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ABSTRACT

Nutritive values of feedstuffs used in broiler rations vary significantly. Corn and wheat are the
primary energy sources in many broiler diets, depending on geographical availability. As feed is a large
proportion of live production costs, broiler operations may decrease diet nutrient density to reduce overall
diet cost, however this reduction may have a negative impact on broiler performance and yield. The perfor-
mance, yield, and allometric relationships were examined in broiler offspring from North American or
European male lines crossed with Ross 708 breeder females (NA x 708; EU x 708, respectively), and fed
diets of differing dietary balanced protein (DBP) levels. Growth and performance were examined on corn-
(Corn Experiment) and wheat (Wheat Experiment) based diets. It was thought the EU x 708 broilers would
have higher growth and yield performance on wheat-based diets compared to the NA x 708 broilers due to
primary cereal use during genetic selection. In each experiment, 1,600 broilers were allocated into 32 pens
of 50 birds with 4 replicate pens per treatment. Part 1 of the thesis focused on the growth performance,
yield, efficiency and allometric growth of the pectoralis muscles, drum + thigh, liver, heart, fat-pad, and
small intestines of the broiler. Results indicated DBP and genetic strain were significantly interrelated on
the influence of growth and development of broilers.

Part 2 of the thesis studied the energy partitioning of broiler breeder pullets reared in commercial
settings. Maintenance requirements are studied in broiler breeders due to the need for feed restriction to
maintain healthy body weight and reproductive performance of the flock. However, many studies have been
performed in research settings which can not replicate industry conditions. Metabolizable energy of mainte-
nance (MEn) was estimated utilizing data collected from 8,558 Ross 308 broiler breeders reared in floor
housing at two commercial breeder operations. ME, per metabolic body weight (BW/kg®®") requirements
were lowest during periods of high feed restriction. Our estimation of maintenance was consistent with

other studies under tightly regulated research settings.



PREFACE

This thesis is an original work by Airell DesLauriers. Funding for this project was provided
by Aviagen, Alberta Chicken Producers, Alberta Livestock and Meat Agency Ltd., Alberta Hatch-
ing Egg Producers, Growing Forward, and Natural Sciences and Engineering Research Council of
Canada. Publication is intended for Chapters 2 and 3 with co-authors D.R. Korver and M.J.
Zuidhof. The research project, of which this thesis is a part, received research ethics approval from
the University of Alberta Research Ethics Board, Aviagen Broiler Strain Trial, No. 194/06/13;
Improved hatchability via data handling best management practices in the broiler chick supply

chain, No. AUP133.

il



DEDICATION

To those who wander and those who ponder.

To my parents, my brother, and Elyse who always encouraged me to pursue my goals.



ACKNOWLEDGEMENTS

The successful completion of my graduate program I owe significantly to the support I
have had throughout my life and my time at the University of Alberta. Every aspect of a research
project is the combined effort of a dedicated and passionate team. There are several people I would
like to thank who contributed in their own way to making my academic program a rewarding

experience.

Special thanks to my supervisors Dr. Doug Korver, and Dr. Martin Zuidhof. Thank you for
accepting me into your research group and for your support and guidance. Thank you for sharing
your knowledge and for guiding me throughout my program. Doug, thank you for your support
and patience when I needed it; your guidance and knowledge have been invaluable to me and have

been essential in my learning experience.

Thank you, Dr. Frank Robinson, aka the chicken whisperer, for introduced me to the world
of science I am very fortunate to be a part of. Thank you for creating the ANSC200 family; it is
through your passion and hilariously dry sense of humor that led our classroom community to
flourish. This positive learning environment gave me my foundation; it is because of your passion
for all things chicken that I chose my career path; I’'m very fortunate to have been blessed by your

guidance and teachings along the way, thank you for believing in me.

I would like to express my sincere gratitude and thanks to my PRC family: Chris Ouellette,
Dr. Irene Wenger, Dr. Ali Pishnamazi, Nigel Davidson, Lyle Bouvier, Kerry Nadeau, Dr. Valerie
Carney, Brenda Reimer, Carlos Lozano, Giles Hinse, Shawn Rankin, Kim Ton, Chelsea Geiger,

Dustin Banks, Mark Lyseng and Cibele Torres.

Thank you to my funding sources who made my graduate work possible; Aviagen, Alberta
Chicken Producers, Alberta Livestock and Meat Agency Ltd., Alberta Hatching Egg Producers,

Growing Forward, and Natural Sciences and Engineering Research Council of Canada.



