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ABSTRACT 

Modelling the Dynamics of Phosphorus Digestion in Rainbow Trout 

 

Flavia Mota Damasceno 

University of Guelph, 2019

               Advisor:  

               Dr. Dominique P. Bureau 

 

The development of nutritional dietary strategies to efficiently meet phosphorus 

requirement of fish and minimize phosphorus (P) waste output from aquaculture operation 

depends on a comprehensive understanding of the dynamic digestion of P by the animals. 

Dietary P is found under different chemical forms in feed (e.g. bone-P, phytate-P, organic-

P). Each of these forms has distinct solubility and, therefore, is expected to have different 

digestion dynamics. This thesis presents: (i) an in vivo trial to assess the dynamic of 

digestion of dietary P forms postprandially, with emphasis on phytate-P and tricalcium-P; 

(ii) application of a dynamic model to estimate absorption and endogenous losses of P; 

(iii) a structural model (path analysis) to study the relationship between parameters 

important to digestion of P. In Study 1, it was observed that the digestibility of P at the 

proximal intestine (PI) of rainbow trout was reduced by the presence of phytate-P and 

tricalcium-P, and calcium (Ca) had a negative effect on Pi absorption. The study provided 

evidence that the proximal intestine was the primary site for Pi absorption. In Study 2, the 

validation of a mathematical model evidenced the influence of different forms of dietary P 

on the rate of absorption and endogenous Pi secretions in different compartments of the 
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gastrointestinal tract (GIT). A high concentration of low-solubility P compounds decreased 

the absorption rate of P while it increased the endogenous Pi secretion. Finally, Study 3 

revealed that gastric pH directly and indirectly explained 16% and 39% of the variance in 

P digestibility and absorption, respectively. Gastric pH had a negative relationship with 

dietary P forms demonstrating that P digestion is highly dependent on gastric acid 

secretion. Ca indirectly affected P digestibility due to its correlation to dietary P forms.  

The combination of a comprehensive experimental protocol associated with 

mathematical modelling used in this thesis improved our understanding on dynamics of 

P digestion in trout. In addition, our findings could be used to further investigate nutritional 

strategies to improve the digestibility of P as well as that of other nutrients by different fish 

species.  

 



 

 

iv 

DEDICATION 

 

 

 

This thesis is wholeheartedly dedicated to my beloved son Miguel, my source of 

motivation, strength and happiness. 

To my husband Pedro, for the support and love and for always believing in my 

potential despite the challenging moments we went through.  

Last but not least, to my parents and sister for their moral, spiritual, and 

emotional support and for never doubting of my capacity to face challenges.  

  



v 

 

ACKNOWLEDGEMENTS 

Foremost, I would like to express my sincere gratitude to my advisor Dr. Dominique P. 

Bureau, firstly for giving me the opportunity to be part of his research group and secondly 

for all the support, guidance, and constructive advice. Dom your enthusiasm to help me 

in any way possible is very appreciated. 

Besides my advisor, I am thankful to the members of my advisory committee comprising 

Dr. John Cant, Dr. Ming Fan and Dr. Douglas Goff, who has also been fundamental in the 

completion of this thesis. To Dr. Cant, for all the time we spent together discussing about 

mathematical modelling. I am very grateful for your constant willingness to help me in 

some way in this thesis. I also want to express my gratitude to Dr. Fan, for our discussions 

and for providing me with your expert opinion on phosphorus nutrition. I am also grateful 

for your enthusiasm for this project. Last but not least, thank you to Dr. Goff, for all insights 

and advice you provided during our meetings have been essential in this thesis.  

I am also very grateful to Dr. Katheline Hua for the useful discussions about phosphorus 

digestion and valuable contribution in one of the chapters of this thesis.  

Thank you to Dr. Michelle Edwards for your time and help with my data analysis. I am 

very grateful for our good discussions about statistical approaches and for the opportunity 

to participate in one of your statistical workshops.  

I also want to express my sincere gratitude to Dr. Anna Kate Shoveller, who always gave 

me wise advice about my career. Your kindness with me and your enthusiasm to help in 



vi 

 

any way possible are very appreciated. I am also thankful for the opportunity of working 

as a teaching assistant for your undergrad courses. 

Thank you to Peter Smith for his technical assistance and guidance with the chemical 

analysis performed in this thesis. 

Special thanks to the student and staff of the Fish Nutrittion Research Laboratoty, Jamie 

Hooft, Afshin Gholami, Fatemah Shizari, Owen Skipper-Horton, Chunfang Wang, 

Guillaume Pfeuti, Sharareh Jahanbin, Johnathan Szeliga, Christopher Powell, Justin 

Chan, Patricio Saez, Marcia Stech, Mingfei Zhao, Tianfeng Lu, Bing Liu, Jiannan Chen, 

Thiago M. T. do Nascimento and Robin Lewis for all your support, friendship, and help 

whenever needed. The experimental work in this thesis would not have been possible 

without your help and effort during an intense 24 h sampling. I greatly appreciated all your 

excellent team work and the good times we shared together.  

I am grateful for the financial support provided by Brazilian National Council for Scientific 

and Technological Development, CNPq, which was essential to my Ph.D. studies.  

Thank you to DSM® for providing the phytase source for this research.  

Thanks to the estate of the late Martha Robb for providing a travel grant that helped me 

to attend a scientific conference during my Ph.D. program.  



vii 

 

TABLE OF CONTENTS 

Abstract ........................................................................................................................................... i 

Dedication ..................................................................................................................................... iv 

Acknowledgements ...................................................................................................................... v 

Table of Contents ....................................................................................................................... vii 

List of Tables ................................................................................................................................ xi 

List of Figures ............................................................................................................................ xiv 

List of Abbreviations.................................................................................................................. xvi 

Chapter 1. General Introduction ............................................................................................ 1 

Chapter 2. Literature Review ................................................................................................. 4 

2.1 Phosphorus in Animal Physiology ............................................................................. 4 

2.2 Digestion and Absorption of Phosphorus ................................................................. 5 

2.2.1 Gastro-Intestinal Tract of Fish ............................................................................ 5 

2.2.2 Digestion of Dietary Phosphorus ....................................................................... 7 

2.2.3 Intestinal and Renal Absorption of Phosphate ................................................ 9 

2.3 Plasmatic Homeostasis of Pi .................................................................................... 12 

2.4 Phosphorus Nutrition of Fish .................................................................................... 14 

2.5 Sources of Dietary Phosphorus ............................................................................... 15 

2.5.1 Phytate-P ............................................................................................................. 16 

2.5.2 Hydroxyapatite (Bone-P) ................................................................................... 17 



viii 

 

2.6 Apparent Digestibility of Phosphorus by Fish ........................................................ 18 

2.7 Modelling P Digestion, Absorption, and Excretion in Fish ................................... 24 

2.8 Objectives of the thesis ............................................................................................. 27 

Chapter 3. Dynamics of the Digestion of Phosphorus in Rainbow Trout 

(Oncorhynchus mykiss) with Emphasis on Phytate and Bone Phosphorus ..................... 28 

3.1 Abstract ........................................................................................................................ 28 

3.2 Introduction .................................................................................................................. 29 

3.3 Materials and Methods .............................................................................................. 32 

3.3.1 Experimental Diets ............................................................................................. 32 

3.3.2 Fish Husbandry, Experimental Conditions and Feeding Protocol .............. 32 

3.3.3 Sampling protocol............................................................................................... 33 

3.3.4 Chemical analysis .............................................................................................. 34 

3.3.5 Calculations ......................................................................................................... 35 

3.3.6 Statistical Analysis ............................................................................................. 37 

3.4 Results ......................................................................................................................... 38 

3.4.1 Growth .................................................................................................................. 38 

3.4.2 Digestibility of P forms ....................................................................................... 38 

3.4.3 Gastric and Intestinal pH ................................................................................... 39 

3.4.4 Concentration of plasmatic phosphate ........................................................... 40 

3.4.5 Kinetics of Yttrium Oxide ................................................................................... 41 



ix 

 

3.5 Discussion ................................................................................................................... 41 

3.6 Conclusion ................................................................................................................... 46 

Chapter 4. Application of a Mathematical Model to Examine the Kinetics of Digestion 

and Absorption of Rainbow Trout (Oncorhynchus mykiss) with emphasis in Phytate-P 

and Bone Phosphorus ............................................................................................................... 65 

4.1 Abstract ........................................................................................................................ 65 

4.2 Introduction .................................................................................................................. 66 

4.3 Materials and Methods .............................................................................................. 69 

4.3.1 Experimental Work ............................................................................................. 69 

4.3.2 Fish Husbandry and Experimental Protocol................................................... 70 

4.3.3 Sampling Protocol .............................................................................................. 71 

4.3.4 Chemical analysis .............................................................................................. 72 

4.3.5 Modeling Exercise .............................................................................................. 73 

4.3.6 Statistical Analysis ............................................................................................. 75 

4.4 Results ......................................................................................................................... 76 

4.4.1 Stomach ............................................................................................................... 76 

4.4.2 Proximal Intestine ............................................................................................... 77 

4.4.3 Distal Intestine .................................................................................................... 78 

4.5 Discussion ................................................................................................................... 79 

4.6 Conclusion ................................................................................................................... 83 



x 

 

Chapter 5. The Path Analysis Approach of the Gastric pH effect on the Digestion of 

Chemical Forms of Phosphorus and Absorption of Phosphate in Rainbow Trout 

(Oncorhynchus mykiss) ............................................................................................................. 95 

5.1 Abstract ........................................................................................................................ 95 

5.2 Introduction .................................................................................................................. 96 

5.3 Materials and Methods ............................................................................................ 101 

5.3.1 Conceptual Model and Path Diagram ........................................................... 101 

5.3.2 Data Collection ................................................................................................. 103 

5.3.3 Digestibility of chemical P forms .................................................................... 103 

5.3.4 Absorption of Pi ................................................................................................ 107 

5.3.5 Statistical Analysis ........................................................................................... 108 

5.4 Results ....................................................................................................................... 109 

5.4.1 Direct, Indirect Effects and Covariance ........................................................ 109 

5.5 Discussion ................................................................................................................. 110 

5.6 Conclusion ................................................................................................................. 115 

Chapter 6. General Conclusions ....................................................................................... 123 

References ................................................................................................................................ 127 

 

  



xi 

 

LIST OF TABLES 

Table 2-1: Apparent digestibility of P for rainbow trout, tilapia and carp. ....................... 20 

Table 3-1: Formulation of the experimental diets and calculated or analyzed composition.

 .......................................................................................................................................... 48 

Table 3-2: Growth indices and mortality of rainbow trout after the 28 days feeding trial 50 

Table 3-3: Significance of the fixed effects for the ADC-P in the STO, PI, and DI of rainbow 

trout fed different P forms in a full cycle of 24h postprandial. ......................................... 52 

Table 3-4: Significance of the fixed effects for the ADC-P in the PI of rainbow trout fed 

different P forms. .............................................................................................................. 53 

Table 3-5: Significance of the fixed effects for pH in the stomach, proximal intestine, and 

distal intestine of rainbow trout fed different P forms in a full cycle of 24h postprandial.55 

Table 3-6: Data of pH in the stomach, proximal intestine, and distal intestine across time 

in a full cycle of 24 h postprandial. ................................................................................... 57 

Table 3-7: Significance of the fixed effects for the pH in the stomach of rainbow trout fed 

different forms of P. .......................................................................................................... 58 

Table 3-8: Significance of the fixed effects for the plasma-Pi of rainbow trout fed different 

P forms in a full cycle of 24h postprandial. ...................................................................... 60 

Table 3-9: Postprandial pattern of plasma-Pi across time in rainbow trout fed different P 

forms. ................................................................................................................................ 61 



xii 

 

Table 3-10: Significance of the fixed effects for the yttrium oxide mass in the STO, PI, DI, 

and entire GIT of rainbow trout fed different P forms in a full cycle of 24h postprandial.

 .......................................................................................................................................... 63 

Table 3-11: Fitted parameters of yttrium oxide appearance in the STO, PI, and DI of 

rainbow trout fed different forms of P in a full cycle of 24 h. ........................................... 64 

Table 4-1: Formulation of the experimental diets and calculated or analyzed composition.

 .......................................................................................................................................... 84 

Table 4-2: The significance of the fixed effects for the mass of DM in the STO of rainbow 

trout fed different forms of P in a full cycle of 24 h postprandial. .................................... 87 

Table 4-3: Fitted parameters of P appearance and absorption in the GIT of rainbow trout 

fed different forms of P in a full cycle of 24 h................................................................... 89 

Table 4-4: Best fit parameters to predict the ratio of P:Y in the GIT of rainbow trout fed 

different chemical forms of P............................................................................................ 91 

Table 4-5: Fitted parameters of endogenous secretion of Pi in the GIT of rainbow trout 

fed different forms of P in a full cycle of 24 h................................................................... 92 

Table 4-6: Application of the model to rainbow trout fed different chemical forms of P. 94 

Table 5-1: Ranges of chemical forms of P, gastric pH, the concentration of Ca in DI, 

estimates of digestible P (Cho et al., 1984) and absorption of Pi (Gholami et al., 2005).

 ........................................................................................................................................ 117 



xiii 

 

Table 5-2: Formulation of the experimental diets and calculated or analyzed composition.

 ........................................................................................................................................ 118 

Table 5-3: Standardized path coefficients (r) and lower and upper level (LL and UL, 

respectively) of the confidence interval (CI95) for direct, indirect and correlation effects.

 ........................................................................................................................................ 120 



 

 

xiv 

LIST OF FIGURES 

Figure 2-1: Secretion of hydrochloric acid into lumen of gastric pit .................................. 8 

Figure 2-2: Structure of phytate (Kumar et al., 2012) ...................................................... 17 

Figure 2-3: Structure of hydroxyapatite (Ivanova et al., 2001). ....................................... 18 

Figure 3-1: Apparent Digestibility Coefficient of P (ADC-P) for fish fed diet supplemented 

with levels of phytate-P and levels of phytate-P + phytase (1a), and for fish fed diet 

supplemented with levels of tricalcium-P and levels of tricalcium-P + Ca (2b) at different 

hours postprandial ............................................................................................................ 51 

Figure 3-2: pH in the stomach, proximal intestine, and distal intestine of rainbow trout fed 

diet supplemented with levels of phytate-P and levels of phytate-P + phytase (2a), and 

for fish fed diet supplemented with levels of tricalcium-P and levels of tricalcium-P + Ca 

(2b) at different hours postprandial. ................................................................................. 54 

Figure 3-3: Average of pH in the stomach, proximal intestine, and distal intestine of 

rainbow trout at different hours postprandial. .................................................................. 56 

Figure 3-4: Concentration of Plasma-Pi for fish fed diet supplemented with levels of 

phytate-P and levels of phytate-P + phytase (4a), and for fish fed diet supplemented with 

levels of tricalcium-P and levels of tricalcium-P + Ca (4b) at different hours postprandial.

 .......................................................................................................................................... 59 

Figure 3-5: Observed and predicted mass of yttrium oxide (Y) in the GIT of rainbow trout 

at different hours postprandial; ( • ) observed Y mass in the ST; (−) predicted Y mass in 



xv 

 

the ST; () observed Y mass in the PI; (……) predicted Y mass in the PI; (+) observed Y 

mass in the DI; (- - - -) predicted Y mass in the DI. ......................................................... 62 

Figure 4-1: Diagram of the dynamic model of P and Y appearance in the segments of the 

GIT of rainbow trout. Boxes represent pools and arrows indicate fluxes. ...................... 86 

Figure 4-2: DM mass postprandial in the stomach, proximal intestine, and distal intestine 

of rainbow trout fed different forms of P........................................................................... 88 

Figure 4-3: Predicted and observed mass of P (mg P g-1 BW) (Equation 2) in the digesta 

of the stomach, proximal intestine, and distal intestine of rainbow trout fed different forms 

of P (residuals normal distributed and non-different to 0). .............................................. 90 

Figure 4-4: The predicted and observed ratio of P:Y (mg P µg-1 h-1) in the stomach 

(Equation 3), proximal intestine (Equation 4; residual non normal distributed (right 

skewned and leptokurtic) and non-different than 0), and distal intestine (Equation 3) of 

rainbow. ............................................................................................................................ 93 

Figure 5-1: Path analysis of digestion and absorption of dietary forms of P as affected by 

gastric pH and total Ca (DI). Solid arrows (         ) represent direct effect, dashed arrows  

(           ) represent indirect effect, and double-solid arrows (        ) represent covariance 

between the parameters of the model. .......................................................................... 102 

Figure 5-2: Path analysis and standardized coefficients for the relationship between 

gastric pH, P forms, phytase, calcium (total at the distal intestine), digestible P and 

absorption of Pi. .............................................................................................................. 122 



xvi 

 

LIST OF ABBREVIATIONS  

 

ADC               Apparent digestibility coefficient 

ADP               Adenosine di-phosphate 

AMP              Adenosine mono-phosphate 

ATP               Adenosine tri-phosphate 

BBM  

BLM             

Brush border membrane 

Baso lateral membrane 

Ca                 Calcium 

DI  

DM                 

Distal intestine 

Dry matter 

DNA   

Fe            

Deoxyribonucleic acid 

Iron 

FM                Fish meal 

FTU               Phytase activity unit 

GIT               Gastrointestinal tract 

HCl                Hydrochloric acid

IBW               Initial body weight

Ka                 Rate of Absorption 

Kp                 Rate of passage 

Mg                 Magnesium 

MRT              

Na-Pi 

Mean retention time 

Sodium phosphate transporter 

P       

P             



xvii 

 

Phosphorus Probability 

PI                  Proximal intestine

Pi                  Inorganic phosphate 

Plasma-Pi 

PTH              

Plasma phosphate 

Parathyroid Hormone

RNA             Ribonucleic acid

STO             Stomach

Y                  Yttrium oxide

Zn                 Zinc 

 



 

 

1 

 

 

Chapter 1. General Introduction 
 

Aquaculture has grown significantly to become the fastest growing food production 

sector in recent years (Troell et al., 2014; FAO, 2016). This rapid growth was possible 

due to the intensification of aquaculture, improved fish feed formulations and rearing 

techniques, leading to a worldwide increase in fish consumption. According to FAO 

(2018), fish consumption outpaced population growth and exceeded the consumption of 

bovine, ovine, and pig meat. However, this intensification comes with side environmental 

effects since considerable amount of waste output can be produced and released into the 

environment. Aquaculture systems must, therefore, be well managed to assure that they 

are environmentally sustainable.   

Dissolved phosphate, a readily available source of P, is often a limiting factor for 

aquatic life (e.g. plant and algae) and, consequently, has potential to stimulate 

eutrophication of surface water bodies. “Algae bloom”, an extreme and acute 

manifestation case of eutrophication, leads to high turbid water, hypoxia of aerobic life, 

and disruption of food chain. In addition, this process is undesirable since some algae 

(e.g. cyanobacteria) can be toxic to aquatic life and humans (Conley et al., 2009). The P 

excreted to the environment from aquaculture derives from the P not retained by the fish 

(feces-P, urine-P), and non-eaten feed-P. The P ingested must be digested and absorbed 

by fish to later be utilized in structural components, involved in metabolic reactions or 

retained in the body. Thus, the optimization of P retention in fish is an alternative to avoid 

the environmental problems associated with high P concentration in aquatic systems.  

The evaluation of P digestibility of different feed ingredients had been widely 

published in the literature (Satoh et al., 1997; Sugiura et al., 1998; Bureau et al., 1999; 
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Glencross et al., 2004; Morales et al., 2018). Results from these studies show relevant 

variation between the digestibility of P containing feed ingredients and, therefore, difficulty 

in estimating digestible P in fish feeds. In addition, interactions between parameters (i.e. 

gastric pH, calcium, P forms) are known to affect P digestion (Hua and Bureau, 2006), 

and are often overlooked in studies on P nutrition. 

P is found in different forms and solubility in ingredients commonly used in fish 

feeds, such as phytate-P, bone-P, organic-P, inorganic P supplements (Hua and Bureau, 

2006). Phytate-P, present in significant amount in plant ingredients, is poorly digested by 

most farmed fish species due to the lack of endogenous phytase enzyme. However, 

increase in phytate-P digestibility has been reported for some fish species when 

exogenous phytase enzyme is supplemented (Storebakken et al., 2000; Liebert and 

Portz, 2005). Although studies on apparent digestibility of phytate-P are present in the 

literature there is still need for research on the dynamics and sites of hydrolysis of phytate-

P in response to phytase in different compartments of the GIT in fish. The improved 

knowledge and the development of models to estimate P digestibility and absorption 

could aid in the development of more effective nutritional strategies and feed addities. 

Bone-P (hydroxyapatite) is an important constituent of animal by-products (e.g. 

fishmeal, meat and bone meal, poultry by-products meal, etc.). Its digestibility has been 

shown to be  non-additive in fish (Hua and Bureau, 2006). Its digestibility decreases with 

increasing level in rainbow trout and Nile tilapia and it can negatively affect the digestibility 

of monobasic phosphate supplements (Hua and Bureau, 2006; 2010). Bone-P has a 

crystal structure with strong intramolecular forces between Ca and P that dissociates in 

very low pH. As a consequence, bone P digestibility varies among species and is 
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relatively small or negligible, such as agastric fish (Hua and Bureau, 2010). In addition, 

bone-P can associate with calcium in alkaline pH of the intestine and form insoluble 

calcium phosphate precipates. This results in reduction of its availability for absorption in 

fish (Hua and Bureau, 2006). There is a need for better characterization of the effect of 

gastric pH (i.e. stomach pH) and the dynamics of absorption in the proximal and distal 

intestine of P supplied as different dietary forms. This knowledge will be useful for the 

development of models to predict digestibility of bone P on a range of feed ingredients. 

The study of the dynamics of digestion of sources of P (e.g. phytate-P, bone P, 

organic P) and of the impacts of different factors and components (e.g. Ca, phytase, pH)  

require elaborate experimental protocols. These protocols require sophisticated dietary 

and experimental designs and the collection of digesta samples at multiple point in times 

postprandially in the different compartments of the GIT. However, discrete sampling 

episodes provide a “snapshot” of the situation and not a dynamic view of the processes 

involved (digestion, endogenous secretion, absorption) and results from these studies are 

difficult to interpret. A combination of modeling approaches and data from experimental 

research trials with elaborate experimental design and multiple sampling episodes could 

enable  the characterization of the dynamics of digestibility and absorption of P, and to 

study the multiple associations that exist between the parameters, factors and dietary 

components. 
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Chapter 2. Literature Review 

 

2.1 Phosphorus in Animal Physiology 

Phosphorus (P) is an essential macromineral for living organisms and has structural 

and metabolic functions (e.g. bone mineralization, a component of phospholipids, enzyme 

cofactor, acid-basic equilibrium) (Lall, 2002, NRC, 2011). Phosphates are naturally 

present in the body as organic and inorganic P. For vertebrates, most of the phosphate 

is found as inorganic calcium salts of hydroxyapatite (Ca10(PO4)6OH2), the principal 

crystalline component of skeletal tissues (Zubay, 1983; NRC, 2011). Pi concentration is 

often low in intra and extra-cellular fluids, where it acts as an important pH buffer. In the 

body, free phosphates circulate as orthophosphates (H3PO4, H2PO4
-, HPO4

2-, and PO4
3-

). At acidic pH, the predominant form is H3PO4 (phosphoric acid), whereas HPO4
2- is the 

main form at near neutral physiological pH (Lall, 2002). 

Organic phosphates are phosphate esters fully oxidized and bound to carbon 

through oxygen, where it binds to sugars, proteins, lipids and other cellular components 

as mono-, di-, and tri-phosphoester (Lall, 2002). In soft tissues, organic phosphate 

participates as: (i) components of genetic material (e.g. deoxyribonucleic acid - DNA, 

ribonucleic acid- RNA, and nucleotides), (ii) components of structural material of cell 

membrane and intracellular organelles (e.g. phospholipids and phosphoproteins), (iii) a 

factor of intermediate metabolism. In addition, phosphate is a crucial element to energy 

metabolism and is constituent of adenosine tri-phosphate (ATP), adenosine di-phosphate 

(ADP), adenosine mono-phosphate (AMP), guanosine 5-triphosphate (GTP) and creatine 
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phosphate. Upon hydrolysis, these molecules release the energy used for cellular 

functions. 

 

2.2 Digestion and Absorption of Phosphorus 

2.2.1 Gastro-Intestinal Tract of Fish 

Digestion is the process of degradation and solubilization of nutrients into smaller 

components to be absorbed across the intestinal wall and utilized in physiological 

processes. The comprehension of the digestion process depends on understanding the 

anatomy of GIT of different fish species that vary according to specific feeding habits 

(Rust, 2002). Fish can be classified according to the primary ingredient present in the 

natural diet into categories, such as carnivores (e.g. salmonids, flounders, breams, 

groupers), omnivores (e.g. channel catfish, tilapia), herbivores (e.g. some carps, milkfish), 

and detritivores (NRC, 2011). With some exceptions, the GIT anatomy of fish is somewhat 

similar within each category but different between categories (Rust, 2002).  

While exceptions occur, the configuration of the digestive system of fish has 

similarities to the GIT of mammals and birds being composed of mouth, pharynx, 

esophagus, stomach, proximal intestine (with pyloric caecum), and distal intestine 

terminating in the rectum. The stomach of fish has variation in anatomy and can be 

present in different shapes (straight, U-, and T-shape), and some species may not even 

present an actual stomach (e.g. common carp). Similar to mammals and birds, the major 

components of gastric juice of fish are hydrochloridric acid (HCl) and pepsinogen. In fish, 

there is only one type of cell, known as oxynticopeptic, that produces HCl and pepsinogen 

(Holmgren and Olsson, 2009), whereas mammals produce HCl in oxyntic cells (or 
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parietall cells) and pepsinogen (and other gastric enzymes) in chief cells (Rust, 2002; 

NRC, 2011). The presence of lipase and amylase in gastric juice of fish has not been 

identified yet (NRC, 2011).  

