digestive tract of broilers, with phytase activity declining in later 

segments of the digestive tract (Truong et al., 2016; Chowdhury and Koh, 

2018). In in vitro digestion studies, Quantum Blue, the commercial E. coli 6-

phytase supplemented in this trial, has been shown to be optimally active in 

an acidic pH range of 3.5-5.0, with similar activity at pH 3.0 and pH 5.5 

(Menezes-Blackburn, Gabler and Greiner, 2015), making it ideally suited to 

the acidic environment of the foregut segments of the crop, proventriculus 

and gizzard. Given that dietary phytate has also been reported to decrease 

endogenous carbohydrase activity (Liu et al., 2007), protease activity and 

peptidase and messengers in the gastrointestinal tract (Liu et al., 2009, 

2010), the additional impact of phytate on protein, carbohydrate and nutrient 

digestibility, and therefore the benefits of phytase activity early in the 

digestive tract to enable digestion of feed nutrients, cannot be understated.  

 

As differences were noted in the total extractable phytate levels in feed by 

acidic or basic extraction methods, in relation to endogenous grain phytase 

activity through rehydration during extraction, gizzard digesta was similarly 

extracted by both methods for analysis of inositol and inositol phosphates 

(Fig 4.3 & 4.4). 
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Figure 4.3: Inositol levels (nmol/g dwt) in gizzard digesta of day 21 broilers (6 

pens per treatment, with samples pooled from 2 birds per pen). Bars 

represent standard error of the mean.  

 

Variation in extractable inositol was also noted in the gizzard as in the diets 

when acid extraction using HCl was compared to sodium fluoride-EDTA (pH 

10) buffer (Fig 4.3). Across all treatment groups, HCl extracted more inositol. 

Analysis of the speciation, InsP3 vs InsP4, InsP5, InsP6, of inositol 

phosphates between sodium fluoride-EDTA and HCl extractions is shown in 

Figure 4.4.  
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Figure 4.4: Inositol phosphate (InsP3-6) levels (nmol/g dwt) in A acid-

extracted gizzard digesta samples and B NaF-EDTA-extracted gizzard 

digesta samples of day 21 broilers (6 pens per diet with samples pooled from 

2 broilers per pen per treatment). Bars represent standard error of the mean.  

 

The most striking difference between the NaF-EDTA and HCl-extracted 

samples, is the much-elevated levels of lower inositol phosphates in NaF-
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EDTA extracts, across all treatment groups, with a concomitant reduction of 

InsP6. Comparing the Control groups, ie. without added phytase, the 

reduction in InsP6 (approximately 45%, 5500 nmol/ g d wt) between HCl and 

NaF-EDTA is not reflected in an increase inositol in the NaF-EDTA 

extraction: indeed, the inositol content of the NaF-EDTA extract 

(approximately 350 nmol/ g d wt) is less than that of the HCl extract 

(approximately 550 nmol/g d wt). While the extent to which inositol is 

absorbed from the gizzard is unknown, it does seem that the appearance of 

lower inositol phosphates in the NaF-EDTA-extracted samples arises from 

feedstuff phytase activities that have not been destroyed during collection 

and freeze-drying, but which do not progress as far as releasing inositol. 
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Figure 4.5: Inositol phosphates in broiler gizzard digesta. Extracts of A, 

Control diet gizzard contents from 2 pooled birds extracted in 0.5M HCl; B, 
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the same Control diet gizzard contents extracted in sodium fluoride-EDTA; C, 

2 g/kg Ins diet gizzard contents from 2 pooled birds extracted in 0.5M HCl; D, 

the same 2 g/kg Ins diet gizzard contents extracted in NaF-EDTA; E, Phy500 

diet gizzard contents from 2 pooled birds extracted in 0.5M HCl; F, the same 

Phy500 diet digesta extracted in sodium fluoride-EDTA; G, Phy6000 diet 

gizzard contents pooled from 2 birds extracted in 0.5M HCl; H, the same 

Phy6000 diet digesta extracted in sodium fluoride-EDTA. I, standards run 

beside the different samples from which A-H were obtained. Inositol 

phosphate classes and individual isomers are identified.  

 

Figure 4.5 shows the speciation of lower inositol phosphates for matched 

samples of both Control and Phy500 diets extracted using the published 

sodium fluoride-EDTA method (Figure 4.5A, E) and using 0.5 M HCl (Figure 

4.5B, F). The identities of the peaks in the set of standards (Figure 4.5I) have 

been described previously (Rix et al., 2021; Whitfield et al., 2022). 

Differences in isomers identified in the same samples between extraction 

methods can be seen, notably the occurrence of a peak of Ins(1,2,3,4,6)P5 in 

the gizzard contents of both Control and Phy500 diet-fed birds but only when 

extracted under alkali conditions of NaF-EDTA buffer. A peak of D/L-

Ins(1,2,3,4)P4 was similarly observed in the Control diet under alkali 

extraction, while absent in the acid extracted sample. At the high phytase 

dose of 6000 FTU, near total phytate hydrolysis is achieved and no 

difference in extracted inositol phosphate isomers can be identified (Fig 

4.5G, H). 

 

The occurrence of peaks of D- and/or L-Ins(1,2,3,4,5)P5 and D- and/or L-

Ins(1,2,4,5,6)P5 was common to both extraction methods in the Phy500 diet. 

These isomers are known products of phytase degradation in Quantum Blue 

supplemented diets. Accordingly, negligible amounts of both isomers, in 

comparison to InsP6, were present in the Control-fed gizzard contents.  

 

Diets in this study were fed as a mash, and might therefore have been 

expected to allow endogenous feedstuff phytase activities to manifest 

themselves. However phytases have distinct pH optima that may or may not 
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be matched to the prevailing pH of the gastrointestinal tract. Dionisio and co-

workers (Dionisio et al., 2010) have attributed the high mature grain phytase 

activity of wheat, among cereals, to PAPhy with a pH optimum of 5.5. The 

other phytase activity of cereals is associated with Multiple Inositol 

Polyphosphate Phosphatase (MINPP). The former produces a predominant 

D- and/or L-Ins(1,2,3,4,5)P5 product, while the latter, a recognized alkaline 

phytase produces a predominant Ins(1,2,3,4,6)P5 product, among InsP5s 

(Mehta et al., 2006). The absence of Ins(1,2,3,4,6)P5 in acid extracts, but 

presence in sodium fluoride-EDTA extracts, may therefore be indicative of 

persistent feedstuff MINPP activity in the food bolus of the gizzard that 

became apparent only on rehydration of the milled digesta contents. 

Ordinarily, heat treatment of pelleted feeds is assumed to degrade 

endogenous feedstuff phytase activities allowing activity only of adjunct 

enzyme that is commonly selected for its tolerance of the low pH of the 

gizzard (Farner, 1942; Dionisio et al., 2011).  Collectively, these facets of 

phytase behaviour could explain the absence of the product associated with 

MINPP degradation of phytate, Ins(1,2,3,4,6)P5, in acidic extraction 

conditions but its presence in basic conditions due to rehydration and 

extended incubation of the enzymes during the extraction procedure prior to 

analysis by HPLC.  
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Table 4.9: Inositol and inositol phosphate (InsP3-6) levels (nmol/g dwt) in acid 

extracted gizzard digesta of day 21 broilers (6 pens per diet with samples 

pooled from 2 broilers per pen per treatment). 1, 2 

 

Diet Inositol InsP3 InsP4 InsP5 InsP6 S InsP 

Control 646±72a 114±27 743±69b 1668±117 12482±550c 15008±615d 

2g/kg Ins 3384±174a 122±26 666±55 1478±116 12238±471 14505±535 

Phy500 1051±110 130±45 2374±598b 1453±421 3915±948c 7854±1831d 

Phy6000 3252±430a 199±57 319±82 101±33 381±114c 1000±222d 

Control Ti 860±173 118±35 678±80 1374±97 11248±869 13419±933 

2g/kg Ins 

Ti 

2896±164a 86±28 654±61 1321±123 11122±1012 13182±1094 

Phy500 Ti 1062±60 171±18 2853±481 1600±325 4550±966c 9175±1102d 

Phy6000 

Ti 

3404±584a 194±65 349±37 70±27 733±195c 1346±190d 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 were fed with the control diet 

supplemented with 500 or 6,000 FTU of phytase per kilogram of feed, 

respectively. 

2Data are given as group means ± SEM, n = 6.   

 

In the acid extracted gizzard digesta, significant reductions were measured in 

InsP6 and total InsPs for all phytase supplemented diets compared to the 

Control (for all, p < 0.0001). Additionally, InsP4 concentration in the Phy500 

diet was significantly increased at 2374±598 nmol/g dwt compared to 743±69 

nmol/g dwt in the Control, representing a 219% increase (p = 0.0464). 

Inositol extracts were significantly increased in the 2 g/kg Ins and 2 g/kg Ins 

Ti diets at 3384±174 nmol/g dwt (424% increase) and 2896±164 nmol/g dwt 

(348% increase) respectively compared to 646±72 nmol/g dwt in the Control 

(for both, p < 0.0001). Supplementation with the ñsuper-doseò of 6000 

phytase units, both with and without TiO2, also significantly increased inositol 
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in the gizzard measured in the acid extracted samples, at 3252±430 nmol/g 

dwt in the Phy6000 group (403% increase) and 3404±584 nmol/g dwt in the 

Phy6000 Ti group (426% increase) compared to the Control (for both, p < 

0.0001).  

 

Table 4.10: Inositol and inositol phosphate (InsP2-6) levels (nmol/g dwt) in 

NaF extracted gizzard digesta of day 21 broilers (6 pens per diet with 

samples pooled form 2 broilers per pen per treatment).1, 2 

Diet Inositol InsP2 InsP3 InsP4 InsP5 InsP6 S InsPs 

Control 348±77a 193±42 591±137 2474±485 4722±441b 6873±996c 14852±817d 

2g/kg Ins 2691±174a 167±27 527±159 2368±752 4462±469 6483±1218 14008±884 

Phy500 900±147 677±139 1777±728 3387±1354 1122±419b 1645±907c 8606±1757d 

Phy6000 2606±326a 75±22 417±166 299±81 97±61b 142±57c 1030±183d 

Control Ti 629±116 220±27 806±221 3586±1196 3249±545 4548±1540 12410±720 

2g/kg Ins Ti 2573±248a 154±36 670±306 2836±1160 3625±460 5959±2076 13245±1220 

Phy500 Ti 802±99 546±126 2593±535 3788±850 906±572b 1426±1065c 9257±1676d 

Phy6000 Ti 2782±408a 117±39 344±54 149±73 101±46b 239±39c 950±68d 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 were fed with the control diet 

supplemented with 500 or 6,000 FTU of phytase per kilogram of feed, 

respectively. 

2Data are given as group means ± SEM, n = 6. 

 

 

For NaF-EDTA-extracted samples, supplementation of the diet with Phy500 

and Phy6000 reduced total inositol phosphates significantly (for Phy500, p = 

0.037; for Phy6000, p < 0.0001) in gizzard contents (Table 4.9 and 4.10), 

with reductions in InsP6 and total inositol phosphates proportional with 

increasing phytase dose. Total inositol phosphate levels were reduced from 

14852 ± 817 nmol/g dwt (dry weight) in the Control group to 8606 ±176 

nmol/g dwt at Phy500 (42% decrease) and to 1029 ± 183 nmol/g dwt at 

Phy6000 (93% decrease). Phytase at 500 FTU/kg reduced InsP5 and InsP6 

significantly (for InsP5, p = 0.001; for InsP6, p = 0.018), from 4721 ± 440 
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nmol/g dwt and 6872 ± 995 nmol/g dwt, respectively, to 1121 ± 419 and 1645 

± 905 nmol/g dwt (76.26% decrease in InsP5 and 76.06% decrease in InsP6). 

The ñsuper dosedò group at Phy6000 also showed highly significant 

reductions (for InsP5, p = 0.0003; for InsP6, p < 0.0001) in InsP5 (96 ± 61 

nmol/g dwt, 97.97% decrease) and InsP6 (142 ± 57 nmol/g dwt, 97.93% 

decrease). InsP2 levels were also significantly increased in the Phy500 

inclusion diet (677 ± 139 nmol/g dwt) compared to the Control (193 ± 42 

nmol/g dwt) (p = 0.037, 250% increase). Numerical reductions are noted in 

the InsP3 and InsP4 concentrations in the phytase-supplemented diets, but 

these differences are not significantly different from the Control.  

 

Inositol levels in the gizzard contents were impacted by both the inclusion of 

dietary phytase and dietary inositol (Table 4.10). Highly significant increases 

in inositol were measured with the inclusion of 2 g/kg Inositol (p <0.0001) 

and at Phy6000 (p <0.0001), and significant but less so at Phy500 (p = 

0.037) compared to the Control. Inositol levels were measured at 348±77 

nmol/g dwt in the gizzard digesta for the Control group, 2691±174 nmol/g dwt 

at 2 g/kg Ins (673% increase), 900±147 nmol/g dwt at Phy500 (158% 

increase) and 2606±326 nmol/g dwt at Phy6000 (649% increase).  

 

Numerical differences between replicate treatment groups with and without 

the inclusion of 5 g/kg TiO2 as a digestibility index marker were deemed not 

significant by ANOVA comparison for inositol phosphates and inositol, and 

regression analysis (Appendix 5) showed differences between measured 

slopes for phytase dose with and without TiO2 are not significant (p = 

0.9231). 

 

4.3.3 Ileal digesta 

 

It has previously been reported that the lower gut segments of the 

duodenum, jejunum and ileum are the sites of inositol and phosphate 

absorption in birds (Huber, Zeller and Rodehutscord, 2015; Huber, 2016; Hu 

et al., 2018). Studies have found that, in the absence of supplemented 

phytase, the majority of InsP6 hydrolysis occurs by the end of the duodenum 
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and jejunum, though can continue into the ileum and caeca, with 

endogenous mucosa phytase activity reportedly highest in the duodenum 

and jejunum (Maenz and Classen, 1998; Alaeldein M. Abudabos, 2012). 

Lactic acid bacteria isolated from chicken intestines have also been noted to 

carry out phytate hydrolysis (Raghavendra and Halami, 2009), and therefore 

intestinal InsP6 hydrolysis in the absence of exogenous supplemented 

phytase is likely a result of a combination of endogenous and microbiota 

phytase activity. 

 

Ileal samples were extracted in both sodium fluoride-EDTA and HCl. Again, 

like the analysis of gizzard contents, HCl was a more efficient extractant of 

inositol than NaF-EDTA (Figure 4.8) across all treatment groups. In contrast, 

to the gizzard analyses, however, HCl and NaF-EDTA were remarkably 

similar in their extraction efficiency for inositol phosphates (Figure 4.7). Thus, 

across treatment groups, HCl extracted between 520 and 72495 nmol InsP6 

per gram dwt, while NaF-EDTA extracted between 859 and 65168 nmol 

InsP6 per gram dwt.  The profiles of inositol phosphates extracted with the 

two extractants were very similar also, suggesting that the endogenous 

phytase activities that confound measurements of inositol phosphates in 

gizzard contents of birds fed mash diets do not persist in the ileum. This 

conclusion is further justified by analysis of the speciation of InsP4 and InsP5 

within these classes, which shows the lack of Ins(1,2,3,4,6)P5 among InsP5s 

within the phytase-supplemented groups.  

 

The presence of InsP5 and lower inositol phosphates in the Control and 

Inositol-supplemented groups is common across both extraction methods, 

suggesting these peaks are not an artefact of the extraction technique but 

instead have arisen from gut endogenous phytase and/or phosphatase 

activities (Fig 4.6, A-D). Interestingly, these isomers share similarities with 

those generated by exogenous phytase supplementation, though at different 

ratios compared to the InsP6 concentrations present, with D/L-

Ins(1,2,3,4,5)P5 the dominant InsP5 isomer in phytase supplemented groups 

(Fig 4.6E-H), and present to a lesser extent in the Phy500 diet D/L-

Ins(1,2,4,5,6)P5 (Fig 4.6E, F). In both phytase-supplemented groups, D/L-
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Ins(1,2,5,6)P4 is the dominant InsP4 present in the samples. In the groups 

without added phytase, Control and 2 g/kg Ins, D/L-Ins(1,2,3,4,5)P5 is also 

the dominant InsP5 species, though with near equal levels of D/L-

Ins(1,2,4,5,6)P5 and reduced but measurable levels of Ins(1,2,3,4,6)P5. The 

predominant InsP4 species in these samples is also D/L-Ins(1,2,5,6)P4, with 

measurable peaks corresponding to D/L-Ins(1,2,3,4)P4 (Fig 4.6A-D). The 

differing profiles for InsP5 and InsP4 in the absence of supplemented phytase 

suggest the involvement of phosphatases of different origin later in the 

digestive tract, particularly when compared to the ratios of profiles observed 

in the gizzard contents in these same samples.  
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Figure 4.6: Inositol phosphates in broiler ileal digesta. Extracts of A, Control 

diet ileum contents from 2 pooled birds extracted in 0.5M HCl; B, the same 
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Control diet ileum contents extracted in NaF-EDTA; C, 2 g/kg Ins diet ileum 

contents from 2 pooled birds extracted in 0.5M HCl; D, the same 2 g/kg Ins 

diet ileum contents extracted in NaF-EDTA; E, Phy500 diet ileum contents 

from 2 pooled birds extracted in 0.5M HCl; F, the same Phy500 diet ileum 

digesta extracted in NaF-EDTA; G, Phy6000 diet ileum contents pooled from 

2 birds extracted in 0.5M HCl; H, the same Phy6000 diet ileum digesta 

extracted in NaF-EDTA. I, standards run beside the different samples from 

which A-H were obtained. Inositol phosphate classes and individual isomers 

are identified.  

 

 

 

 

Figure 4.7: Inositol levels (nmol/g dwt) in ileal digesta of day 21 broilers (6 

pens per treatment, with samples pooled from 2 birds per pen). Bars 

represent standard error of the mean.  
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Figure 4.8: Inositol phosphate (InsP3-6) levels (nmol/g dwt) in A acid-

extracted ileal digesta samples and B NaF-EDTA-extracted ileal digesta 

samples of day 21 broilers (6 pens per diet with samples pooled from 2 

broilers per pen per treatment). Bars represent standard error of the mean.  
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Table 4.11: Inositol and inositol phosphate (InsP3-6) levels (nmol/g dwt) in 

ileal digesta of day 21 broilers (6 pens per diet with samples pooled from 2 

broilers per pen per treatment, 0.5M HCl extracted). 1, 2 

Diet Inositol InsP3 InsP4 InsP5 InsP6 S InsP 

Control 2854±702 31±10 762±170 5083±364 50393±2571 56269±2853 

2 g/kg Ins 14671±756 216±168 780±199 5466±199 54571±3544 61033±3434 

Phy500 5305±936 323±136 3510±1183 5937±707 27971±3883 37741±3433 

Phy6000 14231±2226 241±92 1697±477 293±54 1579±391 3810±893 

Control Ti 2869±583 41±16 806±100 4536±592 50902±4604 56285±5259 

2 g/kg Ins 

Ti 

13886±1542 33±8 612±129 4739±390 47662±3078 53047±3317 

Phy500 Ti 6062±1053 571±196 1650±306 5931±538 26458±4386 34609±4572 

Phy6000 

Ti 

14644±2275 451±176 2893±1752 755±270 2812±1150 6910±2420 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 were fed with the control diet 

supplemented with 500 or 6,000 FTU of phytase per kilogram of feed, 

respectively. 

2Data are given as group means ± SEM, n = 6.   

 

In samples extracted using HCl compared to the published sodium fluoride-

EDTA method, total inositol phosphates were significantly reduced in the 

groups fed 500 and 6000 FTU Quantum Blue, both with and without the 

inclusion of TiO2 in the diet. Compared to 56269±2853 nmol/g dwt in the 

Control fed group, total inositol phosphate levels were reduced to 

37741±3433 nmol/g dwt and 34609±4572 nmol/g dwt in the Phy500 ( 

32.92% reduction) and Phy500 Ti groups (38.49% reduction) respectively 

(for both, p < 0.0001); values were further reduced at the higher phytase 

inclusion level, to 3810±893 nmol/g dwt in the Phy6000 diet (93.23% 

reduction) and 6910±2420 nmol/g dwt in the Phy6000 Ti diet (87.72% 

reduction) (for both, p < 0.0001). InsP6 levels were similarly significantly 

reduced by both inclusion levels of phytase in the ileal contents, by 
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comparison to the Control fed group at 50393±2571 nmol/g dwt InsP6, 

inclusion of 500 FTU phytase reduced the acid-extractable InsP6 levels to 

27971±3883 nmol/ dwt in the Phy500 group (44.49% reduction) and to 

26458±4386 nmol/g dwt in the Phy500 Ti group (47.5% reduction) (for both, 

p < 0.0001), and similarly further reduced in the higher phytase 

supplemented group to 1579±391 nmol/g dwt and 2812±1150 nmol/g dwt for 

Phy6000 (96.87% reduction) and Phy6000 Ti (94.42% reduction) 

respectively (for both, p < 0.0001). 