Thank you to my parents; my father, Andrew who brought me into this world and nur-
tured a consistent need to question and seek answers. My mother, Janet who has shown me
unconditional love and support and has always supported me in my outlandish ideas; it is be-
cause of your support I learnt the importance of trial and error; with each error gaining further

knowledge.

To my brother, Dustin for allowing me to follow my own path and for engaging me in

thought-provoking discussions and enlightening me with your perspective and knowledge.

To Elyse: who reignited my love and passion for science and who’s patience and support
has allowed me to achieve my goals. Your positive presence in my life and your love made this
thesis possible. I am very grateful for your continuous and selfless help meticulously editing my
thesis document. Your support by staying up far too late, keeping me motivated, and being there

to confirm [ haven’t quite lost my marbles.
Thank you to all my friends, students, and colleagues inside and outside my academic life.

You have all played an important role in my academic and personal development. I’'m so grateful

to have had journeyed through my graduate degree with you cheering me on.

vi



TABLE OF CONTENTS

ABSTRACT 1I
PREFACE 111
DEDICATION v
ACKNOWLEDGEMENTS \%
LIST OF TABLES X
LIST OF FIGURES XI
LIST OF NOMENCLATURE AND ABBREVIATIONS XII
1. INTRODUCTION 1
1.1  ORIGIN OF THE DOMESTICATED CHICKEN .......ccttitiiiiouueeteeeeeeiiiieeeeeeeeesesiasaeeeseessessssesseeessssssssssssesssssnssssssseesesss 1
1.2 MODERNIZATION OF THE BROILER .......cccotiiuutitttieiieieitteeeeeeeeeeeisteeeeeeeessesnsseeeseessesssssssesessssassssssssessessssssnnsseseesss 1
1.3 GLOBAL DEMAND FOR POULTRY ...uvveiiiieiiiiieteieeeeeeeieieeeeeeeseesesseseeeseessenssssesessessesssssssssesssssssssssssesssssmsssssssessssns 2
1.4 INFLUENCE OF GENETIC SELECTION ......cciiiiiiiiiuurteeeeeeiiiuureeeeeeeeesusseesseeseesiissesssesseessssssssssesessonssssesseessenssnssesees 3
1.4.1 BODY WEIGHT .....ciiiiiieiitieie ettt ettt e e e et ettt e e e ee ettt ae e e e e e eeesataaeeeeeeeeenstasseeseeeeessaaraeseeeseeannntes 3
142 FEED INTAKE ......oiiiiiiitieii ettt e ettt e e e e e ettt e e e e e e ettt aaeeeeeeeenatareeeeeeeeenssanseeeeeeeenaaraeeens 4
1.5 DIETARY AMINO ACID FORMULATION.......ccotttuttrtieeeeeieiiteeeeeeeeeeeiaeeeeeeeseesiaresesesseeesssrarseeeeeesanrasreeseessensnreeees 5
1.5.1 LIMITING AMINO ACIDS ..ooeeeitiiiiiieeieeieeeeeeeeeeeeeeeeeeteeeeeeeeeeeeeeeeeeeeaeeeeseeeeeaeeaeeeeseeesesesseeseseseeeesreereesereeeeeaeeee 6
1.5.2 IDEAL PROTEIN......ootitiiiiiiiiiiieieeeieeeeeeee ettt ettt e e e e et e e e e e e eaeeeeeeeeeseeeeeaeeeeeseeeeseeeseeseseeeeenenees 6
153 LOW AMINO ACID DENSITY DIETS ....oiiiiiiiiiiiiiiiiiiieiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesaeeeeeseeeeeeseeeeseseesserenees 9
1.6 EFFICIENCY ..o 11
1.6.1 ENERGETIC EFFICIENCY ...vveiiieiiieitteeeeeeeeeeiiteeeeeeeeeeeeisaeseeesesesesssessssssessessassesseessessssssssseessensiresseeesesnnssses 12
1.6.2  ENERGY CONSERVATION .....cooiuuiiiiiieiieiiireeeeeeeeeiiiutereeeeeeeiesauereseeseesesstssseessessessasseessessesssssesseessemsisseseses 13
1.6.3 MEASURING EFFICIENCY ...eeiiiiiiittteeteeeeeeiiiuteeeeeeeeeiiisseeeeessessesssaessessessessansssseessessssssseseessemsissessseessssnssnes 15
1.7 UNINTENDED CONSEQUENCES OF SELECTION ......cccceiiiiiiurteeeeeeeeiiittreeeeeeeeeeiureeeeeeeesesssseeseeessesisssseseeessesssseesens 19
1.7.1 WELFARE CONCERNS OF FEED RESTRICTION ........ccetttttiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesesesssssssessesssrserssrrrreeee. 20
1.8  FEEDING OF BROILERS.......cotttttitttitttitttttteieeeteteeeeeeeeeeeeeeee et eeeeeeeeeeteeeeeeeeeeeeeee e aeeeeeseessaseseaeeaeesseseaessesssaseseseeeeenees 21
1.9 OBIECTIVES FOR THE STUDY ...coottttttttttttttittettttetteeeeeeeeeteeeeeeeteeeeeeteeteseeesesee ettt 23
1.10 REFERENCES ....outtttiiieiiieiitieee e e e e eeeeetee e e e e eeeaa e e e e e eeeaataeeeeeseeanaataseeeeseesasaaaseeeeessesaasaeeeeessenssstsnseeeeeennnnnes 25