The GIT of fish has similar accessory organs as in mammals and birds, but 

differences in anatomy and morphology are present. In most fish species the liver is a 

single organ as in mammals and birds. However, unlike mammals and birds, the fish liver 

has a complex network of ducts, blood vessels, sinosoids, and tubules (Rust, 2002). The 

pancreas in fish can be either a distinct organ, or it can diffusely disperse in the 

mesenteric tissue along the intestine and blood vessels, and/or in the liver 

(hepatopancreas) (NRC, 2011). Although fish liver and pancreas often differs from 

mammals and birds, in general,  the digestive secretions produced by these organs are 

similar. The secretion and function of bile acids, produced by the gall bladder, in fish are 

similar to mammals (except equines) and birds. Like mammals and birds, the majority of 

digestive enzymes and bicarbonate (HCO3
-) are secreted in the pancreas of fish. The 

pancreatic enzymes and HCO3
- are stored in the pancreatic exocrine cells and, under 

intestinal signalling, are excreted into the proximal intestine (NRC, 2011). 

The intestines of fish, mammals, and birds present similarities (e.g. digestive 

enzymes), but there are notable differences. In contrast with mammalian and birds 

intestines, there is evidence of a relationship between the length of the intestine and fish 

feeding habits. Carnivorous fish intestine is shorter than the intestine in omnivorous and 

herbivorous fish. Some fish species (e.g. salmonids) present pyloric caecum whereas it 

is absent in catfish. The morphology of pyloric caecum in fish differs from mammalian. In 

fish, pyloric caecum aids the digestion of lipids and protein, and absorption of amino acids, 
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lipids, water and ions; whereas in mammalian it functions in chyme fermentation. In most 

fish species, the passage rate through the intestine is rapid and, consequently, the 

importance of intestinal fermentation is not well recognized (Kuz’mina, 2008). Unlike 

mammalian intestinal tissue, most fish do not have a distinct large intestine, and this 

makes it difficult to distinguish the segments of the intestine. Differently than what 

happens for mammals and birds, not only water and minerals are absorbed in the distal 

intestine, but hydrolysis and absorption of proteins, lipids and carbohydrates might occur 

(NRC, 2011). 

 

2.2.2 Digestion of Dietary Phosphorus 

 

The digestion of dietary P starts by its solubilization in the low pH of the stomach 

(Figure 2-1). An ion-dipole attraction between dietary P and H+ ions from secreted 

hydrochloride acid (HCl) lead to the dissociation and solubilization of Pi, H2PO4
- and 

HPO4
2- (Quamme and Shapiro, 1987; Turk et al., 2000). 
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Figure 2-1: Secretion of hydrochloric acid into lumen of gastric pit 

 

As the chyme reaches the intestine, pancreatic secretion of bicarbonate ions (HCO3
-

) increases the pH (transition from acid to alkaline pH) (Bakke et al., 2010). At alkaline 

pH, phosphate ions can complex with calcium (Ca) and other divalent mineral ions (e.g. 

Mg++, Fe++, Zn++, Cu++). The calcium phosphate complexes present low solubility and tend 

to precipitate, rendering Pi unavailable for absorption (Satoh et al., 1997; Rust, 2003; Hua 

and Bureau, 2006; Morales et al., 2018).  

Intestinal alkaline phosphatase is present in the epithelial cells of the brush border 

membrane (BBM) and dephosphorylate the tri and di-phosphorylated nucleotides (Fawley 

and Gurlay, 2016). Intestinal alkaline phosphatase also participates in intestinal lipid 

absorption (Fan et al., 2001; Fawley and Gurlay, 2016) and transcellular nutrient transport 

(Fan et al., 2001). This enzyme is known to be highly active in the small intestine of 

mammals (Fan et al., 2001), and was also found in the intestine, pyloric caeca, and gills 
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of trout (Coloso et al., 2003). Other enzymes are also responsible for hydrolyzing animal 

organic P, such as pancreatic nuclease, phospholipases, phosphodiesterases, 

nucleotidases (Fan et al., 2008). 

 

2.2.3 Intestinal and Renal Absorption of Phosphate 

The entire length of the intestine is the main site for phosphate absorption. 

However, the small intestine is considered the primary site for Pi absorption in non-

ruminants (Wasserman and Taylor, 1976; Cross et al., 1990).  Among the sections of the 

small intestine, the jejunum is known to be the primary site of absorption of Pi (Borowitz 

and Ghishan, 1989), with differences among animals. To exemplify the differences 

between species, we contrasted the findings of Marks et al. (2006) and Sugiura and 

Ferraris (2004). While the first group of authors observed maximal Pi absorption in rats 

at the duodenum, followed by the jejunum and little absorption in the ileum, Sugiura and 

Ferraris (2004) identified the pyloric ceca of rainbow trout as the site where 90% of Pi 

absorption happened.  

The kidneys and small intestine absorb Pi across the enterocyte brush border 

membrane (BBM) through two distinct mechanisms: via sodium-dependent phosphate 

co-transporters (the secondary active transport) and sodium-independent phosphate 

transport process (paracellular passive transport). Animals absorb phosphate as Pi, 

H2PO4
- and HPO4

2- and a number of  factors, notably the concentration of luminal Pi, and 

sodium (Na) gradient dictate which of the two mechanisms will be more critical to Pi 

absorption. The paracellular passive transport depends on electrochemical gradients 
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without apparent saturation; whereas the secondary active transport can be more 

essential to Pi absorption under conditions of dietary phosphate depletion (Sabbagh et 

al., 2011). These two Pi-transport mechanisms were found to happen in the small 

intestine of mammals (Borowitz and Ghishan, 1989; Marks et al., 2006), birds 

(Proszkowiec-Weglarz and Angel, 2013) and fish (Kohl et al., 1996; Avila et al., 2000; 

Sugiura et al., 2003). 

For the paracellular passive diffusion, Pi is transported via paracellular movement 

between the epithelial cells (Quamme and Shapiro, 1987). This passive pathway 

contributes significantly to phosphate flux through the epithelial tight junctions when a 

high concentration of luminal Pi is present, as BBM is not readily permeable to Pi (Marks 

et al., 2006; Proszkowiec-Weglarz and Angel, 2013). Paracellular diffusion mechanism 

contributes significantly to Pi absorption and seems to be unregulated (Danisi et al., 

1980). 

For the secondary active transport, Pi is taken up across the apical BBM by a Na-

dependent co-transporter, is translocated across the cell, and efflux at the basolateral 

membrane (Tenenhouse, 2005). The luminal electrochemical gradient of the Na ion 

across the BBM serves as the driving force to Pi absorption into the cell for this Pi uptake 

mechanism (Hoffmann et al., 1976). The driving force is maintained by an enzyme ATP-

dependent Na+/K+ ATPase, located on the basolateral membrane of the cell, which 

promotes the active exit of the intracellular Na ion. Monovalent Pi enters the cell with two 

Na+ as a positively charged complex (Hoffmann et al., 1976; Fang et al., 2012; Quamme 

and Shapiro, 1987). Three types of Na-Pi co-transporter have been identified in different 

cells of non-ruminant animals: Na-Pi Type I; Na-Pi Type II; Na-Pi Type III co-transporters. 
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The Na-Pi Type I transporter is expressed mainly in BBM of the kidney, liver, and brain, 

and its physiological relevance is not well established. This transporter may have a 

relationship with glucose metabolism since it may be stimulated by insulin and not by 

glucagon (Li and Xie, 1995). Werner et al. (1998) hypothesized that the Na-Pi Type I co-

transporter may aid to supply Pi for liver, kidney, and brain functions since these organs 

have a high level of glucose metabolism. The Na-Pi Type II co-transporters (IIa, IIb, and 

IIc) are responsible for most re-absorption site of Pi in the kidneys (IIa and IIc) and in the 

intestine (IIb) (Sabbagh et al., 2011). Na-Pi IIa is found in the apical membrane of the 

renal tubule, and it is responsible for Pi re-absorption from glomerular filtrates (Huber et 

al., 2006). The co-transporter Na-Pi IIb accounts for over 90% of the Na-dependent 

phosphate transport in the intestine of mammals (Rodehutscord et al., 2002). In fish, Na-

Pi type IIb is found both in intestine and kidney (Werner and Kinne, 2001). The Na-Pi type 

III co-transporters (PiT1 and PiT2) are found in a broad variety of cells, and they are 

responsible for supplying Pi to meet the needs of individual cell function (Sabbagh et al., 

2011). PiT1 is present in intestinal BLM and the parathyroid gland; whereas PiT2 is 

predominantly present in renal BLM. The abundances of these proteins are dependent 

on dietary P (Villa-Bellosta et al., 2009). 

The factors controlling the movement of Pi across the enterocyte are poorly 

understood. Once Pi is absorbed in the BBM, it is rapidly released into the blood across 

the basolateral membrane. However, a small fraction of Pi is incorporated into organic 

compounds because the enterocyte itself requires Pi for its metabolic functions (Quamme 

and Shapiro, 1987). The exit of Pi at the basolateral membrane of the enterocyte is the 

final event of transcellular Pi absorption. Little is known about the mechanisms involved 
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in this transcellular Pi uptake process; however, it is suggested that a Na-independent 

facilitated Pi transporter would be responsible for Pi exit from enterocyte across the 

basolateral membrane (Bai et al., 2000; Collins et al., 2004), whereas the Na-Pi III would 

be responsible for transporting blood source of Pi into enterocyte across the basolateral 

membrane under depleted dietary Pi conditions. 

 

2.3 Plasmatic Homeostasis of Pi 

The homeostasis of Pi by non-ruminant animals depends on intestinal absorption 

and renal excretion of Pi. Three major organs regulate this process: intestine, kidney, and 

bones; and by three hormones: vitamin D3 (1,25-(OH)2D3), calcitonin and parathyroid 

hormone (PTH) (NRC, 2005). The hormonal secretion is regulated by plasma Pi and Ca 

concentrations (Breves and Schröder, 1991). Calcitonin and PTH hormone are known to 

control plasma P and Ca concentrations (NRC, 2005; NRC, 2011).  These hormones can 

enhance intestinal uptake of these minerals, reduce renal losses, and stimulate bone 

resorption (Georgievskii et al., 1982). The intestine is the primary site for Ca and Pi 

absorption, making this organ the primary site of action for vitamin D3, a regulator mostly 

for the sodium-dependent Pi transporter (Quamme and Shapiro 1987). The effect of 

vitamin D3 on Ca or P homeostasis was examined by Vielma and Lall (1998a) on a study 

with Atlantic salmon (Salmo salar L.). The authors found lower hepatic vitamin D content 

in fish fed a diet supplemented with Ca or P when compared to the ones fed a diet absent 

of these minerals, highlighting the importance of vitamin D in the control of plasmatic Pi 

and Ca in fish. Similar results were reported for European eel (Anguilla anguilla) 
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(MacIntyre et al., 1976), catfish (Clarias batrachus) (Swarup et al. 1984), and carp 

(Cyprinus carpio) (Swarup et al. 1991). Overall, studies from the literature have explored 

the controls of Ca and P on homeostasis by fish under different conditions (e.g. Low vs. 

high concentration of Ca on water, fed diets with or absent of Ca or P, after a fasting 

period) (MacIntyre et al., 1976; Swarp and Srivastab, 1982; Fenwick, 1983; Swarup et al. 

1984; Swarup et al. 1991). Although fish have unique particularities, the controls of 

plasma P seem to be relatively similar to those observed for terrestrial animals. 

PTH is known to be the primary hormone enrolled in renal Pi re-absorption. The 

effect of PTH occurs mostly at the renal tubule, where it decreases Pi absorption and 

increases urinary Pi excretion (Quamme and Shapiro 1987). Thus, plasma ionized Ca 

concentration affects circulating PTH and renal Pi regulation. The parathyroid glands 

release PTH hormone when there is an excess of plasmatic Pi, increasing urinary Pi 

excretion (Quamme and Shapiro, 1987). Fish lack an equivalent of the parathyroid gland, 

and as a consequence the PTH hormone. However, the existence of PTH-like peptides 

and receptors was identified in zebrafish (Rubin and Jüppner, 1999). The function of PTH-

like proteins in fish is still not fully elucidated, but it might be associated with the control 

of plasmatic Ca levels (Fraser et al., 1991; Dankes et al., 1993; Abbink and Flick, 2007). 

Calcitonin, an antagonist to vitamin D3 and PTH, may be involved in the hormonal control 

of plasma Ca:P but its effect in fish still needs to be examined (Jones et al., 1998, Lall, 

2002).  

Finally, bone is the reservoir of Ca and P in the body and plays a vital role in the 

regulation and mobilization of plasmatic Ca and P (Toppe et al., 2007). Bone resorption 

and re-absorption involve three groups of cells: osteoblasts, osteoclasts, and osteocytes. 
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Bone re-absorption, or mineralization, is a result of osteoblast cells secreting intercellular 

P rich organic matrix — alkaline phosphatase supply Pi for bone mineral deposition under 

alkaline pH. At the osteoblast apical surface, H2PO4
- and Ca++ form amorphous calcium 

phosphate, which undergoes maturation process to form hydroxyapatite (Blair et al., 

2017). Osteoblasts can be incorporated into the intercellular organic matrix as living cells 

(osteocytes). Osteoclasts are enrolled in bone resorption. The process occurs in acidic 

environments where osteoclasts release H+ ions through carbonic anhydrase enzyme. 

The acid and the participation of acid phosphatase aid the dissolution of the organic bone 

matrix into H2PO4
- , Ca++, and other substances (Foster et al., 2008). 

 

2.4 Phosphorus Nutrition of Fish 

Phosphorus is an essential nutrient for fish to maintain adequate health and growth 

(NRC, 2011).  P deficiency is often related to bone malformation, inadequate bone 

mineralization, poor feed efficiency, impaired growth, and low haematocrit levels (NRC, 

1993; Lall and McCrea, 2007; NRC, 2011). In addition, P restriction during early life stage 

can cause skeletal abnormalities in salmonids (Fjelldal et al., 2012).  

Animals can uptake phosphorus from the feed and water. Fish can also absorb 

several minerals dissolved in water via the gills (Lall, 1991), but branchial P uptake is 

often considered to be negligible owing to low levels of dissolved P in freshwater and 

seawater (5-20 µg/L of soluble-P in natural waters; Boyd, 2012) (Boyd, 1981; Lall, 2002). 

Therefore, it is important to formulate fish feeds to meet fish requirements because dietary 

P supplies most of the phosphate for fish (Breves and Schröder, 1991; Lall, 2002).  
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Phosphorus requirement of fish species has been reported to range from 0.3 to 

1.5% (Lall, 2002). In general, P requirement is estimated based on fish response to P 

doses (e.g. live gain weight, bone P concentration, scale P concentration, bone 

mineralization, feed efficiency) (NRC, 2011). High variation can occur because the 

majority of the studies determine P requirement as the “optimal” dose-response (Mercer 

et al., 1986), or under distinct experimental conditions (e.g. diet composition, 

experimental period, experimental design, life stage, rearing conditions, fish strains). The 

estimation of P requirement is also affected by the chemical forms of dietary P (i.e. organic 

P, phytate, bone-P, inorganic-P)  and inorganic additives (e.g. phytase). Thus, the 

determination of P requirement is complex given the variability and association between 

parameters. 

 

2.5 Sources of Dietary Phosphorus 
 

P is an element that usually exists as part of a phosphate molecule, and it is 

associated with different ions and molecules. P, thus, is found in diverse chemical forms 

in feed ingredients. Each of these chemical P form have different solubility and, therefore, 

they are digested through different chemical reactions and enzymes (Hua and Bureau, 

2006).  

Some animal by-products (e.g. fishmeal, meat bone meal) are associated with high 

bone content where a considerable fraction of P is associated with hydroxyapatite (or 

tricalcium-P). Comparatively, plant ingredients present the majority of total P as non-

bioavailable inositol phosphates (phytate-P). P is a constituent of organic cells (e.g. 
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phospholipid of cell membrane) and, therefore, it is found in plant and animal ingredients 

as organic-P. In addition to the P present in feed ingredients, P is usually supplemented 

in fish formulations as inorganic supplements (e.g. di-calcium phosphate (anhydrous or 

hydrated), monocalcium phosphate, mono-sodium phosphate), monopotassium 

phosphate), and defluorinated rock phosphate) to accurately meet fish requirement and 

prevent P deficiencies (NRC, 2011). 

 

2.5.1 Phytate-P 

Phytate-P (Figure 2-3) consists of a myo-inositol ring associated with up to six 

phosphate anions (Cowieson et al., 2004). Phytate-P is a natural compound formed 

during the maturation of plant seeds and grains and is present in seeds and cell plants 

as P storage (high energy phosphoryl groups), notably for seed germination (Kummar, 

2012). 

Phytate-P is the main form of P in plants (50 to 80% of the total P stored; Ravindran 

et al., 1995). The concentration of phytate-P varies among plant ingredients. As a way of 

example, soybean meal, corn, rapeseed meal, sunflower meal, and canola, that are 

common feed ingredients used in animal feed, contain approximately 68.3, 73.0, 59.0, 

82.8, 60.0% of phytate as total Pi form, respectively (Kumar et al., 2012). 

The molecule of phytic acid carries twelve dissociable protons with five to six H+ 

dissociating in a pKa of about 1.5, two to three H+ dissociating in a pKa between 4 and 6 

and four H+ dissociating with pKa greater than 8 (Costelo et al., 1976; Martin and Evans, 

1986). This characteristic makes phytate a potent chelator of positively charged minerals 
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(Maenz et al., 1999; Selle et al., 2000; Maenz, 2001; Weaver and Kannan, 2002; 

Cowieson et al., 2006; Raboy, 2009), forming stable insoluble salts of Ca++, Mg++, Fe++, 

and Zn++ (Selle et al., 2000; Sandberg, 2002; Weaver and Kannan, 2002; Raboy, 2009). 

The chelation strength of the mineral-phytate-P complex progressively reduces as the 

solubility of phytate-P increases and the Pi groups are removed from inositol 

hexaphosphate (Kumar et al., 2011). 

 

Figure 2-2: Structure of phytate (Kumar et al., 2012) 

 

2.5.2 Hydroxyapatite (Bone-P) 

Hydroxyapatite (or tricalcium-P) (Ca10(PO4)6(OH)2) presents a hexagonal 

crystalline structure and is the primary source of P from animal ingredients (Figure 2-4). 

Bone-P is insoluble in water, and its dissolution has been extensively investigated in the 

literature. Different techniques, chemical specimens, and models have been deployed to 

understand the nature of dissociation of bone-P, and still, the process is not fully 

comprehended. 

The mechanisms of solubilization of bone-P are complex due to an incongruent 

dissolution, in a process involving more reactions than most researchers propose (Liu et 
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al., 2014). Although bone-P dissociation still needs to be further studied, the pH 

dependence of the solubility of hydroxyapatite is well known. Through the digestion 

process, the ambient acid of the stomach dissociates and solubilizes P from bone-P 

molecules present in the digesta. The H+ from the gastric juice induce dissociation of 

phosphate groups of bone-P (Abou Neel et al., 2016). The reaction continues until the ion 

activity of bone-P reaches constant solubility. Additionally, Ca++ and PO4
3- dissociated 

from bone-P can form soluble chelates, such as calcium phosphate. These chelates can 

cause bone-P destabilization due to weakening of the phosphate-coordinated bonds 

(Abou Neel et al., 2016).    

 

Figure 2-3: Structure of hydroxyapatite (Ivanova et al., 2001). 

 

2.6 Apparent Digestibility of Phosphorus by Fish  

Digestibility is a measurement of the bioavailability of nutrients and can be divided 

into two groups: (i) apparent digestibility, and, (ii) true digestibility. Apparent digestibility 

is associated with the rate of disappearance of a given nutrient in the GIT and does not 



 

 

19 

 

 

consider the impact of endogenous secretion. A comprehensive estimation can be 

obtained by the true digestibility due to estimation considering endogenous secretion 

(Ammerman, 1995).  

Dietary P must be provided at right quantities and at the right form to support 

growth and health of fish. Therefore, it is necessary to determine P digestibility of feed 

ingredients and inorganic P supplements commonly used in fish feeds. P bioavailability 

differs among plant ingredients, animal by-products, and inorganic supplements 

(Ammerman, 1995; Hua and Bureau, 2006). The majority of the studies on P fish nutrition 

report on apparent digestibility due to the lack of estimating the endogenous P secretion 

relevance to P balance under practical conditions (Hardy, 1997). The estimates of 

apparent digestibility of P for ingredients commonly used in salmonid feeds are presented 

in Table 2.1.   
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Table 2-1: Apparent digestibility of P for rainbow trout, tilapia and carp. 

Source 
Phosphorus (%)  

Rainbow 
Trout 

Tilapia Carp References 

Animal By-Products    
 

Fish Meal 37 - 741,2 27 - 733,4,12 18-242 

1Sugiura et al. (1998); 2Ogino et al. (1979); 3Köprücü and Özdemir (2005); 4Zhou and 
Yue (2012); 12Miranda et al. (2000) 

Meat and Bone Meal - 40 - 586,12 184 4Zhou and Yue (2012); 6Guimarães et al. (2010); 12Miranda et al. (2000) 

Poultry Meal 641 63 - 674,6 - 1Sugiura et al. (1998); 4Zhou and Yue (2012); 6Guimarães et al. (2010); 

Feather Meal 621 156 - 1Sugiura et al. (1998); 5Guimarães et al. (2010); 

Plant Products      

Soybean Meal 8-577 18-583,4,6,12 - 

7Glencross et al. (2004); 3Köprücü and Özdemir (2005); 6Guimarães et al. (2010); 4Zhou 
and Yue (2012); 8Riche and Brown (1996); 12Miranda et al. (2000) 

Corn Gluten Meal 9-311,8 283 - 1Sugiura et al. (1998); 8Riche and Brown (1996); 3Köprücü and Özdemir (2005)  

Rapeseed Meal 26 - 429 - - 9Burel et al. (2000); 

Cotton Seed Meal 5410 49 - 534,11 - 10Cheng and Hardy (2002b); 4Zhou and Yue (2012); 11Yue and Zhou (2008) 

Rice Bran 192 - 252 2Ogino et al. (1979) 

Wheat Flour 47- 621,11 -  
1Sugiura et al. (1998); 11Cheng and Hardy (2002a); 

Inorganic Phosphates Supplements     

Calcium, Monobasic 70 - 941 - 941 1Sugiura et al. (1998); 12Morales et al. (2018) 

Calcium, Dibasic 711 7413 461 1Sugiura et al. (1998); 13Miranda et al. (2000) 

Calcium, Tribasic 641 - 131 1Sugiura et al. (1998) 

Potassium, Monobasic 82 - 9314 - - 14Satoh et al. (1996) 

Sodium, Monobasic 9112 - -  12Morales et al. (2018) 

 



 

 

21 

 

 

Digestibility of P in feed varies with fish species (Satoh et al., 1997; Hua and Bureau, 

2010), dietary inclusion level of P (Satoh et al., 1997), interaction with other dietary 

nutrients (e.g. Ca), and presence of feed additives (e.g. phytase) (Hua and Bureau, 2006). 

In addition, P digestibility is affected by the chemical form of P due to differences in 

solubility (Satoh et al., 1997; Hua and Bureau, 2006; Hua and Bureau, 2010; Morales et 

al., 2017). Thus, P digestibility depends on multiple factors and association between 

variables, including pH, anatomy and physiology of the GIT, the interaction between Pi 

and divalent minerals, presence of feed additives (Hua and Bureau, 2006; Hua and 

Bureau 2010).  

The influence of the digestive anatomy and physiology on P digestibility has been 

studied in the literature (Satoh et al., 1997; Ellestad et al., 2002; Hua and Bureau, 2010). 

Hua and Bureau (2006, 2010) evaluated P digestibility between salmonids, cichlids, and 

cyprinids through a modelling approach. The results evidenced a potential of tilapia to 

digest a small fraction of phytate-P (27%), while other fish species were not capable of 

utilizing P on phytates. Phytate-P is generally indigestible to non-ruminants, including fish, 

due to the lack of phytase enzyme to hydrolyze the phosphate groups from the myo-

inositol ring. In addition, phytate-P can react with amino acids, proteins, starch, and lipids 

in feed, to reduce their digestibility (Kumar et al., 2012). The effect of phytate-P on mineral 

availability was examined for different fish species (Storebakken et al., 1998; 

Papathryphon et al., 1999). Atlantic salmon fed high phytate-P level (1.8%) had 

significantly reduced growth performance and bioavailability of Ca, P, Mg, Zn, and protein 

(Storebakken et al., 1998). Reduction in mineral availability was also observed for striped 

bass (Moronesaxatih) when fed a plant-based diet containing 1.31% phytate-P 
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(Papathryphon et al., 1999). 

Animals can only absorb P from phytate if the phosphodiester bonds are hydrolyzed 

by phytase enzyme. Phytases (myo-inositol hexaphosphate phosphohydrolase) initiate a 

stepwise removal of phosphate from phytate-P and result in free inorganic Pi available 

for absorption. In addition, phytase can decrease the chelation capacity of phytate-P with 

other minerals (Kumar et al., 2012). Phytases are widespread and can be found in plants, 

microorganisms and some animal tissue (Debnath et al., 2005). Microbial phytases are 

usually stable at pH below 3 and above 8, with some exceptions (Greiner and Konietzny, 

2006); whereas plant phytase has an optimal pH around 5 (Wodzinski and Ullah, 1996; 

Cao et al., 2007b). Also, plant-derived phytases are irreversibly inactivated at 

temperatures above 70˚ C, while microbial phytases present enzymatic activity even after 

a prolonged period of exposure to high temperatures (Cao et al., 2007b).  