 

Acid-extractable inositol levels were significantly increased in the diets 

supplemented with 2 g/kg inositol and 6000 FTU phytase, with and without 

TiO2, compared to the Control group. Inclusion of 2 g/kg inositol increased 

the ileal digesta inositol levels to 14671±756 nmol/g dwt in the 2 g/kg Ins 

group (414% increase) and 13886±1542 nmol/g dwt in the 2 g/kg Ins Ti 

group compared (386.5% increase) to 2854±702 nmol/g dwt in the Control 

fed group (for both, p < 0.0001). With the inclusion of 6000 FTU phytase, 

inositol levels were similarly significantly increased, to levels comparable to 

the inclusion of 2 g/kg inositol calculated to be the predicted potential 

liberated quantity of inositol from complete hydrolysis of dietary phytate, at 

14231±2226 nmol/g dwt in the Phy6000 diet (398.6% increase) and 

14644±2275 nmol/g dwt in the Phy6000 Ti diet (413.1% increase) (for both, p 

< 0.0001). 
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Table 4.12: Inositol and inositol phosphate (InsP3-6) levels (nmol/g dwt) in 

ileal digesta of day 21 broilers (6 pens per diet with samples pooled from 2 

broilers per pen per treatment, NaF-EDTA extracted). 1, 2 

Diet Inositol InsP2 InsP3 InsP4 InsP5 InsP6 S InsP 

Control 1008±297 502±131 1358±156 2613±307 5285±519 51588±3269 61347±3702 

2 g/kg Ins 10742±1035 656±122 1610±224 2711±265 5715±409 56214±2966 66905±3306 

Phy500 2434±654 1349±173 3401±584 7038±2014 6199±682 29190±3804 40411±3922 

Phy6000 10870±2233 2536±660 1614±358 3843±1173 433±97 1748±386 10174±2236 

Control Ti 593±138 523±93 1270±114 2315±259 4683±447 48564±3126 57356±3599 

2g/kg Ins 

Ti 

9709±981 487±138 1371±181 2338±224 4738±379 47216±2585 56145±2940 

Phy500 Ti 2552±507 3338±2200 3250±515 6596±1734 6045±403 24865±2489 44094±2938 

Phy6000 

Ti 

10047±1954 2257±565 2169±484 4760±1361 819±308 3217±1388 13221±2886 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 were fed with the control diet 

supplemented with 500 or 6,000 FTU of phytase per kilogram of feed, 

respectively. 

2Data are given as group means ± SEM, n = 6.   

 

Total inositol phosphate levels were reduced significantly from 61347±3702 

nmol/g dwt in ileal contents for the Control group to 40411±3922 nmol/g dwt 

at Phy500 (34.13% decrease, p = 0.018) and to 10174±2236 nmol/g dwt at 

Phy6000 (83.42% decrease, p < 0.0001) (Table 4.12), with a similar linear 

reduction in total InsPs compared to the gizzard digesta response observed 

with increasing phytase dose. Effects on InsP6 levels were highly significant 

at both Phy500 and Phy6000 (for Phy500, p = 0.008; for Phy6000, p < 

0.0001), with InsP6 reduced from 51588±3269 nmol/g dwt in the Control 

group to 29190±3804 nmol/g dwt and 1748±386 for Phy500 (43.42% 

decrease) and Phy6000 (96.61% decrease) respectively. No significant 

difference was observed in the 2 g/kg Ins diet compared to the Control. 

Significant reductions were also measured in InsP5 levels for Phy6000 group 
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(433±97 nmol/g dwt) compared to the Control (5285±519 nmol/g dwt) (p < 

0.0001), with InsP5 decreased by 91.81% with the inclusion of 6000 FTU/kg 

Quantum Blue. In both phytase doses, InsP2 levels were significantly 

increased compared to the Control diet (for Phy500, p = 0.018; for Phy6000, 

p = 0.038). 

 

Inositol levels in the ileal contents were altered by the addition of inositol and 

phytase to the diet (Table 4.12), with increases in detectable free inositol 

similar to those observed in the gizzard digesta. Highly significant differences 

were measured at 2 g/kg Ins (p < 0.0001) and at Phy6000 (p = 0.004) but not 

at Phy500 (p = 0.1024) when compared to the Control. Inositol levels were 

measured at 1008±297 nmol/g dwt in the Control group, 10742±1035 nmol/g 

dwt in 2 g/kg Ins, 2434±654 nmol/g dwt at Phy500 and 10870±2233 nmol/g 

dwt at Phy6000.  

 

Regression analysis of the differences arising between groups with and 

without TiO2 as a digestibility index marker concluded that differences 

between slopes was not significant (p = 0.8473), with regression outputs 

shown in Appendix 5. Though, ANOVA comparisons showed significant 

differences between the groups including 2 g/kg Ins with and without TiO2 for 

measurements of InsP6 and total inositol phosphates in the ileal digesta (for 

InsP6, p = 0.014; for total InsPs, p = 0.0012).  

 

4.4 Discussion 

 

4.4.1 Influence of phytase dose on weight gain and feed conversion 

ratio 

The term ósuperdosingô first coined in 2013 (Walk et al., 2013) has become 

synonymous with óextra-phosphoricô effects of doses of phytase that surpass 

the dietary requirements for phosphorus (phosphate) that can be provided by 

supplementing feed with 1,500 units/kg of phytase. Since then, much 

research has been conducted into the benefit of superdosing and the 

associated benefits of such doses with the hypothesised near total 
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destruction of dietary phytate on feed conversion ratio (Walk et al., 2013). 

Cobb male broilers fed diets supplemented with 1500 FTU have been shown 

to have increased gizzard digesta inositol, and by contrast reduced gizzard 

phytate content, compared to lower phytase doses supplemented. However, 

in supplementing diets with the predicted comparative released phosphate, 

the same feed conversion ratio as with 1500 FTU could not be achieved, 

instead suggesting that the benefits of the addition of phytase to the diet are 

óextra-phosphoricô, in that they also lie in the reduction of anti-nutrient effects 

of grain phytate (Walk, Santos and Bedford, 2014). Similar results were seen 

in the comparison of female Ross broiler chicks fed 2 g/kg available P with 

exogenous phytase compared to chicks fed solely 5 g/kg available P: the 

addition of high dose phytase, over 1000FTU, increased the availability of 

dietary nutrients (Cowieson, Acamovic and Bedford, 2006).  

 

Since 2013, superdosing has come to convey the benefits arising from 

provision of inositol through adding phytase to animal feed. As such, it has 

been accepted as a standard term in academia and industry, with more than 

600 citations in Google Scholar since 2013. A more nuanced understanding 

of the mechanisms by which inositol contributes to the growth performance 

benefits of superdosing, has arisen from studies that have óprogressivelyô 

followed the influence of increases in gastro-intestinal tract inositol from the 

gizzard contents to ileal contents, to gut tissue, to plasma (blood) and to 

other organs including, liver, kidney and muscle. Suffice to say, not a single 

study has made measurements in all these tissues/organs. The experiments 

described in this thesis were explicitly designed to redress this, so that 

correlations could be drawn between inositol phosphate degradation in the 

gut, release of inositol and, by measurement of inositol phosphates and 

inositol in tissue, proxy assessment of effect of released inositol on animal 

physiology. Irrespective of mechanism of phytase or inositol action, for 

commercial poultry production growth performance is a primary concern. The 

growth performance of birds in this study is described in Table 4.8. It is 

important to note that on average bird weights at day 21 were typically low 

for the bird age in this study (Appendix 4), and this may be attributed to the 

use of a mash diet, as previous studies have found that although mash diet 
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feeding is generally associated with lower mortality, this is due to reduced 

growth rate, and mash-fed birds show reduced body weight gain compared 

to crumbled-pellet fed birds (Proudfoot and Sefton, 1978; Jafarnejad et al., 

2011). 

 

The initial body weight of birds used in this trial was similar at an average 

day 0 weight of 43.5 grams across all pens and all treatment groups (ANOVA 

p = 0.969). Results from this study did not show a significant difference in the 

feed conversion ratio calculated for the different diets fed during the trial 

phase, though phytase dose improved FCR numerically. Previous trials have 

shown that birds fed high levels of supplementary phytase have improved 

FCR in comparison to birds fed diets with sufficient available phosphate 

(Pirgozliev et al., 2011). The basal diet used in this trial, as the diet fed to the 

Control groups, was formulated to mimic commercial diet formulation in 

terms of calcium and phosphate content and is therefore not deficient in 

either Ca or P, with basal diet formulated available P calculated at 0.45%. 

Studies have shown that the requirement for optimal bird performance from 

day 0 to 21 is 0.39% P (Waldroup et al., 2000), which may account for the 

lack of significant difference in BW and FCR between Control and phytase-

containing diets as birds were able to obtain sufficient phosphorus from the 

basal diet. Several studies have shown little response to phytase 

supplementation when diets already contained sufficient dietary non-phytate 

P (Wu, Ravindran and Hendriks, 2003; Driver et al., 2005). A 2013 study 

using Arbor Acres broilers to measure the effect of high phytase inclusion 

rates on animal performance in diets without limiting calcium and phosphorus 

similarly noted impacts on BW gain by day 21 related to phytase inclusion 

rate but with overall no significant difference in FCR ratio in this time period 

(Dos Santos et al., 2013). However, the authors noted significant differences 

in feed conversion ratios emerging at 35 days of feeding, but only in 

comparison to a reduced available P diet compared to commercial 

formulations. This supports previous observations that high dose phytase 

inclusion influences improvement in growth performance separately from the 

impact of improved phosphate nutrition, relating to the reduction in 

endogenous phytate-related losses of protein and amino acid digestibility. In 
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the study presented in this chapter, significant differences were only 

measured in body weight gain between Control and 2 g/kg Inositol 

supplemented groups in the absence of TiO2 as an indigestible marker 

(700.1 ± 19.59 vs. 768.8 ± 16.76, p = 0.0089), with all other differences not 

significant (p > 0.05), which supports the interpretation that the basal diet 

formulation met the birdsô total requirements for phosphate without the 

addition of phytase (Table 4.7). A potential simplistic explanation for the 

improved performance in the inositol-fed group compared to the Control may 

be the increased calorie content of the feed with 2 g/kg added inositol, 

though this was not a measured parameter in the trial. Other studies that 

have reported improvements in FCR and BWG with myo-inositol 

supplementation (Cowieson et al., 2013) have attempted to explain this 

improvement to the effect of inositol on gastrointestinal microbial flora (Jiang 

et al., 2009a) or to a reduction in antioxidative stress (Jiang et al., 2009b), 

but the mechanism in poultry is not yet fully elucidated. 

 

A complicating factor, or, alternatively, a potential explanation of the lack of 

effect of treatment on FCR, is that phytase activity is inhibited by inorganic 

phosphate, the product of its action (Greiner, Konietzny and Jany, 1993; 

Sommerfeld, Schollenberger, et al., 2018). It has been suggested that the 

addition of supplementary phytases to diets with high levels of non-phytate 

available phosphate reduces the effectiveness of the added phytase in 

improving bird performance, with phytase most effective when dietary 

available phosphate is as low as possible (Manangi and Coon, 2008).  Diet 

supplementation with monoammonium phosphate has been shown also to 

decrease phytase efficacy in Atlantic salmon (Greiling et al., 2019).  

Moreover, there is evidence for poultry that interactions between 

phosphatases and phosphate in the gut may be responsible for reduced 

gastrointestinal InsP6 hydrolysis when diets are supplemented with additional 

sufficient non-phytate phosphorus (Shastak et al., 2014; Sommerfeld, 

Schollenberger, et al., 2018). Despite the foregoing, results from the study 

presented in this chapter still showed significant phytate hydrolysis in the 

presence of sufficient non-phytate available phosphate in the diet (Figure 

4.4, 4.8).   
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4.4.2 The impact of endogenous plant phytases on phytate digestibility 

 

The differences in lower inositol phosphate isomers in the gizzard and ileal 

digesta in the Control and inositol-supplemented dietary groups, when 

compared to the diet suggests the presence of phytase activity distinct from 

the supplemented Quantum Blue present in other groups. Grain phytases 

originating from the feedstuffs, not inactivated in the feed in this trial in the 

absence of heat pelleting, may account for some of this activity ï as shown 

by the impact of differential extraction methods on the resulting analysed 

inositol phosphate levels and profiles (figure 4.4, 4.5). However, it is likely 

that the low pH of the early avian digestive tract, particularly in the gizzard 

with a fluctuating acidic pH of 0.6 ï 3.8 (Farner, 1942; Lee et al., 2017), 

where this impact was more noticeable, will limit grain endogenous phytase 

activity.  Indeed, wheat grain phytases are particularly susceptible to 

inactivation within the digestive system (Phillippy, 1999). An alternate 

explanation for this may lie in a significant contribution from digestive 

microbiota phytase activity in diets without supplemented exogenous 

phytase. Interestingly, the InsP5 isomers observed, predominantly 

Ins(1,2,3,4,6)P5 with notable but far reduced, by comparison, peaks of D/L-

Ins(1,2,3,4,5)P5 and D/L-Ins(1,2,4,5,6)P5, (Figure 4.5) could arise from the 

action of microbiotal Multiple Inositol Polyphosphate Phosphatase (MINPP, a 

phytase) or from cereal MINPP activity. Among plants, wheat, which formed 

the largest proportion of the feed constituents, has a particularly high mature 

grain phytase activity attributed to enzyme of the purple acid class (Brinch-

Pedersen et al., 2003). Recent characterization of the wheat enzyme (Faba-

Rodriguez et al., 2022) reveals a predominant 4/6-phytase activity, fitting with 

early characterization of 6-phytase activity of wheat bran (Lim and Tate, 

1973). Nevertheless, plant MINPPs also present in wheat, have been 

characterized as 5-phytases (Barrientos, Scott and Murthy, 1994). These two 

activities which would produce predominant D/L-Ins(1,2,3,4,5)P5 and/or 

Ins(1,2,3,4,6)P5 products (Sprigg et al., 2022) need to be considered beside 

microbial originating adjunct phytases, here a 6-phytase (Sommerfeld, 
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Künzel, et al., 2018), but also frequently 3- or 6-phytases (Shin et al., 2001; 

Andlid, Veide and Sandberg, 2004; Kumar and Sinha, 2018).  

 

In the gizzard digesta of birds supplemented with high phytase doses, the 

only detectable InsP5 isomer was negligible amounts of Ins(1,2,3,4,6)P5, as 

well as D- and/or L-Ins(1,2,3,4)P4 and D- and/or L-Ins(1,2,5,6)P4, known 

products of phytase degradation in Quantum Blue-supplemented diets 

(Sommerfeld, Künzel, et al., 2018). It is possible that InsP5 residues 

produced by hydrolysis of InsP6 in the gizzard are further broken down to 

lower inositol phosphates rapidly by concerted action of phytase.  

 

4.4.3 Phytase supplementation improves phytate digestibility in the 

gizzard and ileum 

 

Supplementation with phytase at both 500 FTU and 6000 FTU showed highly 

significant improvement in phytate reduction in the gizzard digesta, with 

significant reductions in InsP5, InsP6 and total inositol phosphate levels 

(Figure 4.4). The phytase used in this trial, Quantum Blue, is a modified E. 

coli 6-phytase, shown in in vitro digestion studies to be most active in an 

acidic pH range, with highest reported activity at pH 3.5 (Tao, 2018), and 

highest enzyme tolerance to degradation at an acidic pH range closest to 

that of the crop, proventriculus and gizzard (Igbasan et al., 2000; Garrett et 

al., 2004; Elkhalil et al., 2007), which may explain the apparent improved 

activity in the gizzard. The effect observed here of greater effect on total 

inositol phosphates in the gizzard as opposed to the ileal digesta (Figure 4.8) 

has been noted previously (Onyango, Bedford and Adeola, 2005; reviewed 

in Selle and Ravindran, 2007). In these reports, non-digestible markers of 

titanium dioxide and chromic oxide have been used. The apparent greater 

effect in gizzard may arise from the faster transit of soluble InsPs through the 

gizzard in comparison to the digestibility index marker, leading to subsequent 

apparent concentration in the terminal ileum. Additionally, inositol phosphate 

isomers are highly soluble in acidic conditions in the gizzard, as are the 

mineral complexes that lower inositol phosphates form. Consequently, the 

absence of changes in concentrations of ólowerô inositol phosphates in the 
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gizzard may be due to increased transit rate or increased breakdown of 

InsP2-4 in the gizzard (Zeller, Schollenberger, Kühn, et al., 2015).  

 

Highly significant reduction in InsP6 and total inositol phosphates was also 

measured in the ileal digesta of birds with phytase supplemented diets, at 

both 500 FTU and 6000 FTU (Table 4.12). Though not significant, numerical 

increases in total InsP5 isomers present in 500 FTU phytase treatment group 

ileal digesta compared to the control and inositol treatment groups suggests 

that some phytase activity continues into this gut segment. Previous 

research has demonstrated that when phytase is provided at 500 FTU/kg, 

birds appear less able to degrade lower inositol phosphate esters of InsP3 

and InsP4 (Zeller, Schollenberger, Kühn, et al., 2015; Zeller, Schollenberger, 

Witzig, et al., 2015; Bedford and Walk, 2016) which have been shown to 

retain the same antinutritive properties as InsP6 in the gut of broilers 

(Persson et al., 1998; Yu et al., 2012) and therefore, in the context of 

improvements to animal performance, the reduction of all lower inositol 

phosphate esters and their hydrolysis to myo-inositol must be considered. In 

the ósuper-dosedô phytase group, at 6000 FTU, highly significant reductions 

in InsP5 were also measured, as well as significant increases in InsP2 and 

free detectable inositol (Figure 4.12), with values suggesting almost 

complete destruction of dietary phytate by the terminal ileum at this phytase 

dose. The dose of 2 grams of inositol per kilogram of feed was selected as, 

approximately, a typical commercial poultry diet would contain 2-2.5 grams of 

inositol per kilogram of feed in the form of InsP6 (Eeckhout and De Paepe, 

1994), and thus if this was completely dephosphorylated through 

superdosing of phytase it would yield approximately 2-2.5 grams of inositol 

per kilogram of feed provided. The measured significant difference in inositol 

in the 2 g/kg Ins dosed diet compared the Control, and lack of significant 

difference between Phy6000 and 2 g/kg Ins treatment groups in terms of 

measured inositol contents, supports that near complete hydrolysis of dietary 

InsP6 is achieved in the ósuper-dosedô 6000 FTU group.  

 

Previous studies have shown that broiler intestinal endogenous phytases 

and the phytase activity provided by their gut microbiota have a high capacity 
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to hydrolyse InsP6 in the intestine (Zeller et al., 2015a). Supplementary 

phytase activity is considered to contribute largely to hydrolysis in the 

anterior digestive system segments of the crop and gizzard, supported by the 

modification of dietary supplement phytases for activity in the acidic pH of the 

early digestive tract prior to inactivation by pepsin in later stage digestion 

(Simon and Igbasan, 2002).  

 

Phytate degradation by phytase is often investigated in the context of 

calcium and available phosphate, with focus on calcium to phosphate ratios 

and amino acid digestibility (Cowieson et al., 2017; Sommerfeld et al., 

2018b). Calcium and phosphate act antagonistically in the gut, and the 

requirements for calcium and phosphate differ greatly between broilers and 

layers ï with broilers requiring of higher levels of non-phytate P for improved 

growth performance, whilst layers are able to retain more calcium and are 

better able to tolerate reduced available phosphorus with improved phytate P 

utilisation (Edwards Jr, 1983; Edwards Jr and Veltmann Jr, 1983), and 

improved with reduced dietary calcium (Fisher, 1992). It is important to 

optimise calcium to phosphate ratios, particularly in calculating available 

phosphate and phytate-P liberated inorganic phosphate, to promote bone 

deposition as opposed to bone resorption (Manangi and Coon, 2008). 