2. EFFECT OF DIETARY BALANCED PROTEIN ON PERFORMANCE AND CARCASS
CHARACTERISTICS IN OFFSPRING OF TWO BROILER MALE-LINES 42
2 BN 21y 3 3TN U RO 42
2.2 INTRODUCGTION ....ouvviiiieiieeiitreeeeeeeeeeiiteeeeeeeeeseestaeeeeeeeeaetttesaaeeeeeaaastaseaeeeeeaaasssaseaeeeseesiassssseeeseasatssseseeeeeennsnrreeens 43
2.3 MATERIALS AND IMETHODS ....coeeiiieiitiitteeeeeeeiiteeeeeeeeeeeittaeeeeeeeeeetstaaeeeeeeseeatssseseeeeeesirssseaeesseaisssseseeeesansnnrreeens 44

vii



2.3.1 EXPERIMENTAL DESIGN .....cciiiiiiiitteeteeeeeeiiitreeeeeeeeeeeissseeeeeeeeeesssssseseseesesitassesesessesssssssseeseessirsssesesesnnssses 44

2.3.2  BIRDS AND MANAGEMENT ......ccuetiutetetiniietestetesestesesestesesassasesessesesassasesessesesessesasensesesessssesensesesensesasesasas 45
2.3.3  DATA COLLECTION. ...cuuttuttettetientteteeuteauteasteateestee st eseeemeeeaeeeaeaeseenseenseamseamsesseesaeesaeenseenseeneeeneeeneenseenseans 46
R N N ) 4 1 OSSP RRUURPRUSP 46
2.4 RESULTS ittt ettt ettt ettt et ettt et e ke et e et e e bt e s bt e bt e et em bt e a et ea e e eh e e bt et e em bt embeemteseeesbeenbee bt emeeeneeeneenneenteans 47
2.4.1  CORN EXPERIMENT ...cuuiiuiiiuiiatietieteenteeteettesttesteente e et emeeeueesaeeeseanbeenseenseemtesmeesaeesaeenseenseeneeeneeeneenseenseans 47
242 WHEAT EXPERIMENT .....ccttitittinitetteteeteeite st e nteeste et eaeeeeeesaeesueesteenteesteessesenesueesaeenseemaeenneennesueenseenteens 49
2.5 DISCUSSION ....tiritiritiniteitenttete ettt ette st et e bt eete et esteesue e s bt eaeemt e eat e eaeesbeeteeateeabeeabesaneseeesbeenaeenteenneenneeanesunenseens 51
2.5.1  BODY WEIGHT...ccuutiitiiiiiteitteteett ettt ettt sttt ettt et et sttt b et et e et e sbae s bt e sbee bt emteeaneeseesueenbeenbeens 51
2.5.2 EFFICIENCY ...tiitiitiieiie ettt ettt ettt ettt sttt et ettt eat e s at e bt e bt et eat e e et e sbae s bt e sbee bt emteemaeebeeebtesbeenbeens 54
253 41215 5 TSRS 56
2.6 ACKNOWLEDGEMENTS.......0ectititettetetereesesteseesesseseasessessasessesessessessesessessasessessesessessesessessssessessesessessssessesessensens 59
2.7 REFERENCES ....c.oeuiititettetisteteetetestesetestesesseseesassesessessessssassesessessessasassessasessessssesseseesessessssenseseesensessesessessasensons 60
2.8 TABLES & FIGURES .....cceotiietiitiietiiteiettetete it etet et etete st etesseseesesseseesessessesesseseesesseseesesseseesasseseesensesessesseseasensens 68
3. EFFECT OF DIETARY BALANCED PROTEIN ON ALLOMETRIC RELATIONSHIPS BETWEEN
CARCASS PORTIONS IN OFFSPRING OF TWO BROILER MALE-LINES 80
Bl ABSTRACT ittt ettt ettt ettt et e h e bttt et e et e bt e s bt e s bt e bt e et et e a bt e ht e e bt e bt e bt e st e et e bt bt e nae e bt eaaeeaee 80
3.2 INTRODUCTION ...uutiitiiiieuienitenitenttentte st et et eatesatesbe e bt eateeabeebbesbtesbeesbe e et eaaeeatesbeeeb e et e et e esbeesbesbaesbeenbeenaeenaeenee 81
3.3 MATERIALS AND METHODS .....ceitteiittinittenittenteeniteeeiteesiteesuteestteesueeesbteesueeessteesateesbteesseeensteenseeenbaeenseeensseenseean 84