The activity of phytase on phytate-P has been researched for a long time (Warden 

and Schaible, 1962). In this study from 1962, Warden and Schaible reported improved 

utilization of phytate-P for diets supplemented with phytase in poultry. Similar studies 

reported enhanced availability of phytate-P due to phytase activity, with potential for 

mitigation of the adverse effects of phytate to the aquatic environment (Cao et al., 2007b; 

Kumar et al., 2012). The supplementation with phytase in fish feeds has been shown to 

enhance the digestibility of phytate-P, increase the P retention, and reduce discharge of 

P into aquatic systems for different fish species (Schäfer et al., 1995; Foster et al., 1999; 

Li and Robson, 1997; Papatryphon et al., 1999; VanWeerd, 1999; Storebakken et al., 

2000; Liebert and Portz, 2005). Most fish do not present gut-microbial phytase activity 

within their GIT (Lall, 1991). However, there is evidence that tilapia can digest a portion 
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of phytate-P, probably from microbial activity in their GIT (Ellestad et al., 2002; Hua and 

Bureau, 2010). When comparing phytate-P digestion by carp, hybrid striped bass and 

tilapia, Ellestad et al. (2002) concluded that tilapia was the only teleost species to show 

intestinal phytase activity. In addition, tilapia has a large intestine contributing to the 

microbial fermentation (Amirkolaie et al., 2006; Leenhouwers et al., 2008). Organic acids 

(volatile fatty acids) produced by microbial fermentation can contribute to the digestion of 

phytate-P (Bergman, 1990). However, the effect of organic acids on the digestion of P is 

still unclear, and more research is necessary on this aspect. 

The dynamics of low solubility sources of P (e.g. bone-P, Ca dibasic Pi 

supplements) by cyprinids was explored in the literature (Satoh et al., 1997, Hua and 

Bureau, 2010, Hua and Bureau, 2010). A particularity of cyprinids is that they lack a true 

stomach, and consequently, present neutral pH throughout the GIT (Kapoor et al., 1975; 

Fange and Grove, 1979). The lack of acid secretion throughout the GIT is responsible for 

nil digestibility of bone-P and Ca dibasic Pi by cyprinids. The differences in digestive 

anatomy and physiology of cyprinids result in different digestion dynamics from other 

species (Hua and Bureau, 2010). 

The ratio of Ca:P influence the digestibility of P (Ammerman, 1995). Hua and Bureau 

(2006, 2010) observed that the high level of bone-P can reduce the digestibility of Ca 

monobasic Na/K Pi in diets fed to rainbow trout and tilapia. The reduction can be due to 

the formation of calcium phosphates in the large intestine (Rust, 2002; Hua and Bureau, 

2006; Hua and Bureau, 2010). 

Fish feed for carnivores utilizes a substantial amount of fishmeal (FM), a source of 

bone-P. Modern formulations attempt to reduce levels of FM by replacement with plant 
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protein sources, and supplementation with enzymatic additives (e.g. phytases) and 

inorganic P. As a result, P digestibility has increased if compared to feed formulations 

from the past (Morales et al., 2018), but is still not satisfactory (e.g. 30 – 40% of total P 

by salmonids).   

 

2.7 Modelling P Digestion, Absorption, and Excretion in Fish 

Digestive processes can be modelled based on discrete data sets, but this approach 

only provides a “snapshot” of the situation and can have limitations when used to estimate 

dynamic parameters (digestion, absorption, endogenous secretion). Mathematical 

modelling and sophisticated research protocols can provide a dynamic view of processes 

associated with P digestion and support future research.  

Initial models on animal nutrition were static and based on discrete sampling to 

predict parameters such as growth, energy, and nutrient requirements of animals (Dumas 

et al., 2008; Black et al., 2014, France and Thornley, 1984; Blaxter, 1962). Dumas et al. 

(2008) described these primary models as the foundation of modern models on animal 

nutrition. From the classic models, successive mathematical equations were developed 

to estimate daily feed intake based on feed composition (Dumas et al., 2008). Later, 

mathematical models and predictions started to include dynamic components (Graham 

et al., 1976). Dynamic models are generally based on differential equations integrated 

over time. Through “dynamic” modelling, it is possible to estimate a wide temporal range 

for a given metabolic pathway. 
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Another class of models, known as mechanistic models, can be used to describe 

explanatory variables such as nutrient metabolism and energy transactions in specific 

organs or whole animal (Dumas et al., 2008; Black, 2014). The effectiveness of 

mechanistic models to predict responses of explanatory variables was reported by Black 

(2014). Mechanistic models are good predictors when there are cause and effect 

relationship between dependent and independent variables of the model. France and 

Kebreab (2008) described how a mechanistic model is constructed. Firstly, the structure 

of the system must be divided into key components, and each individual component, 

along with the interactions between components, must be studied. The success of this 

class of model relies on the correct identification of the critical components and in-depth 

knowledge of the system (Baldwin, 1995). The disadvantage of mechanistic models is 

that complex, non-practical, and variable parameters are often required (Poppi et al., 

1994; Poppi et al., 1996). Empirical models do not present some of the disadvantages of 

mechanistic models and are based on regression and statistical interpretation of 

experimental datasets. 

Digestion has been the focus of some modelling efforts. Due to the dynamic nature 

of digestion, models are usually described as multi-step and compartmental (Black et al., 

1980). Nutrients are digested differently in segments of the GIT and a realistic model 

relies on the estimation of the rate of passage (time feed was retained for digestion) and 

digestibility of the nutrient. Mathematical models to estimate the dynamics of P digestion  

have been developed for pigs (Fan et al., 2001; Shen et al., 2002; Teixeira et al., 2004; 

Moreira et al., 2004, Schulin-Zeuthen et al., 2005), laying hens (Dijsktra et al., 2006), dairy 

cows (Kleiber et al., 1951; Kebreab et al., 2004), sheep (Lofgreen and Kleiber, 1953; Dias 
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et al., 2006; Dias et al., 2007), goats (Vitti et al., 2000), and, horses (Lopes et al., 2003a, 

b). For fish, models were proposed to estimate P utilization in salmonids  (Hua et al., 

2006), digestible P content of fish feeds (Hua and Bureau 2006; Hua and Bureau, 2010), 

and, P waste output (Hua et al., 2008; Bureau and Hua, 2010; Chowdhury et al., 2013). 

Hua et al. (2006) developed a dynamic model to simulate partitioning of dietary P through 

digestion, body deposition, fecal and urinary excretion by salmonid fish at different body 

weight. Through a series of equations, including Michaelis-Menten, and multiple 

regressions, the authors simulated the hydrolysis of forms of P in prototypical feeds for 

salmonids, Pi absorption via active and passive transporters, and Pi deposition into soft 

tissues and bones.  

An empirical model to predict digestible P for different fish species was developed 

by Hua and Bureau (2006, 2010). Initially, the authors classified sources of dietary P 

commonly found in fish diets into five categories: (i) bone- P (hydroxyapatite), (ii) organic-

P, (iii) phytate-P, (iv) monobasic Ca phosphorus, and, (v) dibasic Ca phosphorus. Then, 

the digestible P of salmonid feeds was estimated through a multiple regression approach. 

In a later study, Hua and Bureau (2010) extrapolated the regression model to predict the 

digestible P of carp and tilapia feeds. The model showed accuracy to estimate P 

digestibility and proposed digestibility coefficients for each class of dietary P per fish 

species. The equation of Hua and Bureau (2006) suggests that bone-P digestibility relies 

on acid output from the stomach and, consequently, carp is not able to digest bone-P 

(lack of stomach). The observations derived from the model of Hua and Bureau (2006, 

2010) highlighted a need for a more mechanistic and dynamic modelization of the 

dynamics of digestion of different forms of dietary P, notably bone-P and phytate-P. 
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The ability to predict P availability for fish is a function of several related parameters, 

such as factors that affect P digestion (e.g. pH, the concentration of other nutrients, feed 

additives, rate of passage of digesta), and factors that affect P absorption. Systematic 

approaches are necessary to understand better the dynamics of digestion of dietary P. 

Improving our knowledge on the factors that influence digestibility of dietary P and to 

validate existent models can optimize diet formulation, reduce P waste output by 

aquaculture, and will be a reference for future studies on fish nutrition. 

 

2.8 Objectives of the thesis 
 

The overall objectives of this thesis were to evaluate the dynamics of digestion of 

different chemical P forms in fish. The main specific objectives were: 

 

(1) To examine in an experimental and empirical manner, the dynamics of digestion 

of dietary P in different compartments of the GIT of rainbow trout, with emphasis 

on bone-P and phytate-P; 

(2) To evaluate the application of a mathematical model for estimating the dynamics 

of digestion and absorption of different forms of P across three compartments of 

the GIT; and 

(3) To examine statistically direct and indirect effects of gastric pH on chemical forms 

of dietary P and parameters to influence digestion and absorption of P through a 

path analysis perspective. 
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Chapter 3. Dynamics of the Digestion of Phosphorus in 

Rainbow Trout (Oncorhynchus mykiss) with Emphasis on 

Phytate and Bone Phosphorus 

 

3.1 Abstract 

A study was conducted to examine the time course of P digestion in different 

compartments of the gastrointestinal tract (GIT) of rainbow trout. Triplicate groups of 15 

fish (IBW = 140 g/fish) were fed nine diets supplemented or not (basal diet) with different 

P forms (0.15% phytate-P; 0.30% phytate-P; 0.15% phytate-P + phytase (2,000 FTU); 

0.30% phytate-P + phytase (4,000 FTU); 0.25% tricalcium-P; 0.50% tricalcium-P; 0.25% 

tricalcium-P + 0.1% Ca;  0.50% tricalcium-P + 0.4% Ca) for 28 days. Tricalcium-P was 

used as an analogue of bone-P. Yttrium oxide was included at 100 ppm as digestion 

indicator. Prior to sampling, fish were fed a diet containing 0.8% digestible-P but devoid 

of phytate-P, bone-P and inert marker for three days. Fish were then fed one meal of their 

respective experimental diets. Digesta from the stomach (ST), proximal intestine (PI), and 

distal intestine (DI) were sampled at 0.5, 1, 2, 4, 8, 16, and 24 h postprandial. The 

concentration of plasma phosphate (plasma-Pi) and pH in ST, PI, and DI were also 

evaluated during the same sampling times. Digestion indicator appearance was observed 

at 0.5, 8 and 16 h postprandial in ST, PI, and DI, respectively. The results show that 

phytase increased the apparent digestibility coefficient (ADC) of P (ADC-P) in PI at 8, 16, 

and 24 h postprandial, but not in other compartments of the GIT. The supplementation of 

0.4% Ca reduced the ADC-P of tricalcium-P in PI at 24 h postprandial. In addition, both 
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levels of Ca supplementation decreased ADC-P in PI at 8, 16, and 24 h postprandial when 

compared to the basal diet. An increase in plasma-Pi concentration was observed at 8 h, 

and this increase continued until 24 h postprandial. Gastric pH decreased linearly, 

whereas intestinal pH increased linearly, with time. These results strongly indicate that 

the PI is the main site for P digestion and absorption in rainbow trout. 

 

3.2 Introduction 

Phosphorus (P) is an essential macromineral for all animals because of it 

involvement in structural and metabolic roles, including bone mineralization, a component 

of phospholipids (DNA, RNA, and nucleotides), and an enzyme cofactor (NRC, 2005). 

This mineral is naturally present in the body as organic phosphate and inorganic 

phosphate. In inorganic form, P acts as essential buffers to maintain an adequate pH of 

intra and extracellular fluids. On the other hand, the organic form of P is a component of 

a variety of organic phosphates, such as coenzymes, deoxyribonucleic acid, ribonucleic 

acid, nucleotides, and phospholipids. P is also an element of hydroxyapatite 

(Ca10(PO4)6OH2), which is an essential component of the bone mineralization process 

(Zubay, 1983; NRC, 2011).  

The feed for non-ruminant animals is usually supplemented with P sources in order 

to maintain animal health and growth. Animals can uptake some minerals from water and 

gastric juice. However, in non-ruminant animals, the P uptake from water and gastric juice 

is substantially small, and diets are the primary P source for them (Breves and Schröder 

1991). An unbalanced animal feed may directly affect the environment because P not 

taken by the animal and indigestible P are both excreted to the environment as soluble P 
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(urine) and solid P (feces and non-eaten feed) (Hua and Bureau 2006). The elevated 

concentration of P in water is the primary cause of the eutrophication process in lakes, 

reservoirs, and rivers (Cao et al., 2007a).   

The concentration of P in ingredients commonly used in aquaculture feed is highly 

variable. In addition, P is a component of a vast variety of chemical compounds, and it is, 

therefore, found under different chemical forms in common feed ingredients and 

supplements, such as organic-P, phytate-P, bone phosphorus (bone-P), monocalcium 

phosphate, dicalcium phosphate, sodium phosphate, etc. These chemical forms of P go 

by different dynamics of digestion in the gastrointestinal tract (GIT) and, therefore, they 

might have different bioavailability to animal uptake. The digestibility of the chemical 

forms of P may be a complex function of the pH, anatomy and physiology of the GIT, by 

the interaction between different chemical forms of P with others mineral (eg. Calcium 

(Ca)), and by the presence of feed additives, such as phytase (Hua and Bureau, 2006; 

Hua and Bureau 2010).  

Through digestion process, Pi compounds are hydrolyzed by the acid pH in the 

stomach. In the alkaline environment of the intestine, Pi may interact with other minerals 

forming an insoluble precipitate that may be responsible for impairing digestibility of Pi 

(Rust, 2002; Hua and Bureau 2006; Hua and Bureau 2010). As an illustration, the 

digestion of the hydroxyapatite is started by the H+, from the low pH of the gastric juice, 

binding to the orthophosphates of bone-P resulting in its dissociation. At the alkaline pH 

of the intestine, the Ca2+ and PO4
3- dissociated from bone-P can bind to each other at a 

ratio of 2:3 forming soluble chelates, such as calcium phosphates (Abou Neel et al., 

2016).  
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Phytate-P is generally indigestible to fish due to the lack of phytase activity that 

hydrolyzes the Pi groups from the myo-inositol ring of phytate-P. For carrying up to twelve 

dissociable protons that are dissociated at different ranges of pH, phytate-P is considered 

a potent chelator of positively charged minerals (Costelo et al., 1976; Martin and Evans., 

1986; Maenz et al., 1999; Selle et al., 2000; Maenz, 2001; Weaver and Kannan, 2002; 

Cowieson et al., 2006; Raboy, 2009), impairing their bioavailability for animal uptake. 

Although several studies show that phytase supplementation in fish feed increases the 

bioavailability of P, more studies are needed to investigate the dynamics of the process 

that phytase enzymes release the Pi groups from the inositol ring of phytate-P. Better 

understanding the dynamics of the digestion of different P compounds along the GIT of 

fish may improve our understanding of the factors influencing the digestibility of different 

forms of P, the effectiveness of different feed additives (e.g. phytase) and to develop 

better estimate of the digestible P content of fish feeds formulated for fish. This knowledge 

could then be used for developing a dynamic model of P digestion in different 

compartments of GIT and eventually develop more effective dietary strategies. 

Therefore, the objectives of this study are to examine the dynamics of digestion of 

phytate-P, in the presence or absence of phytase enzyme, and the digestion of tricalcium-

P, with or without Ca supplementation, in different compartments of the gastrointestinal 

tract (GIT) of rainbow trout. This study also aims to collect data to support the 

development of a dynamic model of P digestion. 
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3.3 Materials and Methods 

3.3.1 Experimental Diets 

A high-quality basal diet (BD), with low levels of phytate-P and bone-P, was 

formulated to contain 45% of digestible protein and 17.7 MJ digestible energy kg-1. Eight 

experimental diets were prepared by supplementing the basal diet with different levels of 

phytate in the presence or absence of phytase supplementation, and with different levels 

of tricalcium-P with or without Ca supplementation, as follow: 0.15% phytate-P; 0.30% 

phytate-P; 0.15% phytate-P + phytase (2,000 FTU); 0.30% phytate-P + phytase (4,000 

FTU); 0.25% tricalcium-P; 0.50% tricalcium-P; 0.25% tricalcium-P + 0.1% Ca; 0.50% 

tricalcium-P + 0.4%Ca. Tricalcium-P was used as an analog of bone-P. Yttrium oxide 

(Y2O3) (Sigma-Aldrich Inc., St. Louis, MO, USA) was included at 100 ppm as digestion 

indicator. Two diets supplemented with graded levels of phytate-P were also 

supplemented with a microbial phytase RONOZYME® HiPhos (L) (Table 3-1).  

The diets were mixed using a Hobart mixer (Hobart Ltd., Don Mills, ON, Canada), 

steam pelleted using a laboratory pellet mill (California Pellet Mill Co., San Francisco, 

CA). Phytase diluted in distilled water was sprayed onto pellets of the diets four and five 

at 0.5% inclusion level. The pellets were dried under forced-air at room temperature for 

24 h, sieved and stored at 4°C until used. 

 

3.3.2 Fish Husbandry, Experimental Conditions and Feeding Protocol  

Rainbow trout obtained from Alma Aquaculture Research Station (Elora, ON, 

Canada) were acclimated to the experimental conditions for two weeks prior to the start 

of the trial. During the acclimatization period, fish were fed once per day a maintenance 
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ration of a high-quality commercial trout feed (Martin Mills Inc., Elmira, Ontario, Canada). 

Groups of 15 fish, with an average initial body weight of 140 g/fish, were randomly 

assigned to 27 fiberglass tanks (60 L), continuously and individually aerated and supplied 

with water at a rate of 3 L/min. Fish were maintained in a partial recirculation system 

(approximately 40% make up water per day) equipped with a bioballs biofilter. Water 

temperature was maintained at 11.5˙C and a photoperiod of 12 h light: 12 h dark in a 

windowless laboratory. The fish were handled in accordance with the guidelines of the 

Canadian Council on Animal Care (CCAC, 1984) and the University of Guelph Animal 

Care Committee. 

The fish were hand-fed the nine experimental diets, three replicate tanks per diet, 

for 28 days. During the experimental period, the fish were fed to near satiety twice a day 

between 9:30 to 16:00 h and the feed intake was measured was weighed weekly. 

 

3.3.3 Sampling protocol 

 

After the feeding trial, fish were sampled for collection of digesta, from different 

compartments of the GIT, and plasma samples. Prior to sampling, fish were fed a diet 

containing 0.8% digestible-P but devoid of phytate-P, bone-P and inert marker for three 

days after the feeding period (Table 3-2). Fish were then fed one meal of their respective 

experimental diets. Following this single meal, six (6) fish/treatment were sampled and 

euthanized with an overdose of anesthetic (MS-222) at 0.5, 1, 2, 4, 8, 16 and 24 h 

postprandial. Fish weight was recorded individually, and blood samples were collected 

from the caudal vein using a heparinized tuberculin syringe and centrifuged at 5,000 rpm 

for 15 min. The plasma fraction was separated and immediately stored at -80˙C until 
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mineral analysis. After blood collection the fish were snap-frozen in liquid nitrogen and 

stored at -20˙C to the collection of digesta samples.  

The entire GIT of each fish was carefully removed while the fish was still frozen and 

separated into the stomach (STO), proximal intestine (PI), and distal intestine (DI) and its 

respective contents (digesta). The PI was defined as the section from the last pyloric 

cecum to the ileocaecal valve. The DI was defined extending from the ileocecal valve to 

the anus. The pH of the digesta from the segments of the GIT at different time points was 

analyzed using an automatic pH-meter (pH Testr 30, Eutech Instruments 

PHTEST30/01X366903/OAKTON 35634-30).  

Following the pH analysis, the digesta samples were freeze-dried, and their dry matter 

mass was determined. The dry digesta samples were hand-grounded individually using 

a crucible and pestle and stored at -20˙C for later analysis. 

 

3.3.4 Chemical analysis 

Yttrium oxide, the total concentration of P and Ca present in digesta from the STO, 

PI, and DI and in the experimental diets were determined using Inductively-Coupled 

Plasma Mass Spectrometry (ICP-OES). Freeze-dried digesta and experimental diets 

were weighed (0.5 g) in digestion tubes, and 9 mL of nitric acid (16M - trace metal grade) 

was added to the samples. The samples with acid were placed in a fume hood overnight. 

Afterward, 3 mL of hydrochloric acid (12M - trace metal grade) was added, and the 

samples were put in a heating block (~ 200˚C) for approximately 4 h. When the digestion 

was completed, the samples were filtered using Whatman paper filter (#42) into a 50 mL 

volumetric flask. The samples were diluted with 18.3 Mohm/cm to achieve the final 



 

 

35 

 

 

volume of the samples (50 mL). The volumetric flask was covered with parafilm and 

inverted 3 to 4 times and a subsample of 15 mL was taken. The samples were analyzed 

using a Varian Vista Pro CCD simultaneous ICP-OES with axial viewed plasma. The 

standards used were ICP-MS, 1000 mg/L single element standards purchased from SCP 

Science. The standards were diluted volumetrically with 18.3 Mohm/cm water to achieve 

a standard range from 0 to 10 mg/L for Y2O3 and 0-100 mg/L for Ca and P.  

The postprandial plasma concentration of P was measured using a phosphate 

assay kit from Sigma (MAK308-1KT), which is based on a proprietary form of the 

malachite green dye. Briefly, the free orthophosphate and the colorimetric reagent form 

a blue coloured complex, which was read in a spectrophotometric multiwell plate reader 

at 620 nm. 

 

3.3.5 Calculations 

Growth rate, expressed as thermal-unit growth coefficient (TGC), was calculated 

for each tank as:  

𝑇𝐺𝐶 = 100 𝑥 [(𝐹𝐵𝑊
1
3 − 𝐼𝐵𝑊

1
3)  𝑥 (𝑆𝑢𝑚 𝑇 𝑥 𝐷)−1] 

 

 where: FBW = final body weight; IBW = initial body weight; and Sum T x D = sum of 

degrees Celsius x days. 

Live body weight gain (WG) was calculated for each tank as: 

 

𝑊𝐺 (𝑔) = (
𝐹𝐵𝑊

𝑓𝑖𝑛𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ
) − (

𝐼𝐵𝑊

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ
) 
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Feed intake (FI) was calculated for each tank as FI (g/fish) = total dry feed/number 

of fish. Feed efficiency was calculated as FE (gain: feed) = WG/FI. 

The dietary apparent availability (ADC) of phosphorus was calculated according to Cho 

et al. (1982):  

𝐴𝐷𝐶 = 1 − [(
𝐷𝑖

𝐹𝑖
) 𝑥 (

𝐹

𝐷
)] 

 

where: Di = % digestion indicator (Y2O3) in the diet; Fi = % digestion indicator (Y2O3) of 

the feces; F = % phosphorus of the feces; and D = % phosphorus in the diet. 

The kinetics of yttrium oxide appearance in the STO, PI, and DI were analyzed for 

estimating the rate passage of digesta postprandially. Therefore, the kinetics of yttrium 

mass (µg g-1 of BW) in the PI and DI was fitted by the gamma probability density function 

described by France et al. (1985) and Wilfart et al. (2007): 

 

                                                             𝑌𝑡 =  
(

𝑑𝑜𝑠𝑒

𝑘𝑝
)∗𝑘𝑝

𝑛∗𝑡𝑛−1∗𝑒−𝑘𝑝∗𝑡

𝛤(𝑛)
                                            

 

where: dose = total mass of yttrium (µg g-1 of BW) dosed into the entire GIT at 1 h 

postprandial; kp = first order constant of the rate passage of yttrium between the 

compartments of the GIT; t = sample time (hours); and Γ = gamma probability density 

function. The numerical values of “kp” and “n” were obtained by the minimum sum of 

squares between predicted and observed values of the mean of Yt using Solver, and Add-

in of Microsoft Excel (Microsoft Corp., Redmond, WA, USA). The mean retention time 
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(MRT) of the yttrium was calculated as MRT (%/h) = n/kp. The disappearance rate of 

yttrium was estimated as a percentage of yttrium remaining into the GIT at different hours 

postprandial. 

 

3.3.6 Statistical Analysis 

Data of ADC-P, plasma-Pi and pH were analyzed as a randomized complete block 

design using repeated measures ANOVA of the General Linear Model procedure of IBM 

SPSS Statistics (IBM SPSS Statistics for Macintosh, Version 25.0. Armonk, NY: IBM 

Corp.). Block was included in the model as a random effect and tank were considered the 

experimental unit. Data were tested for normality using the Shapiro-Wilk test (p < 0.05). 

Levene’s test was used to ensure the homogeneity of variances prior to any other 

statistical analysis (p < 0.05). In the case where the sphericity of the test was violated, 

the value of epsilon (ε) was used to decide either Greenhouse-Geisser or Huynh-Feldt 

test should be used. Transformation of dependent variables was adopted as necessary: 

log (dependent variable) for the plasmatic concentration of phosphate and exponential 

(dependent variable) for pH of the compartment of the GIT. Significant interactions 

between time x treatment were analyzed using two-way ANOVA of the General Linear 

Model procedure (IBM SPSS Statistics). Orthogonal contrasts across levels of phytate-P 

or levels of bone-P within each source were used to compare the responses for all 

dependent variables. Trends were considered significant at P ≤ 0.05. 

The growth performance results were analyzed as a randomized complete block 

design using univariate ANOVA of the General Linear Model procedure of IBM SPSS 

Statistics (IBM SPSS Statistics for Macintosh, Version 25.0. Armonk, NY: IBM Corp.). The 
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data were prior tested with Shapiro-Wilk for normality (p < 0.05). Levene’s test was used 

to ensure the homogeneity of variances (p < 0.05). The means of all growth parameters 

were compared with Tukey’s test using a significance level of 0.05.  

 

3.4  Results 

3.4.1 Growth 

The growth performance of rainbow trout fed diets supplemented with different 

levels of phytate-P, in the presence or absence of phytase enzyme supplementation, and 

different levels of tricalcium-P, with or without Ca supplementation (Table 3-2). Overall, 

dietary forms of P did not affect the weight gain, TGC and FE of fish fed different P forms 

for 28 days (p > 0.05). Lower feed intake was observed in the fish fed diets containing 

0.15% phytate-P, and phytase (2,000 FTU) compared to fish fed diets containing 0.30% 

phytate-P (p < 0.05). The dietary forms did not affect the mortality rate (p > 0.05) (Table 

3-2). 