 

In the context of protein and amino acid digestibility, the presence of high 

levels of phytic acid in the ileum has been shown to reduce digestibility of 

nitrogen and all essential amino acids (Ravindran et al., 2000). The proposed 

mechanisms for this interference by phytic acid in protein and amino acid 

digestibility include the formation of electrostatic bonds between phytate and 

protein under acidic conditions in the proventriculus and gizzard (Kies et al., 

2006); the complex formation between phytic acid, minerals and proteins due 

to charge differences in the small intestine rendering them resistant to 

enzymatic hydrolysis (Maenz, 2001). Additionally, endogenous proteolytic 

enzymes themselves can be bound by phytate in the small intestine, 

preventing their ability to digest protein (Selle et al., 2006). The near 

complete hydrolysis of InsP6 to free inositol by superdosing with 

supplementary phytase at 6000 FTU, a higher level than usually 
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supplemented in poultry diets by commercial users, shows the potential extra 

phosphoric benefits of superdosing by removing phytate before it reaches 

the terminal ileum.  

 

Supplementation of the basal diet with both levels of phytase, 500 FTU and 

the super-dosed 6000 FTU, significantly improved phytate reduction and free 

detectable inositol concentrations in the gizzard and ileal digesta of broilers. 

However, this improvement in available phosphate and inositol did not, in this 

study, translate to significantly improved feed conversion or body weight 

gain, and it is possible that the basal diet formulation to contain sufficient 

available non-phytate phosphorus for optimal broiler growth in this trial may 

have reduced any potential significant impact phytase inclusion would have 

had on feed conversion ratio.  

 

Both levels of inclusion of Quantum Blue in the diets had a more visible 

impact on gizzard phytate degradation than in the terminal ileum. Quantum 

Blue is formulated for activity at an acidic pH range of 3.5 ï 5.5, most suited 

to activity in the fluctuating acidic pH of the anterior digestive tract segments 

of the crop, proventriculus and gizzard, though altered lower inositol 

phosphate profiles show that some phytase activity remains into the ileum.  

The inclusion of inositol at 2 g/kg as a treatment diet allows for comparison to 

the predicted liberated inositol from complete phytate hydrolysis, and 

comparable inositol concentrations in the ileum between the inositol 

supplemented diet and the super-dosed phytase treatment at 6000 FTU 

suggests this phytase level achieves near complete phytate hydrolysis during 

feed transit. Additionally, the absence of altered InsP status in the 2 g/kg 

inositol supplemented diet compared to the Control diet confirms that no 

inositol phosphate synthesis occurs within the digestive tract, and that all 

changing levels of inositol phosphates throughout the digestive tract can be 

attributed to phytate degradation by both supplemented and endogenous 

phytases.
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 5. Inositol phosphate species in tissues of broiler 

chickens 

Data presented in this chapter is partially published in Sprigg et al. (2022). 

 

5.1 Introduction 

As noted in previous chapters, research into the impact of phytase dosing in 

poultry has focused largely on animal performance matrices such as feed 

conversion ratio and bone ash mineralisation. Commonly, this is coupled with 

biochemical measurements of blood plasma parameters and phytate 

hydrolysis in gizzard and ileal digesta in attempt to provide a mechanistic 

explanation of the role of phytate degradation in improving animal 

performance.  

 

In more recent research, studies have focused on tissues and organs, largely 

by targeted gene expression, such as on inositol or phosphate transporters 

(Hu et al., 2018; Walk, Bedford and Olukosi, 2018; Sommerfeld et al., 2020; 

Zanu et al., 2020), signalling pathways (Schmeisser et al., 2017; Greene et 

al., 2019; Greene et al., 2020b) or by metabolomics (Gonzalez-Uarquin, 

Rodehutscord and Huber, 2020; Greene et al., 2020a; Gonzalez-Uarquin et 

al., 2021). Both approaches have been complemented by Western blot of 

transporters or signalling components in tissues such as intestinal mucosa, 

liver and muscle (Huber, Zeller and Rodehutscord, 2015; Greene et al., 

2019; Greene et al., 2020a; Whitfield et al., 2022). Given the importance of 

inositol phosphates and phosphatidylinositol phosphates to intracellular 

signalling, it is noteworthy that the study of effect of phytase has not 

extended to measurement of these molecules in tissues, except for blood 

(Whitfield et al., 2022), though until recently methods for the measurement of 

these molecules remained limited, complex and involved extractions 

methods, and often requiring of inaccessible expensive analytical equipment. 

 

For feed and digesta, freeze dried and milled samples are typically extracted 

using sodium fluoride and EDTA solution, pH 10 (Zeller et al., 2015a; Walk, 

Bedford and Olukosi, 2018; Zanu et al., 2020) and InsP3-6 analysed by high 
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performance liquid chromatography (HPLC) with post-column complexation 

with ferric ion and detection by UV at 290nm. Commonly, inositol is 

measured by HPLC-pulsed amperometry (Walk, Santos and Bedford, 2014; 

Laird et al., 2016; Walk, Bedford and Olukosi, 2018; Pirgozliev et al., 2019b; 

Kriseldi et al., 2021) by GC (Sommerfeld et al., 2018b; Ajuwon et al., 2020) 

or by enzymatic assay (Gonzalez-Uarquin et al., 2020; Gonzalez-Uarquin, 

Rodehutscord and Huber, 2020; Gonzalez-Uarquin et al., 2021). For tissue 

samples, however, the methods of extraction and analyses are markedly 

different. Analysis of avian erythrocyte inositol phosphates by acid gradient 

HPLC has been reported (Mayr, 1988; Casals, Villar and Riera-Codina, 

2002; Whitfield et al., 2020), but for other avian organs analysis has been 

limited to myo-inositol (Greene et al., 2019; Gonzalez-Uarquin, 

Rodehutscord and Huber, 2020). Others have concluded that inositol 

phosphates are absent from human plasma (Letcher, Schell and Irvine, 

2008; Wilson et al., 2015) and for poultry (Whitfield et al., 2022).  

 

Despite the relatively early elaboration of techniques capable of measuring 

inositol phosphates in animal tissues by Georg Mayr (Mayr, 1988), the 

identification of inositol phosphates in animal cells has predominantly 

employed radiolabelling of cell lines, tissue slices or, only when easily 

isolated, primary cells, for example of blood (Watson, McConnell and 

Lapetina, 1984). The consequence of this is that our understanding of whole 

animal responses to dietary conditions that might be expected to influence 

tissue or organ inositol phosphate metabolism is lacking, as is a description 

of the inositol phosphate profile of different tissues. Only very recently has 

description of inositol phosphates in different mouse tissues been reported 

(Qiu et al., 2020). 

 

Radiolabelling with metabolic precursors such as 32P[inorganic phosphate], 

3H[myo-inositol] and 32P[ATP], in permeabilized cells, has been the mainstay 

of research into the cell signalling role of inositol phosphates since the early 

work on 32P-labelling of pancreatic slices (Hokin and Hokin, 1953). The 

approach was used incisively to determine the pathways of synthesis of 

phosphoinositides including PtdIns(3,4,5)P3 in Swiss 3T3 cells (Hawkins, 
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Jackson and Stephens, 1992), PtdIns(3,5)P2 in mouse fibroblasts (Whiteford, 

Brearley and Ulug, 1997), of InsP6 in the duckweed Spirodela polyrhiza 

(Brearley and Hanke, 1996a, 1996b) and more widely in the pathways of 

metabolism of Ins(1,4,5)P3 emanating from receptor-activation of 

phospholipase C (Irvine and Schell, 2001). The field of inositol phosphate 

research is vast, and as of July 2022 the phrase ñinositol phosphateò garners 

more than 23,000 discrete publications in PubMed alone. The addition of the 

term ñpoultryò returns approximately 480 citations. While the former almost 

exclusively addresses intracellular metabolism and signalling process of 

discrete cells lines, the latter almost exclusively addresses the digestive fate 

of phytate, and the two sets barely intersect. Replacing the term ñpoultryò 

with ñavianò reveals the detailed studies in avian erythrocytes of inositol 

phosphate metabolism performed by radiolabelling in the late 1980s by the 

groups of Michell, Downes and Irvine in the UK (King et al., 1989; Stephens, 

Hawkins and Downes, 1989; Stephens and Downes, 1990b) and, quite 

separately, non-radioactive analysis by the metal-dye-detection technique 

(Mayr and Dietrich, 1987). Nevertheless, the analysis of inositol phosphate 

function does not extend far beyond this dominant cell type of this major 

tissue, the blood.  

 

In the present study, development of a HPLC method that obviates the need 

to radiolabel tissues has allowed for previously unobtainable identification 

and quantification of inositol phosphates in poultry tissues. Moreover, it has 

allowed assessment of tissue/organ response to dietary phytase dosage, 

beside digesta measurements.  

 

5.2 Materials and methods 

 

5.2.1 Animal tissue sampling 

For tissue analysis, from each of the two birds from which digesta was 

pooled for analysis, brain, kidney, liver and leg/breast muscle samples were 

collected and stored in polythene bags and immediately frozen at -20°C 

before shipping on dry ice to UEA for inositol phosphate and inositol 
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analysis. Samples were stored thereafter at -80°C. After defrosting, 100 mg 

samples of tissue were taken for InsP extraction and analysis. Storage at 

these temperatures is not anticipated to effect phytate stability or result in 

phytate degradation prior to analysis, based on phytate stability in long term 

wheat storage (Schollenberger et al., 2021).  

 

5.2.2 Tissue extraction  

Methods are as described in chapter 3. Briefly: 

For inositol phosphate analysis, 100 mg (frozen weight) of poultry tissue was 

homogenised by Ultra-Turrax (IKA T-10 Ultra-Turrax® High-Speed 

Homogeniser) in 600 mL: 1 M HClO4 on ice and transferred to a 1.5 mL tube. 

Samples were kept on ice for 20 minutes with vortex mixing every 10 

minutes and centrifuged at 13,000 x g for 10 minutes at 4°C. The resulting 

cleared lysate was transferred to a clean 1.5 mL tube, and 20 mL of which 

was taken and diluted to 1000 mL with 18.2 Megohm.cm water for inositol 

analysis. 

 

The following extraction method is adapted from Wilson et al. (2015). All 

steps were carried out at 4°C for the prevention of acid degradation of 

inositol phosphates. Prior to extraction, TiO2 beads (Titansphere® TiO2 5 

mM, Hichrom) were washed in 1 M HClO4. Then, to each cleared lysate, 5 

mg of Titansphere® TiO2 beads in 50 mL HClO4 was added. Samples were 

vortexed briefly and extracted for 30 minutes with mixing on a rotator. 

Samples were centrifuged at 3500 x g for 5 minutes to pellet the TiO2 beads 

and the HClO4 supernatant discarded.  

 

In order to elute the bound inositol phosphates, the TiO2 beads were 

resuspended in 200 mL 3% ammonium hydroxide solution (pH 10) vortexed 

and incubated with rotation for 5 minutes at 4°C. Samples were centrifuged 

at 3500 x g for 1 minute and supernatant containing the inositol phosphates 

were transferred to a clean 1.5 mL tube. A further 200 mL elution in fresh 3% 

ammonium hydroxide was carried out and the supernatants pooled. Samples 

were vacuum evaporated until dry and resuspended in 100 mL of 18.2 
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MOhm.cm water for further analysis by HPLC or stored at -20°C prior to 

downstream analysis. 

 

5.2.3 HPLC analysis of inositol and inositol phosphates 

50 mL samples were analysed by high-performance liquid chromatography 

and UV detection at 290 nm after post-column reaction with ferric ion, on a 

250 x 3 mm Thermo ScientificÊ DionexÊ CarboPacÊ PA200 column 

(DionexÊ) with a corresponding 3 x 50 mm guard column of the same 

material. The column was eluted at a flow rate of 0.4 mL min-1 with a gradient 

derived from buffer reservoirs containing (A) water and (B) 0.6 M 

methanesulfonic acid, by mixing according to the following schedule: time 

(minutes), %B; 0, 0; 25, 100; 38, 100 (Whitfield et al., 2018).  Fe(NO3)3 in 2% 

HClO4 was used as the post-column reagent (Phillippy and Bland, 1988) 

added at a flow rate of 0.2 mL min-1. The elution order of InsPs was 

established using acid-hydrolysed InsP6 standards. Concentration of InsPs 

was established by reference to UV detector response to injection of InsP6 

(Merck). 

 

For inositol analysis, samples extracted as above were diluted 50-fold in 18.2 

MOhm.cm water. Inositol was determined by HPLC pulsed amperometry of 

20 mL aliquots after separation by 2-dimensional HPLC on Dionex CarboPac 

PA1 and MA1 columns (Lee et al., 2018).  

 

5.2.4 Statistical analysis 

For each tissue set, results were first analysed by two-way ANOVA with 

Dunnettôs multiple comparisons test to determine source of variation as diet 

and whether the presence or absence of TiO2 significantly impacted results. 

For all tissue types, presence of TiO2 was not a significant source of variation 

(p>0.5 for all groups).  

Tissue inositol, inositol phosphates and total inositol phosphates were 

compared by multiple T tests with correction for multiple comparisons using 

the Holm-Ġ²d§k method. All statistical tests were performed using GraphPad 

Prism, version 7.0e, for Mac OS X (GraphPad Software, La Jolla, CA). The 
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level of significance for all tests was set at alpha = 0.05 and each set was 

analysed individually, without assuming a consistent standard deviation. 

5.3 Results and Discussion 

 

The principal objectives of this study were to identify inositol phosphate 

species in different tissues and investigate the effect of the addition of dietary 

phytase on the inositol phosphate levels observed in different poultry tissues. 

The experiments were designed from the premise that release of inositol and 

phosphate in the digestive tract and uptake into the systemic circulation 

might be expected to influence the synthesis of inositol- and phosphate-

containing metabolites, specifically inositol phosphates, in distal organs. 

From our understanding of the cell-biology of inositol phosphates, we might 

expect differential effects in different organs to manifest in the physiology of 

the animal.  Previous studies have identified changes in plasma inositol 

levels in relation to changes in gizzard and ileal phytate hydrolysis (Pirgozliev 

et al., 2019a; Gonzalez-Uarquin, Rodehutscord and Huber, 2020; Whitfield et 

al., 2022), but have been unable to access tissue inositol phosphates by 

commonly used analytical methods. The use of TiO2 as a pre-concentration 

method for inositol phosphates enabled first time measurement of inositol 

phosphate levels in poultry tissues in combination with existing analytical 

(HPLC) methods. 

 

5.3.1 Digestive tissue inositol phosphates 

 

The avian small intestine, comprising the digestive tissues of the duodenum, 

jejunum and ileum, aids in digestion and nutrient absorption from the diet. 

Randomised feeding trials with phytase supplemented broilers suggest that 

not only does endogenous intestinal mucosa-derived phosphatase activity 

aid in phytate degradation in low phosphorus and low calcium diets 

(Sommerfeld et al., 2019), but that the availability of dietary phosphorus, both 

supplemented and through phytase supplementation, alters the expression 

of jejunal sodium-dependent phosphate transporters (Huber, Zeller and 

Rodehutscord, 2015). With the digestive tissues serving as the entry point of 



 183 
 

the known absorbable co-products of phytase action, inositol and phosphate, 

into the circulatory system and thereafter to distal organs, initial experiments 

tested effect of phytase supplementation on gastro-intestinal tract tissues.  

 

Food ingested by the bird passes from the oesophagus to the crop, then to 

the proventriculus (a muscular stomach) to the gizzard (ventriculus). Gizzard 

contents are commonly analysed for phytate degradation products (Walk et 

al., 2014; Beeson et al., 2017; Kriseldi et al., 2021), the low pH favours the 

activity of adjunct phytases of the histidine acid class but nevertheless in 

mash diets with high wheat contents (where feed phytases are not degraded 

by the pelleting process) the activity of the high mature grain phytase activity 

is evidenced as the isomer Ins(1,2,3,4,6)P5 (Rodehutscord et al., 2016) 

beside the known Ins(1,2,3,4,5)P5 product of the commonly used feed 

additive E. coli 6-phytases (Greiner, Konietzny and Jany, 1993). From the 

gizzard, the food bolus passes through the duodenum, jejunum and ileum. 

These sections of the gut, particularly the ileum, are commonly assessed for 

phytate degradation and occasionally the caecal contents also. Much of the 

phytase feeding trial literature addresses ileal digestibility coefficients, of 

protein, phosphorus and calcium, and consequently ileal inositol phosphate 

contents are widely reported (Selle, Ravindran and Partridge, 2009; 

Cowieson et al., 2017; Walk and Rama Rao, 2020). 

 

In Chapter 4, the inositol phosphate profile of gizzard and ileal contents was 

reported. The results are typical of many phytase studies, with near complete 

removal of phytate (and lower inositol phosphates) from gut contents evident 

in ileal samples. In this chapter, analysis of the inositol phosphate profile of 

duodenal, jejunal and ileal tissues is reported.  The small intestine is the site 

of Pi absorption across the brush border membrane by a secondary active, 

Na+-dependent process, mediated by proteins of the solute carrier (SLC) 34 

family (Murer, Forster and Biber, 2004; Huber, Hempel and Rodehutscord, 

2006).  NaPi IIb, SLC34A2 is expressed in the small intestine, and NaPi IIa, 

SLC34A1 is expressed in the kidney (Werner and Kinne, 2001). The small 

intestine also expresses alkaline phosphatase activities (Huber, Hempel and 

Rodehutscord, 2006; Gonzalez-Uarquin et al., 2020), that are reported to 
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contribute to phytate degradation critically in the ófinalô removal of the axial-

positioned 2-phosphate, to liberate inositol (Maenz and Classen, 1998; 

Adeola and Cowieson, 2011; Hirvonen et al., 2019). In hens, much of the 

control of phosphate uptake, at least in response to altered dietary 

phosphate, is mediated by reabsorption by the kidney, rather than jejunal 

absorption (Huber, Hempel and Rodehutscord, 2006). A similar conclusion 

was reached by Rodehutscord et al. (2002), whereas others have noted the 

responsiveness of duodenal phosphate transport to dietary P restriction in 

young cockerels (Quamme, 1985).  
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Figure 5.1: Inositol phosphate (InsP3-6) levels (nmol/g wwt) in duodenum, 

jejunum and ileum tissue of day 21 broilers in different trial diets (see Table 

5.1 legend notes for diet descriptions). A, duodenum tissue; B, jejunum 

tissue; C, ileum tissue; D, total inositol phosphate levels (sum of InsP3-6) for 

duodenum tissues; E, total inositol phosphates for jejunum tissues; and F, 

total inositol phosphates for ileum tissues. Bars on the graph indicate 

calculated standard error of the mean for each group, n=12 for all except 
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duodenal tissue apart from 2 g/kg Ins where inositol data is n=11 to remove 

an outlier value. 

 

Table 5.1: Inositol and inositol phosphate (InsP3-6) levels (nmol/g wwt) in 

duodenal segments of day 21 broilers (6 pens per diet with samples from 2 

broilers per pen per treatment).1, 2 

 

Diet Inositol InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 3409±217 0.6±0.1 4.1±0.7 21.2±4.2 14.4±3.9 40.3±8.4 

2g/kg Ins 4842±313 1.1±0.2 2.6±0.5 12.0±1.2 13.5±4.7 29.2±5.2 

Phy500 3412±300 0.8±0.1 5.0±0.6 26.1±2.7 13.0±1.0 44.9±3.3 

Phy6000 3561±190 1.2±0.1 5.8±0.5 26.7±2.2 9.2±0.9 42.9±3.1 

Control Ti 3280±197 0.9±0.2 4.6±0.5 24.1±2.6 22.7±4.2 52.3±3.6 

2g/kg Ins Ti 4552±263 2.8±0.2 4.0±0.5 21.7±2.3 21.1±6.7 49.7±8.1 

Phy500 Ti 3251±199 1.1±0.2 5.3±0.4 27.9±1.8 16.5±2.6 50.7±4.2 

Phy6000 Ti 3740±126 1.1±0.2 3.0±0.6 12.4±1.6 13.5±0.5 21.8±2.1 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2 g/kg Ins and 2 g/kg Ins 

Ti were fed with the control diet supplemented with 2 grams per kilogram of 

13C inositol (d30ă) 

2Data are given as group means ± SEM, n = 12, apart from 2 g/kg Ins 

where inositol data is n=11 to remove an outlier value. Statistical analysis 

was performed by multiple T-tests with correction for multiple comparisons 

using the Holm- Ġ²d§k method.  