3.3.1  EXPERIMENTAL DESIGN ....oiiiiiiiitiiiiiiiteiiee ettt et st e et sat e st e st e st e st e sateesabeesateesabeesnteesabeesaneenns 84
3.3.2  STOCKS AND MANAGEMENT ...ccuutirtitaiteniteetteniteeeteesiteesteesateesaseesateesabeesabeesaseesabeesabeesabeesabeesbeesaseenas 84
3303 DTS ittt ettt e e e bt bbbt ettt ea e eh e bt e bt e bt e bbb s b sbeenb e e be e et eaee 85
3.3/4  STATISTICAL ANALYSIS...ceitteriteteeteett ettt ettentteteesteeetesttesttesbee bt enttemteeatesbtesbeenbeenbeenbeestesbaesbeenbeenseenseenes 85
34 RESULTS ittt et e h e bttt et et e bt e s bt e s bt e bt e bt et ea bt ehteeh e e bt embeembeeeteebaesbeenae e et emaeenee 86
3.4.1  MUSCLES AND FAT-PAD ..ottt sttt ettt ettt b ettt et saae b e sbe e ae e eaee 87
342 INTERNAL ORGANS......tttitteetitettentteettesiteeeteesiteesateesateesabeesabeeeabeesabeesaseesabeesaseesabeesaseesaseasaseesnbeesaneens 88
3.5 DISCUSSION ...eeiuiiteiuiteitteniteentttestee sttt esite e sttt e satee sttt esateesbteesabeesbteeste e bt e ebteesabeenateesabeebeeensbeeseeenbbeensseenaseenseeas 89
3.0 ACKNOWLEDGEMENTS.......ctiittteittenittentteantteesiteesiteestteesiseesateessteessteessseessstessseessseessseenseeessseensseessseenseeenssesnseees 98
3.7 REFERENCES ...couuttiiitteittteniteenttee st e sttt esute e sttt e sute e sttt esuteesbteesate e bt e eate e bt e emateesbeenateesabeabbeensbeebeeenbaeensteenaseenseeas 99
3.8 TABLES & FIGURES ...ttt ettt ettt ettt ettt s bt e bt et et eat e ebtesb e e bt et e enbeestesanesaees 110
4. METABOLIZABLE ENERGY PARTITIONING IN BROILER BREEDERS 114
4.1 ABSTRACT ..ottt ettt ettt ettt et e et e e bt e sb e e bt et e e st e ateeb e e bt em bt ea bt ee et ebae s bt e sb e e bt emt e eateeh e e bt e bt e bt enbeeanenaees 114
4.2 TNTRODUCTION ....otiittitieteeiteattenttentteteeuteastesseesbeessee et emeeaaeeeae e beenteemteemteebeesbeesbe e bt embeeatesseenbeenteenteenseennesaees 114
4.3  MATERIALS AND METHODS .....ucirttiiiiiieteetenitenieenteenteesteeaeesueesteesteesteeenesanesaeesueenseenseessesasenseeseenseennesanennnes 118
4.3.1  BIRDS AND MANAGEMENT ....cuttttitiniienitenttetteteeeteeteesueeteesteeesesanesanesueesbeenseenaeeaseeseenseenteenseenseennesanes 118
4.3.2  DATA COLLECTION....c.cetmtirttetteteetenitenitenttetteteeatesueesueeteesteensesanesanesueesbeenseemstenseeseenseenteenseennesanenueen 119

viii



4.3.3  ANALYSIS cettiuittetteeite ettt ettt ettt ettt e tte ettt e bteeabt e e ba e e bt e e bt e e bt e e bt e e bt e e bt e eabee et ee e bee e b teeabeeebeesnbeeeneeeares
4.4 RESULTS AND DISCUSSION.......uttititetieritertteettesteesteesteessteesseesateessseessseesseesseesseessseessessseessseessseesssessns
4.4.1 MAINTENANCE REQUIREMENTS .....cciuttisttieiuteentreesteeesseeesseessesesssesssessssessssessessssesessesesssssnsessssessnsessnses
4.42  ENVIRONMENTAL TEMPERATURES ......ccc0ierttteitiienereenueeesereesseeenssesssesessssssssssnsessssesessessssesessessssesansessnnes
4.5 REFERENCES .....cccttteitttiitteeitteeiteeeteeasseesseeaseessesasessssesassessssesassessssessssessssessssessseesssessssesassessssessssessssessssessns