 

3.4.2 Digestibility of P forms 

The appearance of the digestion indicator was observed at 0.5, 8, and 16 h 

postprandial in the ST, PI, and DI, respectively, as shown in Figure 3-1. The digestibility 

of P regarding different levels of phytate-P, in the presence or absence of phytase enzyme 

supplementation, was influenced in the PI with time (p < 0.05), but not in other 

compartments of the GIT (p > 0.05) (Table 3-3). The results indicate that phytate-P 

significantly decreases the apparent digestibility coefficient (ADC) of P (ADC-P) in the PI 

at 8 and 24 h postprandial when compared to the basal diet (p < 0.05) (Table 3-4). 
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Contrariwise, the supplementation of phytase significantly increased the apparent 

digestibility coefficient (ADC) of P (ADC-P) in the PI at 8, 16, and 24 h postprandial (p < 

0.05) (Table 3-4).  

The PI was the only compartment of the GIT where the digestibility of P regarding 

levels of tricalcium-P, with or without the supplementation of Ca, was influenced with time 

postprandial (p < 0.05) (Table 3-4). The supplementation of 0.4% Ca reduced the ADC-

P of tricalcium-P in the PI at 24h postprandial (p < 0.05) (Table 3-5). In addition, both 

levels of Ca supplementation decreased ADC-P in PI at 8, 16, and 24 h postprandial when 

compared to the basal diet (p < 0.05), as shown in Figure 3-1b (Table 3-4).   

 

3.4.3 Gastric and Intestinal pH 

The results show a significant linear decrease in the pH of the STO at 4 h 

postprandial, whereas a significant linear increase was observed in the pH of the PI and 

DI at 4 h postprandial (Table 3-5). Figure 3-2 shows the pH in the STO, PI, and DI of 

rainbow trout fed the experimental diets with levels of phytate-P and phytase 

supplementation (Figure 3-2a) and with tricalcium-P and Ca supplementation (Figure 3-

2b). The results indicate that the presence of different forms of P affected the pH in the 

STO and DI postprandial (Table 3-5). The inclusion of both levels of phytate-P decreased 

the pH in the STO of fish (Table 3-7). At 4, 8 and 24 h postprandial, the gastric pH was 

significantly lower in fish fed diets containing phytate-P compared to the fish fed the basal 

diet (P < 0.05) (Table 3-7). Fish fed diet supplemented with phytase (4,000 FTU) showed 

higher pH in the STO than fish fed diet containing 0.30% phytate-P at 24 h postprandial 

(p < 0.05) (Table 3-7). The inclusion of Ca increased the pH significantly in the STO of 
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fish (Table 3-7). The gastric pH was significantly higher in fish fed diets containing 

tricalcium-P and Ca than in fish fed diets containing tricalcium-P at 1, 2 and 8 h 

postprandial (p < 0.05) (Table 3-7).  

The pH of the PI did not present significant differences among the experimental 

diets. However, the inclusion of bone-P significantly increased the pH of the DI when 

compared to fish fed the basal diet at 16 h postprandial (p< 0.05). 

 

3.4.4 Concentration of plasmatic phosphate 

The results for the dynamic concentration of plasma-Pi in rainbow trout fed 

different forms of P (Figure 3-4). The findings of this study show significant differences on 

the concentration of plasma-Pi with time postprandial (p < 0.05), but no differences 

between diets across time (p > 0.05) (Table 3-8). At 1 h postprandial, the fish fed the 

basal diet presented a low concentration of plasma-Pi, and at 8 h postprandial was 

observed an increase of the plasma-Pi in this group of fish (p < 0.05) (Table 3-9). The 

results indicate that the supplementation of phytase enzyme may influence the 

concentration of plasma-Pi of rainbow trout. A low concentration of plasma-Pi was 

observed at 1, and 2 h postprandial in the fish fed diet supplemented with 2,000 FTU and 

4,000 FTU, respectively; followed by a peak of plasma-Pi at 16 h postprandial (p < 0.05) 

(Table 3-9). Similarly, the presence of tribasic-P and Ca also influenced the concentration 

of plasma-Pi with time. A decrease of plasma-Pi was observed at 1 and 2 h postprandial 

in fish fed diets supplemented with 0.4% and 0.1% Ca, respectively; and a peak of 

plasma-Pi was observed at 16 h postprandial in these groups of fish (p < 0.05) (Table 3-
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9). No significant differences in the concentration of plasma-Pi were observed in fish fed 

levels of phytate-P and levels of tricalcium-P (p > 0.05) (Table 3-9). 

 

3.4.5 Kinetics of Yttrium Oxide 

 The mass of yttrium oxide (Y) in the STO, PI, and DI is demonstrated in Figure 3-

5. The different forms of P did not affect the mass of Y in the STO, PI, and DI (p > 0.05) 

(Table 3-10). The Y mass in the STO showed a quadratic decrease (p < 0.0001) over 24 

h postprandial and it might be due to an increase of Y mass at 1 h followed by a 

continuous decreasing until 24 h postprandial (Figure 3-5). The mass of Y in the PI and 

DI demonstrated a quadratic increase with time (p < 0.0001) (Figure 3-5). The results 

from the gamma probability density function (France et al.; 1985; Wilfart et al., 2007) are 

presented in Table 3-11 for the ST, PI, and DI, respectively. 

 

3.5 Discussion 

The dietary forms of P did not influence the growth performance parameters of 

rainbow trout. Although fish fed diet supplemented with 0.30% phytate-P presented higher 

feed intake than fish fed 0.15% phytate-P and phytase (2,000 FTU), it may not be related 

to the presence of phytate-P. The authors did not find studies reporting a relationship 

between feed intake and high levels of dietary phytate-P. 

The primary secretion in th STO is acid that is responsible for transforming solid 

food into a semi-liquid chyme, destroying any harmful bacteria, hydrolyzing fat and starch, 

and solubilizing some minerals (Fry, 2009). Therefore, the initiation of digestion of P 

compounds starts with inorganic and organic- P being solubilized by hydrogen ions (H+) 
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into inorganic phosphates (Pi) (H2PO4
- and HPO4

2-). Because the uptake of Pi only starts 

when the digesta reaches the intestine, no differences on the digestibility of P in the STO 

were expected. 

Phytate-P is hydrolyzed by exogenous phytase, generally, in acidic pH (stomach). 

Reaching the intestine, the released Pi might be absorbed in the PI which might be the 

primary site for Pi uptake in rainbow trout. The entire length of the intestine absorbs Pi. 

However, the small intestine is considered the leading site for Pi absorption in non-

ruminants (Wasserman and Taylor, 1976). Our results show that phytase increased the 

digestibility of P in the PI at 8 h and this pattern continued until 24 h postprandial; whereas, 

phytate-P decreased the digestibility of P in the PI as from 8 h postprandial linearly. 

Neither significant effects of phytase nor phytate on digestibility of P were observed in 

other compartments of the GIT. Thus, our findings confirm that the PI is considered the 

primary site for Pi absorption in rainbow trout, and this is might be due to the fact that it 

has higher absorption capacity than the colon (Sabbagh et al., 2011).  

The presence of tribasic-P decreased P digestibility in the PI after 8 h postprandial, 

and the supplementation of 0.4% Ca reduced the digestibility of P in PI at 24 h 

postprandial. Similarly, Sugiura et al. (2000c) observed that high levels of bone-P 

decreased the digestibility of P. The contribution of dietary P from bone-P is relatively 

poor, and it might be due to the fact that bone-P is very stable under the GIT conditions 

of many farmed fish species. The dissociation of hydroxyapatite may start by the H+, from 

gastric juice, binding to Pi groups of hydroxyapatites (Abou Neel et al., 2016) resulting in 

HPO4
3-, and these reactions might continue until the ion activity of hydroxyapatite reaches 

its constant solubility. Hydroxyapatite has an incongruent dissolution, which is a challenge 
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to fully comprehend its dissociation (Liu et al., 2014) and, therefore, more studies are 

needed to comprehend these processes fully.  

The antagonistic relation between Ca and P is another factor that may impair 

intestinal Pi absorption, and this was observed in the present study. The supplementation 

of 0.40% of Ca significantly decreased the digestibility of P in the PI at 24 h postprandial. 

In the alkaline pH of the intestine, Pi may interact with Ca forming inorganic Ca-Pi 

precipitates, most probably dibasic calcium phosphates. These precipitates decrease the 

concentration of luminal soluble Pi and may be responsible for impairing digestibility of Pi 

(Rust, 2002; Hua and Bureau 2006; Hua and Bureau 2010). The solubility and stability of 

Ca/P salt produced are dependent on the pH and the presence of cations and anions 

(Riche and Brown 1996). Most of Ca-Pi precipitates are soluble at low pH (<3.5) and its 

solubility decreases as pH increases, being insoluble between pH 4 and 7 (Selle et al. 

2000). In the present study the pH in the PI ranged from 6.6 to 7.3 within a full cycle of 24 

h and, therefore, our findings suggest that the supplementation of Ca impaired the 

digestibility of P. 

No significant differences were observed on digestibility of P in the DI among the 

experimental diets at the times period investigated. Although Pi may also be absorbed in 

the DI compartment of the GIT, the findings of this study support the concept that PI is 

the main site for PI absorption.  

The presence of phytate-P might have decreased the gastric pH of STO with time. 

This could be explained by the chemical structure of the phytate-P molecule, which 

consists of a myo-inositol ring associated with up to six Pi anions (Cowieson et al., 2004). 

The phytate-P carries twelve dissociable protons with five to six H+ dissociating in a pKa 
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of about 1.5, two to three H+ dissociating in a pKa between 4 and 6 and four H+ 

dissociating with pKa greater than 8 (Costelo et al., 1976; Martin and Evans, 1986).  

No significant differences among the experimental treatments were observed on 

plasma-Pi concentration. The response of dietary P on plasma-Pi concentration was 

reported in previous studies, and the authors concluded that dietary P does not affect the 

concentration of plasma-Pi in trout (Cowey et al., 1977; Knox et al., 1981; Rodehutscord, 

1996). In contrast, Avila et al. (2000) observed that plasma Pi concentration increased 

when trout were fed at extremely high dietary P, and trout gradually adapt to a high P diet 

by decreasing plasma Pi concentration after several weeks of feeding. Prabhu et al. 

(2014) reported that rainbow trout fed a plant-based diet supplemented with dicalcium 

phosphate presented higher plasma-Pi compared to the fish fed plant-based diet without 

P supplementation. Avila et al. (2000) and Prabhu et al. (2014) did not mention if the 

digestible P level was similar among the experimental diets. This information could 

support explaining the differences on plasma-Pi in response to dietary P. In our study, the 

digestible P was maintained constant among the experimental treatments at 80%, and it 

might be the reason why no significant differences were observed in the concentration of 

plasma Pi in response to dietary P. 

A peak of plasma Pi was observed in fish fed diet supplemented with phytase 

(4,000 FTU), but no differences were observed on the profile of plasma Pi of fish fed 

phytate-P. This finding agrees with the timing of appearance of the digestion marker in 

the intestinal sections. Therefore, it suggests that the digestion started after 8 h 

postprandial. The effect of phytase on the concentration of plasma Pi suggests that the 

fish were able to absorb the fraction of Pi released by phytase. Prabhu et al. (2014) 
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observed that a fraction of dietary P from inorganic sources was absorbed within the first 

hour postprandial while the rest was uptook at 3-5 h postprandial, and they state that it 

might be due to dicalcium phosphate being more available than ingredient bound to 

organic-P forms. In addition to this, Prabhu et al. (2014) state that missing data on the 

postprandial profile of plasma-Pi over a full cycle of 24 h in fish because data from 

previous studies are limited to one or two points postprandial.  

An unexpected peak of Pi was observed in the plasma of fish fed diet 

supplemented with tricalcium-P + Ca. The fact that plasma-Pi concentration is a complex 

and dynamic parameter tightly regulated by several other mechanisms than intestinal Pi 

absorption is well elucidated in mammals. Vitamin D is known to regulate plasma-Pi 

concentration by increasing intestinal Pi absorption and Pi reabsorption by the kidneys in 

mammals (Littledike and Goff 1987; Lall and Lewis-McCrea 2007; Lock et al. 2010). 

Although fish have unique particularities, previous studies show that they seem to 

regulate Ca and P homeostasis in a relatively similar way to terrestrial animals (Swarp 

and Srivastab, 1982; Swarup et al., 1984; Swarup et al., 1991; Vielma and Lall, 1998a). 

Physiological and nutritional studies are necessary to clarify the intestinal Pi regulation 

and homeostasis of plasma-Pi in fish. 

In this study, the rate of passage of the digestion marker and Pi through the 

compartments of the gastrointestinal tract were considered to be similar. The time course 

of Y was investigated, aiming to understand the kinetics of different forms of P in a full 

cycle of 24 h postprandial. In the STO, a peak of Y mass was observed at 1 h followed 

by a quadratic decrease until 24 h postprandial. The gastric emptying rate obtained of 

79.4% in 24 h after sampling was observed in this study. The gastric retention of digesta 
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in fish was reported previously in other studies. Similar to our findings, 50% of DM from 

a single meal remained in the STO of rainbow trout (Windell et al., 1972) and Atlantic cod 

(Pérez-Casanova et al., 2009) after 12 h postprandial. In contrast, snapper, Nile tilapia, 

and Atlantic salmon might have a faster gastric mean retention time than rainbow trout 

and Atlantic cod. The total gastric evacuation rate of snapper fed a single meal was 

determined within 16-20 h postprandial (Booth et al., 2008). Riche et al. (2004) estimated 

that the gastric evacuation of Nile tilapia is 70% after 5 h between feedings. Around 5% 

of the dry matter remained in the STO of the Atlantic salmon after 24 h of starvation 

(Handeland et al., 2008). Although gastric retention may differ between fish species, other 

important factors can affect the mean retention time of the digesta in the STO, such as: 

temperature, body weight, meal size, feed frequency, feed particle, and fish stress 

(Fauconneau et al., 1983; Jobling, 1986; Storebakken et al., 1999; Booth et al., 2008; 

Pérez-Casanova et al., 2009).  

The rate of passage of Y is slightly slower in the PI compared to the DI, for all 

treatments and this observation emphasize that the PI is the main site for Pi absorption 

in salmonids. The time course of Y disappearance in the PI and DI could not be observed 

in 24 h postprandial and, therefore, a more extended period of sampling would be 

necessary in order to determine the point in time where Y transits decrease in the intestine 

compartments. 

 

3.6 Conclusion 
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The results from this study strongly indicate that the dynamic of the digestion of P 

starts at 8 and 16 h postprandial in the PI and DI, respectively. The presence of phytate-

P impairs the uptake of Pi in the PI. Tricalcium-P, with or without Ca supplementation, 

decreases the digestibility of P in the PI. Our findings emphasize that the supplementation 

with phytase increases the digestibility of P. Furthermore, for the first time, the findings 

from this study suggest that PI is the main site for P digestion and absorption in rainbow 

trout. 
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Table 3-1: Formulation of the experimental diets and calculated or analyzed composition. 

Ingredients (%) Diets 

1 2 3 4 5 6 7 8 9 10 

Fish protein concentrate (CPSP) 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 - 

Feather meal 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 - 

Blood meal, whole, spray-dry 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 27.0 

Casein 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 - 

Gelatin 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 24.5 

Starch, raw - - - - - - - - - 26.3 

Wheat flour 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 - 

Wheat gluten 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 - 

Fish oil 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 7.1 

Canola oil 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 7.1 

Vitamin premixa 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 - 

Vitamin E 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 

Rovimixstay-C (25%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 

Lysine (BioLys) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 - 

DL-Methionine 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 - 

Choline Chloride 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 - 

Mineral premixb 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 - 

NaH2PO4 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 - 

NaCl 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 - 

Marker 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 

Cellulose (Arbocel) 5.19 4.65 4.12 4.55 3.92 4.51 3.83 4.25 2.81 8.0 

Phytate-P - 0.54 1.07 0.54 1.07 - - - - - 

Phytase (20,000 FYT/g) - - - 0.1 0.2 - - - - - 

Tricalcium-P - - - - - 0.68 1.36 0.68 1.36 - 

Calcium carbonate - - - - - - - 0.26 1.02 - 

           

Analyzed composition (DM basis)           

Dry matter (%) 94.4 94.9 94.8 94.5 94.6 94.5 94.6 94.5 94.7 95.3 

Lipid (%) 20.4 20.0 20.1 20.2 20.0 19.9 20.3 20.1 20.2 21.2 

Ash (%) 1.7 1.8 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.8 

Total P (%) 0.79 0.88 1.09 0.81 1.08 0.87 1.03 0.82 1.06 0.30 

Total Ca (%) 0.36 0.68 0.58 0.36 0.36 0.59 0.60 0.79 0.94 - 

Crude Protein (%) 45.1 45.6 44.9 45.6 45.5 45.3 45.7 45.0 45.5 47.7 

           

Calculated composition           

Digestible P (g/kg)c 6.0 6.0 6.0 6.0 6.0 6.1 5.7 6.1 5.7 - 

Animal origin Bone-P (%)c - - - - - 0.25 0.50 0.25 0.50 - 

Plant origin phytate-P (%)c 0.09 0.24 0.39 0.24 0.39 0.09 0.09 0.09 0.09 - 

Cellular-P (%)c 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 
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Mono-Ca/Na/K P (%)d 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 - 

Digestible energy (MJ/kg, DM basis) 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 18.1 
aProvides per kg of diet: retinyl acetate (vitamin A), 75 mg; cholecalciferol (vitamin D3), 300 mg; menadione Na-bisulfate (vitamin K), 1.5 mg; 
cyanocobalamine (vitamin B12), 30 mg; D-biotin, 210 mg; choline chloride, 3448 mg; folic acid, 1.5 mg; niacin, 15 mg; calcium-d-pantothenate, 33 
mg; pyridoxine–HCl, 7.5 mg; riboflavin, 9 mg; thiamin-HCl, 1.5 mg (Martin Mills Inc., Elmira, ON, Canada). 
b Provides per kg of diet: sodium chloride (NaCl, 39% Na, 61% Cl), 3077 mg; potassium iodine (KI, 24%K, 76%I), 10.5 mg; ferrous sulphate (FeSO4, 
7H2O, 20%Fe), 65 mg; manganese sulphate (MnSO4, 36%Mn) 88.9 mg; zinc sulphate (ZnSO4.7H2O, 40%Zn), 150 mg; copper sulphate 
(CuSO4.5H2O, 25%Cu), 28 mg; sodium Selenite (Na2SeO3, 45.66% Se), 0.7 mg (Martin Mills Inc., Elmira, ON, Canada. 
d Calculated according to Hua and Bureau (2006). 
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Table 3-2: Growth indices and mortality of rainbow trout after the 28 days feeding trial 

 

IBW (g/fish) FBW  (g/fish) WG (g/fish) FI (g/fish) FE (gain/feed) TGC Mortality (%) 

Basal Diet 142.4 ± 6.6 235.8 ± 12.3 93.4 ± 5.7 74.8 ± 4.9ab 1.25 ± 0.02 0.30 ± 0.01 0.0 

0.15% Phytate-P 143.2 ± 1.7 224.1 ± 12.1 80.9 ± 11.1 63.6 ± 2.4ab 1.27 ± 0.17 0.27 ± 0.03 4.7 

0.30% Phytate-P 143.6 ± 7.3 244.6 ± 2.0 101.0 ± 9.0 78.5 ± 5.9a 1.29 ± 0.02 0.32 ± 0.03 0.0 

0.15% Phytate-P + Phytase (2,000 FTU) 137.9 ± 6.1 220.0 ± 13.2 82.1 ± 7.1 58.6 ± 5.0b 1.40 ± 0.09 0.28 ± 0.01 0.0 

0.30% Phytate-P + Phytase (4,000 FTU) 136.4 ± 4.9 227.3 ± 10.5 90.9 ± 7.7 70.5 ± 5.8ab 1.29 ± 0.01 0.30 ± 0.02 0.0 

0.25% Tricalcium-P  139.1 ± 4.0 224.8 ± 7.6 85.6 ± 4.4 65.4 ± 8.8ab 1.32 ± 0.13 0.29 ± 0.01 2.3 

0.50% Tricalcium-P 138.6 ± 0.5 236.9 ± 12.7 98.3 ± 12.5 74.9 ± 4.4ab 1.31 ± 0.09 0.32 ± 0.03 4.7 

0.25% Tricalcium-P + 0.1% Ca 140.2 ± 6.2 227.5 ± 20.5 87.3 ± 15.8 68.8 ± 11.1ab 1.27 ± 0.03 0.29 ± 0.04 0.0 

0.50% Tricalcium-P + 0.4% Ca 134.5 ± 9.6 216.3 ± 15.8 81.8 ± 6.3 62.7 ± 6.3ab 1.31 ± 0.03 0.28 ± 0.01 0.0 

Data represent as mean ± SD (n = 3). Means with different superscript within a same column differ significantly (p < 0.05). Absence of superscript denotes a lack of 

significance between treatment groups. 

IBW - Initial body weight; FBW - Final body weight; WG - Weight gain; FI - Feed intake; FE - Feed efficiency; TGC - Thermal-unit growth coefficient. 
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Figure 3-1: Apparent Digestibility Coefficient of P (ADC-P) for fish fed diet supplemented with levels of phytate-P and levels of phytate-P 

+ phytase (1a), and for fish fed diet supplemented with levels of tricalcium-P and levels of tricalcium-P + Ca (2b) at different hours 

postprandial
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Table 3-3: Significance of the fixed effects for the ADC-P in the STO, PI, and DI of rainbow trout fed 

different P forms in a full cycle of 24 h postprandial. 

  Stomachα Proximal Intestineß Distal Intestineγ 

Diet n.s.δ < 0.0001κ n.s.φ 

Time 0.005ζ n.s.λ n.s.ω 

Time*Diet n.s.θ 0.033ψ n.s.τ 

Results (P values) (n = 3) of repeated measures ANOVA of within-subjects (time and time*diet) and between-subjects 

(diet) at different hours postprandial are displayed in the subsets (P < 0.05). 

αMauchly’s test, χ2 (20) = 63.65, p = 0.001, sphericity not assumed.  = 0.356. 

δF (8, 14) = 2,69, p = 0.051.  

ζF (2.14, 29.9) = 6.15 

θF (17.1, 29.9) = 1.03, p = 0.457 

ßMauchly’s test, χ2 (2) = 0.722, p = 0.697, sphericity assumed. 

κF (8, 14) = 25.83 

λF (2, 28) = 0.303, p = 0.741 

ψF (16, 28) = 2,19 

γMauchly’s test, χ2 (0) = 0.00, p = 0.001, sphericity not assumed. Huynh-Feldt ε = 1.00. 

φF (8, 14) = 0.811, p = 0.597 

ωF (1, 44) = 1.485, p = 0.229 

τF (8, 44) = 1.939, p = 0.078 

n.s. = not statistically significant. 
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Table 3-4: Significance of the fixed effects for the ADC-P in the PI of rainbow trout fed different P forms. 

 

Hours postprandial 

8α 16ß 24γ 

Phytate-P vs. Phytate-P + Phytase 0.01 0.045 < 0.0001 

0.15% Phytate-P vs. 0.15% Phytate-P + Phytase (2,000 FTU) 0.01 n.s. 0.001 

0.30% Phytate-P vs. 0.30% Phytate-P + Phytase (4,000 FTU) n.s. 0.033 0.014 

Basal diet vs. Phytate-P 0.012 n.s. 0.007 

Tricalcium-P vs. Tricalcium-P + Ca n.s. n.s. 0.012 

0.25% Tricalcium-P vs.0.25% Tricalcium-P +0.1% Ca n.s. n.s. n.s. 

0.50% Tricalcium-P vs.0.50% Tricalcium-P +0.4% Ca n.s. n.s. < 0.0001 

Basal diet vs. Tricalcium-P < 0.0001 0.010 < 0.0001 

Results (P values) (n = 3) from univariate ANOVA contrasting levels of phytate-P, levels of phytate-P + phytase, levels of tricalcium-P, and levels of tricalcium-

P + Ca at different hours postprandial are displayed in the subsets (P < 0.05).  

αF (8, 15) = 6.53, p = 0.001, R2 = 0.77 

ßF (8, 17) = 5.28, p = 0.002, R2 = 0.71 

γF (8, 18) = 35.3, p < 0.0001, R2 = 0.94 

n.s. = not statistically significant. 
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Figure 3-2: pH in the stomach, proximal intestine, and distal intestine of rainbow trout fed diet supplemented with levels of phytate-P and 

levels of phytate-P + phytase (2a), and for fish fed diet supplemented with levels of tricalcium-P and levels of tricalcium-P + Ca (2b) at 

different hours postprandial. 
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Table 3-5: Significance of the fixed effects for pH in the stomach, proximal intestine, and distal 

intestine of rainbow trout fed different P forms in a full cycle of 24 h postprandial. 

  Stomachα Proximal Intestineß Distal Intestineγ 

Diet < 0.0001δ n.s.κ n.s.φ 

Time < 0.0001ζ < 0.0001λ < 0.001ω 

Time*Diet 0.001θ n.s.ψ 0.004τ 

Results (p values) (n = 3) of repeated measures ANOVA of within-subjects (time and time*diet) and between-subjects 

(diet) at different hours postprandial are displayed in the subsets (P < 0.05). 

αMauchly’s test, χ2 (20) = 32.92, p = 0.035, sphericity not assumed. Huynh-Feldt ε = 1.00. 

δF (8, 45) = 5.46 

ζF (6, 270) = 127.41 

θF (48, 270) = 1.87 

ßMauchly’s test, χ2 (20) = 55.22, p = 0.001, sphericity not assumed. Greenhouse-Geisser ε = 0.633. 

κF (8, 45) = 0.962, p = 0.477 

λF (3.8, 171) = 54.4 

ψF (30.4, 171) = 1.45, p = 0.073 

γMauchly’s test, χ2 (20) = 43.5, p = 0.002, sphericity not assumed. Greenhouse-Geisser ε = 0.724 

φF (8, 44) = 1.23, p = 0.304 

ωF (4.3, 191) = 72.59 

τF (34.7, 191) = 1.86 

n.s. = not statistically significant. 
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Figure 3-3: Average of pH in the stomach, proximal intestine, and distal intestine of rainbow trout 

at different hours postprandial. 
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Table 3-6: Data of pH in the stomach, proximal intestine, and distal intestine across time in a full 

cycle of 24 h postprandial. 