 

Phytase supplementation had no significant effects on the measured 

concentrations of individual species of inositol phosphates extracted. 
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Significant differences were measured in the InsP3 levels between the 2 g/kg 

Ins Ti group compared to the Control, with values increased to 1.1±0.2 

nmol/g wwt in the inositol supplemented group compared with 0.6±0.1 

nmol/g wwt in the Control group representing an 83% increase in InsP3, 

though no other significant effects were measured (p > 0.05) (Table 5.1).  

 

Duodenal tissue inositol levels were significantly increased by the inclusion 

of 2g/kg inositol in the diets, in both inositol treatment groups. In the 2 g/kg 

Ins treatment group, inositol levels were measured at 4842±313 nmol/g wwt , 

42% increased compared to 3409±217 nmol/g wwt in the Control group (p = 

0.0027); in the 2 g/kg Ins Ti group, with the inclusion of 5g/kg TiO2, duodenal 

tissue inositol levels were 4552±263 nmol/g wwt (33.5% increased) in 

comparison to Control levels (p = 0.0246). Differences between matched pair 

Control groups with and without TiO2 as an indigestible marker were not 

significant (p = 0.9979).  
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Table 5.2: Inositol and inositol phosphate (InsP3-6) levels (nmol/g wwt) in 

jejunum segments of day 21 broilers (6 pens per diet with samples from 2 

broilers per pen per treatment).1, 2 

 

Diet Inositol InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 3820±148 1.2±0.1 3.8±0.6 19.5±2.3 33.5±8.9 58.0±9.8 

2g/kg Ins 5798±255 0.8±0.2 2.2±0.5 12.6±1.6 20.9±8.0 36.4±8.2 

Phy500 4305±192 1.4±0.3 4.1±0.4 22.3±3.2 11.4±2.5 39.2±4.6 

Phy6000 5168±339 1.8±0.6 5.0±1.3 15.7±2.1 5.8±0.8 28.3±2.8 

Control Ti 4332±350 1.2±0.2 3.8±0.6 22.6±3.1 29.7±6.0 57.3±6.7 

2g/kg Ins Ti 5670±252 1.7±0.2 4.5±0.3 20.2±1.4 14.8±3.2 41.2±3.8 

Phy500 Ti 4622±396 0.9±0.2 2.7±0.5 16.1±1.9 16.2±3.0 25.9±4.2 

Phy6000 Ti 5323±260 1.0±0.2 2.6±0.7 14.0±2.7 6.2±1.1 23.9±4.5 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2g/kg Ins and 2g/kg Ins Ti 

were fed with the control diet supplemented with 2 grams per kilogram of 13C 

inositol (d30ă) 

2Data are given as group means ± SEM, n = 12. Statistical analysis was 

performed by multiple T-tests with correction for multiple comparisons using 

the Holm- Ġ²d§k method.  

 

 

There was no significant impact of dietary inositol supplementation on 

measured acid extractable inositol phosphates or total inositol phosphates 

(for both 2 g/kg Ins and 2 g/kg Ins Ti, p > 0.05) (Table 5.2). Phytase 

supplementation at 6000 FTU had a highly significant impact on InsP6 and 

total inositol phosphate (InsP3-6) levels in both groups with and without TiO2, 
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with InsP6 reduced from 33.5±8.9 nmol/g wwt in the Control group to 5.8±0.8 

nmol/g wwt in Phy6000 (82.7% reduction) and 6.2±1.1 nmol/g wwt in 

Phy6000 Ti (81.5% reduction) (for Phy6000, p = 0.0014, for Phy6000 Ti, p = 

0.0017). Total inositol phosphates were also significantly reduced in both 

6000 FTU groups, from 58.0±9.8 nmol/g wwt in the Control group to 28.3±2.8 

nmol/g wwt in Phy6000 (51.2% reduction) and 23.9±4.5 nmol/g wwt in 

Phy6000 Ti (58.8% reduction) (p = 0.0051 and p = 0.0010 respectively). 

InsP6 was also significantly reduced in the Phy500 group compared to the 

Control, to 11.4±2.5 nmol/g wwt in the Phy500 group (66% reduction, p = 

0.0163), but total inositol phosphate levels were not significantly different in 

this diet.  

 

In the jejunal tissue samples, inositol levels were significantly increased in 

diets with the inclusion of 2g/kg inositol compared to the Control. In the 2g/kg 

Ins treatment group, without the addition of TiO2, inositol levels were 

5798±255 nmol/g wwt compared to 3820±148 nmol/g wwt in the Control 

group (51.78% increase, p < 0.0001). In the 2g/kg Ins Ti diet, including TiO2 

as an indigestible marker, inositol levels were measured to be 5670±252 

nmol/g wwt (48.43% increased, p = 0.004). The inclusion of 6000 FTU 

phytase also significantly increased inositol measured in jejunum tissue 

samples, at 5168±339 nmol/g wwt for the Phy6000 group (35.3% increased 

compared to the Control) and 5323±260 nmol/g wwt for the Phy6000 Ti 

group (39.35% increased) compared to the Control (for Phy6000, p = 0.0223; 

for Phy6000 Ti, p = 0.0082). Both Control diets, with and without TiO2, were 

not significantly different (p = 0.78).  
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Table 5.3: Inositol and inositol phosphate (InsP3-6) levels (nmol/g wwt) in 

ileum segments of day 21 broilers (6 pens per diet with samples from 2 

broilers per pen per treatment).1, 2 

 

Diet Inositol InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 7405±427 1.0±0.1 10.2±1.2 28.1±2.5 18.6±7.9 58.0±7.8 

2g/kg Ins 10089±862 0.4±0.2 2.2±5.6 5.6±2.7 3.3±0.8 11.5±2.7 

Phy500 8469±381 1.4±0.5 10.8±3.0 21.2±2.1 11.5±2.4 45.0±6.6 

Phy6000 10207±468 1.2±0.3 4.6±0.5 12.6±1.4 6.1±0.9 24.6±2.4 

Control Ti 6886±516 0.8±0.1 5.4±0.9 17.0±1.8 40.3±21.0 63.5±20.6 

2g/kg Ins Ti 10676±405 1.8±0.2 7.9±1.3 19.1±2.7 18.3±6.7 47.1±7.3 

Phy500 Ti 7719±488 0.6±0.1 5.6±0.4 17.3±1.7 21.4±8.5 44.9±8.9 

Phy6000 Ti 8299±489 1.4±0.3 8.3±1.4 18.4±2.7 5.9±0.6 34.0±4.2 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2g/kg Ins and 2g/kg Ins Ti 

were fed with the control diet supplemented with 2 grams per kilogram of 13C 

inositol (d30ă) 

2Data are given as group means ± SEM, n = 12. Statistical analysis was 

performed by multiple T-tests with correction for multiple comparisons using 

the Holm- Ġ²d§k method.  

 

There was no significant difference in the measured InsP3 concentrations in 

the ileum tissue in all groups compared to the Control fed group (Table 5.3). 

For InsP4 measurements, both the 2 g/kg Ins and the Phy6000 diets were 

significantly reduced compared to the Control, with 2g/kg Ins reduced to 

2.2±5.6 nmol/g wwt InsP4 compared to 10.2±1.2 nmol/g wwt InsP4 in the 

Control diet (78.4% decreased, p = 0.0007) and to 4.6±0.5 nmol/g wwt InP4 
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measured in the Phy6000 group (54.9% decreased, p = 0.0307). The 

significant differences seen in these two diet groups compared to the Control 

fed group were also seen in total inositol phosphate levels measured, 

reduced from 58.0±7.8 nmol/g wwt in the Control fed group to 11.5±2.7 

nmol/g wwt in the 2 g/kg Ins treatment group (80.8% decreased, p = 

<0.0001) and 24.6±2.4 nmol/g wwt in the Phy6000 group (57.6% decreased, 

p = 0.0027). For total inositol phosphate levels, the Phy6000 Ti group was 

also reduced compared to the control (41.4% decreased to 34.0±4.2 nmol/g 

wwt) approaching traditional significance levels (p = 0.0560) but all other 

groups were not significantly different (p >0.5). No significant differences in 

InsP6 levels were measured in any dietary treatment group. 

 

InsP5 levels in the ileum tissue were significantly different in almost all 

groups compared to the Control fed group, with the exception of Phy500 

where reduction in InsP5 to 21.2±2.1 nmol/g wwt was not significantly 

different to concentrations measured in the Control group at 28.1±2.5 nmol/g 

wwt (24.6% reduced, p = 0.1079). All other groups were significantly reduced 

(for all, p <0.05).   

 

Ileal tissue inositol levels were significantly increased by the inclusion of 2 

g/kg Ins in the diet, in both groups 2 g/kg Ins (36.25% increased) and 2 g/kg 

Ins Ti (44.17% increased), in the absence and presence of TiO2 in the diet at 

10089±862 nmol/g wwt and 10676±405 nmol/g wwt respectively compared 

to 7405±427 nmol/g wwt in the Control (for 2 g/kg Ins, p = 0.0157; for 2 g/kg 

Ins Ti, p = 0.0014). Inositol levels in the ileal tissue were also significantly 

increased in the Phy6000 group (p = 0.0015) to 10207±468 nmol/g wwt 

(37.83% increased) in comparison to the Control. Increases in other 

treatment groups compared to the Control were not significantly different.  

 

5.3.2 Liver tissue inositol phosphates 

 

The liver in poultry, as in humans, has multiple functions. For its role in the 

digestive system, the liver is an accessory organ to digestion, producing and 

secreting bile and processing nutrients transported in blood received from 
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the digestive system (Akers and Denbow, 2013). In addition to these 

auxiliary digestive roles, the liver is the major detoxification organ and is 

responsible for the conversion of toxins to water-soluble waste products to 

be removed via the kidneys and gall bladder (Akers and Denbow, 2013). The 

liver in birds plays a greater role in lipogenesis than adipose tissue in 

mammals and the conversion of glucose to triglycerides important for the 

fattening of poultry (Hermier, 1997).  It is the major site of phospholipid and 

cholesterol synthesis (Zaefarian et al., 2019). The liver, along with the 

pancreas, maintains constant blood glucose concentrations through 

mobilisation of glycogen stores to glucose as well as conversion of amino 

acids, fats and lactic acid in immediate glucose demand, and reduction of 

blood glucose levels through glycogenesis (Freeman, 1969; Duke, 1986; 

Akers and Denbow, 2013).  

 

The liver additionally has important functions in protein metabolism, 

representing 11% of all protein synthesis in the bird, and is the site of dietary 

protein hydrolysis from the intestine before transport via systemic circulation 

to other organs and tissues (Denbow, 2000). Finally, the liver is involved in 

the storage of fat-soluble vitamins A, D, E and K, and along with the kidneys 

synthesises 1,23 dihydroxycholecalciferol from vitamin D3, by metabolising 

vitamin D into 25-hydroxycholecalciferol (25(OH)D3) before it is 

subsequently converted to the active metabolite 1,25-

dihydroxycholecalciferol (1,25(OH)2D3) in the kidneys (Garcia et al., 2013). 

 

There are no known publications regarding the effect phytase 

supplementation has on liver inositol phosphate concentrations, though 

research feeding graded myo-inositol to male Ross 308 broilers resulted in a 

linear increase in liver weight and hepatic nitrogen content, but linearly 

reduced fat concentration, and increased circulatory alkaline phosphatase 

levels at high inositol doses (30 g/kg feed Ins) (Pirgozliev et al., 2019a). The 

same group reported correlation between inositol content of jejunum digesta 

and jejunum tissue, plasma inositol and kidney tissue (C Arthur et al., 2021).   
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Figure 5.2: Inositol phosphate (InsP3-6) levels (nmol/g wwt) in livers of day 21 

broilers, where A shows inositol phosphate levels for InsP3-6, and B total 

inositol phosphate levels (sum of InsP3-6) for the same extracts. Bars on the 

graph indicate calculated standard error of the mean for each group, n=12 

for all groups.  
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Table 5.4: Inositol and inositol phosphate (InsP3-6) levels (nmol/g wwt) in liver 

of day 21 broilers (6 pens per diet with samples from 2 broilers per pen per 

treatment).1, 2 

Diet Inositol InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 15924±870 2.2±0.1 1.8±0.3 23.6±4.3 8.9±1.4 36.5±5.3 

2g/kg Ins 22071±614 0.6±0.1 0.8±0.2 5.6±0.9 3.0±0.4 10.0±1.2 

Phy500 16063±547 2.3±0.4 1.3±0.3 15.1±2.2 5.5±1.1 24.3±3.4 

Phy6000 18109±987 2.0±0.2 1.7±0.3 19.4±4.6 7.7±1.1 30.8±5.7 

Control Ti 17107±1254 2.2±0.2 1.7±0.2 18.8±1.8 7.9±0.9 30.6±2.3 

2g/kg Ins Ti 24454±1346 0.7±0.1 1.2±0.2 10.3±1.7 3.9±0.4 16.1±2.1 

Phy500 Ti 16860±905 2.4±0.2 1.2±0.2 15.7±1.8 7.1±1.6 26.3±2.6 

Phy6000 Ti 16657±1096 1.9±0.2 1.4±0.2 19.1±3.1 5.8±0.8 28.2±4.0 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2g/kg Ins and 2g/kg Ins Ti 

were fed with the control diet supplemented with 2 grams per kilogram of 13C 

inositol (d30ă) 

2Data are given as group means ± SEM, n = 12. Statistical analysis was 

performed by multiple T-tests with correction for multiple comparisons using 

the Holm- Ġ²d§k method.  

 

Ins(1,3,4,5,6)P5 was the dominant inositol phosphate in liver (Table 5.4, 

Figure 5.2A), and although in this case InsP6 was the next most abundant 

species, at approximately 2-fold lower, the identities of inositol phosphates 

were similar to kidney. Liver inositol phosphate levels showed a reduction in 

inositol phosphates from 36.5 ± 5.3 nmol/g wwt for the Control group to 24.3 

± 3.4 nmol/g wwt on addition of Phy500 (33.4% decreased), though further 

reduction with increasing, Phy6000, was not observed, 30.8 ± 5.7 nmol/g 



 195 
 

wwt (15.6% decreased), and neither treatment was not significantly different 

from Control group (for Phy500, p = 0.281; for Phy6000, p = 0.927).  

 

Inclusion of 2 g/kg inositol in the diet resulted in significant reductions in 

individual inositol phosphate species and total inositol phosphates in the liver 

tissue: for InsP3, reduced from 2.2±0.1 nmol/g wwt in the Control to 0.6±0.1 

nmol/g wwt (reduction of 72.7%, p < 0.0001); for InsP4, reduced from 1.8±0.3 

nmol/g wwt in the Control to 0.8±0.2 nmol/g wwt (55.6% reduced, p = 0.004); 

for InsP5, reduced from 23.6±4.3 nmol/g wwt in the Control to 5.6±0.9 nmol/g 

wwt (76.3% reduced, p = 0.0004); for InsP6, reduced from 8.9±1.4 nmol/g 

wwt in the Control to 3.0±0.4 nmol/g wwt (66.3% reduction, p = 0.0004); and 

for total InsPs, reduced from 36.5±5.3 nmol/g wwt in the Control to 10.0±1.2 

nmol/g wwt (72.6% reduction, p < 0.0001). Similarly, for the 2g/kg Ins Ti 

group, significant reductions in inositol phosphates and total inositol 

phosphates were observed: for InsP3, reduced to 0.7±0.1 nmol/g wwt (68.2% 

decrease, p < 0.0001); for InsP5, reduced to 10.3±1.7 nmol/g wwt (56.4% 

decrease, p = 0.0088); for InsP6, reduced to 3.9±0.4 nmol/g wwt (56.2% 

decrease, p = 0.002); and for total InsPs, reduced to 16.1±2.1 nmol/g wwt 

(55.9% decrease, p = 0.0016).  

 

Similar to the kidney, sample inositol levels were increased in the liver tissue 

from 15920 ± 870 nmol/g wwt in the Control group to 16060 ± 550 nmol/g 

wwt at Phy500 (0.9% increase), and 18110 ± 990 nmol/g wwt at Phy6000 

(13.8% increase), but again these differences were not significant (Control 

vs. Phy500, p = 0.964; Control vs. Phy6000, p = 0.507), and similarly in the 

TiO2 containing groups slight increases were observed in Phy500 Ti (5.9% 

increase) to 16860±905 nmol/g wwt and 16657±1096 nmol/g wwt in Phy6000 

Ti (4.6% increase) but these differences were also not significantly different 

(Control vs. Phy500 Ti, p = 0.0975; Control vs. Phy6000 Ti, p = 0.993) (Table 

5.4). In the study of Gonzalez-Uarquin et al., (2020), a statistically significant 

increase in tissue inositol was observed in kidney of d 22 broilers at 1500 

FTU/kg, but not at 3000 FTU/kg; while liver levels of inositol did not differ 

between treatments. In contrast, Whitfield et al., (2022), reported increase in 

liver inositol of d 18 broilers at 2000FTU/kg, but not at d 38 or d 56, and no 
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effect on kidney inositol of phytase at d 18, 36 or 52. Here, significant 

increases in liver inositol concentration were observed in the inositol 

supplemented groups, with increases to 22071±614 nmol/g wwt in the 2 g/kg 

Ins group (38.6% increase) and 24454±1346 nmol/g wwt in the 2 g/kg Ins Ti 

group (53.6% increase) compared to 15924±870 nmol/g wwt in the Control 

group (Control vs. 2 g/kg Ins, p = 0.0206; Control vs. 2 g/kg Ins Ti, p = 

0.0001).  

 

5.3.3 Kidney tissue inositol phosphates 

 

The primary defined roles of the kidneys in poultry, as in other vertebrate 

species, is waste removal and osmoregulation, similar to all vertebrates, but 

with the same reduced capacity for urine concentration as reptile kidneys 

(Skadhauge and Schmidt-Nielsen, 1967). Additionally, as in other 

vertebrates, the kidney occupies a vital role in a number of homeostasis 

pathways, most importantly for the maintenance of the calcium to phosphate 

ratio in coordination with the parathyroid. Decades of research, in humans 

and animals, have focused on the importance of parathyroid hormone (PTH) 

and 1,25(OH)2D3 (Calcitriol) in regulating phosphate and calcium 

homeostasis in the complex axis involving crosstalk between many tissues 

and organs including but not limited to bone, kidneys, parathyroid gland and 

the small intestine (Portale et al., 1984; Michigami et al., 2018). Studies have 

demonstrated that in response to depleted calcium levels, birds display 

altered renal 25(OH)D3-1-hydroxylase activity and thus reduced biosynthesis 

of 1,25(OH)2D3, linked to increased rate of cracked or soft-shelled eggs 

associated with older laying hens due to the importance of 1,25(OH)2D3 in 

regulating Ca homeostasis (Elaroussi et al., 1994). Similarly in phosphorus 

(phosphate)-restricted diets, layers show degreased circulatory phosphate 

and FGF23 levels increasing kidney expression of NPt2a, responsible for 

phosphate resorption (Gattineni et al., 2009), and conversely FGF23 

secretion is triggered by increased circulatory phosphate leading to 

phosphate excretion to avoid phosphate toxicity in laying hens (Ren et al., 

2017a; 2017b).  
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PTH stimulates release of Ca from bones, stimulates absorption of Ca from 

the gut, stimulates conservation of Ca by the kidneys and induces 

biochemical transformation of vit D in the kidney that convert weaker gut-

acting (Ca-uptake stimulating) 25(OH)D3 form to stronger 1,25(OH)2D3 form. 