4.6 TABLES & FIGURES ......ciiiiitteiiiie ettt ettt e e e e e ettt e e e e e e e et aa et e e eessemaaeeeeeeessensateeeeeessesnasaaeseeeessannees

5. GENERAL DISCUSSION AND CONCLUSIONS

5.1 REVIEW OF HYPOTHESES AND CONCLUSIONS ......cciioutiiieiteteeeteeeeieteeeeeteeeeensneesenseessesesesenseesssnseessssasesssns
5.2  DISCUSSION AND CONCLUSIONS ....uuvviiiieiiiiiitreeeeeeeeeeiiaseeeeeeeeeeitrseeseeeeessistasseeeeeesesrssseseeessessisrsesseessessinreeeees

I T 04 2] 3 234 23 ) 21RO

THESIS REFERENCES

APPENDIX A.

139

139
141
145

148

181



LIST OF TABLES

TABLE 2-1. COMPOSITION OF CORN-BASED BROILER DIETS IN THE CORN EXPERIMENT FED FROM 0 TO 35 DAYS OF
AGE (%0 AS-FED) ...t euttette ettt sttt et ettt e a e et et e bt e et es e e eh e e eh e e bt e te et e e et e e a e e ekt e bt et e ea bt eabeeeteeheeehe e bt e bt enbeeneeeneenneenteens 68
TABLE 2-2. COMPOSITION OF WHEAT-BASED BROILER DIETS IN THE WHEAT EXPERIMENT FED FROM 0 TO 35 DAYS
OF AGE (90 AS=FED) ....c.uttitteitteittente et et ettt e et e et e bt ea e eseeeseesheeabee et embeeaeeeaeees e e bt emteembeemteemteeseesbeensee bt emeeemteeneesneenseens 69
TABLE 2-3. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON BW OF BROILERS FED
CORN-BASED DIETS (CORN EXPERIMENT)......ucerttestieteateseressresseesseeseassesssesssesseenseensesssesssesssesssessessseensesssesssessssssenns 70
TABLE 2-4. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON FEED INTAKE (FI;
G/BIRD/DAY) OF BROILERS FED CORN-BASED DIETS (CORN EXPERIMENT)......ccvertieieereererereseeesseenseesseessesssesseensenns 71
TABLE 2-5. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON RESIDUAL FEED INTAKE
(RFI)! (KCAL/BIRD/DAY) AND FEED CONVERSION RATIO (FCR) OF BROILERS FED CORN-BASED DIETS (CORN
EXPERIMENT) ....uttietteetteeteeeteeeteeeteeesseeesssaassesassesassesasseeassesassssassesanssaassssanssesssssansssassssansessssssensessssesansessssesansesnnses 72
TABLE 2-6. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON YIELD (G/G BODY WEIGHT)
OF CARCASS, PECTORALIS MAJOR (P. MAJOR), PECTORALIS MINOR (P. MINOR), TOTAL BREAST, DRUMS, THIGHS AND
WINGS AT DAY 35 OF BROILERS FED CORN-BASED DIETS (CORN EXPERIMENT) ....ccvuvieiieeiieniieeieesieeeeeesnreeeneesnnes 73
TABLE 2-7. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON BW OF BROILERS FED
WHEAT-BASED DIETS (WHEAT EXPERIMENT ) ....ceetieititeiteeteeeieeeteeeteeeteeessesnseeenseesnseesnseesnsessnsessnsessnsessnsessnseesses 75
TABLE 2-8. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON FEED INTAKE (FI)
(G/BIRD/DAY) OF BROILERS FED WHEAT-BASED DIETS (WHEAT EXPERIMENT) ......uvtiiiieieieenireeiereeneeeeseveenereeseneennneas 76
TABLE 2-9. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON RESIDUAL FEED INTAKE
(RFI)! (KCAL/BIRD/DAY) AND FEED CONVERSION RATIO (FCR) OF BROILERS FED WHEAT-BASED DIETS (WHEAT
EXPERIMENT) ..eutteeitteetteeitesteeetteetteesteeesteesateessseeenteessseeanseesssaeanseesnseeanseesnssesnseeenseesnsaeanseesnsaesnseesnseesnseesnsesensessnses 77
TABLE 2-10. EFFECT OF MALE LINE STRAIN AND DIETARY BALANCED PROTEIN (DBP) ON YIELD (G/G BODY
WEIGHT) OF CARCASS OF PECTORALIS MAJOR (P. MAJOR), PECTORALIS MINOR (P. MINOR), TOTAL BREAST, DRUMS,
THIGHS AND WINGS AT DAY 35 OF BROILERS FED WHEAT-BASED DIETS (WHEAT EXPERIMENT)........cccovvervrreneeennne 78
TABLE 3-1. COEFFICIENTS FOR ALLOMETRIC CURVE COMPARISONS'! FOR THE CORN EXPERIMENT (CORN-BASED
DIETS). 1.utetteuteneteneeaneessaesseesseenseaseansesseesseanssanseanseassesssesseesseenseanseanseassanssanseenseensesssesssesssenseenseensesnsenseanseansennsesnsesnnes 110
TABLE 3-2. COEFFICIENTS FOR ALLOMETRIC CURVE COMPARISONS' FOR THE WHEAT EXPERIMENT (WHEAT-BASED
DIETS). 1. uteeuteuteneteneeaneessaesseesseeseaseansesseesseanssanseanseassesssesseesseenseanseansesssanssanseenseensesssesseesstenseanseensesssenseanseenseensesnsesnnes 112