 

Stomach Proximal intestine Distal intestine 

0.5 h 4.80 ± 0.06a 6.61 ± 0.04a 6.92 ± 0.04a 

1 h 4.74 ± 0.06a 6.65 ± 0.04ab 7.03 ± 0.04a 

2 h 4.57 ± 0.06a 6.69 ± 0.04ab 7.03 ± 0.04a 

4 h 4.21 ± 0.06b 6.79 ± 0.04b 7.31 ± 0.04b 

8 h 3.76 ± 0.06c 7.03 ± 0.04c 7.54 ± 0.04c 

16 h 3.47 ± 0.06d 7.24 ± 0.04d 7.68 ± 0.04cd 

24 h 3.17 ± 0.06e 7.31 ± 0.04d 7.74 ± 0.04d 

Data represent as mean ± SD (n = 54) of one-way ANOVA. Means followed by different superscript within a same column 

differ significantly, and the absence of superscript denotes a lack of significance between treatment groups by Tukey’s 

test (P < 0.05). 
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Table 3-7: Significance of the fixed effects for the pH in the stomach of rainbow trout fed different forms of P. 

 

Hours postprandial 

0.5α 1ß 2γ 4δ 8ζ 16θ 24κ 

Phytate-P vs. Phytate-P + Phytase n.s. n.s. n.s. n.s. n.s. n.s. 0.033 

0.15% Phytate-P vs. 0.15% Phytate-P + Phytase (2,000 FTU) n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

0.30% Phytate-P vs. 0.30% Phytate-P + Phytase (4,000 FTU) n.s. n.s. n.s. n.s. n.s. n.s. 0.005 

Basal diet vs. Phytate-P n.s. n.s. n.s. 0.002 0.028 n.s. 0.012 

Tricalcium-P vs. Tricalcium-P + Ca n.s. n.s. 0.001 n.s. n.s. n.s. n.s. 

0.25% Tricalcium-P vs.0.25% Tricalcium-P +0.1% Ca n.s. 0.027 0.027 n.s. 0.035 n.s. n.s. 

0.50% Tricalcium-P vs.0.50% Tricalcium-P +0.4% Ca n.s. n.s. 0.006 n.s. n.s. n.s. n.s. 

Basal diet vs. Tricalcium-P n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Results (P values) (n = 3) from univariate ANOVA contrasting levels of phytate-P, levels of phytate-P + phytase, levels of tricalcium-P, and levels of tricalcium-P + Ca at 

different hours postprandial are displayed in the subsets (p < 0.05).  

αF (8, 45) = 1.89, p = 0.086, R2 = 0.25 

ßF (8, 45) = 2.97, p = 0.009, R2 = 0.35 

γF (8, 45) = 4.02, p = 0.001, R2 = 0.42 

δF (8, 45) = 4.31, p = 0.001, R2 = 0.43 

ζF (8, 45) = 2.51, p = 0.024, R2 = 0.31 

θF (8, 45) = 1.23, p = 0.305, R2 = 0.18 

κF (8, 45) = 2.34, p = 0.034, R2 = 0.29 

n.s. = not statistically significant. 
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Figure 3-4: Concentration of Plasma-Pi for fish fed diet supplemented with levels of phytate-P and 

levels of phytate-P + phytase (4a), and for fish fed diet supplemented with levels of tricalcium-P and 

levels of tricalcium-P + Ca (4b) at different hours postprandial. 
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Table 3-8: Significance of the fixed effects for the plasma-Pi of rainbow trout fed different P forms 

in a full cycle of 24 h postprandial. 

  pα 

Diet n.s.δ 

Time < 0.0001ζ 

Time*Diet n.s.θ 

αMauchly’s test, χ2 (20) = 44.1, P = 0.001, sphericity not assumed. Huynh-Feldt ε = 1.00. 

δF (8, 44) = 1.94, p = 0.078 

ζF (6, 264) = 14.26 

θF (48, 264) = 1.27, p = 0.124 
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Table 3-9: Postprandial pattern of plasma-Pi across time in rainbow trout fed different P forms. 

 

Basal Dietα 
0.15% 

Phytate-Pß 

0.30% 

Phytate-Pγ 

0.15% Phytate-P + 

Phytase (2,000 FTU) δ 

0.30% Phytate-P + 

Phytase (4,000 FTU) ζ 

0.25% 

Tricalcium-Pθ 

0.50% 

Tricalcium-Pκ 

0.25% Tricalcium-

P + 0.1% Caλ 

0.50% Tricalcium-P 

+ 0.4% Caψ 

0.5 h 1.64 ± 0.17bc 2.05 ± 0.20 2.04 ± 0.21 2.17 ± 0.17ab 2.16 ± 0.24ab 1.91 ± 0.28 1.70 ± 0.17 2.08 ± 0.21ab 2.05 ± 0.19ab 

1 h 1.36 ± 0.17c 2.12 ± 0.20 1.77 ± 0.21 1.4 ± 0.17c 1.73 ± 0.24ab 2.48 ± 0.28 1.75 ± 0.17 1.81 ± 0.21ab 1.46 ± 0.19b 

2 h 1.68 ± 0.17bc 1.65 ± 0.20 1.79 ± 0.21 1.53 ± 0.17bc 1.32 ± 0.24b 1.66 ± 0.28 1.80 ± 0.17 1.45 ± 0.21b 1.64 ± 0.19ab 

4 h 1.79 ± 0.17abc 1.93 ± 0.20 1.81 ± 0.21 1.25 ± 0.17c 2.07 ± 0.24ab 1.44 ± 0.28 1.90 ± 0.17 1.35 ± 0.21b 1.71 ± 0.19ab 

8 h 2.24 ± 0.17ab 2.27 ± 0.20 2.12 ± 0.21 1.74 ± 0.17abc 2.29 ± 0.24ab 2.27 ± 0.28 2.16 ± 0.17 2.19 ± 0.21ab 2.09 ± 0.19ab 

16 h 2.21 ± 0.17ab 2.54 ± 0.20 2.27 ± 0.21 2.35 ± 0.17a 2.67 ± 0.24a 2.02 ± 0.28 1.73 ± 0.17 2.37 ± 0.21a 2.33 ± 0.19a 

24 h 2.43 ± 0.17a 1.94 ± 0.20 2.42 ± 0.21 2.26 ± 0.17ab 2.33 ± 0.24ab 2.10 ± 0.28 2.07 ± 0.17 2.21 ± 0.21ab 2.08 ± 0.19ab 

Data represent as mean ± SE (n = 6) of univariate ANOVA. Means followed by different superscript within a same column differ significantly, and the absence of superscript denotes 

a lack of significance between treatment groups by Tukey’s test (P < 0.05). 

αF (6, 35) = 5.39, p < 0.0001, R2 = 0.39 

ßF (6, 34) = 1.91, p = 0.107, R2 = 0.25 

γF (6, 35) = 1.52, p = 0.202, R2 = 0.21 

δF (6, 35) = 7.13, p < 0.0001, R2 = 0.55 

ζF (6, 35) = 3.30, p = 0.011, R2 = 0.36 

θF (6, 35) = 1.56, p = 0.188, R2 = 0.21 

κF (6, 35) = 1.13, p = 0.364, R2 = 0.16 

λF (6, 35) = 3.70, p = 0.006, R2 = 0.39 

ψF (6, 35) = 2.56, p = 0.037, R2 = 0.31 
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Figure 3-5: Observed and predicted mass of yttrium oxide (Y) in the GIT of rainbow trout at different hours postprandial; ( • ) observed Y 

mass in the ST; (−) predicted Y mass in the ST; () observed Y mass in the PI; (……) predicted Y mass in the PI; (+) observed Y mass in the 

DI; (- - - -) predicted Y mass in the DI. 
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Table 3-10: Significance of the fixed effects for the yttrium oxide mass in the STO, PI, DI, and entire 

GIT of rainbow trout fed different P forms in a full cycle of 24 h postprandial. 

  Stomachα Proximal Intestineß Distal Intestineγ 

Diet n.s.δ n.s.κ n.s.φ 

Time < 0.0001ζ < 0.0001λ < 0.0001ω 

Diet x Time n.s.θ n.s.ψ n.s.τ 

Results (P values) (n = 3) of repeated measures ANOVA of within-subjects (time and time*diet) and between-subjects 

(diet) at different hours postprandial are displayed in the subsets (p < 0.05). 

αMauchly’s test, χ2 (20) = 27.57, p = 0.389, sphericity assumed. 

δF (8, 17) = 1.32, p = 0.301 

ζF (6, 102) = 40.10 

θF (48, 102) = 0.602, p = 0.902 

ßMauchly’s test, χ2 (20) = 19.13, p = 0.524, sphericity assumed. 

κF (8, 17) = 0.842, p = 0.580 

λF (6, 102) = 79.81 

ψF (48, 102) = 1.15, p = 0.061 

γMauchly’s test, χ2 (0) = 0.0, p < 0.0001, sphericity not assumed. Greenhouse-Geisser ε = 0.472 

φF (8, 18) = 0.863, p = 0.564 

ωF (2.8, 50.9) = 94.8 

τF (22.7, 50.9) = 1.55, p = 0.098 
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Table 3-11: Fitted parameters of yttrium oxide appearance in the STO, PI, and DI of rainbow trout fed different forms of P in a full cycle of 

24 h. 

 

  

Basal 

Diet 

0.15% 

Phytate-P 

0.30% 

Phytate-P 

0.15% Phytate-P + 

Phytase (2,000 FTU) 

0.30% Phytate-P + 

Phytase (4,000 FTU) 

0.25% 

Tricalcium-P 

0.50% 

Tricalcium-P 

0.25% Tricalcium-

P + 0.1% Ca 

0.50% Tricalcium-

P + 0.4% Ca 

 Doseα  1.26 0.92 1.11 1.10 0.96 0.98 1.11 0.77 0.99 

Stomach 

nδ 0.93 0.88 0.87 1.00 0.94 1.06 1.01 1.01 0.95 

Kpζ  5.5 5.2 4.6 5.7 4.3 5.1 4.3 3.4 6.4 

MRTθ 17.0 17.0 18.9 17.5 21.9 20.7 23.5 29.7 14.8 

MSPEß 0.16 0.17 0.20 0.16 0.14 0.20 0.13 0.22 0.16 

Proximal 

Intestine 

nδ 3.44 3.64 3.09 3.99 3.42 3.29 2.96 2.76 3.97 

kpζ  6.9 7.9 6.0 8.1 8.3 7.9 3.8 5.1 7.5 

MRTθ 50.0 45.9 51.3 49.1 41.1 41.5 77.2 54.5 50.7 

MSPEß 0.04 0.06 0.04 0.03 0.03 0.03 0.06 0.05 0.05 

Distal 

Intestine 

n δ 2.90 3.05 3.80 4.70 2.58 4.35 3.56 3.67 3.43 

kp ζ 4.0 5.8 9.6 12.6 4.9 10.9 8.9 11.5 6.8 

MRT θ 71.7 52.2 39.4 37.2 51.9 39.9 40.0 32.0 50.5 

MSPE ß 0.05 0.06 0.08 0.03 0.10 0.08 0.05 0.04 0.01 

αDose = µg g-1 BW 

δKp = % h-1 

ζMRT = h 

θMSPE = % of mean 
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Chapter 4. Application of a Mathematical Model to Examine 

the Kinetics of Digestion and Absorption of Rainbow Trout 

(Oncorhynchus mykiss) with emphasis in Phytate-P and 

Bone Phosphorus  

 

4.1 Abstract 

This study aimed to evaluate the effectiveness of a mathematical modeling approach to 

describe the dynamics of digestion and absorption of different forms of P, with an 

emphasis on phytate-P and tricalcium phosphate (tricalcium-P) in fish. Data from an 

experimental trial with rainbow trout were analyzed using a series of equations to estimate 

the flow absorption and endogenous secretion of Pi in different compartments of the 

gastrointestinal tract (GIT). The results showed that fish fed diet supplemented with 

phytase had a higher rate of absorption of phosphate (Pi) in the PI and DI (P < 0.05). The 

presence of tricalcium-P and high level of calcium (Ca) decreased the rate of absorption 

of Pi in the PI and DI (P < 0.05). The model indicates a small and not significant absorption 

of Pi in the STO, and it was not affected by the chemical P forms (P > 0.05). The model 

suggested that the endogenous Pi secretion in the DI are constant whereas the 

endogenous Pi secretion in the PI and STO decrease over time postprandial and that the 

chemical forms of dietary P affected the endogenous Pi secretion in the PI and DI (P < 

0.05). High level of tricalcium-P and Ca in the feed increased the endogenous Pi secretion 

of Pi in the PI of rainbow trout (P < 0.05). Fish fed diet supplemented with phytase 

presented significant lower endogenous Pi secretion in the DI (P < 0.05). The model 
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appeared to provide a reasonable estimation of Pi absorption in the segments of GIT of 

rainbow trout and indicate that the chemical P forms and the presence of additives 

influence the absorption and endogenous secretion of Pi in the PI and DI of rainbow trout. 

 

4.2 Introduction 

Phosphorus (P) plays a vital role in a wide variety of metabolic functions and is an 

important chemical constituent of body structures, such as bones and scales (Lall, 2002; 

Sugiura et al., 2004a; NRC, 2011). Dietary P is the primary source of P for fish (Bakke et 

al., 2010; NRC, 2011) because the uptake of P via the gills is negligible (Lall, 1991) owing 

to limited levels of dissolved P in water (Boyd, 1981; Lall, 2002).  Phosphorus waste 

output is a great concern in aquaculture since P is the most limiting factor for algal growth 

and excess P can stimulate eutrophication and cause environmental degradation (Bristow 

et al., 2017). Therefore, the reduction of environmental P discharge is considered critical 

for the long-term sustainability of freshwater aquaculture operations.  

The digestibility of P from feeds is highly variable and, in general, relatively poor 

with approximately only 40 to 50% of dietary P being digestible (Green at al., 2002a, 

2002b; Morales, et al., 2018). The digestibility of dietary P is known to vary depending 

upon the fish species (Satoh et al., 1997; Hua and Bureau, 2010), dietary inclusion level 

of P (Satoh et al., 1997), interactions with other dietary nutrients (e.g. Ca), and presence 

of feed additives (e.g. phytase) (Hua and Bureau, 2006). 

Dietary P is found in different chemical forms, and their concentrations are highly 

variable in different feed ingredients (Hua and Bureau, 2006; 2010; Morales et al., 2018). 

As part of a modeling exercise, Hua and Bureau (2006, 2010) classified the different 
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dietary P forms into six categories as follows: cellular (organic) P, bone-P, phytate-P, 

phytase-released-P, monobasic P and dibasic P. These chemical P forms in the feed are 

known to exhibit different solubility and digestion dynamics. The digestibility of these 

chemical forms of P was shown to be affected by different factors (Hua and Bureau, 

2010). For example, the digestibility of different forms of P was shown to vary dramatically 

across species and the digestibility of some of the forms (e.g. bone-P) was affected by 

inclusion level in the diet and interactions with other chemical forms (e.g. monobasic P)  

(Hua and Bureau, 2006, 2010). The modeling exercises of Hua and Bureau (2006, 2010) 

highlighted the need for a more mechanistic and dynamic characterization of the 

dynamics of digestion of different dietary P forms, notably those of bone P and phytate-

P. 

Tricalcium-P ((Ca5(PO4)3OH), the main form of bone-P, presents a complex 

crystal structure with strong intramolecular forces between Ca and P that render this 

molecule insoluble at neutral pH. Previous studies have indicated a strong influence of 

stomach acid secretion on the digestibility of bone-P in fish (Satoh et al., 1997; Hua and 

Bureau, 2006). Common carp and other cyprinid fish species lack a true (acid) stomach 

and have no or very limited ability to digest bone-P (Hua and Bureau, 2010). 

An ion-dipole attraction between the chemical forms of P and H+ ions from 

secreted hydrochloride acid (HCl) leads to the dissociation and solubilization of inorganic 

phosphate ions (Pi), H2PO4- and HPO42- (Quamme and Shapiro, 1987; Turk et al., 

2000).  As the chyme reaches the intestine, active secretion of bicarbonate ions (HCO3-

) from the pancreas increases the pH from acid to alkaline (Bakke et al., 2010). At alkaline 

pH, phosphate ions may complex with calcium (Ca) and other divalent mineral ions. The 
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calcium phosphate complexes exhibit low solubility and tend to precipitate, which renders 

Pi unavailable for uptake (Satoh et al., 1997; Rust, 2002; Hua and Bureau, 2006; Morales 

et al., 2018). The digestibility of bone-P is likely affected by acid outputs and residence 

time in the stomach (ST), and interactions with calcium in the proximal intestine (PI). 

It is well established that fish have little to no ability to digest phytate-P due to the 

lack of endogenous phytase (Lall, 1991). However, exogenous phytase enzyme has been 

shown to improve digestibility of phytate-P in a number of fish species. The phytase 

enzyme dephosphorylates the phytate-P (myo-inositol-1,2,3,4,5,6-hexakisphosphate) 

and releases free Pi for animal uptake. 

Published and anecdotal evidence suggests that the effectiveness of phytase 

differs amongst fish species (Hua and Bureau, 2010). Most commercially available 

phytases have an optimal activity at neutral pH so it is generally assumed that the enzyme 

is more effective in the PI than the ST. The phytic acid molecule carries twelve dissociable 

hydrogen atoms that each dissociate within a different pH range. Phytic acid is a potent 

chelator of positively charged minerals and can form stable insoluble salts of Ca and other 

divalent cations in the GIT, which may influence the bioavailability of these minerals 

(Raboy, 2009). The dynamics of digestion of phytate-P in fish has not been examined in 

detail and deserves more attention. 

Ruminants secrete a large volume of saliva in order to buffer the pH of the rumen. 

Consequently, the amount of endogenous Pi entering into the ST of these animals is 

significant. The Pi movement from plasma to saliva in monogastric animals is lower than 

in ruminants (France et al., 2010) and its physiological relevance is not well established. 

France et al. (2010) highlighted the need to accurately estimate endogenous Pi secretion 
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in order to better model and understand the dynamics of digestion of P in animals. 

Assessing the kinetics of digestion of chemical forms of P is needed to better 

understand the dynamics of digestion of different chemical P forms. Using a mathematical 

model approach, the present study estimated the flow of tricalcium-P and phytate-P mass 

through a set of equations that estimate the rate of passage, the absorption and the 

endogenous secretion of Pi in rainbow trout. This study aimed to evaluate the application 

of a mathematical model for estimating the dynamics of digestion and absorption of 

different forms of P, with an emphasis on phytate-P and tricalcium-P, considered the main 

chemical form of bone-P. 

 

4.3 Materials and Methods 

The present study used a mathematical model to determine the dynamics of 

digestion of chemical forms of P based on modeling of results from an experimental data. 

The mathematical model used in the present study consists of three (3) sub-models: flow 

of P in the stomach (ST), flow of P in the proximal intestine (PI), flow of P in the distal 

intestine (DI). In each sub-model, the rate of absorption (𝑘𝑎) and the endogenous 

secretion (𝐸𝑝) of Pi were estimated. The model scheme is depicted in Figure 4-1.  

 

4.3.1 Experimental Work 

A high-quality basal diet (BD), with low levels of phytate-P and bone-P was 

formulated to contain 45% digestible protein (DM basis) and 17.7 MJ digestible energy 

kg-1 and meet all known nutrient requirements of rainbow trout according to NRC (2011) 

recommendations (Table 1). Eight experimental diets were prepared by supplementing 
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the basal diet with two different levels of phytate-P, in the presence and absence of 

phytase enzyme (Ronozyme® HiPhos (L), DSM Nutritional Products, Heerlen, 

Netherlands) or two levels of tricalcium-P in the presence and absence of calcium 

carbonate (Table 1). Diets 2 and 3 were supplemented with 0.15% and 0.30% phytate-P, 

respectively. Diets 4 and 5 were supplemented with 0.15% phytate-P + phytase (2,000 

FTU) and 0.30% phytate-P + phytase (4,000 FTU), respectively. Diets 6 and 7 were 

supplemented with 0.25% and 0.50% tricalcium-P, respectively. Diets 8 and 9 were 

supplemented with 0.25% tricalcium-P + 0.1% Ca and 0.50% tricalcium-P + 0.4% Ca, 

respectively. Yttrium oxide (Y2O3) (Sigma-Aldrich Inc., St. Louis, MO, USA) was included 

at 100 ppm to act as an inert digestion marker. A 10th diet was formulated to be devoid 

of phytate-P, tricalcium-P and inert marker for feeding prior to the digesta kinetics study. 

The diets were mechanically mixed using a Hobart mixer Hobart Ltd., Don Mills, 

Ontario) and pelleted using a laboratory steam pellet mill (California Pellet Mill Co., San 

Francisco, California), and pelleted using a laboratory steam pellet mill (California Pellet 

Mill Co., San Francisco, California). Phytase diluted in distilled water was sprayed onto 

pellets of the diets four and five at 0.5% inclusion level. The feed pellets were air dried in 

a forced air drier at room temperature for 24 h and stored at 4°C until further use.  

 

4.3.2 Fish Husbandry and Experimental Protocol 

Rainbow trout from a domestic fall-spawning strain were obtained from Alma 

Aquaculture Research Station (Elora, ON, Canada) and acclimated to the experimental 

conditions for two weeks prior to the start of the trial. During the acclimatization period, 

fish were fed once per day a maintenance ration of a commercial trout feed (Proficient 
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Feed, Martin Mills Inc., Elmira, Ontario, Canada). 

Groups of 15 fish, with an average initial body weight of 140 g/fish, were randomly 

assigned to 27 fiberglass tanks (60 L), continuously and individually aerated and supplied 

with water at a rate of 3 L/min. Fish were maintained in a partial recirculation system with 

approximately 40% make up water per day, equipped with a biofilter. Water temperature 

was maintained at 11.5ºC and a photoperiod of 12 h light: 12 h dark in a windowless 

laboratory. The fish were handled in accordance with the guidelines of the Canadian 

Council on Animal Care (CCAC, 1984) and the University of Guelph Animal Care 

Committee. 

The fish were hand-fed the nine (9) experimental diets, three replicate tanks per 

diet, for 28 days. During the experimental period, the fish were fed to near-satiety twice 

per day between 9:30 to 16:00, and the feed intake was determined weekly. 

 

4.3.3 Sampling Protocol 

The collection of digesta from different compartments of the gastrointestinal tract 

(GIT) was performed after the feeding trial. Prior to sampling, fish were fed the diet devoid 

of phytate-P, tricalcium-P and inert marker (Table 1, Diet 10) for a period of three (3) days. 

On the morning of the sampling day, the fish were then fed one meal of their respective 

experimental diets to near satiety. Following this single meal, two (2) fish/tank were 

sampled and euthanized with an overdose of anaesthetic (MS-222) at 0.5, 1, 2, 4, 8, 16 

and 24 h postprandial. Individual weight of the animals was recorded and they were snap-

frozen in liquid nitrogen and stored at -20˙C prior to the collection of digesta samples.  

The entire GIT of each fish was carefully removed while the fish was still frozen and 
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separated into the stomach (ST), proximal intestine (PI), and distal intestine (DI). The PI 

was defined as the section from the last pyloric cecum to the ileo-caecal valve. The DI 

was defined extending from the ileocecal valve to the anus. The contents (digesta) of the 

different dissected compartments were collected individually while it was still frozen with 

an aid of a stainless-steel surgical blade (No. 21, Fisher Scientific Company, Ottawa, ON, 

Canada) and stainless-steel surgical tweezers. The digesta were placed individually in 

pre-weighed polypropylene sterile vials (Externally Threaded Cryogenic Store Vials, 

Fisher Scientific Company, Ottawa, ON, Canada).  A total of 1,134 samples of digesta 

from ST, PI, and DI were collected. The digesta samples were freeze-dried and their dry 

matter mass was determined. The freeze-dried digesta samples were hand-grounded 

individually using a crucible and pestle and stored at -20˙C for later analysis. 

 

4.3.4 Chemical analysis 

Diets were analyzed for dry matter (DM) and ash according to AOAC (1995), crude 

protein (CP, % N x 6.25) by Kjeldahl method using a TecatorTM Digestor with sulphuric 

acid digestion at 400C and a Kjeltec 8200 for semi-automated distillation (Foss, Hillerød, 

Denmark), and lipids with an Ankon XT20 fat analyzer (Ankon Technology, Macedon, NY, 

USA) using petroleum ether.  

Total concentrations of Y and P in digesta samples were determined using 

Inductively-Coupled Plasma Mass Spectrometry with axial viewed plasma (ICP-OES, 

Varian Vista Pro CCD simultaneous, Varian Optical Instruments, Mulgrave, Australia). 

Freeze-dried digesta and the experimental diets were weighed (0.5 g) in digestion tubes 

and 9 mL of 16 M nitric acid (TraceMetalTM Grade, Fisher Scientific Company, Ottawa, 
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ON, Canada) was added to the samples. The samples with acid were placed in a fume 

hood for 16 h. Afterward, 3 mL of 12 M hydrochloric acid (TraceMetalTM Grade. Fisher 

Scientific Company, Ottawa, ON, Canada) was added and the samples were put in a 

heating block (~ 200˚C) for approximately 4 hours. When the digestion was completed, 

the samples were filtered using Whatman paper filter (#42) into a 50-mL volumetric flask. 

The samples were diluted with ultrapure water (18.3 Mohm cm-1, Super-Q® Plus 

ultrapure water (Type 1), Millipore Sigma, Canada) to achieve a final volume of 50 mL. 

The volumetric flask was covered with parafilm and inverted 3 to 4 times. The samples 

were analyzed using an ICP-OES with axially viewed plasma (ICP-OES, Varian Vista Pro 

CCD simultaneous, Varian Optical Instruments, Mulgrave, Australia). The standards used 

to determine the concentrations of Y, Ca, and P were 1000 mg L-1 ICP-MS standards 

(SCP Science, Quebec, Canada). The standards were diluted volumetrically with 

ultrapure water (18.3 Mohm cm-1, Super-Q® Plus ultrapure water (Type 1), Millipore 

Sigma, Canada) to achieve a calibration curve ranging from 0 to 10 mg L-1 for Y and 0 to 

100 mg L-1 for P.  