Thus, at high dietary Ca we would expect PTH to be low. Again, under the 

conditions of adequate phosphate and calcium of this feeding trial, it is 

consistent that neither phytase- nor inositol-supplementation was of effect on 

PTH levels (Chapter 6), though the impact phytase supplementation would 

have on kidney InsP levels (Fig 5.3, Table 5.5) under adequate phosphate 

and calcium was unknown.   
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Figure 5.3: Inositol phosphate (InsP2-6) levels (nmol/g wwt) in kidneys of day 

21 broilers, where A shows inositol phosphate levels for InsP2-6, and B total 

inositol phosphate levels (sum of InsP2-6) for the same extracts. Bars on the 

graph indicate calculated standard error of the mean for each group, n=12 

for all groups except Phy500 Ti where n = 11. 
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Table 5.5: Inositol and inositol phosphate (InsP2-6) levels (nmol/g wwt) in 

kidney of day 21 broilers (6 pens per diet with samples from 2 broilers per 

pen per treatment).1, 2 

Diet Inositol InsP2 InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 6432±483 1.4±0.2 3.3±1.0 27.0±5.4 40.7±6.0 15.4±2.4 87.9±12.5 

2g/kg Ins 8200±554 n.d. 1.3±0.2 8.5±0.5 15.6±1.6 7.4±1.6 32.9±3.4 

Phy500 6600±264 0.9±0.2 1.2±0.1 14.0±2.1 31.5±3.0 10.6±2.1 58.1±5.5 

Phy6000 7529±309 0.7±0.2 1.7±0.6 9.8±1.5 15.9±3.1 5.2±0.7 33.4±5.1 

Control Ti 6962±622 1.5±0.2 1.8±0.3 18.4±2.1 34.6±4.8 12.8±1.6 69.0±7.3 

2g/kg Ins 

Ti 

8188±334 n.d. 1.2±0.2 9.1±2.1 14.7±3.2 5.9±1.5 30.9±5.5 

Phy500 Ti 6059±322 0.3±0.1 1.0±0.2 10.2±1.6 19.4±2.5 6.4±1.3 37.3±5.1 

Phy6000 

Ti 

7306±184 1.1±0.2 2.5±0.4 16.0±1.7 26.8±4.2 7.5±0.9 53.9±5.9 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2g/kg Ins and 2g/kg Ins Ti 

were fed with the control diet supplemented with 2 grams per kilogram of 13C 

inositol (d30ă) 

2Data are given as group means ± SEM, n = 12, except Phy500 Ti where 

n = 11. Statistical analysis was performed by multiple T-tests with correction 

for multiple comparisons using the Holm- Ġ²d§k method.  

 

Kidney tissue inositol phosphates (Table 5.5) show a similar reduction with 

increasing phytase to digesta response to phytase dose. Ins(1,3,4,5,6)P5 is 

the dominant inositol phosphate measured in these tissues followed by D-

/and or L-Ins(3,4,5,6)P4, with InsP5 over 3-fold higher than InsP6 in these 

samples (Figure 5.3B). Significant differences were measured between the 

Control and Phy6000 diets for: InsP4 (63.7% decrease, p = 0.017), 27.0 ± 5.4 

nmol/g wwt and 9.8 ± 1.5 nmol/g wwt, respectively; InsP5 (85.3% decrease, p 
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= 0.005), 40.7 ± 6.0 nmol/g wwt and 15.9 ± 3.1 nmol/g wwt, respectively; 

InsP6 (66.2% decrease, p = 0.003), 15.4 ± 2.4 mnol/g wwt and 5.2 ± 0.73 

nmol/g wwt, respectively.  At Phy500, individual and total inositol phosphate 

levels were not statistically significantly different. With the addition of 2 g/kg 

inositol, the kidney showed significant differences in InsP4 (p = 0.008), InsP5 

(p = 0.003), InsP6 (p = 0.02) and total InsPs (p = 0.002). 

 

Total inositol phosphate levels were reduced significantly (p = 0.003) in the 

kidney from a Control value of 87.9 ± 12.5 nmol/g wwt, at Phy6000, 33.4 ± 

5.1 nmol/g wwt (Table 5.5), a reduction of 62%.  

 

For the treatment groups additionally containing TiO2 as an indigestible 

marker, significant differences were measured in the Phy500 and the 2 g/kg 

inositol supplemented diets compared to the Control fed group. For 2 g/kg 

Ins Ti: InsP3 (p = 0.0494); InsP4 (p = 0.0056); for InsP5 (p = 0.0009); for 

InsP6 (p = 0.003) and total InsPs (p = 0.0004). For Phy500 Ti compared to 

the Control: InsP2 (p < 0.0001); InsP3 (p = 0.0413); InsP4 (p = 0.0097); InsP5 

(p = 0.006); InsP6 (p = 0.0038) and total InsPs (p = 0.0016). For the Phy6000 

Ti, significant differences were only measured in InsP6 levels, with levels 

reduced by 51.3% to 7.5±0.9 nmol/g wwt compared to 15.4±2.4 nmol/g wwt 

in the Control (p = 0.0492).  

 

Kidney inositol levels were not significantly affected by the addition of 

phytase to the control diet despite changes to inositol phosphate levels 

observed in the same sample (Table 5.5). Slight numerical increases in the 

inositol levels were measured in the kidney tissue between different dietary 

phytase doses, with 6430 ± 480 nmol/g wwt in the Control group; 6600 ± 260 

nmol/g wwt with Phy500 (2.6% increase) and 7530 ± 310 nmol/g wwt with 

Phy6000 (17.1% increase). The differences were not significant (Control vs. 

Phy500, p = 0.182; Control vs. Phy6000, p = 0.133). Equally, no significant 

differences in inositol measured in the kidney tissue of the phytase treated 

groups additionally supplemented with TiO2 were measured, with 

concentrations at 6059±322 nmol/g wwt with Phy500 Ti (5.7% decrease) and 
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7306±184 nmol/g wwt with Phy6000 Ti (13.6% increase) (Control vs. Phy500 

Ti, p = 0.954; Control vs. Phy6000 Ti, p = 0.293). 

 

Significant differences in inositol concentration were, however, measured in 

the inositol treatment groups. With 2 g/kg of feed supplementation of inositol, 

extractable inositol in the kidney tissue increased to 8200±554 nmol/g wwt in 

the 2 g/kg Ins group (27.5% increase) and 8188±334 nmol/g wwt in the 2 

g/kg Ins Ti group (27.3% increase) compared to 6432±483 nmol/g wwt in the 

Control (for both, p < 0.0001). Two-way ANOVA showed no significant 

variance resulted from the inclusion of TiO2 in the diets.  

 

To the knowledge of this author, there are no reported measurements of 

inositol phosphates in poultry tissues other than blood and only a limited 

number of reports of inositol levels in other tissues. (Charlotte Arthur, Rose, 

et al., 2021) reported a positive correlation between plasma and kidney 

inositol levels of day 21 broilers with inositol supplementation in the range 0-

13.5 g/kg. More physiologically, perhaps, phytase supplementation at 1500 

FTU/kg increased kidney inositol (Charlotte Arthur, Mansbridge, et al., 2021), 

suggesting increasing dietary inositol is associated with increased inositol 

uptake. Similarly, plasma and kidney inositol of day 22 broilers was 

increased at 1500 FTU/kg but not at 3000 FTU/kg (F. Gonzalez-Uarquin et 

al., 2020). The same study reported that phytase was of no effect on liver 

inositol or on liver inositol monophosphatase or kidney myo-inositol 

oxygenase activities. These limited data, and the generalized observation of 

no deleterious effect of inositol on growth performance of birds (summarised, 

Pirgozliev, C. A. Brearley, et al., 2019), even at supra-dietary levels (30kg, 

Pirgozliev et al., 2019) suggests that whole animal broiler metabolism can 

exploit the inositol liberated by órecommendedô and ósupra-dosedô phytase. 

 

The remarkably similar effect of supplementation with 2 g/kg inositol or 

6000FTU/kg phytase on total and individual inositol phosphates (Table 5.5) 

implies that the sensitivity of kidney to inositol, rather than phosphate, 

underlies this organôs inositol phosphate response. While recent work in rats 

(Moritoh et al., 2021) highlights the sensitivity of kidney inositol 
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pyrophosphate (InsP7) level to pharmacological inhibition of IP6K, interpreted 

in context of a much vaunted regulatory role for inositol pyrophosphate and 

IP6K in phosphate homeostasis (Azevedo and Saiardi, 2017; Wilson, Jessen 

and Saiardi, 2019; Zhu et al., 2019), similar effect on liver and muscle InsP7 

does not discriminate the relative contribution of the inositol phosphate 

metabolism of individual organs to phosphate homeostasis. Indeed, inhibition 

of IP6K was without effect on gut absorption or kidney reabsorption of 

phosphate (Moritoh et al., 2021), but suppressed phosphate exporter 

function of XPR1, in kidney epithelial 293 cells. XPR1 is the single SPX 

domain protein óreceptorô of vertebrate InsP7 and/or InsP8 (Li et al., 2020; 

Moritoh et al., 2021).  

 

Much of the foregoing deserves placing in context of the phosphate-uptake 

stimulatory (Pi-US) function (Yagci et al., 1992; Norbis et al., 1997) of the 

InsP7-synthesizing inositol hexakisphosphate kinase subsequently 

characterized by Schell et al. (Schell et al., 1999). Injection of a mRNA 

encoding the kinase conferred phosphate uptake on Xenopus oocytes, 

similar to that afforded by a mRNA population isolated from the duodenum of 

rabbit showing elevated 1,25(OH)2D3 levels. 1,25(OH)2D3 is the cognate 

physiological ligand of the vitamin D receptor, activation of which stimulates 

Ca2+ uptake from the gut (and associated phosphate uptake) increasing 

blood Ca2+. The kinetic parameters of the phosphate uptake that was 

stimulated by Pi-US mRNA, KM 0.26 mM, is similar to that of human kidney 

phosphate transporter NPT-1, 0.29 mM (Miyamoto et al., 1995). The lack of 

effect of pharmacological inhibition of IP6K on phosphate uptake, albeit of 

293 cells (Moritoh et al., 2021), is therefore at variance with our 

understanding of whole animal physiology and the recognized function of 

renal phosphate reabsorption (at least in norphosphataemic situations).  

 

In summary, the data presented in Table 5.5 offer a whole animal, 

physiological, perspective to kidney inositol phosphate metabolism. Thus, 

reductions in kidney inositol phosphates in response to dietary phytase are 

mimicked by supplementation of diet with inositol. It seems likely that InsP7 

and InsP8 levels are similarly reduced by phytase and inositol. In this study, 
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the inositol phosphate response is that of a phosphate- and Ca-replete 

animal, provided at 0.45% and 0.95%, respectively, evidenced also in 

phytase-mediated reduction of 25(OH)D3 : 24,25(OH)2D3 ratio of plasma 

(Chapter 6). Indeed, the 24-hydroxylase activity of kidney is commonly 

interpreted to buffer 1,25(OH)2D3 levels, by metabolism of the 25(OH)D3 

precursor when Ca and phosphate are replete (Warren et al., 2020).  

 

In a separate study of óinositol phosphate-mediatedô responses in 5 week-old 

broilers, IP6K isoform expression showed complex post-prandial behaviour 

in broilers fed phytase (Greene, Mallmann, et al., 2020). Circulatory (cell) 

IP6K1 was reduced by phytase at all periods (up to 30 h) after feeding, 

whereas IP6K2, IP6K3 and MINPP1 were transiently upregulated at 8 h post-

prandial, but otherwise were reduced by phytase. Interestingly, circulatory 

myo-inositol 3-phosphate synthase, ISYNA, was downregulated at all periods 

after feeding with phytase ï consistent with the reductions in kidney inositol 

phosphate levels observed with phytase here.  

 

These exciting data show how the cell biology of kidney is integrated with 

animal physiology and, for the first time, how diet influences inositol 

phosphate metabolism-related cell biology of phosphate homeostasis. 

 

5.3.4 Breast and leg muscle inositol phosphates 

 

Broilers have been selectively bred primarily for efficient growth and feed 

conversion to lean muscle (Griffin and Goddard, 1994), with increased feed 

conversion to breast and leg muscle gain of the most economic value to 

farmers, with reducing the cost of feed inputs increasingly important. As with 

any advantageous selected trait, the selection for birds with rapid breast 

muscle growth has given rise to related myopathies, with the most efficient 

breast muscle development associated with white striping (fibrotic and lipid-

laden regions leading to white striations parallel to muscle fibres) and woody 

breast (hardened breast tissue), both of which reduce the physical quality 

characteristics of breast meat and consequently reduce the appeal to 

consumers, leading to economic losses for producers (Mazzoni et al., 2015; 
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Kuttappan, Hargis and Owens, 2016). These myopathies are thought to 

result from muscle growth outpacing vascular development, leading to areas 

of hypoxic tissue (Boerboom et al., 2018; Livingston et al., 2019; Özbek, 

Petek and Ardlçll, 2020). Recently, research has shown that supplementation 

with dietary phytase reduces the severity of woody breast by reversing the 

down-regulation of oxygen homeostasis-related genes in Cobb broilers 

(Greene et al., 2020a). The relationship between circulatory inositol and 

muscle inositol phosphates or between muscle inositol and muscle inositol 

phosphates is not evident in the literature. Experiments were undertaken, 

therefore, to determine whether inositol phosphates of leg or breast muscle 

are influenced by supplementation of diet with phytase or inositol (Table 5.6, 

5.7).  
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Figure 5.4: Inositol phosphate (InsP3-6) levels (nmol/g wwt) in breast and leg 

muscles of day 21 broilers. A, InsP3-6 in breast muscle; B, total inositol 

phosphate levels (sum of InsP3-6) for the same extracts; C, InsP3-6 in leg 

muscle; D, total inositol phosphate levels (sum of InsP3-6) for the same 

extracts. Bars on the graph indicate calculated standard error of the mean for 

each group, n=12 for all. 
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Table 5.6: Inositol and inositol phosphate (InsP3-6) levels (nmol/g wwt) in 

breast muscle of day 21 broilers (6 pens per diet with samples from 2 broilers 

per pen per treatment).1, 2 

 

Diet Inositol InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 558±46 8.4±1.9 0.7±0.3 n.d. n.d. 9.2±2.2 

2g/kg Ins 772±50 5.9±0.9 0.6±0.2 n.d. 0.3±0.3 6.8±0.9 

Phy500 656±56 6.6±1.7 0.4±0.2 n.d. n.d. 7.0±1.9 

Phy6000 694±41 5.5±1.0 0.2±0.1 n.d. n.d. 5.7±1.0 

Control Ti 566±50 7.4±0.7 0.1±0.1 n.d. n.d. 7.6±0.7 

2g/kg Ins Ti 727±42 5.4±0.9 0.3±0.1 n.d. n.d. 5.7±1.0 

Phy500 Ti 569±44 12.1±1.3 0.6±0.2 n.d. n.d. 12.7±1.5 

Phy6000 Ti 730±57 5.4±1.1 n.d. n.d. n.d. 5.4±1.1 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2g/kg Ins and 2g/kg Ins Ti 

were fed with the control diet supplemented with 2 grams per kilogram of 13C 

inositol (d30ă) 

2Data are given as group means ± SEM, n = 12. Statistical analysis was 

performed by multiple T-tests with correction for multiple comparisons using 

the Holm- Ġ²d§k method.  
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Table 5.7: Inositol and inositol phosphate (InsP3-6) levels (nmol/g wwt) in leg 

muscle of day 21 broilers (6 pens per diet with samples from 2 broilers per 

pen per treatment).1, 2 

Diet Inositol InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 612±75 2.0±0.4 n.d. n.d. n.d. 2.0±0.4 

2g/kg Ins 1486±120 3.5±0.5 n.d. 0.5±0.4 n.d. 4.0±0.5 

Phy500 744±66 2.5±0.6 n.d. n.d. n.d. 2.5±0.6 

Phy6000 880±81 2.0±0.5 n.d. n.d. n.d. 2.0±0.5 

Control Ti 685±76 2.1±0.3 n.d. n.d. n.d. 2.1±0.3 

2g/kg Ins Ti 1185±102 3.4±0.6 n.d. n.d. n.d. 3.4±0.6 

Phy500 Ti 677±75 2.2±0.4 n.d. n.d. n.d. 2.2±0.4 

Phy6000 Ti 804±76 4.0±0.7 n.d. n.d. n.d. 4.0±0.7 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2g/kg Ins and 2g/kg Ins Ti 

were fed with the control diet supplemented with 2 grams per kilogram of 13C 

inositol (d30ă) 

2Data are given as group means ± SEM, n = 12, apart from Phy500 Ti 

where 2 values have been removed as outliers for Ins values (inositol 

average n=10). Statistical analysis was performed by multiple T-tests with 

correction for multiple comparisons using the Holm- Ġ²d§k method.  

 

InsP3 was the dominant inositol phosphate detected in breast muscle and leg 

muscle samples across dietary treatments. Supplementation with either 2 

g/kg Ins or phytase had no significant effect on inositol phosphate or total 

inositol phosphate levels compared to the Control diet (p > 0.1).  

 



 208 
 

Overall there were no diets in which the extractable inositol measured in 

breast muscle different significantly from the Control diet, though the 

inclusion of 2 g/kg Ins approached traditional significance thresholds at p = 

0.0506 compared to the Control fed group.  

 

Inclusion of 2g/kg Ins in the diet significantly increased measurable tissue 

inositol concentration in the leg muscle compared to the Control, in both 

groups with and without the inclusion of TiO2 (for 2 g/kg Ins, 142% increase 

observed; for 2 g/kg Ins Ti, 93% increase observed; for both, p < 0.0001). 

There was no significant difference between inositol levels with and without 

the inclusion of dietary phytase in the leg muscle (for all groups, p > 0.1).  

 

InsP3 was the only significant detectable inositol phosphate species in leg 

muscle extracts, and the dominant inositol phosphate in breast muscle 

extracts. Mayr and Thieleczek (1991) using tetanically stimulated skeletal 

muscles from Xenopus laevis (sartorius, tibialis anterior, iliofibularis muscles) 

and rat (gastrocnemius and soleus muscles) measured InsP3 concentrations 

comparable to that seen in the leg muscle extracts here of poultry. The 

authors reported ca.1.2 - 2.5 mM Ins(1,4,5)P3 in resting state muscle and 

lower concentrations (0.2-0.9 mM) of D and/or L-Ins(3,4,5,6)P4 (when 

corrected for myoplasmic space of muscle by assuming 0.58 mL/g muscle 

wet weight (Baylor, Chandler and Marshall, 1983). The same study, using in 

vitro radiolabelling experiments of contracting muscle, also detected higher 

inositol phosphates, InsP5 and InsP6, but these higher inositol phosphates 

were not detectable in the muscle extracts from poultry in the trial presented 

here. The evidence of a role for InsP3 in contraction of skeletal muscle, as 

opposed to smooth muscle is weak. Thus, while InsP3 receptors are 

identifiable  in smooth muscle (Marks et al., 1990; Salanova et al., 2002), 

evidence that InsP3 is directly involved in stimulating skeletal muscle 

contraction has been attributed to artificial Ca2+
 release in disrupted cell 

preparations (Hannon et al., 1992). In cardiac and skeletal muscle, which 

shows excitation-contraction coupling, the release of calcium from 

sarcoplasmic reticulum is mediated via ryanodine receptors. 
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In birds, like other vertebrates, muscle fibre density is specified before birth. 

Vertebrate muscle fibres can be distinguished as óslow twitchô, Type I, or 

ófast-twitchô, Type II, with further sub-division of Type II according to 

expression of myosin heavy chain isoforms. Distinction can also be made 

according to predominant biochemistry of ATP production viz. oxidative (eg. 

Type I and IIA) or glycolytic (Type IIB) (Talbot and Maves, 2016). Chicken 

breast muscle, pectoralis major, is exclusively composed of Type IIB fibres, 

whereas leg muscle, gastrocnemius, has ca. 18% Type I fibres, the 

remainder Type IIB (Huo et al., 2022). Although, the levels of inositol were 

generally similar between the different treatment groups in breast and leg 

muscle, and also in their response to phytase, inositol content of leg muscle 

was more responsive to (increased by) inositol-supplementation than was 

breast muscle, with numerical increase in inositol phosphate content for leg 

muscle also. These observations are broadly consistent with the study of 

(Charlotte Arthur, Mansbridge, et al., 2021) that showed correlation between 

increases in plasma inositol and both breast and leg muscle inositol content 

with inositol-supplementation of diet. In a larger study, (Greene et al., 2019) 

observed inositol supplementation- and phytase supplementation - (at > 

1000 FTU/kg) dependent increases in muscle inositol. 

 

5.3.5 Brain tissue inositol phosphates  

 

Functionally, like in all other organisms, the brain in poultry is a complex 

organ forming part of the central nervous system, and responsible for the 

voluntary control of a number of tissues and organs, separated from 

circulating blood solutes by the highly selective semipermeable border of the 

blood-brain barrier (Vadlamudi and Hanson, 1966). Morphologically, the 

domestication of poultry over millennia has led not only to intentional 

physiological differences, with conscious selection for large body size, high 

feeding efficiency and larger pectoral muscles in broilers. This has led to 

unconscious selection for smaller brains in comparison to their wild relatives 

the Red Junglefowl (Jackson and Diamond, 1996), with similar reductions 

seen in high performing layer lines compared with lower performing lines or 
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less intensively bred so-called ñfancy breedsò still kept domestically but for 

pleasure rather than performance, though any functional consequences of 

this reduction in brain size have yet to be elucidated (Mehlhorn and Petow, 

2020; Mehlhorn and Caspers, 2021).  