TABLE 4-1. SUMMARY OF METABOLIZABLE ENERGY OF MAINTENANCE (ME,) REQUIREMENTS REPORTED IN THE

LITERATURE.

TABLE 4-2. ESTIMATED COEFFICIENT! VALUES OF 4 FOR FARM A AND B; THE COEFFICIENT REPRESENTING THE

RELATIONSHIP BETWEEN AGE-SPECIFIC BASE ME MAINTENANCE REQUIREMENTS.



LIST OF FIGURES

FIGURE 4-1. RELATIONSHIP BETWEEN INDOOR AND OUTDOOR BARN TEMPERATURE AT FARM A........coovvvvvvvevinnn. 135
FIGURE 4-2. RELATIONSHIP BETWEEN INDOOR AND OUTDOOR BARN TEMPERATURE AT FARM B..........cocvvvvvvnenn. 136
FIGURE 4-3. REGRESSION BETWEEN INDOOR AND OUTDOOR TEMPERATURE AT FARM A. ....oovvvvviiiiiiiiiiiiiiiiieeeennn, 137

FIGURE 4-4. REGRESSION BETWEEN INDOOR AND OUTDOOR TEMPERATURE AT FARM B......coovviiiiiiiiiiiiiiiiiin, 138

X1



LIST OF NOMENCLATURE AND ABBREVIATIONS

AA e Amino Acid

ADG .o Average Daily Gain

AME ..o Apparent Metabolizable Energy
BW e Body Weight

CP s Crude Protein

GV e s Coefficient of Variation
s Day/s

DBP ..ot Dietary Balanced Protein

DIT oottt Diet-induced Thermogenesis

Af oo s Degrees of Freedom

EODES ...ttt Erratic Oviposition and Defective Egg Syndrome
EU e European

FCR e Feed Conversion Ratio
L Feed Intake
ettt ettt ettt e bt e st e st e et e nane Gram
B Hour

ME ..o Metabolizable Energy

ME D ittt s Metabolizable Energy of Maintenance
N A e et North American

P.oMaJOT . Pectoralis major

P.oMINOT ... Pectoralis minor

RET e Residual Feed Intake

S e Sum of Squares

WK e Week

Xii



1. Introduction

1.1 Origin of the domesticated chicken

Archeological evidence found in the Indus Valley of South East Asia shows domestication
origins of the chicken (Gallus gallus domesticus) dating back to early 2000 BC (West and Zhou,
1989). According to an analysis of mitochondrial DNA, the Red Jungle Fowl (Gallus gallus) is
the original matriarchic ancestor from which modern breeds were developed (Fumihito et al.,
1994). There is some debate over which species was the first to be domesticated; however, the
domestic chicken had some contributions from at least one other closely related species, the Grey
Jungle Fowl (Eriksson et al., 2008). Chickens were first kept and domesticated not as a source of
food but for entertainment purposes in the form of cockfighting in Asia, Africa, and Europe until
the 1800’s when cockfighting became illegal (Al-Nasser et al., 2007). It was at this point poultry
breeders started to breed for exhibition where the birds were selected for uniformity and plumage
coloration creating heritage breeds (Havenstein, 1991). Heritage breeds that have made major con-
tributions in poultry production today are Cornish, Plymouth Rock, and the White Leghorn
(Havenstein, 1991). The Plymouth Rock were used heavily in broiler selection for their body con-
formation and propensity for weight gain, whereas Leghorns were used for their high egg

production (Al-Nasser et al., 2007).