 

4.3.5 Modeling Exercise 

Timecourses of P and Y appearance in GI segments were analyzed with the 

sequential, compartmental model illustrated in Figure 1. Y and P from the diet were 

assumed to travel together through the tract, with no inputs or outputs from the Y 

compartments aside from passage, and with endogenous P production and absorptive P 

disappearance from the P compartments in addition to passage.  

Timecourses of mean Y mass per gram BW (Yt) in stomach, proximal and distal 
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intestine were fitted by the gamma probability density function (France et al., 1985; Wilfart 

et al., 2007) representing marker flow through a series of n sequential compartments:  

 

                                                                    𝑌𝑡 =  
(

𝑑𝑜𝑠𝑒

𝑘𝑝
)∗𝑘𝑝

𝑛∗𝑡𝑛−1∗𝑒−𝑘𝑝∗𝑡

𝛤(𝑛)
                                            [1] 

 

where dose = mass per gram BW of Y consumed in the meal, kp = first-order rate constant 

for passage from one compartment to the next, and t = sample time. Dose was set equal 

to the total Y mass in the GI tract per gram BW at 1 h after feeding. Numerical values of 

n and kp that minimized residual sum of squares between the set of predicted and 

observed mean Yt for each GI segment in each tank of fish were obtained using Solver 

in Microsoft Excel (Microsoft Corp., Redmond, WA, USA).  

In cases where the GI nutrient can also be absorbed according to first-order rate 

constant ka, such as occurs for P, the distribution of mean P masses across time (Pt) 

becomes 

                                                 𝑃𝑡 =

𝑑𝑜𝑠𝑒∗𝑒
− ln(

𝑘𝑎+𝑘𝑝
𝑘𝑝

)∗𝑛

𝑘𝑝
∗(𝑘𝑎+𝑘𝑝)

𝑛
∗𝑡𝑛−1𝑒−(𝑘𝑎+𝑘𝑝)∗𝑡

𝛤 (𝑛)
                               [2] 

 

The ratio of Pt:Yt in GI segments, according to the quotient of Eqs 2 and 1, is thus 

 

                                                                        𝑃𝑡: 𝑌𝑡 =  𝑅0𝑒−𝑘𝑎𝑡                                                              [3] 

 

where R0 = Pt:Yt at time 0.  
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 Equation 3 was derived assuming no endogenous production of P. Endogenous 

secretions into GI segments could be continuous and constant across time or could be 

high in response to a meal and diminish thereafter. To test which of these patterns best 

describes endogenous P secretion (E; mg P µg Y-1d-1) in our fish, two different 

modifications of Equation 3 are proposed. Equation 4 considers that E is constant across 

time, whereas Equation 5 assumes that E decreases over time after a meal according to 

a first-order decay, where 𝐸𝑡 = 𝐸0𝑒−𝑘𝑏𝑡 

 

                                                     𝑃𝑡: 𝑌𝑡 =
𝐸

𝑘𝑎
(1 − 𝑒−𝑘𝑎𝑡) + 𝑅0𝑒−𝑘𝑎𝑡                                            [4] 

 

                                                𝑃𝑡: 𝑌𝑡 =
𝐸0𝑒−𝑘𝑏𝑡

𝑘𝑎−𝑘𝑏
(𝑒(𝑘𝑎+𝑘𝑏)𝑡 − 1) + 𝑅0𝑒−𝑘𝑎𝑡                                       [5] 

 

Equations 3 and 4 are single-exponent equations, while Equation 5 has 2 exponents. 

Thus, residual sums of squares of fits to 1- and 2-exponent equations (𝑃𝑡: 𝑌𝑡 = 𝑅1𝑒−𝑘1𝑡 

and 𝑃𝑡: 𝑌𝑡 = 𝑅1𝑒−𝑘1𝑡 + 𝑅2𝑒−𝑘2𝑡 respectively) were used to determine whether Equation 4 

or 5 better described the observed Pt:Yt ratios when secretion of endogenous P into the 

GI segment was apparent. 

 

4.3.6 Statistical Analysis 

 

Data of DM mass in each segment of the GIT were analyzed as a randomized 

complete block design using repeated measures ANOVA of the General Linear Model 

procedure of IBM SPSS Statistics (IBM SPSS Statistics for Macintosh, Version 25.0. 
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Armonk, NY: IBM Corp.). Tank was considered the experimental unit. Data were tested 

for normality using the Shapiro-Wilk test (p < 0.05). Levene’s test was used to ensure 

the homogeneity of variances prior to any other statistical analysis (p < 0.05). In the case 

where the sphericity of the test was violated, the value of epsilon (ε) was used to decide 

either the Greenhouse-Geisser or Huynh-Feldt test should be used (Greenhouse and 

Geisser, 1959; Huynh and Feldt, 1976; Quintana and Maxwell, 1994).  

The outputs from the model, rate of passage (kp), constant of absorption (ka) and 

endogenous secretion (Ep), were analyzed as a randomized complete block design using 

univariate ANOVA of the General Linear Model procedure of IBM SPSS Statistics (IBM 

SPSS Statistics for Macintosh, Version 25.0. Armonk, NY: IBM Corp.). The data were 

prior tested with Shapiro-Wilk for normality (p < 0.05). Levene’s test was used to ensure 

the homogeneity of variances (p < 0.05). The means of all growth parameters were 

compared with Tukey’s test using a significant level of 0.05.  

 

4.4 Results 

4.4.1 Stomach 

The dietary concentration of different chemical forms of P did not affect the DM 

mass in the ST postprandial (p > 0.05) (Table 4-2). A peak of DM mass was observed at 

1 h followed by a continuous quadratic decrease with time (p < 0.05) (Figure 4-2). A 

similar pattern was observed with the mass of Y in the ST. 

The observed mass of P in the ST was fitted into the Equation 2 and the parameters 

calculated are presented in Table 4-3. The slope of 0.94 between observed and predicted 
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mass of P in the ST did not differ from 1, and the confidence interval (CI) ranged from 

0.82 to 1.06 (Figure 4-3). The absorption of Pi in the ST was calculated and is shown in 

Table 3. The chemical forms of P did not affect the 𝑘𝑎 in the ST (p > 0.05).  

The ratio of P:Y observed in the ST 0.5 h postprandial was fitted into the 1 and 2-

exponential equations. The lower RSS was obtained using the 2-exponent equation 

(Table 4-4). The slope between the observed and predicted P:Y ratio did not differ from 

1 and the CI ranged from 0.84 to 1.09 (Figure 4-4).  Equation 4 was used to estimate 𝐸𝑝 

in the ST due to the best fitting of the 2-exponential equation. The model showed a small 

𝐸𝑝 in the ST for rainbow trout not affected by dietary chemical forms of P (p > 0.05) (Table 

4-5). 

 

4.4.2 Proximal Intestine 

The dietary concentration of different chemical forms of P did not affect the DM mass 

in the PI postprandial (p > 0.05) (Table 4-2). The DM mass in the PI decreased from 0.5 

to 8 h followed by a continuous increase after 8 h postprandial (p < 0.05) (Figure 2).  

Similarly, to the DM mass, the Y appearance started at 8 h postprandial in the PI. 

The observed mass of P in the PI was fitted into the Equation 2, and the parameters 

obtained are presented in Table 4-3. The slope between observed and predicted P mass 

in the PI was lower than 1, and the confidence interval (CI) ranged from 0.32 to 0.96 

(Figure 4-3). Thus, the Equation 2 underestimated the P mass in the PI in a 24 h cycle 

postprandial (Figure 4-3). The chemical forms of P influenced the 𝑘𝑎 in the PI. The fish 

fed diets supplemented with phytase or the basal diet presented higher 𝑘𝑎  than fish fed 

diet supplemented with 0.50% tricalcium-P (p < 0.05) (Table 4-3). 
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The observed ratios of P:Y in the PI 16 h postprandial were fitted into the 1 and 2-

exponential equations and the lowest RSS was obtained when using the 2-exponential 

equation (Table 4). Therefore, the 𝐸𝑝 in the PI decrease with time postprandially. The 

slope of 0.94 did not differ from 1, and the confidence interval (CI) ranged from 0.86 to 

1.06 (Figure 4-4). The Equation 4 indicated that the fish fed diet containing 0.50 % bone-

P supplemented with 0.4% Ca had a significantly higher 𝐸𝑝 compared to the fish fed diets 

supplemented with 4,000 FTU phytase or the basal diet (p < 0.05) (Table 4-5).  

 

4.4.3 Distal Intestine 

The different chemical forms of P did not affect the DM mass in the DI postprandial 

(p > 0.05) (Table 4-2). The DM mass in the DI decreased with time until 8 h postprandial 

followed by a continuous increase until 24 h postprandial (p < 0.05) (Figure 4-2). Similarly, 

the Y appearance in the DI started after 16 h postprandial. 

The observed mass of P in the DI was fitted into the model and the results are 

presented in Table 3. The equation 2 underestimated the mass of P in the DI and the 

slope of the regression between observed versus predicted mass of P was always lower 

than 1, with a confidence interval (CI) that ranged from 0.32 to 0.96 (Figure 4-3). The 

chemical forms of P affected the 𝑘𝑎 in the DI, following a similar pattern as seen for the 

PI. Fish fed the basal diet or the diet supplemented with phytase presented higher 𝑘𝑎 

compared to the other chemical dietary P forms (P < 0.05). According to the model the 

presence of tricalcium-P and Ca leads to lower values of 𝑘𝑎 (p < 0.05) (Table 4-3). 

The observed ratios of P:Y in the DI at 16 h postprandial were fitted into the 1 and 
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2-exponent equations and the lowest RSS were found using the 1-exponent equation 

(Table 4). Hence, 𝐸𝑝 in the DI was constant with time and not affected by the chemical 

forms of P (p>0.05) (Table 4-5). The model resulted in an adequate prediction of the P:Y 

ratio in the DI. The slope of the confidence interval between observed and predicted P:Y 

ratio ranged from 0.71 to 1.06 (Figure 4-4).  

Table 4-6 presents the modeled flow of P (mg P BW-1 d-1) of rainbow trout fed 

different chemical forms of P. High level of tricalcium-P with Ca resulted in a 3.5-fold 

decrease in the 𝑘𝑎 per day, and a 1.7-fold higher 𝐸𝑝 in the PI and Di when compared to 

fish fed the basal diet. The model provided evidence that phytase enzyme increases the 

rate of absorption of Pi. The daily rate of absorption of Pi was 2-fold higher in the fish fed 

diet supplemented with phytase compared to fish fed diet-containing phytate-P.  

 

4.5 Discussion 

The rate of passage of DM mass and Y appearance in different compartments of 

the GIT were determined to examine the dynamics of digestion of chemical forms of P. In 

the present study, the time course of DM and Y appearance in the ST of rainbow trout 

decreased with time. A significant decrease on DM mass was observed 8 h post prandial. 

In a full cycle of 24 h postprandial was observed that 21.7% of the DM mass remained in 

the ST, following the same pattern of Y retention in the ST (21.6%). Thus, these results 

suggest that the period for total gastric emptying in rainbow trout is longer than 24 h 

postprandial following a single meal. Gholami (2015) did not observe a decrease of DM 

mass in the stomach of rainbow trout until 12 h postprandial. However, the feeding 

protocol used by Gholami (2015) differed from this present study. In the study of Gholami 
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(2015) the fish were fasted for 36 h and then fed the experimental diets before sampling. 

This long period of fasting might have influenced on the feed intake when the fish were 

re-fed and also affected the passage of DM through the GIT. Fish in the natural 

environment will often go through periods of abundance and periods of absence of natural 

food. The stomach may act as a food storage organ. There is evidence that emptying of 

the stomach and passage of food/feed through the GIT is affected by nutritional status 

and the succession of meals.  In the present study, the fish were well-fed up to the 

sampling time and the rate of passage of DM in the GIT appeared to be relatively 

constant. However, the absence of meals following the single meal given prior to the start 

of the sampling protocol may have influenced the passage rate of DM through the GIT. 

This deserves to be investigated in future studies. This would require slightly more 

sophisticated experimental dietary and sampling protocols.   

The DM mass presented a decline at 8 h followed by a linear increase until 24 h 

postprandial in the PI and DI. Y appearance in the PI and DI started after 8 and 16 h 

postprandial, respectively. Under the current experimental conditions, it took over 8 h 

postprandial for the digesta to reach the PI. A decline of DM mass or Y disappearance in 

the intestinal segments were not observed in a full cycle of 24 h postprandial, hence a 

longer period of sampling would be necessary.  

The 𝑘𝑝 was estimated from the Y appearance into the segments of the GIT, and this 

parameter was not affected by the chemical forms of P present in the diet. These 

observations suggest that the model proposed by Gholami (2015) gives a rational 

prediction of the Y mass and P:Y ratio in all segments of GIT of rainbow trout.  

The results from the model indicate that little absorption of Pi occurs in the ST. The 
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model suggested that there is a slight flux of Pi from plasma to the gastric cavity. To our 

knowledge, no previous studies examined the secretion of endogenous Pi in the ST of 

fish. 

The model underestimates the P mass in the PI and DI at different postprandial time 

points. This might be due to the fact that the P mass model (Equation 2) only considers 

the absorption of the nutrient. The uptake and endogenous secretion of Pi in the intestine 

are controlled through a continuous turnover in the body (France et al., 2010), 

consequently it would be expected for the Equation 2 underestimate these parameters. 

The use of the 1 and 2-exponential equations (Equations 3 and 4) for the DI and PI, 

respectively, results in more realistic estimates for the predicted outputs because these 

equations consider both the 𝑘𝑎 and 𝐸𝑝 in the segment. Therefore, the amount of 𝐸𝑝, 

diffused from plasma or originated from digestive secretions into the intestine segments 

of rainbow trout appears to be significant.  

The phytate-P level in the diet did not affect the flux of P from plasma to the gut. Our 

observations are consistent with the results of other studies, which have suggested that 

the presence of phytate-P did not affect the endogenous Pi secretions in fish (Prabuh et 

al., 2015), growing pigs (Dilger and Adeola, 2006a), and growing chicks (Dilger and 

Aldeola, 2006b).  

Phytase supplementation increased the uptake of Pi in the DI. In the PI, the 

absorption of Pi also appeared to be higher in the presence of phytase, though no 

statistically significant differences were observed. Our findings indicate that the free Pi 

form phytate-P is mostly absorbed in the final region of the GIT of rainbow trout.  
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The absorption rate in the intestinal compartments decreased 2 to 3-fold in a 

presence tricalcium-P, with or without Ca supplementation. The dissolution of bone-P is 

incongruent and depends on acid pH. At the alkaline pH of the intestine, the presence of 

Ca2+ that can complex with released Pi and with monobasic-Pi in the diet, forming 

insoluble precipitates decreases Pi absorption (Rust, 2002; Hua and Bureau, 2006). 

Hence the model adequately described the dynamic of absorption of Pi in the presence 

of high level of tricalcium-P.  

The presence of tricalcium-P resulted in a 3-fold increase in the endogenous Pi 

secretion in the PI compared to the fish fed the basal diet. This is to our knowledge that 

first experimental evidence that the dietary chemical forms affect the endogenous Pi 

secretion in fish. More studies are necessary to investigate the influence of chemical P 

forms in the endogenous secretion of Pi by fish. The linear regression approach is used 

in the majority of the studies to estimate the endogenous Pi secretion, by regressing the 

P intake upon output and extrapolating to zero dietary intakes. The present study used 

different mathematical and methodological techniques that may allow more realistic and 

dynamic estimation of the endogenous Pi secretions.  

The output from the series of mathematical equations is realistic and similar to the 

observed results reported in others studies (Avila et al., 2000; Rodehutscord et al., 2000). 

The estimated absorption and endogenous secretions of Pi for rainbow trout fed the basal 

diet was 22.7 mg g BW-1 d-1 and 2.4 mg g BW-1 d-1, respectively.  Avila et al. (2000) 

estimated that rainbow trout are able to absorb approximately 35 mg P kg BW -1 d-1. 

Through an exponential approach, Rodehutscord et al. (2000) estimated the endogenous 

Pi secretions in rainbow trout is around 3.7 mg kg BW-1 d-1.  
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4.6 Conclusion 

The 1 and 2-exponent equations proposed by Gholami (2015) appeared to be 

applicable for estimating the mass of P in the segments of the GIT, including the stomach. 

The rate of absorption and endogenous Pi secretion appeared to be influenced by the 

dietary P. High concentration of low soluble P compounds decreases the absorption rate 

of P while it increases the endogenous Pi secretion resulting in high P output. 

The combination of experimental work and mathematical modeling used in the 

present study allowed a finer and more granular description of the dynamics of P digestion 

and could be very valuable in the future to examine the mode of actions and effectiveness 

of different feed additives aimed at improving P digestibility.   
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Table 4-1: Formulation of the experimental diets and calculated or analyzed composition. 

Ingredients (%) Diets 

1 2 3 4 5 6 7 8 9 10 

Fish protein concentrate (CPSP) 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 - 

Feather meal 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 - 

Blood meal, whole, spray-dry 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 27.0 

Casein 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 - 

Gelatin 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 24.5 

Starch, raw - - - - - - - - - 26.3 

Wheat flour 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 - 

Wheat gluten 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 - 

Fish oil 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 7.1 

Canola oil 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 7.1 

Vitamin premixa 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 - 

Vitamin E 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 

Rovimixstay-C (25%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 

Lysine (BioLys) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 - 

DL-Methionine 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 - 

Choline Chloride 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 - 

Mineral premixb 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 - 

NaH2PO4 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 - 

NaCl 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 - 

Marker 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 

Cellulose (Arbocel) 5.19 4.65 4.12 4.55 3.92 4.51 3.83 4.25 2.81 8.0 

Phytate-P - 0.54 1.07 0.54 1.07 - - - - - 

Phytase (20,000 FYT/g) - - - 0.1 0.2 - - - - - 

Tricalcium-P - - - - - 0.68 1.36 0.68 1.36 - 

Calcium carbonate - - - - - - - 0.26 1.02 - 

           

Analyzed composition (DM basis)           

Dry matter (%) 94.4 94.9 94.8 94.5 94.6 94.5 94.6 94.5 94.7 95.3 

Lipid (%) 20.4 20.0 20.1 20.2 20.0 19.9 20.3 20.1 20.2 21.2 

Ash (%) 1.7 1.8 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.8 

Total P (%) 0.79 0.88 1.09 0.81 1.08 0.87 1.03 0.82 1.06 0.30 

Total Ca (%) 0.36 0.68 0.58 0.36 0.36 0.59 0.60 0.79 0.94 - 

Crude Protein (%) 45.1 45.6 44.9 45.6 45.5 45.3 45.7 45.0 45.5 47.7 

           

Calculated composition           

Digestible P (g/kg)c 6.0 6.0 6.0 6.0 6.0 6.1 5.7 6.1 5.7 - 

Animal origin Bone-P (%)c - - - - - 0.25 0.50 0.25 0.50 - 

Plant origin phytate-P (%)c 0.09 0.24 0.39 0.24 0.39 0.09 0.09 0.09 0.09 - 

Cellular-P (%)c 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 
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Mono-Ca/Na/K P (%)d 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 - 

Digestible energy (MJ/kg, DM basis) 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 18.1 
aProvides per kg of diet: retinyl acetate (vitamin A), 75 mg; cholecalciferol (vitamin D3), 300 mg; menadione Na-bisulfate (vitamin K), 1.5 

mg; cyanocobalamine (vitamin B12), 30 mg; D-biotin, 210 mg; choline chloride, 3448 mg; folic acid, 1.5 mg; niacin, 15 mg; calcium-d-

pantothenate, 33 mg; pyridoxine–HCl, 7.5 mg; riboflavin, 9 mg; thiamin-HCl, 1.5 mg (Martin Mills Inc., Elmira, ON, Canada). 

b Provides per kg of diet: sodium chloride (NaCl, 39% Na, 61% Cl), 3077 mg; potassium iodine (KI, 24%K, 76%I), 10.5 mg; ferrous sulphate 

(FeSO4, 7H2O, 20%Fe), 65 mg; manganese sulphate (MnSO4, 36%Mn) 88.9 mg; zinc sulphate (ZnSO4.7H2O, 40%Zn), 150 mg; copper 

sulphate (CuSO4.5H2O, 25%Cu), 28 mg; sodium Selenite (Na2SeO3, 45.66% Se), 0.7 mg (Martin Mills Inc., Elmira, ON, Canada. 

d Calculated according to Hua and Bureau (2006). 
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Figure 4-1: Diagram of the dynamic model of P and Y appearance in the segments of the GIT of 

rainbow trout. Boxes represent pools and arrows indicate fluxes.
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Table 4-2: The significance of the fixed effects for the mass of DM in the STO of rainbow trout fed 

different forms of P in a full cycle of 24 h postprandial. 

  
Stomachα 

Proximal 

Intestine 

 Distal 

Intestine 

 

Diet n.s. n.s.  n.s.  

Time 0.0001δ 0.0001θ  0.0001κ  

Time*Diet n.s. n.s.  n.s.  

 

Results (p values) (n = 3) of repeated measures ANOVA of within-subjects (time and time*diet) and 

between-subjects (diet) at different hours postprandial are displayed in the subsets (p < 0.05).  

αMauchly’s test, χ2 (20) = 36.22, p = 0.016, sphericity not assumed. Greenhouse-Geisser ε = 0.55. 

δF (3.3, 59.4) = 50.95, p = 0.0001 

θF (3.4, 61.3) = 5.42, p = 0.001 

κF (6, 108) = 7.77, p = 0.0001 

n.s. = not statistically significant. 
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Figure 4-2: DM mass postprandial in the stomach, proximal intestine, and distal intestine of rainbow trout fed different forms of P. 
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Table 4-3: Fitted parameters of P appearance and absorption in the GIT of rainbow trout fed different forms of P in a full cycle of 24 h. 

 

  

Basal 

Diet 

0.15% 

Phytate-P 

0.30% 

Phytate-P 

0.15% Phytate-P + 

Phytase (2,000 FTU) 

0.30% Phytate-P + 

Phytase (4,000 FTU) 

0.25% 

Tricalcium-P 

0.50% 

Tricalcium-P 

0.25% Tricalcium-

P + 0.1% Ca 

0.50% Tricalcium-

P + 0.4% Ca 

Stomach 

Doseα  0.12 0.10 0.13 0.13 0.14 0.10 0.13 0.09 0.12 

n 0.93 0.88 0.87 1.00 0.94 1.06 1.01 1.01 0.95 

Kpδ  5.5 5.2 4.6 5.7 4.3 5.1 4.3 3.4 6.4 

Kaκ 0.6 1.3 0.4 1.1 1.2 1.6 0.2 1.0 0.4 

MRT 16.9 16.9 18.9 17.5 21.9 20.8 23.5 29.7 14.8 

Proximal 

Intestine 

Doseα  0.12 0.10 0.13 0.13 0.14 0.10 0.13 0.09 0.12 

n 3.44 3.64 3.09 3.99 3.42 3.29 2.96 2.74 3.79 

Kpδ  6.9 7.9 6.0 8.1 8.3 7.9 3.8 5.1 7.5 

Kaθ 9.1ab 6.0abcd 7.0abcd 8.5abc 10.2a 5.0bcd 4.5cd 6.4abcd 2.7d 

MRT 49.9 46.1 51.5 49.6 41.2 41.6 77.9 53.7 50.5 

Distal 

Intestine 

Doseα  0.12 0.10 0.13 0.13 0.14 0.10 0.13 0.09 0.12 

n 2.90 3.05 3.80 4.70 2.58 4.35 3.56 3.67 3.43 

Kpδ  4.1 4.4 9.1 12.8 7.3 8.1 7.3 9.3 12.1 

Kaλ 8.3ab 5.5bc 6.3bc 9.7ab 12.6a 4.42bc 5.9bc 6.2bc 2.6c 

MRT 70.1 69.3 41.8 36.7 35.3 53.7 48.8 39.5 28.3 
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Figure 4-3: Predicted and observed mass of P (mg P g-1 BW) (Equation 2) in the digesta of the stomach, proximal intestine, and distal intestine of 

rainbow trout fed different forms of P (residuals normal distributed and non-different to 0). 
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Table 4-4: Best fit parameters to predict the ratio of P:Y in the GIT of rainbow trout fed different chemical forms of P. 

 
 1-Exponent Equation 2-Exponent Equation 

   RSS R2 RSS R2 

Stomach 

Basal Diet 3.40 0.06 3.39 0.06 

0.15% Phytate-P 0.56 0.59 0.54 0.61 

0.30% Phytate-P 3.45 0.39 3.18 0.42 

0.15% Phytate-P + Phytase (2,000 FTU) 0.39 0.58 0.39 0.58 

0.30% Phytate-P + Phytase (4,000 FTU) 4.83 0.31 4.85 0.30 

0.25% Tricalcium-P 1.06 0.76 1.06 0.76 

0.50% Tricalcium-P 0.27 0.79 0.27 0.79 

0.25% Tricalcium-P + 0.1% Ca 0.49 0.58 0.49 0.58 

0.50% Tricalcium-P + 0.4% Ca 1.02 0.42 1.02 0.42 

Proximal Intestine 

Basal Diet 0.009 0.77 0.004 0.89 

0.15% Phytate-P 0.155 0.85 0.164 0.84 

0.30% Phytate-P 0.038 0.39 0.034 0.41 

0.15% Phytate-P + Phytase (2,000 FTU) 0.202 0.02 0.143 0.18 

0.30% Phytate-P + Phytase (4,000 FTU) 0.098 0.02 0.074 0.02 

0.25% Tricalcium-P 0.059 0.54 0.072 0.43 

0.50% Tricalcium-P 0.042 0.86 0.021 0.93 

0.25% Tricalcium-P + 0.1% Ca 0.020 0.88 0.015 0.91 

0.50% Tricalcium-P + 0.4% Ca 0.585 0.87 0.920 0.33 

Distal Intestine 

Basal Diet 1.8*10-10 1 2.4*10-10 1 

0.15% Phytate-P 1.3*10-2 0.97 2.1*10-1 0.28 

0.30% Phytate-P 1.0*10-4 0.99 1.0*10-4 0.99 

0.15% Phytate-P + Phytase (2,000 FTU) 3.0*10-3 0.96 2.2*10-2 0.64 

0.30% Phytate-P + Phytase (4,000 FTU) 6.0*10-4 0.99 2.1*10-3 0.97 

0.25% Tricalcium-P 4.1*10-2 0.81 1.3*10-1 0.31 

0.50% Tricalcium-P 1.0*10-3 0.98 9.0*10-3 0.85 

0.25% Tricalcium-P + 0.1% Ca 6.3*10-2 0.69 9.5*10-2 0.50 
0.50% Tricalcium-P + 0.4% Ca 3.3*10-2 0.86 1.6*10-1 0.18 
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Table 4-5: Fitted parameters of endogenous secretion of Pi in the GIT of rainbow trout fed different forms of P in a full cycle of 24 h. 