 

Research into the role of inositol and inositol phosphates in the brains of 

poultry is limited, outside of animal behavioural studies investigating the use 

of inositol to ameliorate fearfulness, aggression and stress levels in laying 

hens (Herwig et al., 2019). In animal models of psychiatric disorders and in 

human psychiatric studies, inositol deficiency has been correlated with 

increased memory loss (Priya, Bhyvaneswari and Patwari, 2013) and greater 

incidences of depression and anxiety and obsessive-compulsive disorder 

(Einat and Belmaker, 2001; Fisher, Novak and Agranoff, 2002; Shirayama et 

al., 2017). The role of inositol phospholipids in signal transduction in the 

central nervous system is well established (Fisher and Agranoff, 1987; 

Fisher, Heacock and Agranoff, 1992), with functional roles assigned for 

inositol triphosphate in intercellular calcium signalling (Leybaert et al., 1998) 

and InsP6 in the modulation of circadian rhythms with suspected roles for 

inositol pyrophosphates (Wei et al., 2018).  

 

The inositol depletion hypothesis of lithium action, as explanation of 

treatment for bipolar disorder, is a long-standing, though not universally 

accepted, example of inositol involvement in brain function that has its 

origins in Berridge and colleaguesô (Berridge, Downes and Hanley, 1982) 

observation that lithium amplifies agonist-dependent phosphatidylinositol 

responses in brain. The hypothesis (Yu and Greenberg, 2016) posits that 

inhibition of inositol recycling within the PI (phosphoinositide) cycle, after 

receptor-activation of PtdIns(4,5)P2 hydrolysis by phospholipase C is 

manifest most strongly at the level of the inositol monophosphate (inositol 

monophosphatase). This prevents recycling of the inositol moiety of released 

Ins(1,4,5)P3, otherwise used for resynthesis of PtdIns and successively 

PtdIns4P and PtdIns(4,5)P2. The well-characterized blockade of 

PtdIns(4,5)P2 resynthesis results in depletion of PtdIns(4,5)P2, elevation of 

Ins(1,4,5)P3 and depletion of inositol (Yu and Greenberg, 2016). Inositol 
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depletion within the brain is a reported action of psychoactive drugs such as 

valproate and lithium, measured by NMR. Figure 5.5 shows the dual 

inhibition model proposed by Yu and Greenberg (2016). 
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Figure 5.5: Model of the dual effects of Valproic Acid (VPA) and lithium on 

inositol depletion and GSK3 inhibition to contribute to mood stabilization. 

VPA directly inhibits MIPS, with proposed mode of action of inhibiting GSK3 

to do so, reducing intracellular inositol. Lithium depletes inositol by inhibiting 
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IMPase, as well as inhibiting GSK3. GSK3 may also affect glucose-6-

phosphate metabolism, but this is currently unknown. Inositol depletion 

effects numerous cellular functions, some of which are associated with mood 

stabilization. Figure reproduced from Yu and Greenberg (2016). 

 

Valproate inhibits myo-inositol 3 phosphate synthase which converts D-

glucose 6-phosphate to D-Ins3P. The latter is dephosphorylated by inositol 

monophosphatase which is inhibited uncompetitively by lithium. The brain 

exhibits very high levels of inositol, and its inositol metabolism is isolated to 

large extent by the blood-brain barrier. Measured inositol and inositol 

phosphates are presented in Figure 5.6, Table 5.8. 

 



 214 
 

 

 

Figure 5.6 Inositol phosphate (InsP3-6) levels (nmol/g wwt) in brain tissue of 

day 21 broilers, where A shows inositol phosphate levels for InsP3-6 in brain 

tissue, and B total inositol phosphate levels (sum of InsP3-6) for the same 

extracts. Bars on the graph indicate calculated standard error of the mean for 

each group, n = 12 for all groups except 2g/kg Ins where n = 11. 
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Table 5.8: Inositol and inositol phosphate (InsP3-6) levels (nmol/g wwt) in 

brains of day 21 broilers (6 pens per diet with samples from 2 broilers per 

pen per treatment).1, 2 

Diet Inositol InsP3 InsP4 InsP5 InsP6 ɆInsP 

Control 20092±624 7.8±0.8 1.1±0.2 6.0±0.7 2.4±0.3 17.4±1.3 

2g/kg Ins 23519±1210 7.0±0.8 0.7±0.2 3.8±0.6 1.6±0.3 13.1±1.2 

Phy500 21162±596 6.2±0.8 0.9±0.1 5.6±0.8 1.7±0.4 14.4±2.0 

Phy6000 21030±854 6.7±0.9 1.2±0.2 6.4±1.2 2.7±0.4 17.0±2.0 

Control Ti 20014±843 8.9±1.0 1.2±0.2 6.8±1.0 2.3±0.4 19.2±2.1 

2g/kg Ins Ti 24926±1207 7.4±0.9 1.4±0.3 5.3±0.8 2.5±0.2 16.7±1.8 

Phy500 Ti 20022±848 6.2±0.8 1.1±0.2 6.1±1.1 1.7±0.3 15.1±2.1 

Phy6000 Ti 21275±1447 6.5±0.8 1.3±0.2 5.6±0.6 2.5±0.2 15.9±1.5 

Abbreviations: Ɇ InsP, total InsP2 to InsP6; InsP6, inositol 

hexakisphosphate; InsP5, inositol pentakisphosphate; InsP4, inositol 

tetrakisphosphate; InsP3, inositol trisphosphate; InsP2, inositol bisphosphate.  

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups Phy500 and Phy6000 and Phy500 Ti and Phy6000 Ti 

were fed with the control diet supplemented with 500 or 6,000 FTU of 

phytase per kilogram of feed, respectively. Groups 2 g/kg Ins and 2 g/kg Ins 

Ti were fed with the control diet supplemented with 2 grams per kilogram of 

13C inositol (d30ă) 

2Data are given as group means ± SEM, n = 12, except 2 g/kg Ins where n 

= 11. Statistical analysis was performed by multiple T-tests with correction 

for multiple comparisons using the Holm- Ġ²d§k method.  

 

Brain inositol levels were increased by 17.06% with the inclusion of 2 g/kg 

Ins in the diet, from 20092±624 nmol/g wwt in the Control diet to 23519±1210 

nmol/g wwt in 2 g/kg Ins (p = 0.0942) and significantly increased by 24.06% 

in the 2 g/kg Ins Ti diet with the additional inclusion of TiO2 to 24926±1207 

nmol/g wwt (p = 0.0049) (Table 5.8). At present, it is unknown the role that 

dietary myo-inositol plays in brain function, though transporters SMIT1 and 

SMIT2 have been identified predominantly in the brain of a number of 
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animals (Aouameur et al., 2007). Myo-inositol is known to play a role as an 

osmolyte in the brains of rats and in human cell lines (Macrì et al., 2006; Dai 

et al., 2016). Amplification of Band q22 of human chromosome 21, 

containing SMIT, is observed in Downôs syndrome (Berry et al., 1995) and is 

associated with substantial elevations of inositol (Shetty et al., 1995; Berry et 

al., 1999; Fisher, Novak and Agranoff, 2002). In poultry, myo-inositol has 

been associated with increased plasma concentrations of the 

neurotransmitters serotonin and dopamine (Herwig et al., 2019; F. Gonzalez-

Uarquin et al., 2020). It will be interesting to determine whether SMIT 

expression is influenced by dietary interventions of the nature employed 

here. 

 

InsP3 and Ins(1,3,4,5,6)P5 were the dominant inositol phosphates in the brain 

tissue, at almost equal levels, and at 3-4 fold higher concentrations than 

InsP4 and InsP6, these increased levels of notable Ins(1,3,4,5,6)P5 compared 

to InsP4 levels have been observed in radiolabelled differentiating neurons 

(Ucuncu et al., 2020), with species Ins(1,3,4)P3 and Ins(1,4,5)P3 as well as 

Ins(1,3,4,5)P4 identified in Li+ treated cholinergically stimulated brain slices of 

guinea pig, mouse and rat brains by radiolabelling (Lee et al., 1992). Despite 

numerous studies of the response of neuronal cell inositol phosphate 

metabolism to agonists such as carbachol, that targets muscarinic M3 

receptors (Nahorski, Tobin and Willars, 1997), it is remarkable that the higher 

inositol phosphate profile of brain tissues or neuronal cells is relatively 

undescribed. A recent study of MINPP deletion (Ucuncu et al., 2020) offers 

some assistance, but among different classes of [3H]inositol-labelled inositol 

phosphates identified only Ins(1,3,4,5,6)P5 and InsP6 as discrete isomers in 

day 10 differentiating neurones or their induced pluripotent stem cell 

precursors. Vallejo and colleaguesô study (Vallejo et al., 1987) identified the 

same two isomers in [3H]inositol-labelled, by microinjection, of 

anaesthetized, rat brain, but noted a failure to detect InsP4. This may reflect 

the limitations of the in vivo approach, as the data of Table 5.8 makes clear 

that lower and higher inositol phosphates are readily detectable by the 

methods of this study in poultry. Brain total inositol phosphates showed no 

significant differences in response to different diets compared to the Control 



 217 
 

diet (Control vs. 2 g/kg Ins, p = 0.118; Control vs. Phy500, p = 0.657; Control 

vs. Phy6000, p = 0.985). The inclusion of dietary phytase had no significant 

difference on the measured inositol levels in brain tissue compared to the 

Control diet (for all phytase doses, with and without Ti, p > 0.9).  

 

 

5.3.6 Inositol phosphate identities in poultry tissues 

 

Other than in erythrocytes (Mayr and Dietrich, 1987; Stephens, Hawkins and 

Downes, 1989; Casals, Villar and Riera-Codina, 2002; Whitfield et al., 2022), 

inositol phosphates isomers have not been identified in poultry organs. In this 

chapter experiments are described that were designed to identify isomers of 

inositol phosphates in different tissues. Amongst the thousands of 

radiolabelling studies of inositol phosphate metabolism of isolated cells and 

tissue slices, there are barely any comparisons of the inositol phosphate 

speciation of different cell types, let alone organs of a single species. This, 

no doubt, reflects the constraints of radiolabelling, but nevertheless leaves 

the physiology of digestive influence on tissue and organ inositol phosphate 

metabolism and associated pathologies wholly unstudied. The experiments 

in this chapter seek to redress this (Figure 5.7). 
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Figure 5.7 Figure previously published in Sprigg et al. 2022. Inositol 

phosphates in broiler digesta and tissue. Extracts of A, liver; B, kidney; D, 

gizzard contents; E, ileal contents; from a single bird (A, B) or pooled from 2 

birds (D, E) fed the Control diet were analysed by HPLC. C and F, standards 

run beside the different sample sets from which A, B and D, E, respectively, 

were obtained. Inositol phosphate classes and individual isomers are 

identified. 

 

The peaks identified in figure 5.7A in liver tissue and figure 5.7B in kidney 

tissue extracts, are identified as D-and/or L-Ins(3,4,5,6)P4 and 

Ins(1,3,4,5,6)P5. Similarly, peaks of the same identities were identified in 
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duodenum, jejunum and ileum tissue extracts (Appendix 6). Peaks in the 

standards (Fig 5.7C and 5.7F) are used as reference for identification of 

these isomers. The isomers identified in the tissue extracts differ from those 

identified in the gizzard and ileal contents (Fig 5.6D, E), identified as D- 

and/or L-Ins(1,2,3,4)P4, D- and/or L-Ins(1,2,5,6)P4, Ins(1,2,3,4,6)P5, D- and/or 

L-Ins(1,2,3,4,5)P5, D- and/or L-Ins(1,2,4,5,6)P5 and InsP6. 

 

 

5.4 Conclusions 

 

5.4.1 Inositol phosphates in poultry tissues  

 

The peaks identified in Figure 5.7B for kidney tissue samples are also the 

isomers present in liver tissue samples (Figure 5.7A), and the same isomers 

are identified in all other tissue types described in this chapter (see Appendix 

6).  The identities of peaks in the set of standards (Figure 5.7C) have been 

described (Whitfield et al., 2018, 2022; Rix et al., 2021). The isomers 

detected in tissues, D-and/or L-Ins(3,4,5,6)P4 and Ins(1,3,4,5,6)P5, differ from 

the known products of phytase degradation in Quantum Blue-supplemented 

diets, D- and/or L-Ins(1,2,3,4)P4, D-and/or L-Ins(1,2,5,6)P4, Ins(1,2,3,4,6)P5, 

D- and/or L-Ins(1,2,3,4,5)P5 and D- and/or L-Ins(1,2,4,5,6)P5 (Sommerfeld, 

Künzel, et al., 2018) (Figure 5.6D,E). As diets were fed as a mash in this 

study, as opposed to the usual application of heat pelleted diets which 

renders endogenous plant phytases present in the feed substance from 

wheat and soybean inactive, the presence of Ins(1,2,3,4,6)P5 in the gizzard 

and ileal digesta inositol phosphate profile is noted as a known product of 

endogenous MINPP phytase. HPLC methods utilised in this analysis are 

unable to distinguish hydrolysis products arising from phytase activity by 

wheat 4-phytases (PAPhy) and the supplemented E. coli 6-phytase, either at 

the InsP5 level of generation of Ins(1,2,3,5,6)P5 or Ins(1,2,3,4,5)P5, or at the 

InsP4 level of Ins(1,2,5,6)P4 or Ins(2,3,4,5)P4 and Ins(1,2,3,4)P4 versus 

Ins(1,2,3,6)P4., hence the 5-OH product of cereal MINPP proving especially 

diagnostic. The tissue inositol phosphates, (Figure 5.7 A,B) are similar to 
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those identified in avian erythrocytes (Stephens and Downes, 1990a; Mayr 

and Thieleczek, 1991; Whitfield et al., 2022).  

 

The significance of the inositol phosphate isomers identified in these tissues 

is that, despite the clear impact of dietary phytase on inositol phosphates in 

gizzard and ileal contents, and on total tissue inositol phosphates, the tissue 

isomers of inositol phosphates are phosphorylated in positions not expected 

from phytate degradation by Quantum Blue (E. coli) phytase used here or 

from endogenous feed phytase. Instead, they reflect the isomers expected 

from de novo inositol phosphate synthesis (Stephens and Downes, 1990a) 

and they match the isomers reported in both Xenopus and rat skeletal 

muscle tissues analysed by different methods (Mayr and Thieleczek, 1991). 

It is widely accepted that the products of phytase degradation retain 

phosphate in the 2-position, and equally that the final step in inositol 

hexakisphosphate biosynthesis involves the addition of a phosphate to the 2-

position (Letcher, Schell and Irvine, 2008). It is from this that it can be 

concluded that the effect seen in different dietary conditions (0, 500FTU and 

6000FTU Quantum Blue) in kidney inositol phosphate levels have not arisen 

as a result of uptake of inositol phosphates following gut phytate hydrolysis, 

with the isomers identified lacking a phosphate on the 2-position.  

 

5.4.2 Kidney inositol phosphate levels are responsive to dietary 

phytase dose 

 

Kidney tissue inositol phosphate levels, as individual InsP4, InsP5 and InsP6 

isomers, as well as total inositol phosphate levels, decrease with increasing 

phytase dose. This pattern suggests that the response is due to the influence 

of increasing free inorganic Pi and/or inositol in the gut, and/or their tissue-

specific influence on inositol phosphate biosynthetic gene expression. 

Despite numerous studies describing the impact of dietary phytase on free 

inositol, specifically on the increase in circulatory inositol (Walk, Santos and 

Bedford, 2014; Sommerfeld et al., 2018b; Pirgozliev et al., 2019a; Ajuwon et 

al., 2020; Gonzalez-Uarquin et al., 2020; Gonzalez-Uarquin, Rodehutscord 
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and Huber, 2020; Gonzalez-Uarquin et al., 2021; Kriseldi et al., 2021), few 

studies measure any tissue specific responses other than in chicken 

erythrocytes (Whitfield et al., 2022). Recent research of pharmacological 

inhibition of IP6K, an enzyme responsible for the conversion of InsP6 to InsP7 

has been shown to cause a transient reduction in plasma phosphate in rats 

and monkeys (Moritoh et al., 2021).  Circulating phosphate levels are known 

to be tightly controlled within a narrow range in mammals, and IP6K inhibition 

resulted in reductions in InsP7 in liver, muscle and, most significantly, in the 

kidney, but without effect of renal reabsorption of phosphate (Moritoh et al., 

2021). 

 

In animal models and in humans, research has shown that the kidney is the 

most important organ for maintenance of blood plasma inositol concentration 

(Holub, 1986b) and the main location for inositol catabolism as shown in rats 

(Howard and Anderson, 1967), with myo-inositol reportedly an important 

organic osmolyte in mammalian kidneys (Sizeland et al., 1993) and brains 

(Córdoba, Gottstein and Blei, 1996; Soupart et al., 2002; Haris et al., 2011), 

though there is no research to date in poultry to suggest the same holds true 

in avian systems (Gonzalez-Uarquin, Rodehutscord and Huber, 2020). As 

such, there is equally minimal research considering how changes in 

circulatory inositol, or inositol and phosphate as the absorbable co-products 

of phytase action in the gut, modifies tissue inositol phosphate synthesis 

(Sprigg et al., 2022). 

 

Whilst it cannot be excluded that potential selective inositol phosphate 

absorption and metabolism contributes to the tissue profile observed, at 

present no inositol phosphate transporters have been described in animals, 

though a plethora of studies describing the expression of inositol and 

phosphate transporters in the gastrointestinal tract of poultry have been 

published. As such, the data presented here suggests that the changing 

profile with phytase dose seen in the kidney is a result of tissue response to 

changing phosphate and/or inositol availability in terms of influence on tissue 

specific inositol phosphate synthesis.  
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5.4.3 Liver inositol phosphate levels are impacted by inositol 

supplementation 

 

Similarly to in mammalian systems, the liver in poultry is a vital organ which 

carries out many metabolic functions, including but not limited to bile 

secretion and lipid, carbohydrate and protein metabolism as an accessory 

organ to the digestive system (Zaefarian et al., 2019). Despite the 

importance of the liver in a number of roles in birds, very little is known about 

the influence of diet on liver size, development, and function, with limited 

studies focussing solely on specific pathologies. 

 

The liver contains high concentrations of inositol (Eisenberg and Bolden, 

1963; Croze and Soulage, 2013). Myo-inositol has been reported to be a 

hepatic lipid exporter, based on study showing the accumulation of 

triglycerides in inositol-deficient diets and the absence of this accumulation in 

inositol replete diets (Hayashi, Maeda and Tomita, 1974), though the 

mechanisms for this are not yet known. Similarly, studies investigating 

phytase addition to broiler diets have shown modified liver lipid profiles (Liu 

et al., 2010), and the presence of dietary phytate in the form of 

supplemented sodium phytate increases liver weight, lipids, triglyceride and 

cholesterol content of the liver and decreases hepatic lipogenic enzyme 

activity in rats (Katayama, 1995). Research by Croze et al. (Croze, Géloën 

and Soulage, 2015) investigating the role of chronic inositol supplementation 

on insulin sensitivity suggests that the possible mechanism for the role of 

inositol in fatty acid transport could be reducing fatty acid synthase activity in 

epididymal white adipose tissue. 