1.2 Modernization of the broiler

Commercial broiler production in North America began in the 1930s with the multipurpose
breed, Barred Plymouth Rock. In the 1930s and 1940s, Frederic Hutt and Randall Cole demon-
strated that genetic progress was achievable on quantitative traits like egg production and disease
resistance (Hunton, 2006). This began the long-term research to follow in the development of for-

mal breeding programs. Shortly thereafter, several companies formed to develop their pedigree



specialty breeds to improve productivity and efficiency. Breeding programs became focused on
two primary purposes; poultry meat and eggs, leading to a divergence in poultry genetics.

Two main genetic types exist today, one for meat (broilers) and one focused on egg production
(layers). Modern genetics have evolved substantially since 1957 as broilers at 42 d weighed 0.59
kg with a feed conversion ratio (FCR) of 2.8. A 42-d-old modern broiler weighs 2.90 kg with an
FCR of under 1.70 (Schmidt et al., 2009; Zuidhof et al., 2014). Although advances in growth rate
and efficiency have been affected by innovations in environmental equipment, infrastructure, and
disease control, 85 to 90% is due to genetic improvement, and 10 to 15% is due to advances in

nutrition (Havenstein et al., 1994, 2003).

1.3 Global demand for poultry

Through advances in efficiency, chicken meat has become more affordable, and global per
capita consumption has doubled since the 1980s (National Chicken Council, 2019a). On a global
scale, chicken has surpassed pork as the most consumed animal protein (OECD/FAO, 2019).
Chicken has grown from a substitute for other meats to a staple on dinner plates globally. With the
Earth’s population expected to reach 9.1 billion by 2050, producers of today would have to produce
70% more food to adequately feed the world (FAOSTAT, 2019). Demand for animal-based pro-
teins is increasing due to this population growth and a general increased trend of urbanization and
income (FAO, 2018). Poultry meat is consumed across many religions, cultures, and geographic
regions, making it key to food security and nutrition. Among the livestock sectors, poultry is the
most efficient sector in the use of natural resources and providing protein to sustain the ever-grow-
ing population.

There has been a variety of changes in product packing techniques to allow for versatility,

convenience, and microbial safety of products (Kerry et al., 2006). Packing improvements have



allowed for a significant shift in the marketing structure of poultry meat; for instance, in 1962,
83% of broilers were marketed as whole birds, 17% as cut-up and further processed in the United
States (National Chicken Council, 2019b). However, in 2019 12% of broilers went to whole bird
markets with 88% marketed as cut-up and further processed (National Chicken Council, 2019b).
Due to the changes in marketing of broiler meat, there is an increased focus on the rapid growth,
yield, and conversion of edible portions.

The current global production of chicken meat is forecast to reach a record 98.4 million tons
annually by the end of 2019 (USDA, 2019). Global demand for poultry is projected to increase
faster than any other protein source (USDA, 2019). Leading this global demand the past five years
is China, in part due to the outbreaks of African Swine Fever drawing consumers toward other
protein sources; this increase in demand will likely spur further expansion in the global poultry

marketplace (USDA, 2019).

1.4 Influence of genetic selection
1.4.1 Body Weight

In the 1950s, a typical broiler grew substantially slower and require more feed than a modern
broiler. Significant genetic progress has occurred over the past 25 years; in 1985, in 35 days, a
broiler consumed 3.22 kg of feed and weighed 1.40 kg. In 2010 they consumed 3.66 kg of feed
and weighed 2.44 kg (Siegel, 2014). Several studies have attempted to categorize the progress due
to genetics and advances in nutrition. A study examining the Athens-Canadian Randombred Con-
trol (ACRBC) with a modern line from 1976 determined that of the 225% increase in growth rate,
90% of this increase was due to advancement in genetics (Sherwood, 1977). Similar studies were
conducted in 1991 and 2001 comparing the ACRBC line with a modern Arbor Acres line. A 1957

random-bred strain male grew to 858 g in 56 d compared to 3,368 g in 1991 (Havenstein et al.,



1994). The 1991 Arbor Acres line was 3.92 times heavier at 56 d of age, with over 91% of the
increase attributed to genetics (Havenstein et al., 1994). In 2001 the Ross 308 was 4.77 times
heavier than the ACRBC, with over 95% of this accounted by genetic advancement. Using diet
formulations for the Ross 308, a random-bred strain from 1957, 1978, and 2005 grew to 905 g;
1,808 g; 4,202 g; respectively at 56 d (Zuidhof et al., 2014). Broiler growth rates have increased
by over 400% from 1957 to 2005, with a 50% reduction in FCR overall (Zuidhof et al., 2014).
Significant changes in feed intake and nutritional profile for the modern broiler have led to an
overall reduction in the number of days required to market a 2.3 kg broiler; from ~52 days in 1985

to 36 days in 2019 (Aviagen, 2019a).