 

  Basal Diet 

0.15% 

Phytate-P 

0.30% 

Phytate-P 

0.15% Phytate-P + 

Phytase (2,000 FTU) 

0.30% Phytate-P + 

Phytase (4,000 FTU) 

0.25% 

Tricalcium-P 

0.50% 

Tricalcium-P 

0.25% Tricalcium-P 

+ 0.1% Ca 

0.50% Tricalcium-P 

+ 0.4% Ca 

Stomach 

Epα 0.00068 0.0006 0.00003 0.0003 0.0002 0.0002 0.000009 0.0003 0.00001 

Kb
δ 0.0 6.9 13.9 5.0 15.7 20.0 18.7 5.5 17.8 

R0
κ 0.09 0.11 0.12 0.12 0.15 0.10 0.12 0.11 0.12 

Proximal 

Intestine 

Epθ 0.00034a 0.00080ab 0.00056ab 0.00051ab 0.00030a 0.00075ab 0.00057ab 0.00068ab 0.00103b 

Kb
δ 11.9 7.9 12.9 13.3 5.3 5.0 12.7 15.3 0.7 

R0
κ 0.02 0.03 0.03 0.02 0.02 0.03 0.05 0.04 0.05 

Distal 

Intestine 

Epα 0.0014 0.0018 0.0016 0.0015 0.0014 0.0014 0.0018 0.0019 0.0018 

R0
κ 0.02 0.03 0.03 0.02 0.02 0.03 0.05 0.04 0.05 

Data represent as mean (n = 3) of one-way ANOVA. Means followed by different superscript within a same line differ significantly, and the absence of 

superscript denotes a lack of significance between treatment groups by Tukey’s test (p < 0.05).  

αEp = mg P µg-1 Y day-1; 

θEp = mg P µg-1 Y day-1; F (8, 18) = 2.76, p = 0.035 

δKb = % h-1 

κR0 = mg P µg-1 Y ratio at 0.5 h postprandial 
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Figure 4-4: The predicted and observed ratio of P:Y (mg P µg-1 h-1) in the stomach (Equation 3), proximal intestine (Equation 4; residual non normal 

distributed (right skewned and leptokurtic) and non-different than 0), and distal intestine (Equation 3) of rainbow. 
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Table 4-6: Application of the model to rainbow trout fed different chemical forms of P. 

 The flow of P (mg P g BW-1 day-1) 

 
 P intake ST to plasma Plasma to ST PI to Plasma Plasma to PI DI to plasma Plasma to DI 

 Symbols 𝑃𝑖 𝑘𝑎1
 𝐸𝑃1

 𝑘𝑎2
 𝐸𝑃2

 𝑘𝑎3
 𝐸𝑃3

 

Basal Diet    131.8 0.70 0.68 11.56 0.34 10.46 1.39 

0.15% Phytate-P  134.2 1.35 0.59 6.55 0.80 5.97 1.81 

0.30% Phytate-P  200.3 0.53 0.04 9.84 0.56 8.92 1.63 

0.15% Phytate-P + Phytase (2,000 FTU)  140.7 1.44 0.29 12.07 0.50 13.96 1.46 

0.30% Phytate-P + Phytase (4,000 FTU)  193.7 1.72 0.24 16.15 0.30 20.49 1.39 

0.25% Tricalcium-P  128.6 1.61 0.17 5.21 0.75 4.56 1.39 

0.50% Tricalcium-P  212.5 0.26 0.01 6.14 0.59 8.17 1.82 

0.25% Tricalcium-P + 0.1% Ca  151.7 0.88 0.33 5.93 0.68 5.73 1.90 

0.50% Tricalcium-P + 0.4% Ca  176.4 0.46 0.02 3.19 1.03 3.08 1.83 
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Chapter 5. The Path Analysis Approach of the Gastric pH 

effect on the Digestion of Chemical Forms of Phosphorus 

and Absorption of Phosphate in Rainbow Trout 

(Oncorhynchus mykiss)  

 

5.1 Abstract 

Phosphorus (P) has complex digestion affected by multiple parameters (e.g. calcium, pH, 

P sources). The establishment of nutritional strategies to enhance P digestibility depend 

on understanding the dynamics of P digestion. Our study used a structural equation 

model (SEM) to examine the direct and indirect relationship between gastric pH, dietary 

P (tricalcium phosphate, phytate-P, and organic-P), calcium, P digestion and absorption. 

Data from an in vivo study with rainbow trout and parameter estimates (absorption of 

phosphate) derived from a mathematical modelling exercise were used to examine the 

magnitude and the significant effect of gastric pH and Ca on P digestion and absorption. 

Our results indicated that 16% and 39% of the variance on P digestibility (p< 0.05) and 

absorption (p< 0.0001) was explained by a direct and indirect effect of gastric pH, 

respectively. Gastric pH showed a negative relationship with tricalcium-P and total Ca at 

the distal intestine, demonstrating that the digestion of tricalcium-P relies upon acid 

secretion.  Gastric pH has a negative association with phytase:phytate ratio (-36%), which 

suggests that hydrolysis of phytate-P by phytase is favored by acid conditions in the 

stomach. Dietary phytase enzyme supplementation presented a positive effect on 
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digestible P (29%), and indirectly explained 13% of the positive variation on the 

absorption of Pi, indicating that phytase not only increases the digestibility of P but also 

contributes to the uptake of Pi. Dietary concentrations of tricalcium-P and organic-P were 

positively related to digestible P (14% and 86%, respectively) and the strength of the 

relationship was related to the solubility of the P source (e.g. higher positive effect for 

sources with high solubility as organic-P). The antagonist effect of Ca on P digestion was 

significant and explained 10% of the variation on the absorption of Pi. Calcium indirectly 

affected P digestibility due to negative influencing other variables of the model (i.e. 

organic-P, tricalcium-P, phytase:phytate ratio). The path analysis proved to be a useful 

tool to examine complex interactions between parameters such as gastric pH, dietary P 

forms, and calcium, and furthered our understanding of digestion and absorption of P. 

 

5.2 Introduction 

Phosphorus (P) is an essential macromineral for all vertebrates, including fish, and 

presents metabolic and structural functions in the body (Lall, 2002; Sugiura et al., 2004; 

NRC, 2011). Due to the negligible P uptake by fish via the gills (Lall, 1991), it is necessary 

to provide adequate levels of digestible P via the diet to ensure fish health. In parallel, P 

is generally the most limiting factor for algal growth and inefficient use of P can stimulate 

eutrophication of water bodies (Morales et al., 2018).  It is thus generally necessary to 

formulate feeds to meet digestible P requirement of fish closely while avoiding an 

oversupply of dietary P to minimize potential deleterious environmental impacts. The 

formulation of such feeds requires accurate information on digestibility of P of feed 
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ingredients and compounded feeds. This is challenging since the digestibility of P of feeds 

is highly variable and generally poor (40 to 50% digestibility; Green at al., 2002a, 2002b; 

Morales et al., 2018). Among the factors known to affect the digestibility of dietary P are: 

fish species (Satoh et al., 1997; Hua and Bureau, 2010), dietary inclusion level of P (Satoh 

et al., 1997), interaction with other dietary nutrients (e.g. Ca), and presence of feed 

additives (e.g. phytase) (Hua and Bureau, 2006). 

Digestion of P is directly affected by the solubility of dietary forms of P and pH is 

known to play an important role (Lall, 1991; Eya and Lowell, 1997; Satoh et al., 1997; 

Hua and Bureau, 2006; Sarker et al., 2009; Hua and Bureau, 2010; Kals et al., 2012; 

Morales et al., 2018). Digestibility of dietary P has long been recognized as a result of a 

complex interaction between a set of factors, direct/indirectly affected by gastric pH 

(Satoh et al., 1997; Hua and Bureau, 2006; Hua and Bureau 2010; Morales et al., 2018). 

Thus, stomach acid secretion is another critical factor to affect digestibility of dietary P 

(Lall, 1991; Eya and Lowell, 1997; Satoh et al., 1997; Hua and Bureau, 2006; Saker et 

al., 2009; Hua and Bureau, 2010; Kals et al., 2012; Morales et al., 2018). Also, P 

solubilization in the stomach through the action of low gastric pH might not directly affect 

the digestibility of P since absorption of P in the stomach is minimal, whereas the proximal 

and distal intestine are the main site for Pi absorption (See Chapter 4 in this thesis). The 

effect of gastric pH on Pi absorption may thus be indirect.  

P is found under different chemical forms and concentration in various feed 

ingredients (Hua and Bureau, 2006; 2010; Morales et al., 2018). Animal by-products are 

usually associated with high bone content where a relevant fraction of P is found as 

hydroxyapatite (tricalcium-P), which has a complex crystal structure with strong 
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intramolecular forces between Ca, and P. Hydroxyapatite is completely insoluble at 

neutral pH; however, it can solubilize at acid pH. An ion-dipole attraction between the 

PO3
- and H+ ions from secreted hydrochloride acid (HCl) lead to the solubilization of Pi 

(H2PO4
- and HPO4

2-) groups from tricalcium phosphate (tricalcium-P) (Quamme and 

Shapiro, 1987; Türk et al., 2000). Thus, acid secretion plays an essential function on the 

solubility of tricalcium-P and, therefore, its digestibility might be directly dependent on acid 

secretion. Common carp and other cyprinid fish species have a lack of a real (acid) 

stomach and no or minimal ability to digest tricalcium-P, whereas carnivorous fish can 

digest this form of P (Satoh et al., 1997; Hua and Bureau, 2010). Thus, there is evidence 

on the effect of stomach acid secretion on the digestibility of tricalcium-P by fish. 

Both animal and plant ingredients present a fraction of the total P as organic 

compounds (phosphate groups covalently bonded to phosphorylated proteins, 

phospholipids, phospho-sugar) which are mostly hydrolyzed by alkaline phosphatases 

and, thus, present high digestibility (Hua and Bureau, 2006).  In plant ingredients, about 

60 to 80% of the total P is found as phytate-P. Since fish do not possess phytase in their 

gastrointestinal tract, the digestibility of phytate-P is very poor for most of the farmed fish 

species (Hua and Bureau, 2010). Phytases are commonly applied in plant-based feed 

aiming to dephosphorylate phytate-P for improving P digestibility (Liebert and Portz, 

2005). This enzyme removes orthophosphate groups from the inositol ring of phytate-P 

to make free inorganic P available for absorption by fish. Phytases can be broadly 

categorized into two categories based on their optimal pH as acid phytases (microbial 

phytases, with some exceptions) and alkaline phytases (plant phytases). More focus has 

been given to acid phytases due to their greater stability during feed processing (Cao et 
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al., 2007b). Thus, gastric pH might have an effect on phytate-P digestion since the 

efficacy of phytate-P hydrolysis by phytase relies upon acid pH. 

As the chyme reaches the intestine, bicarbonate ions (HCO3
-) secretion by the 

pancreas increases the pH in the intestine (Bakke et al., 2010). This transition from acid 

to alkaline pH may affect the fate of Pi ions solubilized in the stomach and, consequently, 

its availability for intestinal absorption. At alkaline pH, Pi ions may complex with calcium 

(Ca) and other divalent mineral ions to form calcium phosphate complexes (chelates) with 

low solubility and which tend to precipitate, rendering hydrolyzed Pi unavailable for 

absorption (Satoh et al., 1997; Rust, 2002; Hua and Bureau, 2006; Morales et al., 2018) 

that are excreted with feces into the water. Therefore, it can be assumed that the 

concentration of Ca and P are correlated factors regarding P digestibility due to the strong 

chemical affinity between these minerals.  

The effect of gastric pH and Ca on P digestion and absorption has so far been poorly 

investigated. Models of P digestion and digestibility have been developed for salmonids 

(Hua and Bureau, 2006; Hua et al., 2006), tilapia, and carp (Hua and Bureau, 2010), but 

there has been no attempt to implicitly model the effect of gastric pH and Ca on digestion 

and absorption of forms of dietary P in a mechanistic and dynamic manner for fish. 

Although the chemical behaviour of Ca and P at different pH range is well known, it is 

challenging to predict these interactions at the gastrointestinal conditions and its effects 

on P absorption. Evidence had shown that gastric pH and Ca might influence P digestion, 

but still, information is needed to examine the relationship between these parameters and 

the magnitude of their direct/indirect effects on the dynamic digestion and absorption of 

P.   
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Accurate prediction of the rate of absorption of Pi relies on the capacity to predict 

the digestibility of P of different in the postprandial states. Mathematical models have 

demonstrated their utility in the prediction of digestibility and rate of absorption of P. The 

apparent digestibility of total P in fish feeds is estimated as a measure of disappearance 

of total P in the feed and in the feces (Cho et al., 1982) whereas the rate of P absorption 

is calculated using a time lag of the rate of passage of P in a one compartment-model 

(Gholami et al., 2015). The combination of these mathematical models with a statistical 

approach that examines the relationship of the parameters involved in the digestion of P 

would give a comprehensive understanding of the dynamic of digestion of P.  

Due to the dynamic nature of P digestion and the associations that exist between 

parameters, multicollinearity between independent variables can be a limitation if 

regression models are used. Path analysis, an extension of the regression model, 

represents an alternative tool to examine the magnitude of the relationship between the 

model parameters and its correlations, where the significance of hypotheses of a causal 

model are estimated from a path diagram (1). In the path analysis approach, hypotheses 

are created to allow for hierarchical inclusion of independent variables along with the 

direct, indirect, and covariation of parameters effect (Mitchell, 1992; Kline, 2015). The 

path coefficients indicate how strongly related the parameters of interaction are by 

providing measurement and sign of the variance (Kline, 2015). Thus, a solid set of 

hypotheses is a crucial element to design the path analysis. Given the solid physio-

chemical basis governing the solubilization and absorption dynamics of Pi, it is possible 

to formalize these processes into a series of steps and associated hypotheses. Path 
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analysis could thus represent a practical approach to delineate the impact of different 

factors, and to understand the factors affecting the digestion and absorption of Pi.   

The purpose of this study was to examine the pathways in which gastric pH interacts 

with dietary forms of P to influence digestion and absorption of Pi by using a path analysis 

based on an in vivo trial and on a mathematical model. 

 

5.3 Materials and Methods 

5.3.1 Conceptual Model and Path Diagram 

A series of hypothesis were developed on the basis of results from previous studies 

(Lall, 1991; Eya and Lowell, 1997; Satoh et al., 1997; Hua and Bureau, 2006; Saker et 

al., 2009; Hua and Bureau, 2010; Kals et al., 2012; Morales et al., 2018), as follows: 

 

- Hypothesis 1: Gastric pH has a negative relationship with phytase:phytate ratio 

leading to a negative effect on P digestibility; 

- Hypothesis 2: Phytate-P is indigestible, but a positive relationship with digestion 

and absorption of Pi, respectively, will be present when exogenous phytase 

enzyme is supplemented in the diet; 

- Hypothesis 3: Gastric pH has a negative relationship with tricalcium-P and 

organic-P solubilization, leading to a negative relationship with digestible P; 

- Hypothesis 4: Total Ca has a negative effect on dietary P and will show a negative 

and indirect relationship with the absorption of Pi; 
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- Hypothesis 5: Gastric pH has a negative relationship with P digestibility and, 

consequently, has a negative indirect relationship to absorption of Pi;  

- Hypothesis 6: Digestible P is positively related to absorption of Pi. 

 

The hypotheses were tested using SEM with Maximum Likelihood Estimation. A 

path diagram of the relationship between gastric pH and the digestion of chemical forms 

of P and absorption of Pi was constructed based on the findings from the literature. The 

effect of total Ca (DI), dietary forms of P and inclusion of phytase enzyme were included 

in the model (Figure 1). 

 

Figure 5-1: Path analysis of digestion and absorption of dietary forms of P as affected by gastric pH 

and total Ca (DI). Solid arrows (         ) represent direct effect, dashed arrows  (           ) represent 

indirect effect, and double-solid arrows (        ) represent covariance between the parameters of the 

model. 
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5.3.2 Data Collection 

Dynamic digestion in vivo study and a mathematical model provided the data used 

in the present study. A total of 189 observations of the following parameters were included 

in the model: 

- Observed gastric pH of rainbow trout at 1, 2 and 4 h postprandial; 

- The calculated concentration of dietary chemical forms of P (Hua et al., 2006); 

- Observed mass of total Ca in the distal intestine 24 h postprandial; 

- The calculated apparent post-ileal digestibility of P (Cho et al., 1982); 

- The estimated rate of absorption of Pi by rainbow trout (Chapter 4). 

 

5.3.3 Digestibility of chemical P forms 

Data on phytate-P, phytase:phytate ratio (100 FTU phytase g-1 phytate), tricalcium-

P, organic-P, total Ca (DI), gastric pH, and digestibility of P were obtained from an in vivo 

study. A high-quality basal diet (Diet 1), with low levels of phytate-P and tricalcium-P, was 

formulated to contain 45% of digestible protein and 17.7 MJ digestible energy kg-1and 

meet all known nutrient requirements of rainbow trout according to NRC (2011) 

recommendations. Eight experimental diets were prepared by supplementing the basal 

diet with phytate-P or tricalcium-P, in presence or absence of phytase enzyme 

(Ronozyme® HiPhos (L), DSM Nutritional Products, Heerlen, Netherlands) or calcium 

carbonate, respectively. Diets 2 and 3 were supplemented with 0.15% and 0.30% 

phytate-P, respectively. Diets 4 and 5 were supplemented with 0.15% phytate-P + 
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phytase (2,000 FTU) and 0.30% phytate-P + phytase (4,000FTU), respectively. Diets 6 

and 7 were supplemented with 0.25% and 0.50% tricalcium-P, respectively. Diets 8 and 

9 were supplemented with 0.25% tricalcium-P + 0.1% Ca and 0.50% tricalcium-P + 

0.4%Ca, respectively. Yttrium oxide (Y2O3) (Sigma-Aldrich Inc., St. Louis, MO, USA) was 

included at 100 ppm to act as an inert marker (Table 1). 

Rainbow trout from a domestic fall-spawning strain were obtained from Alma 

Aquaculture Research Station (Elora, ON, Canada) and acclimated to the experimental 

conditions for two weeks prior to the start of the trial. During the acclimatization period, 

fish were fed once per day a maintenance ration of a commercial trout feed (Proficient 

Feed, Martin Mills Inc., Elmira, Ontario, Canada). 

Groups of 15 fish, with an average initial body weight of 140 g/fish, were randomly 

assigned to 27 fiberglass tanks (60 L), continuously and individually aerated and supplied 

with water at a rate of 3 L/min. Fish were maintained in a partial recirculation system with 

approximately 40% makeup water per day, equipped with a biofilter. Water temperature 

was maintained at 11.5ºC and a photoperiod of 12 h light: 12 h dark in a windowless 

laboratory. The fish were handled in accordance with the guidelines of the Canadian 

Council on Animal Care (CCAC, 1984) and the University of Guelph Animal Care 

Committee. 

The fish were hand-fed the nine (9) experimental diets, three replicate tanks per 

diet, for 28 days. During the experimental period, the fish were fed to near-satiety twice 

per day between 9:30 to 16:00 and the feed intake was determined weekly. 

The collection of digesta from different compartments of the gastrointestinal tract 



 

 

105 

 

 

(GIT) was performed after the feeding trial. Prior sampling, fish were fed the diet devoid 

of phytate-P, tricalcium-P and inert marker for three days (Diet 10, Table 1). On the 

morning of the sampling day, the fish were then fed one meal of their respective 

experimental diets. Following this single meal, six (6) fish/treatment were sampled and 

euthanized with an overdose of anesthetic (MS-222) 0.5, 1, 2, 4, 8, 16 and 24 h 

postprandial. The individual weight of the animals was recorded, and they were snap-

frozen in liquid nitrogen and stored at -20oC prior to the collection of digesta samples.  

The entire GIT of each fish was carefully removed while the fish was still frozen and 

separated into the stomach (ST) and distal intestine (DI). The DI was considered from the 

ileocecal valve to the anus. The contents (digesta) of the different dissected compartment 

were collected individually, while still frozen, with the aid of stainless steel surgical blade 

and tweezers (No. 21, Fisher Scientific Company, Ottawa, ON, Canada). The gastric pH 

at different time points was analyzed at room temperature using an automatic pH-meter 

(pH Testr 30, Eutech Instruments PHTEST30/01X366903/OAKTON 35634-30). 

The digesta were placed individually in pre-weighed polypropylene sterile vials 

(Externally Threaded Cryogenic Store Vials, Fisher Scientific Company, Ottawa, ON, 

Canada).  A total of 378 samples of digesta from ST and DI were collected. The digesta 

samples were freeze-dried, and their dry matter mass was determined. The freeze-dried 

digesta samples were hand-grounded individually using a crucible and pestle and stored 

at -20oC for later analysis. 

Yttrium oxide and the total concentration of Ca and P digesta samples were 

determined using Inductively-Coupled Plasma Mass Spectrometry with axial viewed 

plasma (ICP-OES, Varian Vista Pro CCD simultaneous, Varian Optical Instruments, 
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Mulgrave, Australia). Freeze-dried digesta and the experimental diets were weighed (0.5 

g) in digestion tubes, and 9 mL of 16M nitric acid-trace metal grade (Fisher Scientific 

Company, Ottawa, ON, Canada) was added to the samples. The samples with acid were 

placed in a fume hood for 16 h. Afterward, 3 mL of 12M hydrochloric acid - trace metal 

grade (Fisher Scientific Company, Ottawa, ON, Canada) was added, and the samples 

were put in a heating block (~ 200oC) for approximately 4 h. When the digestion was 

completed, the samples were filtered using Whatman paper filter (#42) into a 50 mL 

volumetric flask. The samples were diluted with ultrapure water (18.3 Mohm cm-1, Super-

Q® Plus ultrapure water (Type 1), Millipore Sigma, Canada) to achieve the final volume 

of the samples (50 mL). The volumetric flask was covered with parafilm and inverted 3 to 

4 times and an aliquot sample of 15 mL was taken. The samples were analyzed using an 

ICP-OES with axial viewed plasma (ICP-OES, Varian Vista Pro CCD simultaneous, 

Varian Optical Instruments, Mulgrave, Australia). The standards used to determine the 

concentration of yttrium oxide, Ca, and P were ICP-MS standards, 1000 mg L-1 single 

element standards of yttrium oxide, Ca and P respectively (SCP Science, Quebec, 

Canada). The standards were diluted volumetrically with ultrapure water (18.3 Mohm cm-

1, Super-Q® Plus ultrapure water (Type 1), Millipore Sigma, Canada) to achieve a 

calibration curve ranging from 0 to 10 mg L-1 for Y2O3 and 0-100 mg L-1for P.  

The dietary apparent availability (ADC) of phosphorus was calculated according to 

Cho et al. (1982): 

𝐴𝐷𝐶 = 1 − [(
𝐷𝑖

𝐹𝑖
) 𝑥 (

𝐹

𝐷
)] 
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where: Di = % digestion indicator (Y2O3) in the diet; Fi = % digestion indicator (Y2O3) of 

the feces; F = % phosphorus of the feces; and D = % phosphorus in the diet. 

 

5.3.4 Absorption of Pi 

The kinetics of the inert marker (yttrium oxide - Y) was evaluated to determine the 

rate of passage of the digesta in compartments of the GIT postprandially. The Y passage 

(µg g-1 of BW) in the ST and DI was obtained by the gamma probability density function 

described by France et al. (1985) and Wilfart et al. (2007):  

 

                                            𝑌𝑡 =  
(

𝑑𝑜𝑠𝑒

𝑘𝑝
)∗𝑘𝑝

𝑛∗𝑡𝑛−1∗𝑒−𝑘𝑝∗𝑡

𝛤(𝑛)
                                           [1] 

 

where: dose = total mass of yttrium (µg g-1 of BW) dosed into the entire GIT 1 h 

postprandial; 𝑘𝑝 = first order constant of the rate passage of yttrium between the 

compartments of the GIT; t = sample time (hours); and Γ = gamma probability density 

function. The numerical values of “𝑘𝑝” and “n” were obtained by the minimum sum of 

squares between predicted and observed of 𝑌𝑡 using Solver, and Add-in of Microsoft Excel 

(Microsoft Corp., Redmond, WA, USA).  

The rate of passage of Y mass (𝑌𝑡) and phosphorus (𝑃𝑡) in the compartments of the 

GIT was assumed to be similar. Thus, the rate of absorption (𝑘𝑎, % h-1) was obtained by 

the equation proposed by Gholami (2015): 
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                                    𝑃𝑡 =

𝑑𝑜𝑠𝑒∗𝑒
− ln(

𝑘𝑎+𝑘𝑝
𝑘𝑝

)∗𝑛

𝑘𝑝
∗(𝑘𝑎+𝑘𝑝)

𝑛
∗𝑡𝑛−1𝑒−(𝑘𝑎+𝑘𝑝)∗𝑡

𝛤 (𝑛)
                            [2] 

 

where: dose = total mass of P (µg g-1 of BW) dosed into the DI 8 h postprandial; 𝑘𝑝 = first 

order constant of the rate passage of yttrium between the compartments of the GIT; t = 

sample time (hours); 𝑘𝑎 = first order constant of the rate of absorption of Pi in DI and Γ= 

gamma probability density function. The numerical values of “𝑘𝑎" were obtained by the 

minimum sum of squares between predicted and observed of 𝑃𝑡 using Solver, an Add-in 

of Microsoft Excel (Microsoft Corp., Redmond, WA, USA). The numerical values of “𝑘𝑝” 

and “n” were obtained from the kinetics of yttrium mass equation (Equation 1). 