 

Though limited access to appropriate methodology has dictated that previous 

studies have been unable to measure the impact of phytase supplementation 

on inositol phosphate profile in liver tissues, it has been noted that phytase 

supplementation at 500, 1000 and 1500 FTU has no effect on liver weight 

(Sharma et al., 2016). The significant impact of inositol supplementation on 
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overall extractable inositol concentration in the liver was anticipated, as 

previous research has noted that massively supra-physiological inositol dose 

significantly increases tissue inositol concentration in leg muscle, breast 

muscle and kidney tissue (C Arthur et al., 2021), as also seen in this study in 

digestive tissues in addition to muscle and metabolic tissues. However, 

research to date has not proposed a potential mechanism for the 

phenomenon seen here, by which inositol supplementation decreases 

inositol phosphate concentration in the liver. It has been hypothesised in 

other animal models that inositol phosphates might alter secondary 

messengers in the energy metabolism pathways of insulin sensitive tissues, 

including the liver (Chatree et al., 2020), therefore there is potential that 

significant increases in myo-inositol concentrations in this tissue, a product of 

glucose metabolism, may alter synthesis of inositol phosphates forming part 

of a signalling cascade for energy metabolism.  

 

5.4.4 Inclusion of titanium dioxide as a digestibility index marker does 

not impact extractable inositol phosphates in tissues 

 

The use of TiO2 as a pre-concentration method for the extraction of inositol 

phosphates has been recently applied for analysis of poultry tissues, as in 

this chapter (Wilson et al., 2015),  though has been used routinely by the cell 

biology field for phosphopeptide research for many years. In addition, the 

use of TiO2 as a digestibility index marker in the animal feed industry has 

been relatively commonplace in monogastrics, though its use in animal feed 

is no longer considered safe in the EU due to potential concerns of 

genotoxicity (Bampidis et al., 2021).  

 

In light of the widespread use of TiO2, both as a digestibility index marker in 

animal feeding trials still in use in the UK and USA, and as an enrichment 

method for phosphopeptide and inositol phosphate research, this study 

additionally aimed to investigate the effect of the inclusion of TiO2 impacted 

the effect of dietary supplemented phytase or the extraction of inositol 

phosphates from diet, digesta and tissues. Results in Chapter 4 present that 

the inclusion of TiO2 has no significant effect on the extraction and analysis 
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of inositol phosphates from poultry diets or gizzard and ileal digesta. By two-

way ANOVA for each tissue type, inclusion of TiO2 is not found to be a 

source of variance in analysed inositol phosphate levels in tissues, and 

matched T-tests also showed no significant differences between matched 

diet conditions with and without TiO2. 

 

Presented in this chapter are the first measurements of the profiles of inositol 

phosphates in poultry tissues. They were achieved without the use of 

radiolabelling, which is not only labour intensive and restrictive in both 

research use and animal husbandry in feeding radioisotope. The inositol 

phosphate species described here match those described in other animal 

models by traditionally accepted radioisotope methods.  

 

The inositol phosphate isomers described in this chapter not only describe 

the native state profiles in poultry tissues, but also the identification of these 

isomers as those resulting from de novo synthesis show how addition of 

phytase to poultry diets - and the inositol and phosphate released thereof - 

alters ratios of inositol phosphates in kidney and liver tissues. Not only that, 

but evidence here suggests that the kidney is especially responsive, directly 

or indirectly, to phosphate from the diet, and liver similarly responsive to 

dietary inositol. The methods elaborated here have enabled a first look at the 

integrated whole-bird response to phytase supplementation in terms of 

inositol phosphate status in an organ specific manner.  

  



 225 
 

6. The effect of phytase supplementation on 
circulating metabolites implicated in phosphate 
homeostasis 
 

6.1 Introduction 

 
 

Chapter 5 described the decrease in inositol phosphates in kidney tissue 

observed with increasing phytase dose, and that the isomers observed 

reflect those expected from de novo synthesis of inositol phosphates. It is 

likely that the effect seen in the kidney arises from tissue response to 

changing phosphate and/or inositol supply in the blood, as these are 

metabolic precursors of tissue inositol phosphates in poultry as in other 

species.  

 

Response of poultry to phytase is commonly interpreted in the context of 

interaction of calcium and phytate, their matrix values and interaction with the 

gut; though in comparison to calcium homeostasis which has been 

extensively studied, the mechanisms underpinning phosphate homeostasis 

is less understood.  The interaction of the gut with distal organs is mediated 

by a major tissue, the blood, and human and mammalian studies show that 

phosphate homeostasis is controlled by inter-organ signalling between the 

gut, kidney, parathyroid gland and bone, mediated by vitamin D along with 

parathyroid hormone (PTH), which serves as the primary regulator of serum 

calcium with an additional role in decreasing phosphate reabsorption at the 

proximal convoluted tubule in the kidney (Weinman & Lederer, 2012) and the 

bone-derived hormone fibroblast growth factor 23 (FGF23) (Bergwitz and 

Jüppner, 2010), with FGF23 shown to inhibit renal tubular reabsorption of 

phosphate through mechanisms independent of PTH (Quarles, 2012).  

 

Vitamin D3 (cholecalciferol) is provided in poultry diets for avoidance of tibial 

dyschondroplasia and is especially important in provision of adequate 

calcium supply for egg (shell) production in layers (Whitehead et al., 2004; 

Mattila, Valkonen and Valaja, 2011).  The effects of combination of phytase 
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and cholecalciferol on growth performance have previously been established 

(Qian, Kornegay and Denbow, 1997), but to date studies are not published of 

the effect of phytase supplementation on levels of vitamin D or its 

metabolites.  

 

The results presented in Chapter 5 speak to a phytase-dependent 

modulation of tissue inositol phosphate levels in the kidney of poultry fed 

diets supplemented with vitamin D3 as standard (Sprigg et al., 2022), and 

postulated potential explanations for this observation in the alteration of 

phosphate homeostasis mechanisms resulting from the increase in free 

available phosphate with phytase supplementation. This is not a naïve 

premise given a known central role for the kidney in phosphate homeostasis 

(Warren and Livingston, 2021), and the effects of systemic inhibition of 

inositol hexakisphosphate kinase on serum phosphate levels of rats and 

monkeys (Moritoh et al., 2021).  

 

The kidney also retains a central role in vitamin D processing for the 

maintenance of phosphate homeostasis. There are two major classes of 

vitamin D: ergocalciferol (D2), which is primarily synthesized by algae and 

fungi (Holick et al., 1973; Holick, 1989); and cholecalciferol (D3), which is 

synthesized de novo by animals, the metabolic pathway of which is depicted 

in Figure 6.1. In poultry, vitamin D3 is taken up by the liver, where it is 

hydroxylated at the side chain C-25 to 25-OH-D3, the predominant circulatory 

form of vitamin D3 (Tucker, Gagnon and Haussler, 1973; Clark and Potts, 

1976) by 25-hydrolyxase. Circulating 25-OH-D3 in adult chickens is thought 

to be approximately 25 ng/mL (Horst et al., 1981). 25-OH-D3 is further 

hydroxylated at the 1-C position by 1a-hydroxylase in the kidney to yield 

1,25-(OH)2-D3 (Shanmugasundaram and Selvaraj, 2012). 1,25-(OH)2-D3 is 

the active form of vitamin D, as a ligand for the transcription regulator VDR 

(Kongsbak et al., 2013), and so 1a-hydroxylase activity is tightly regulated to 

avoid homeostatic imbalance by parathyroid hormone (PTH), fibroblast 

growth factor 23 (FGF23), circulatory calcium and phosphate, and 1,25-
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(OH)2-D3 (Boyle, Gray and DeLuca, 1971; Hughes et al., 1975; Shimada et 

al., 2004a). 

 

Hydroxylation at C-24 can occur with either 1,25-(OH)2-D3 or 25-OH-D3, 

resulting in 1,24,25-(OH)2-D3 or 24,25-(OH)2-D3 (Holick et al., 1973). 24,25-

(OH)2-D3 is considered an inactive form of vitamin D, and inhibits signalling 

cascades involved in calcium and phosphorus absorption, which in turn 

inhibits bone mineralisation (St-Arnaud et al., 2000). The 24-hydroxylase is 

responsible for this and is tightly regulated by 1,25-(OH)2-D3, though 

maintains an important role in calcium homeostasis by preventing 

hypercalcaemia (Veldurthy et al., 2016).  
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Figure 6.1: Metabolic pathway of Vitamin D3 to its metabolites. Figure 

adapted from Holick (1994) and Warren and Livingston (2021).  

 

In the context of phosphate homeostasis, vitamin D - specifically, 1,25-(OH)2-

D3 - is considered to be a hormone, with circulatory serum 1,25-(OH)2-D3, 

PTH and tibia FGF23 partly responsible for the regulation of bone 

phosphorus retention and bone development (Cao et al., 2021). Similarly 

important in this homeostasis network, FGF23 has been shown in mice to be 

a physiological regulator of circulatory phosphate and 1,25-(OH)2-D3 levels 
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(Shimada et al., 2004b), and its overexpression is linked to renal phosphate 

wasting disorders or oncogenic hypophosphatemic osteomalacia (Shimada 

et al., 2001; White et al., 2001a) and the hereditary disorder autosomal-

dominant hypophosphatemic rickets (White et al., 2001b). These hormones 

are also major regulators of serum calcium, in combination with parathyroid 

hormone (PTH), with PTH regulating calcium homeostasis by modulating 

bone metabolism, synthesis of 1,25-(OH)2-D3 and calcium reabsorption 

(Kumar and Thompson, 2011; Khundmiri, Murray and Lederer, 2016). The 

skeleton is the major reserve for calcium and phosphate stores, with bone 

mineralisation the most sensitive measure of phosphate utilisation (Shastak 

et al., 2012; Li et al., 2015); and  maintenance of each mineral to prevent 

deviation from its basal condition is achieved through these hormones 

signalling for either increased uptake from the gastrointestinal tract, altered 

excretion via the kidneys, or by either increasing sequestration of or 

utilisation of reserves in the bone (Bruder, Guise and Mundy, 2001; Blaine, 

Chonchol and Levi, 2015). 

 

Because the kidney is part of the inter-organ axis responsible for phosphate 

homeostasis, with a notable response to phytase supplementation observed 

in the profiles, measurements were made of circulatory nutrients and 

hormones of the gut, parathyroid gland, kidney, and bone axis, to further 

understand the role of the products of phytase action in maintenance of 

broiler phosphate homeostasis. 

 

 
 
 
 
 
6.2 Materials and methods 
 

6.2.1 Animals, Diet and Experimental Design 

 

Animals, husbandry and basal diet composition in this trial were previously 

described in Chapters 4 and 5. Briefly, 480 male Ross 308 hatchlings were 
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randomly allocated to 48 pens, with a 2 x 4 factorial arrangement of 

treatments [2 TiO2 levels, one inositol level and 3 phytase levels (0, 500 and 

6000 FTU)]. The study was made of one diet phase ï a starter ï offered as a 

mash, and the basal diets were mixed in two separate lots, each divided into 

4 equal parts, and formulated to contain adequate levels of all nutrients 

according to the Ross Management Manual 2018. Study diets were 

supplemented with 3 mg/kg diet cholecalciferol (Vitamin D3) as part of the 

originally supplemented vitamin and mineral premix, components of which 

are described in Chapter 4.2 (Table 4.5).  

 

Two birds per pen were randomly selected for sampling on day 21 post-

hatch and were euthanised via cervical dislocation without prior stunning in 

accordance with the Welfare of Animals at the Time of Killing (England) 

Regulations (2015) guidelines for poultry. Blood was collected from each bird 

of the two birds following post-mortem examination, pooled and separated 

into heparinised tubes and immediately frozen at -20 C̄ before shipping to 

UEA for analysis. Samples were stored thereafter at -80 C̄. 

 

6.2.2 Plasma Hormones 

 

Analysis of vitamin D metabolites, 25(OH)D2, 25(OH)D3, 24,25(OH2)D2 and 

24,25(OH)D3, in plasma was performed by a clinically validated LC-MS/MS 

method performed using Micromass Quattro Ultima Pt electrospray ionisation 

(ESI) tandem mass spectrometer (Waters Corp., Milford, MA, USA), and 

chromatographic separation was achieved using a core-shell C18 50x2.1 

mm 2.6 mm reversed-phase column with an in-line 2 mm, 6.35 mm x 24 mm 

guard filter (Restek, Bellefonte, PA, USA). Analysis for vitamin D metabolites 

was performed by Rachel Dunn at the Norwich Medical School, the method 

of which is published in full in Tang et al. (2017).  

 

Fibroblast Growth Factor 23 (FGF23) was determined using an enzyme-

linked immunosorbent assay kit as per manufacturerôs instructions (ELISA; 

Abbexa Ltd., Cambridge, UK.) with detectable range 0-1000 pg ml-1, 
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sensitivity 9.38 pg ml-1. Parathyroid Hormone (PTH) was determined using 

chicken-specific enzyme-linked immunosorbent assay kit as per 

manufacturerôs instructions (ELISA; Cusabio Technology LLC, USA) with a 

detection range 0-1000 pg ml-1, sensitivity of 6.25 pg ml-1. 

 

6.2.3 Plasma minerals 

Total plasma calcium and phosphate was measured by inductively coupled 

plasma atomic emission spectroscopy using an Agilent Vista Pro from 

dilutions of plasma into 18.2 MOhm.cm water.  

 

6.2.4 Plasma inositol 

 

For inositol analysis, 200 mL aliquots of blood plasma were deproteinated 

using 10% trichloroacetic acid and diluted 50-fold in 18.2 MOhm.cm water. 

Inositol was determined by HPLC pulsed amperometry of 20 mL aliquots after 

separation by 2-dimensional HPLC on Dionex CarboPac PA1 and MA1 

columns (method described fully in section 3.2.2.12).  

 

6.2.5 Statistical analysis 

 

All results are expressed as mean ± SEM (standard error). The differences 

between means were tested by two-way ANOVA with Dunnettôs correction 

for multiple comparisons to determine source of variation. Inclusion of TiO2 

was found to be not significant as a source of variation (P = 0.6847) and data 

was pooled from matched groups and compared by one-way ANOVA with 

Dunnettôs multiple comparisons test. All statistical tests were performed 

using GraphPad Prism, version 7.0e, for Mac OS X (GraphPad Software, La 

Jolla, CA). Alpha for all statistical tests was set at 0.05. Adjusted ANOVA P 

values are presented in the tables, and group specific P values presented in 

the text. 
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6.3 Results 

 

6.3.1 Plasma inositol and metabolites 

 

Plasma inositol content was numerically different but not statistically 

significantly altered between groups compared to Control: for 2 g/kg Ins, p = 

0.073; for Phy500, p = 0.297; for Phy6000, p = 0.206 (Table 6.1). The range 

of values of inositol measured in plasma are similar to values reported for 

phytase treatments in other studies in which phytase was shown to increase 

plasma inositol (Gonzalez-Uarquin et al., 2020). Because the kidney is a key 

organ for inositol metabolism and because kidney inositol phosphates are 

responsive to phytase (Sprigg et al., 2022), a range of blood parameters 

reflecting metabolic and endocrine function of the kidney were tested. In 

chickens, calcium and phosphate are tightly controlled in a narrow 

physiological range (Warren and Livingston, 2021). Phytase treatment was 

without effect on plasma ionized calcium or phosphate (Table 6.1), but Ca:P 

ratio was numerically reduced in Phy500 and Phy6000 Groups compared to 

Control Group.  Plasma PTH was unaffected by treatment, falling in the 

range 19-40 pg/mL comparable to the value ca. 50 pg/mL reported for 

Lohman Selected Leghorn (LSL) and Lohman Brown (LB) layers (Reyer et 

al., 2021). Plasma FGF23 was unaffected by treatment, falling in the range 

10.9-13.5 pg/mL. Others, Ren et al. (2017), have reported reduction in both 

FGF23 and PTH by vaccination of laying hens with FGF23 peptide, with 

FGF23 values in the range 273-466 pg/mL and PTH values in the range 

11.6-21.9 pg/mL. 
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Table 6.1: Plasma parameters in day 21 broilers. 1,2,3 

 

Diet Inositol Calcium Phosphate Ca:P PTH FGF23 

Control 255±33 0.80±0.12 1.09±0.13 0.72±0.04 30.98±4.72 12.33±0.92 

2g/kg Ins 326±33 0.96±0.07 1.30±0.10 0.74±0.03 36.58±5.51 11.33±0.53 

Phy500 235±19 0.66±0.06 0.95±0.07 0.69±0.04 24.64±4.46 12.08±0.45 

Phy6000 293±31 0.72±0.05 1.13±0.08 0.63±0.02 31.75±4.92 12.19±0.91 

P-value 0.1519 0.2413 0.1948 0.1148 0.7206 0.8386 

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups 2 g/kg Ins were fed with 2 g supplemented d30ă 13C 

inositol mix per kilogram of feed; groups Phy500 and Phy6000 were fed with 

the control diet supplemented with 500 or 6,000 FTU of phytase per kilogram 

of feed, respectively.  

2Data are given as group means ± SEM, n = 12, of 12 replicate pens with 

samples pooled from 2 broilers per pen per treatment. 

3 Calcium and phosphate measurements are given as mmol/L 

concentrations; inositol measurements as nmol/mL; and PTH and FGF23 as 

pg/mL.  

 

 

6.3.2 Effect of phytase treatments on vitamin D metabolites 

 

Following on from results in Chapter 5 showing the notable impact of dietary 

phytase supplementation on kidney inositol phosphate levels, and the known 

role of the kidney in vitamin D processing, measurements were undertaken 

of the impact supplementation with Quantum Blue had on the detectable 

levels of circulating vitamin D metabolites. Measurements of these were 

carried out by Dr. Jonathan Tang and colleagues (Norwich Medical School), 

and are presented in Table 6.2. 
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Table 6.2: Plasma concentration of vitamin D metabolites (nmol/L) in day 21 

broilers. 1,2 

Diet Total 25(OH)D Total 24,25(OH)D Total 25(OH)D: total 

24,25(OH)D 

Control 41.83±3.08 5.28±0.45 8.17±0.34 

2g/kg Ins 42.13±5.03 5.21±0.61 8.25±0.37 

Phy500 33.24±2.65 4.73±0.37 7.08±0.19 

Phy6000 39.20±3.46 5.84±0.56 6.92±0.23 

P-value 0.7188 0.8851 0.0045 

1The control group was fed with a diet with 0.45% calculated available 

phosphate. Groups 2 g/kg Ins were fed with 2 g supplemented d30ă 13C 

inositol mix per kilogram of feed; groups Phy500 and Phy6000 were fed with 

the control diet supplemented with 500 or 6,000 FTU of phytase per kilogram 

of feed, respectively.  

2Data are given as group means ± SEM, n = 12, of 12 replicate pens with 

samples pooled from 2 broilers per pen per treatment. 

 

No significant differences were measured in the individual metabolites of 

vitamin D, in total measured 25(OH)D or total 24,25(OH)D, between dietary 

conditions either with the addition of phytase or 2 g/kg myo-inositol. 

Nevertheless, the level of total 25(OH)D (D2 and D3), ranging 14.9-57 nmol/L 

with bird to bird differences, giving a total average of 39 nmol/L, measured by 

LC-MS-MS (Table 6.2) is similar to the values (20-22 nmol/L reported by 

radioimmunoassay for male birds fed 40 mg/kg vitamin D (Sedrani, 1984) and 

(ca. 52 nmol/L) for 35 d old Ross 708 broilers at Ca inclusion rates of 0.54-

1.2% (Warren et al., 2020). Similarly, Reyer et al. (2021) reported 25(OH)D 

levels of ca.15 ng/mL (37.4 nmol/L) in LSL and ca. 35 ng/mL (87.4 nmol/L) in 

LB hens in control (adequate Ca and P) diets without added phytase, with 

measurements made by ELISA. Similarly, the levels of 1,25(OH)2D were ca. 

450 pg/mL (1.1 nmol/L) for LSL and ca. 420 pg/mL (1.0 nmol/L) for LB hens.   

 

Significant differences were measured in the ratio of total 25(OH)D: total 

24,25(OH)D with phytase supplementation, with decreasing 25(OH)D: 
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24,25(OH)D with increasing phytase dose, decreasing from 8.17±0.34 in the 

Control to 7.08±0.19 in the Phy500 fed group and 6.92±0.23 in the Phy6000 

group. The 2 g/kg Inositol fed group did not significantly differ from the 

Control fed group, at a ratio of 8.25±0.37 for total 25(OH)D: total 

24,25(OH)D.  