 

5.3.5 Statistical Analysis  

Descriptive statistics were performed with SAS (SAS Studio). The path diagram was 

designed based on previous knowledge from the literature (Lall, 1991; Eya and Lowell, 

1997; Satoh et al., 1997; Hua and Bureau, 2006; Saker et al., 2009; Hua and Bureau, 

2010; Kals et al., 2012; Morales et al., 2018). The path analysis used a PROC CALIS 

procedure of SAS (SAS Studio), considering p < 0.05 as statistical significance. The 

indicators of the model fit included a chi-squared goodness-of-fit index (GFI), adjusted 

goodness-of-fit index (AGFI), comparative fit index (CFI), and a normed fit index (NFI). 

The model was considered acceptable when GFI, AGFI, CFI, and NFI showed indices 

>0.9 (Bryne, 2009). 
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5.4 Results 

The path diagram (Figure 5-2) and the table of coefficients (Table 5-3) supported 

the evaluation of hypothesis 1 to 7. Standardized coefficients were used to allow for 

comparisons between variables with different relative importance. Table 5-2 presents the 

range of concentration observed on the data used in the model (dietary forms of P, gastric 

pH, digestible P and absorption of Pi). 

 

5.4.1 Direct, Indirect Effects and Covariance 

 The gastric pH showed a significant, direct, and negative relationship with the 

phytase:phytate ratio (-32%, P < 0.0001, Figure 5-2). Evidence to sustain hypothesis 2 

was also provided by path analysis, and phytate-P presented a neutral relationship with 

digestible-P. The supplementation with phytase directly moved this relationship to the 

positive direction (29%, Figure 5-2), and indirectly related to absorption of Pi (13%, Table 

5-3). Gastric pH showed a direct and negative effect on tricalcium-P (61%), but a non-

significant impact on organic-P (P > 0.05, Table 5-3). Except for phytate-P alone (neutral 

effect), all other P sources direct and positively influenced digestible-P (Figure 5-2).  

Calcium covariates with other feed ingredients included into the path analysis and 

showed positive relation to tricalcium-P (50%), and negative relation to organic-P and 

phytase:phytate ratio (-35% and -26%, respectively, Figure 5-2). The relationship 

between Ca and the chemical P forms resulted in an indirect, negative effect on the 

absorption of Pi (-14%, Figure 5-2).  
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Another aspect tested by the model was the direct effect of gastric pH on digestible-

P (hypothesis 5) and the subsequent effect of digestible-P on the absorption of Pi 

(hypothesis 6). The path analysis evidenced a negative direct relationship between 

gastric pH and digestible-P, and an indirect and negative effect of pH on absorption of Pi 

(-16% and -39%, respectively, Figure 5-2). Digestible P, for instance, demonstrated to be 

direct and positively related to absorption of Pi (47%, Figure 5-2). 

 

5.5 Discussion 

To prevent the adverse effects of P discharge into water, research on phosphorus 

nutrition has focused on improving P retention by fish (NRC, 2011). Nutritional strategies 

to increase P retention need to be supported by a comprehensive understanding of the 

factors that influence the digestibility of dietary forms of P. Systematic approaches (e.g. 

Structural Equation Modeling - SEM), could provide the in-depth knowledge needed to 

improve P utilization and retention by fish. 

P bioavailability depends on the solubility of the dietary P ingredients. From this 

concept, several studies investigated the effectiveness of supplementing fish feed with 

acidifiers or tamponing agents (e.g. sodium bicarbonate) on the bioavailability of dietary 

P (Danisi et al., 1984; Sugiura et al., 1998; Vielma and Lall, 1997). Results from previous 

studies evidenced increased P availability in response to supplementation with acidifiers. 

The increase in P availability can be linked to two factors: first, the solubilization of 

inorganic minerals, and second, the subsequent chelation of released cations (Sugiura et 

al., 1998). Our study showed that dietary sources of P (phytase:phytate, tricalcium-P), 
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Ca, and absorption of Pi are significantly related to gastric pH. These results agree with 

others found in the literature (Danisi et al., 1984; Sugiura et al., 1998b; Vielma and Lall, 

1997) and reinforce the importance of pH to P digestion. We found pH to be negatively 

related to P digestibility, leading to an indirect and negative relationship with the 

absorption of Pi. The pH dependence and the increase in P digestibility due to increases 

in acidity were reported by other studies found in the literature (Sugiura et al., 1998; 

Vielma and Lall, 1997). Sugiura et al. (1998b) observed that citric acid supplementation 

not only increased the bioavailability of P but also increased the renal excretion of Pi. 

The acidification of feed could be an effective strategy to improve the ability of 

agastric fish to digest low solubility phosphates, such as tricalcium-P since those fish 

secrete little or no gastric acid (Ogino et al., 1979; Sugiura et al., 1998; Hua and Bureau, 

2010). The pH used in our study ranged from 3.87 to 4.84 (gastric pH of rainbow trout, 

Table 1). There is still a need for the development of SEM models that cover more 

extensive ranges of pH, including the ranges seen in agastric fish. 

For the range used in our study, pH showed a negative relationship with the 

phytase:phytate ratio and explained -32% of its variance. Phytases are divided into two 

types based on their optimal pH: acid phytase and alkaline phytase (Kumar et al., 2012). 

Microbial phytase is stable at pH below 3 and above 8, with some exceptions (Greiner 

and Konietzny, 2006); whereas plant phytase has an optimal pH around 5 (Wodzinski 

and Ullah, 1996; Cao et al., 2007b). Several studies demonstrated that in vivo incubation 

of plant-based feed supplemented with microbial phytase and acidulant optimized the 

digestion of phytate-P for fish (Sugiura et al., 1998; Sugiura et al., 2001; Vielma et al., 

2002; Sarker et al., 2005; Baruah et al., 2007) and for pigs and young chicks (Boling et 
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al., 2000). Therefore, our model proved to be consistent, and the microbial phytase used 

in our in vivo trial was negatively related to gastric pH. Another aspect highlighted by the 

path analysis was the neutral effect of Phytate-P on digestible P. The low or neutral 

digestibility of phytate-P is widely reported in the literature and is associated with the lack 

of phytase enzyme by the fish (Hua et al., 2006; Baruah et al., 2007; Hua et al., 2010). 

The neutral relationship between phytate-P, digestible P and absorption of Pi became 

positive when diets were supplemented with phytase enzyme. According to our model, 

there was a 29% direct relationship between the phytase:phytate ratio and digestible P 

and 13% indirect effect on the absorption of Pi (Table 5-3). Other studies from the 

literature demonstrated the effect of phytase to increase P digestibility (Oliva-Teles et al., 

1998, Weerd et al., 1999; Furuya et al., 2001; Vielma et al., 2004; Libert and Portz, 2005; 

Denstadli et al., 2007; Cao et al., 2008; Daalsgard et al., 2009; Verlhac et al., 2014). The 

supplementation of phytase increased the digestibility of P in plant-based diets for Nile 

tilapia (Furuya et al., 2001; Libert and Portz, 2005; Verlhac et al., 2007; Cao et al., 2008), 

rainbow trout (Forster et al., 1999; Cheng and Hardy, 2004; Vielma et al., 2004), Atlantic 

salmon (Denstadli et al., 2007), sea bass (Oliva-Teles et al., 1998), striped bass 

(Papatryphon et al., 1999), and African catfish (Weerd et al., 1999). 

Our structural model explored the interactions between gastric pH, tricalcium-P, 

digestible-P and absorption of Pi. The acidity of the stomach explained 61% of the 

negative variance on tricalcium-P - a low soluble P source. Through the digestion, the H+ 

from HCl is released into the stomach and binds to PO4
3- sites of tricalcium-P, which 

dissociates (Neel et al., 2016). The reaction continues until the ion activity of tricalcium-P 

reaches constant solubility. In alkaline pH, the Ca2+ and the PO4
3- dissociated from 
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tricalcium-P can bind to each other at a 2:3 ratio to form insoluble chelates, such as 

calcium phosphate (Neel et al., 2016). The mechanisms of dissolution of tricalcium-P are 

complex due to its incongruent dissolution and involve more reactions than most 

researches propose (Liu et al., 2014). In our study, we used the model proposed by Hua 

and Bureau (2006) to estimate the digestibility of tricalcium-P. The authors described a 

linear relationship between levels of tricalcium-P in the feed and digestible tricalcium-P. 

Due to the linear nature of their model, the digestibility of tricalcium-P in our study was 

mostly affected by dietary levels of inclusion of tricalcium-P. The tricalcium-P presented 

a positive relationship with the digestibility of P (14%) and indirect relation to absorption 

of Pi (7%, Table 3). The low availability of P from tricalcium-P is based on its low solubility, 

and that explains the small positive relation found by our model between tricalcium-P and 

digestible P (Lall, 1991; Hua and Bureau, 2006).  

The gastric pH did not have a significant effect on organic-P (Figure 5-2). However, 

a significant, positive, and the direct relationship was found between organic-P and 

digestible-P (86%), leading to a positive indirect relation to absorption of Pi (40%, Table 

5-3). Organic-P is known to be highly bio-available and can be easily hydrolyzed by 

digestive phosphatase enzymes (Hua and Bureau, 2006). These enzymes are 

responsible for dephosphorylating P compounds bound to proteins, lipids, and sugar and 

to release free Pi for absorption. Hence, high P digestibility and absorption was expected 

to happen for organic sources of P, and our model proved to be consistent. 

The effect of dietary Ca on P digestibility and absorption was another parameter 

included in our structural model. An antagonistic effect has been reported in the literature 

between calcium, digestibility and absorption of P (Satoh et al., 1997; Nakamura, 1982; 
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Encarnação, 1997). Our results confirmed the negative effect of Ca (DI) on P absorption 

(-14%, Figure 5-2). The chelation of Ca and Pi result in the formation of insoluble salts 

that precipitates under alkaline pH and reduce Pi absorption by fish. The Ca-Pi salt 

solubility is pH dependent, showing higher levels at low pH (<3.5), decreasing as pH 

increases, until it reaches a pH ranging from 4 to 7 when it becomes insoluble (Selle et 

al. 2000). The covariances reported by our model between Ca (DI) and tricalcium-P, 

phytase:phytate, and organic-P can also be explained by the antagonistic relationship 

between calcium and free phosphates released from the dietary P. Previous studies 

showed that high Ca:P ratio reduce the digestibility of P tricalcium-P (Hua and Bureau, 

2006) and the hydrolysis of phytate-P (Tamin et al., 2004; Plumstead et al., 2008). To our 

knowledge, no evidence of the interaction between Ca and free phosphates released from 

organic-P was reported in fish yet. Our results highlight the need for feed formulations 

balanced in Ca:P ratio since a high level of Ca affects the digestibility of digestible P. 

The path analysis coefficients from our study suggested an indirect, negative effect 

between gastric pH and Pi absorption (-34%, Figure 5-2). The presence of high solubility 

forms of P such as organic-P, showed an indirect and highly positive relationship with the 

absorption of P, while P sources with intermediate solubilities, such as tricalcium-P and 

phytase:phytate, contributed less to absorption of Pi (7%, and 13% respectively). 

Previous studies reported lower Pi absorption from low solubility P sources (e.g. 

tricalcium-P) when compared to high solubility sources (e.g. inorganic P supplements) 

(Eya and Lovell, 1997). Pi absorption depends on plasma Pi concentration and is 

controlled by several factors, such as cholecalcitriol (vitamin D3), calcitonin, and 

parathyroid hormone (PTH). Pi is absorbed in the kidneys and through the intestine 
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across the brush border membrane (BBM) of the enterocyte through transcellular 

transport (sodium-dependent Pi transporter) or paracellular transport (sodium-

independent Pi transporter). To be absorbed, P has to be in the form of orthophosphate 

(PO3
-) (passive transport) or bound with two Na+ as a positively charged complex (active 

transport), and therefore, the solubility of dietary P is a relevant aspect for Pi uptake. 

Sugiura et al. (2018) demonstrate that dietary P absorption depends on the chemical form 

of dietary P due to the Pi uptake in the caeca to plasma happen predominantly by the 

passive transport (unregulated process). The relationship found by our model between 

digestible-P and absorption of Pi was positive (47%, Figure 5-2) and summarized the 

importance of the solubility of dietary P sources on the absorption of Pi. 

The structure of our path analysis proved to be consistent and included the main 

factors associated with digestibility and absorption of Pi. However, other paths (e.g. 

alkaline phosphatase, the concentration of plasmatic Pi, and endogenous losses of Pi) 

and P ingredients (e.g. inorganic P) have potential to improve the comprehension on P 

digestibility and still need to be included in future structural models. 

 

5.6 Conclusion 

 The path analysis of SEM developed by our study proved useful for examining how 

gastric pH interacts to influence digestion and absorption of Pi derived from chemical 

forms of dietary P. Variations in gastric pH could be directly and indirectly linked to 

variations in digestibility and absorption of Pi, respectively. This study establishes a broad 

foundation for further investigation of the nutritional strategies, the mode of actions and 
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effectiveness of different feed additives aimed at improving P digestibility. It also 

demonstrates the value of advanced nutritional and statistical modelling techniques for 

describing the multi parameters associated with the dynamics of P digestion and from this 

establishing nutritional strategy aiming to improve P digestibility. 
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Table 5-1: Ranges of chemical forms of P, gastric pH, the concentration of Ca in DI, estimates of 

digestible P (Chapter 3) and absorption of Pi (Chapter 4). 

  Range n§ 

Phytate-P£ 8.13 – 78.81 189 

Tricalcium-Pi£ 1.30 – 115.12 189 

Mono-Na Pi£ 35.24 – 94.83 189 

Cellular-P£ 22.23 – 74.92 189 

Calcium£ 33.34 – 144.91 189 

PhytaseΩ 0 – 4000 189 

Gastric pH 3.87 - 4.84 189 

Digestible P£ 49.70 - 205.16 189 

Absorption of Pi∞ 1.91 - 12.11 189 

§ number of observations. 

£ mg g-1 fish body weight 

Ω FTU  

∞ % hour-1
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Table 5-2: Formulation of the experimental diets and calculated or analyzed composition. 

Ingredients (%) 
Diets 

1 2 3 4 5 6 7 8 9 10 

Fish protein concentrate (CPSP) 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 - 

Feather meal 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 - 

Blood meal, whole, spray-dry 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 27.0 

Casein 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 - 

Gelatin 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 24.5 

Starch, raw - - - - - - - - - 26.3 

Wheat flour 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 - 

Wheat gluten 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 - 

Fish oil 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 7.1 

Canola oil 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 7.1 

Vitamin premixa 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 - 

Vitamin E 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 

Rovimixstay-C (25%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 

Lysine (BioLys) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 - 

DL-Methionine 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 - 

Choline Chloride 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 - 

Mineral premixb 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 - 

NaH2PO4 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 - 

NaCl 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 - 

Marker 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 

Cellulose (Arbocel) 5.19 4.65 4.12 4.55 3.92 4.51 3.83 4.25 2.81 8.0 

Phytate-P - 0.54 1.07 0.54 1.07 - - - - - 

Phytase (20,000 FYT/g) - - - 0.1 0.2 - - - - - 

Tricalcium-P - - - - - 0.68 1.36 0.68 1.36 - 

Calcium carbonate - - - - - - - 0.26 1.02 - 

Analyzed composition (DM basis)           

Dry matter (%) 94.4 94.9 94.8 94.5 94.6 94.5 94.6 94.5 94.7 95.3 

Lipid (%) 20.4 20.0 20.1 20.2 20.0 19.9 20.3 20.1 20.2 21.2 

Ash (%) 1.7 1.8 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.8 

Total P (%) 0.79 0.88 1.09 0.81 1.08 0.87 1.03 0.82 1.06 0.30 

Total Ca (%) 0.36 0.68 0.58 0.36 0.36 0.59 0.60 0.79 0.94 - 

Crude Protein (%) 45.1 45.6 44.9 45.6 45.5 45.3 45.7 45.0 45.5 47.7 

Calculated composition           

Digestible P (g/kg)c 6.0 6.0 6.0 6.0 6.0 6.1 5.7 6.1 5.7 - 

Animal origin Bone-P (%)c - - - - - 0.25 0.50 0.25 0.50 - 

Plant origin phytate-P (%)c 0.09 0.24 0.39 0.24 0.39 0.09 0.09 0.09 0.09 - 

Cellular-P (%)c 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 

Mono-Ca/Na/K P (%)d 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 - 
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Digestible energy (MJ/kg, DM basis) 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 18.1 

aProvides per kg of diet: retinyl acetate (vitamin A), 75 mg; cholecalciferol (vitamin D3), 300 mg; menadione Na-bisulfate (vitamin K), 1.5 

mg; cyanocobalamine (vitamin B12), 30 mg; D-biotin, 210 mg; choline chloride, 3448 mg; folic acid, 1.5 mg; niacin, 15 mg; calcium-d-

pantothenate, 33 mg; pyridoxine–HCl, 7.5 mg; riboflavin, 9 mg; thiamin-HCl, 1.5 mg (Martin Mills Inc., Elmira, ON, Canada). 

b Provides per kg of diet: sodium chloride (NaCl, 39% Na, 61% Cl), 3077 mg; potassium iodine (KI, 24%K, 76%I), 10.5 mg; ferrous 

sulphate (FeSO4, 7H2O, 20%Fe), 65 mg; manganese sulphate (MnSO4, 36%Mn) 88.9 mg; zinc sulphate (ZnSO4.7H2O, 40%Zn), 150 mg; 

copper sulphate (CuSO4.5H2O, 25%Cu), 28 mg; sodium Selenite (Na2SeO3, 45.66% Se), 0.7 mg (Martin Mills Inc., Elmira, ON, Canada. 

d Calculated according to Hua and Bureau (2006). 
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Table 5-3: Standardized path coefficients (r) and lower and upper level (LL and UL, respectively) of 

the confidence interval (CI95) for direct, indirect and correlation effects. 

Effect r 
CI95 

LL UL 

Direct effects      

Digestible P → Absorption of Pi 0.47 0.08** 0.30 0.63 

Phytate-P → Absorption of Pi - 0.26 0.07** -0.39 -0.13 

Tricalcium-P → Absorption of Pi - 0.61 0.07*** -0.74 -0.46 

Organic-P → Absorption of Pi - 0.18 0.08* -0.33 -0.02 

Total Ca - DI → Absorption of Pi - 0.12  0.06* -0.24 0.00 

Tricalcium-P → Digestible P 0.14 0.06* 0.01 0.27 

Phytate-P → Digestible P 0.00 0.06N.S. -0.11 0.11 

Phytase:Phytate → Digestible P 0.29 0.06*** 0.17 0.41 

Organic-P → Digestible P 0.86 0.01*** 0.80 0.92 

Total Ca - DI → Digestible P -0.05 0.05N.S. -0.15 0.05 

Gastric pH → Digestible P -0.16 0.05** -0.25 -0.06 

Gastric pH → Tricalcium-Pi 0.61 0.05*** 0.52 0.70 

Gastric pH → Phytate-P - 0.28  0.07*** -0.42 -0.15 

Gastric pH → Phytase:Phytate - 0.32 0.06*** -0.45 -0.20 

Gastric pH → Organic-P 0.04 0.07N.S. -0.09 0.19 

Gastric pH → Total Ca - DI 0.36 0.06*** 0.24 0.49 

Indirect Effects   
   

Tricalcium-P → Absorption of Pi   0.07* - - 

Phytase:Phytate → Absorption of Pi   0.13** - - 

Organic-P → Absorption of Pi    0.40*** - - 

Total Ca - DI → Absorption of Pi - 0.14* - - 

Gastric pH → Absorption of Pi - 0.34*** - - 

Covariances         

Total Ca - DI → Tricalcium-Pi     0.50 0.05*** - - 

Total Ca - DI → Phytate-P  0.13 0.06* - - 

Total Ca - DI → Phytase:Phytate - 0.26  0.06***   

Total Ca - DI → Organic-P - 0.35   0.06***  -  - 

Fit Summary      

Chi-Square= 0.33< 5    

DF = 1    

Pr> Chi Square 0.57 > 0.05    

CFI = 1.00> 0.9    

NFI = 1.0> 0.9    

AGFI = 0.98    

Bentler Comparative Fit Index = 1.0    

SRMR = 0.00< 0.08    
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RMSEA = 0.00    
§All coefficients are standardized ( SE). Standardized coefficients allow for comparisons among the relative 

importance of different variables tested. 

* P < 0.05; ** P < 0.001; *** P < 0.0001; N.S. no statistically significant (P >0.05). 

 



 

 

122 

 

 

 

Figure 5-2: Path analysis and standardized coefficients for the relationship between gastric pH, P 

forms, phytase, calcium (total at the distal intestine), digestible P and absorption of Pi.
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Chapter 6. General Conclusions 

 

Environmental phosphorus (P) waste output has been recognized as an emerging 

concern from intensive aquaculture (Cao et al., 2007a; Morales et al., 2018). P is a limiting 

nutrient for aquatic life and P inflow can stimulate algae bloom, hypoxia, and 

eutrophication of freshwater and marine ecosystems (Schindler et al., 2008). 

Eutrophication causes adverse alterations in aquatic ecosystems, disruption of aquatic 

food chain, and turns water unsuitable for human and animals (Chowdhury et al., 2017; 

Sugiura et al., 2018; Conley et al., 2019). The importance of P as an eutrophication 

stimulant was the object of study by Schindler et al. (2018). The authors identified P as a 

critical freshwater contaminant on a 37-year study conducted in Ontario, Canada. Within 

this context, fish P research currently deals with a fundamental dilemma where it has 

focused on reducing dietary P to the minimum level required by fish, while simultaneously 

reducing P waste output.  

Dietary P is the predominant source of P waste from aquaculture (i.e. urine-P, feces-

P, and uneaten feed-P) (Hua and Bureau, 2006). Reduction in P waste output is generally 

associated with increased availability of dietary P. However, P is present in ingredients 

under different chemical forms and solubility (e.g. bone-P, phytate-P, organic-P, and  

inorganic-P supplements). Several parameters such as pH, dietary P inclusion level, fish 

species, P sources, additives (e.g. phytase), antagonism effect between nutrients (e.g. 

Ca vs. P) are related on a dynamic process of P digestion (Satoh et al., 1997; Hua and 

Bureau, 2010; Morales et al., 2018). To date, no attempt has been done assessing the 
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dynamic digestion of dietary P forms. The present thesis explored a topic until now poorly 

researched on the literature: the dynamic digestion of dietary P forms.  

 The results from Chapter 3 evidenced an increased digestibility 8 h after a single 

meal at the proximal intestine (PI) due to phytase supplementation. Inversely, P 

digestibility in the PI decreased in the presence of phytate-P without phytase 

supplementation. The antagonist effect of calcium (Ca) on P digestibility was also 

assessed in this thesis and P digestibility was significantly impaired by Ca 

supplementation. The PI demonstrated to be the primary site for Pi absorption by fish, 

presenting higher absorption capacity than the colon. To our knowledge, this was the first 

study to assess the dynamics of phytate-P and tricalcium-P digestion in segments of the 

GIT of rainbow trout in a 24 h full cycle after a single meal. Results from Chapter 3 further 

our knowledge on digestibility of dietary sources of P and the effect of additives in each 

segment of the GIT, on a time series manner. Chapter 3 also provided measurements of 

rate of passage of digesta, gastric and intestinal pH, and, plasmatic Pi concentration. The 

rate of passage of dry matter (DM) mass and the appearance of the inert marker (yttrium 

oxide) in different segments of the GIT, indicated that it takes between 8 h and 16 h for 

the digesta to reach the PI and DI, respectively. Moreover, gastric and intestinal pH, and 

plasma Pi follow the same time pattern shown for the rate of passage. Our experimental 

protocol provided guidelines for the design of future studies on dynamic digestion of P 

and other nutrients in fish. 

 The results from Chapter 3 were also used to validate mathematical models to 

estimate the dynamics of digestion and absorption of forms of P, with emphasis on 

phytate-P and tricalcium-P (bone-P), in Chapter 4. The mathematical models yielded 
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realistic and accurate estimations, validated by the observed measurements of Chapter 

3, and demonstrated to be an important tool to predict the dynamic digestion of P by fish. 

The application of the model demonstrated the effect of phytase supplementation to 

increase Pi (phosphate) absorption in the DI intestine, whereas the presence of 

tricalcium-P and Ca decreased Pi absorption in the DI. Our study demonstrated that 

endogenous P secretions in the PI are affected by the dietary P form since high level of 

tricalcium-P in association with Ca, resulted in higher endogenous P secretions at the PI. 

The current study provides a valuable approach for the prediction of Pi flux between 

segments of the GIT as well as the Pi movement between plasma and the GIT 

compartments (e.g. small absorption of Pi in the stomach of rainbow trout pointed out by 

our study has not been explored in the literature so far). Overall, Chapter 4 showed that 

a combination of experimental work and mathematical modeling can be an important tool 

to achieve a comprehensive understanding on P digestion and has potential to be used 

to test different feed additives aimed at improve P digestibility. 

 The associations that exist between the parameters significant to P digestion were 

explored in Chapter 5. A list of hypotheses was formulated based on literature review and 

on information from Chapters 3 and 4 and tested using a structural model (Path analysis). 

Our findings suggested a negative relationship between gastric pH and tricalcium-P and 

the phytase:phyatate ratio, leading to a negative relationship with digestion and 

absorption of Pi. Chapter 5 is the first study of its kind to examine direct/indirect effects of 

gastric pH on the digestion and absorption of chemical P forms using a path analysis 

approach. From this perspective, the information and the design of our Chapter 5 can be 
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used to further investigate nutritional strategies to improve the digestibility of P (and other 

nutrients with dynamic digestion) by different fish species.  
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