 

6.4 Discussion 

 

In the present study, measured concentrations of FGF23 were far lower than 

expected, having been reported in other studies as ranging from 60-240 

pg/mL in birds of the same age (Horvat-Gordon et al., 2019), and it is 

unknown if this is an artefact of the technique used to measure FGF23 in 

these plasma samples, the age and storage conditions of the plasma by the 

time these measurements were taken ï with the samples having been stored 

frozen ï or a true result. Whilst studies have reported that 

immunosuppression of FGF23 improves P utilisation in young birds (Ren, 

Bütz, Sand, et al., 2017), high P availability has been shown to increase 

concentrations of circulating FGF23 (when P availability is as 0.8% available 

non-phytate P as opposed to 0.4% non-phytate P in Control diets) (Ren, 

Bütz, Wahhab, et al., 2017), with FGF23 providing a protective effect against 

P toxicity (Razzaque, 2011).  

 

Similarly, no significant differences were measured in plasma PTH. PTH has 

been shown to be a major determinant of the quantity of inorganic phosphate 

excreted by avian kidneys, with increases in PTH triggering net P secretion 

in the urine (Wideman Jr. and Braun, 1981; Wideman Jr., 1984). The 

consensus for human phosphate homeostasis modelling is that PTH exhibits 

direct control of sodium/phosphate transporters in the kidney, but indirectly 

controls sodium/phosphate transporter expression in the gut through 

stimulating 1,25(OH)2D3 which then enhances NaPi IIb expression in the 

small intestine (Marks, Debnam and Unwin, 2010). 
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The liver is the major organ contributing to the conversion of dietary or 

endogenous vitamin D to 25(OH)D3 which is the major circulating metabolite 

(Warren et al., 2020). Here, 25(OH)D3 was the major vitamin D metabolite 

detected in plasma (Table 6.2). No significant differences were detected 

between treatments. There are very few reports of measurements of vitamin 

D metabolites in broiler plasma, not least because of the technical difficulty of 

identifying and quantifying isomers but also, perhaps, because poultry diets 

are universally supplemented with vitamin D. In conditions of adequate Ca2+, 

25(OH)D3 is converted by the kidney to 24,25(OH)2D3 (Warren et al., 2020).  

Here, in Ross 308 birds, available P was provided at 0.45% and Ca2+ at 

0.95%, and total 24,25(OH)2D (D2 and D3) was unaffected by phytase 

treatment with levels of 4.7-5.9 nmol/L (Table 6.2). Warren et al. (2020) 

reported that 24,25(OH)2D3 levels are increased in 35 d old broilers from ca. 

2.7 ng/ml (ca. 6.5 nmol/L) at Ca2+ inclusion rate of 0.54% to ca. 3.4 ng/mL 

(ca. 8.2 nmol/L) at 1.2%.  Here, significant differences were detected in the 

ratio 25(OH)D:24,25(OH)2D, for Phy500 (P = 0.0118) and Phy6000 (P = 

0.007) groups compared to Control group (Table 6.2). These data suggest 

that phytase has a specific effect on vitamin D metabolism mediated by the 

kidney and may be linked to the response of kidney inositol phosphates to 

phytase (Sprigg et al., 2022). The lack of this observation in the group 

supplemented with the predicted released inositol from 6000 units of phytase 

suggests that if the differences are at all related to inositol they are modified 

by the effect of phytase on phosphorous and calcium released.  

 

Previously published work analysing the kidney inositol phosphates of the 

same birds presented here shows altered kidney tissue InsP levels in 

phytase supplemented diets in comparison to the Control and inositol 

supplemented birds (Sprigg et al. 2022). In the data presented here, this 

story is further complicated by the observations that phytase mediated 

reduction in 25(OH)D:24,25(OH)2D ratio is not mimicked by supplementation 

with inositol, whilst the inositol levels, calcium and phosphate levels in the 

plasma are largely unaltered, though numerical reductions in Ca:P ratio are 

observed also in the presence of phytase in the diet. It can be inferred from 
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the data presented here that the changes seen with phytase treatment do 

not result from the increase in free inositol, as these changes are absent with 

inositol supplementation, and that the effects are likely a consequence of 

effects other than inositol release by phytase activity in the gut.   

 

It is anticipated that the results of the present study may focus attention on 

the relationship(s) between cellular inositol phosphate metabolism and 

kidney function as they pertain to phosphate homeostasis in poultry. The 

most obvious next steps would be to analyse gene expression of calcium, 

phosphate and inositol transporters in kidney tissue. Expression of 

sodium/phosphate NaPi IIb transporters in jejunum tissue has been shown to 

be altered with phytase supplementation, with decreased transporter 

expression in the jejunum tissue of broilers fed high phytase doses (Huber, 

Zeller and Rodehutscord, 2015). Activity of renal proximal tubular apical 

Na/Pi-cotransporters have been characterized in the capacity of kidney 

cortex brush border membranes in rabbits exposed to adapted low dietary 

phosphate, with overall activity and thus reabsorption of Pi increased (Murer, 

Forster and Biber, 2004). Also notably, phytase supplementation has been 

shown to influence myo-inositol transporter gene expression in both the 

kidney and liver (Walk, Bedford and Olukosi, 2018), particularly as these 

organs have known important roles in both de novo synthesis and excretion 

of myo-inositol (Holub, 1986a; Lahjouji et al., 2007; Marine L. Croze and 

Soulage, 2013).  

 

For the role of inositol phosphates in whole animal phosphate homeostasis, 

the inositol pyrophosphates have come to the fore in recent years for their 

potential role in control of both cellular and circulating phosphate as 

metabolic messengers (Shears, 2009), and the kinases responsible for their 

generation investigated as potential novel treatments for 

hyperphosphatemia. With inositol pyrophosphate levels in mammalian cells 

reported to be approximately 3-6% of the concentration of measurable InsP6 

(Laussmann et al., 2000; Pisani et al., 2014), the pyrophosphates InsP7 and 

InsP8 were undetectable by conventional HPLC methods employed in 

chapters 4 and 5 in the tissue samples arising from this trial. However, 
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despite their low concentrations, inositol pyrophosphates have been 

suggested as conserved regulators of phosphate homeostasis.  

 

In studies in rats and monkey, pharmacological inhibition of IP6K, an enzyme 

for the conversion of InsP6 to InsP7, decreases InsP7 and phosphate export, 

causing a transient reduction in plasma phosphate that correlates with the 

pharmacokinetics of the IP6K inhibitor (SC-919) treatment. The use of the 

SC-919 IP6K inhibitor in this study was as a single dose treatment to rescue 

adenine-treated rats modelling chronic kidney disease hyperphosphatemia. 

In the same study, reductions in InsP7 were measured in liver, muscle and, 

most prominently, in kidney. The inhibitor was without effect on renal 

reabsorption of phosphate (Moritoh et al., 2021), but was able to alleviate 

kidney disease modelled hyperphosphatemia. It is possible that the phytase-

mediated reductions in kidney inositol phosphates in broilers (Sprigg et al., 

2022) are accompanied by reductions in the InsP7 product of IP6K. 

Irrespective of mechanism, the reduced numerically Ca:P ratio (Table 6.1) 

and significantly reduced 25(OH)D:24,25(OH)2D ratio (Table 6.2) are 

indicative of phytase influence on kidney function.  
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7. Final Discussion and Future Work 
 

7.1 Producing stable isotope labelled myo-inositol from 

glucose 

 

The development of a method for a simple and efficient enzymatic synthesis 

of 13C stable isotope-labelled myo-inositol would be of value to animal 

nutritionists. It would allow study of the metabolic fate of ingested myo-

inositol and also of the fate of myo-inositol released from digestion of dietary 

phytate.  Not only are inositol phosphates a major component of animal 

feedstuff, the principle source of phosphorus therein, but they are also 

endogenous metabolites that are either synthesized from glucose-6-

phosphate or from myo-inositol absorbed by cells, tissues and organs. 

Consequently, in an experimental setting, supplementation of animal diet 

with labelled myo-inositol would allow address to questions such as: is 

inositol absorbed from the digestive tract, by what manner of cellular 

process, to which organs and for what ultimate metabolic purpose. Harmel et 

al. (2019), in work up of gram scale synthesis of 13C stable isotope labelled 

myo-inositol, tested for the labelling of HCT116 cells, exploited Saiardiôs 

elaboration of the use of a highly efficient inositol phosphate synthase 

isolated from Archaeoglobus fulgidus (Saiardi et al., 2014). Together, these 

studies provided a basis for the method further developed in this study for 

use in whole animal metabolic studies. The same enzyme strain, gifted from 

Adolfo Saiardi, was employed for the cycloaldolisation reaction as part of the 

coupled enzyme reaction described in this study. Its use resulted in a high 

yield of 13C myo-inositol from the starting, relatively low-cost, 13C D-glucose, 

employing commercially available enzymes for phosphorylation and 

dephosphorylation steps.  

 

Previous work involving either stable isotope labelling or measurement in 

whole birds utilised the naturally occurring variability in 12C/13C ratio in animal 

feed arising from C3/C4 photosynthetic pathways in feedstuff, either directly 

manipulating the feed formulation to use 13C as a metabolic tracer of total 

carbon (Pelícia et al., 2018), or by measuring differences in 12C/13C ratio as a 
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way of assigning geographic provenance to samples based on known 

variability arising in different regions naturally (Department for Environment 

Food and Rural Affairs, 2013). These methods had great success in the 

synthesis of a stable isotope label safe for use in an animal feeding trial, with 

no impact on mortality with label inclusion, but did not go so far as to label a 

specific low-level molecule to use as a tracer.  

 

The study presented in this thesis attempted to address this, with the 

production of a specific stable-isotope labelled molecule of interest to follow 

through the animal model. Whilst the dosage of stable isotope labelled tracer 

supplemented in the animal feeding trial described in this thesis proved 

undetectable in the conditions of the trial, and can be assumed that the 

supplemented level of tracer was in fact ultimately too low in concentration 

when further diluted by other carbon sources present in the feed, the 

approach is a promising advance in the move away from the use of 

radioisotope tracers in long-term metabolic studies using whole animals, with 

its safe use in animal feeding trials demonstrated here. A more thorough 

investigation using a wider range of concentrations of stable isotope label 

needs to be undertaken, with comparison to the use of radioisotope labelling 

in the same context, to ascertain not only the ideal dose for the stable 

isotope label to be detected readily, but also to determine its cost 

effectiveness compared to the current preferred radioisotope labelled 

method.  

 

7.2 Improving the efficiency of inositol phosphate extraction 

from biological tissues  

 

For the purposes of understanding the benefits of phytase to animal 

performance, biochemical measurements are often taken alongside bird 

performance parameters, to attribute improvements in weight gain, feed 

conversion ratio and amino acid digestibility with phytase-mediated release 

of inositol and phosphate along the digestive tract. Even so the 

understanding of the effects of these increases in available products of 
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phytate degradation in tissues has been constrained by the absence of 

description of inositol phosphates ï arising from the lack of methods suitable 

for high throughput sample extraction and analysis of inositol phosphates in 

tissues.  

 

The popularity of TiO2 as a solid phase extraction medium for concentration 

of inositol phosphates in cell biology, first published by Wilson et al. (2015), 

gave rise to the method adapted here for purification of inositol phosphates 

from biological tissues.  This, coupled with HPLC analysis, enabled for the 

identification of inositol phosphate species in a number of poultry tissues 

without the use of radioisotope labelling or labour intensive methods, 

achieving one of the main aims of this study to develop an accessible 

method to allow for study of inositol phosphates in tissues. Henceforth, this 

relatively simple solid phase extraction method will allow for greater 

understanding of the impact of phytase supplementation in enabling 

measurements of the whole animal response in a tissue-specific manner 

when measurements are taken alongside routinely measured digesta 

hydrolysis analyses, and was utilised for this purpose in the results 

presented in Chapter 5.  

 

7.3 The effect of phytase supplementation on the appearance 

of lower inositol phosphate esters in the broiler digestive 

tract 

 
Supplementation of poultry diets with microbial phytase as a way of 

accessing phytate-bound phosphate, a more economical phosphate source 

than inorganic rock phosphate, is now fairly commonplace. Previous studies 

have characterised InsP6 hydrolysis and the resultant occurrence of lower 

InsP isomers in different segments of the digestive tract of broilers fed 

supplementary phytases, and found most added microbial phytase activity to 

occur in the crop and gizzard (Yu et al., 2004; Onyango, Bedford and 

Adeola, 2005).  Similar observations were made in this study, with apparent 

reappearance of InsPs in the terminal ileum. This observation may be 
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attributed to faster transit of lower InsPs, relative to higher InsPs, through the 

digestive tract.  

 

Analysis of inositol phosphate speciation in the gizzard and ileum by 

differential extraction methods designed for disruption of any remaining 

phytase activity during extraction in this study was indicative of persistent 

feedstuff MINPP activity in the food bolus of the gizzard that only became 

apparent on rehydration of the milled digesta contents. It is likely that this 

occurrence was due to the use of starter-phase mash diets in this trial, 

whereas the usual heat treatment of pelleted feeds ordinarily degrades 

endogenous feedstuff phytase activities.  

 

In the use of a superdose of microbial phytase, at 6000 FTU, phytate 

hydrolysis was significantly improved in comparison to the addition of 500 

FTU phytase, and both significantly increased free myo-inositol and reduced 

InsP6 compared to the control diet in the absence of added phytase, in both 

the gizzard and the ileum. The application of the superdose of phytase 

removed the often-reported bottleneck of hydrolysis seen with lower 

supplemented phytase doses, where a build up of lower esters InsP3 and 

InsP4 is seen (Zeller et al., 2015a; Zeller et al., 2015b; Bedford and Walk, 

2016), as was noted in the 500 FTU group in this trial. This is of great 

importance, as these lower esters have been shown to retain the same 

antinutritive properties as InsP6 in the gut of broilers (Persson et al., 1998; 

Yu et al., 2012), and therefore in improving animal performance the aim must 

be for the reduction of all lower inositol phosphate esters in the gut lumen.  

 

The use of only two phytase levels in this study, at 500 FTU/kg as the 

commercially recommended dose compared with a superdose of 6000 

FTU/kg, does not allow for test of a theoretical optimum dose for the 

reduction of lower inositol phosphate esters from the data collected as part of 

this study. The determination of this will be of vital importance to the field, 

particularly for the farmers purchasing commercial phytases for use, to avoid 

overuse of supplemental enzymes at high cost whilst still achieving near 

complete gut hydrolysis of inositol phosphates and aim to overall reduce the 
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impact of inositol phosphate excretion on phosphorus pollution, and this is an 

important area of study for future research. 

 
 

7.4 Inositol phosphate species in tissues of broiler chickens  

 
This thesis presents the first measurements of the profiles of inositol 

phosphates in poultry tissues, achieved without the restrictive and limiting 

practice of whole animal radioisotope labelling. HPLC analysis coupled with 

the method described in Chapter 3 for enrichment of low concentration 

inositol phosphates allowed for identification of inositol phosphate species 

within these tissues. These matched those described in other animal models 

(Mayr and Thieleczek, 1991) and in avian erythrocytes (Whitfield et al., 

2022). They were identified as arising from de novo synthesis of inositol 

phosphates within tissues rather than from gut uptake of phytate hydrolysis 

products of lower InsP esters.  

 

In addition to these measurements of the differing levels of inositol 

phosphates in different tissues, this chapter described for the first time the 

differing responses of different tissues to the changing availability of inositol 

and/or phosphate with dietary inositol and phytase supplementation. The 

responsiveness of the kidney to phytase supplementation, with decreasing 

concentrations of de novo synthesized InsPs with increasing phytase dose, 

and the response of liver InsP concentrations to increased dietary inositol, 

are unprecedented observations with the kidneyôs known role in phosphate 

homeostasis. It is tempting to speculate that phytase supplementation, whilst 

increasing available P, may alter the manner in which birds utilise phosphate. 

The methods elaborated here will allow for further research in understanding 

whole-bird responses to phytase supplementation in an organ specific 

manner. 

 

Separately, the use of TiO2 as a solid phase extractant in this context raised 

concerns over the potential interference of TiO2 in inositol phosphate 

measurements when employed as a digestibility index marker. Data 
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presented here for tissues, and in Chapter 4 for digesta, suggest that the 

inclusion of TiO2 has no significant effect on the extraction and analysis of 

inositol phosphates from tissues, from digesta or from the parent diet, and 

shows that its inclusion in previous studies of inositol phosphates with 

phytase supplementation are unlikely to have been impacted by the use of 

TiO2 as a digestibility index marker.  

 

7.5 The effect of phytase supplementation on circulating 

metabolites implicated in phosphate homeostasis 

 

Following on from the significant responsiveness of the kidney to phytase 

supplementation described in Chapter 5, the next logical step for 

investigation was to measure other markers of phosphate homeostasis. This 

was not an initial aim of this thesis, but the need for these measurements 

arose from the results presented in chapter 5 suggesting a whole-animal 

response to phytase in terms of the effect on inositol phosphates in specific 

tissues, and as a reduction rather than increase in inositol phosphates 

suggesting that the response may be a change in phosphate use within the 

animal rather than simply increased phosphate uptake and delivery to target 

tissues. Phytase mediated release of phosphate is often investigated in the 

context of calcium, and calcium/phosphate ratios. While the metabolites 

measured here ï PTH, FGF23, and vitamin D ï as well as circulatory inositol 

and phosphate are known for their roles in the maintenance of calcium and 

phosphate, these metabolites are rarely measured in poultry with the 

exception of plasma inositol, not least because diets are almost universally 

supplemented with vitamin D3.  

 

No significant differences were measured in PTH or FGF23, though it is 

noted that measured concentrations of FGF23 in this study were far lower 

than reported in other studies and may speak to the limitations of the use of 

ELISA for long term stored plasma. However, ratios of vitamin D metabolites, 

total 25(OH)D: total 24,25(OH)2D, were reduced in birds fed diets with 

supplemented phytase. This is notable, with 25-OH-D3 considered 
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metabolically active in the release of bone calcium and phosphorus and 

24,25-(OH)2-D3 considered the inactive form, and the 24-hydrolyxation of 25-

OH-D3 a function of the kidney.  

 

These data, coupled with the kidney inositol phosphate data presented in 

chapter 5, suggest that phytase has a specific effect on vitamin D 

metabolism mediated by the kidney, which may be linked to the response of 

kidney inositol phosphates to phytase supplementation.  Further work is 

needed to investigate the link between cellular inositol phosphate 

metabolism and kidney function as they pertain to phosphate homeostasis in 

poultry. This thesis provides pointers to further study. The demonstrated of 

effect of phytase on vitamin D deserves to be put in context of study of 

sodium/phosphate cotransporters and the known influence of phytase 

supplementation on kidney myo-inositol transporters, particularly in light of 

the interaction of phytase and cholecalciferol on growth performance (Qian, 

Kornegay and Denbow, 1997).   

 

7.6 Limitations 

 

The primary success in this study lies in the use of novel methodology for the 

extraction and analysis of inositol phosphates in poultry tissues, and the use 

of this method to elucidate a phytase dose-dependent response of kidney 

inositol phosphate levels in poultry tissues, which has subsequently been 

published in Sprigg et al. (2022). This data suggests that tissue inositol 

phosphate concentrations can be influenced by dietary phytase inclusion 

rate, and that such effects are tissue specific, though the consequences for 

physiology of such changes have yet to be elucidated.  

 

Whilst previous studies have shown the impact of phytase supplementation 

on the release of phosphorus in the digestive tract of broilers, and have 

shown that this allows for a reduction in supplementary phosphorus without 

negatively impacting growth performance, improvements in growth 

performance were not measured in this study with phytase inclusion. This 



 246 
 

may be attributed to the length of the study, lasting only 21 days, and future 

studies would be encouraged to continue beyond this period. Additionally, 

the responses seen in kidney inositol phosphate levels noted in this study, a 

progressive reduction in inositol phosphates with increasing phytase 

supplementation, has only been measured in 2 phytase concentrations ï 500 

FTU/kg and 6000 FTU/kg compared to a 0 FTU/kg Control. Further 

understanding of the effect of phytase in these tissues is necessary in order 

to be able to draw conclusions relevant to the agricultural community, that 

would come from repetition of the study with interval phytase doses between 

those tested here to measure the nature of the relationship between phytase 

dose and tissue inositol phosphate levels. Any future work ought to 

additionally seek to understand the mechanisms underpinning this 

relationship, particularly in the effects on circulating metabolites and inositol 

and phosphate transporters within these tissues in response to phytase. 
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Appendices 

Appendix 1: Vectors and yeast strains 
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