1.4.2 Feed Intake

Traditionally it was thought that broilers will adjust feed intake relative to dietary energy
requirements (Leeson et al., 1996). Two mechanisms regulate dietary intake in the heritage
chicken: the glucostatic and lipostatic feed regulation theories. The glucostatic theory states that
birds attempt to maintain blood glucose levels by increased appetite when blood glucose levels are
low and suppressed appetite when there are high blood glucose levels (Ferket and Gernat, 2006;
Fagundes et al., 2019). The lipostatic theory relates to the regulation of feed intake (FI) based on
body fat content; an increase in body fat-suppressed intake through satiety sensors (lipid hormone)
and increase appetite when fat reserves are low (Ferket and Gernat, 2006). These theories are not
entirely confirmed through scientific studies. Commercial strains utilized in the 1950’s regulated
feed intake to meet dietary energy requirements (Hill et al., 1956; Donaldson et al., 1957). When
examining the modern broiler, there is evidence that FI has been influenced by intense genetic
selection for high body weight (BW) and yield (Havenstein et al., 2003). Growth and FI were

estimated to have a genetic correlation of 0.7, indicating that 70% of genetic variation in growth



is associated with FI (Pym and Nicholls, 1979). Early studies observed lines selected for high BW
resulted in increased FI; due to the intense selection pressures for growth, broilers may have a
modified satiety system (Burkhart et al., 1983). Broilers are perpetually hungry and will frequently
eat to crop physical capacity (Bokkers and Koene, 2003). It has been proposed that this is due to
changes in nutrient requirements (Havenstein et al., 2003) as well as changes in the hypothalamic
control of FI (Burkhart et al., 1983). Several factors have shown to influence food intake in genetic
lines that have undergone selection over 58 generations for low or high juvenile BW. Factors in-
clude melanocyte-stimulating hormone (MSH) (Cline et al., 2008), corticotrophin-releasing factor
(CRF) (Cline et al., 2009), insulin (Smith et al., 2011), amylin (Cline et al., 2010), ghrelin (Xu et
al., 2011), and neuropeptide AF (Newmyer et al., 2010).

With the significant changes in genetic potential of the modern broiler and the strong pro-
pensity for intake, many of the influences for feed intake have changed. Modern broiler breeders
have lost the ability to regulate intake for reproduction, therefore if broiler breeders are left to
consume feed ad libitum, poor reproduction and laying abnormalities such as erratic oviposition
and defective egg syndrome (EODES) will result (Yu et al., 1992). Historical studies demonstrated
that FI and subsequent BW gain is a complex interaction between protein, fat, and metabolizable
energy content of the feed (Pesti and Smith, 1984). This did not support the original theory of birds
eating to meet energy requirements. Further study in this area concluded that higher amino acids
(AA) levels have a positive relationship on overall FI, however, this is dependent upon the stage

of development (Sterling et al., 2006; Razuki and Rawi, 2007; Kumar et al., 2016).

1.5 Dietary Amino Acid Formulation
AA are essential constituents of all protein and animal tissues and have a major effect on the

growth and performance of broilers (Faridi et al., 2015). Understanding the broiler’s nutritional



requirements for individual AA allows for the optimization of ingredients to precise AA levels
instead of least-cost formulation on a crude protein basis. This has allowed feed to be formulated
to optimize essential amino levels resulting in better performance and overall lower feed costs for

the producer (Cerrate and Corzo, 2019).

1.5.1 Limiting Amino Acids

Liebig’s law of the minimum can be applied to many aspects of agriculture production. It
states that growth is dictated by the scarcest resource available, not by the total amount of re-
sources. This is true in protein synthesis, where protein synthesis can only proceed until the first
limiting AA is depleted. In the event that an AA is in the incorrect balance and is limiting, the
production of protein is halted, and unused AA are deaminated and catabolized as an energy
source.

In poultry, the first two limiting AA in corn-soy and wheat-soy broiler diets are methionine
and lysine, respectively (Vieira et al., 2004). In diet formulation, synthetic AA have become a
common means of increasing limiting amino acids. Synthetic AA such as lysine, methionine, thre-
onine, and valine are frequently used in poultry diets due to the cost advantage of adding individual
amino acids vs adding AA-rich ingredients such as soybean meal. Due to the overall cost savings

for including synthetic AA to boost limiting AA, they are utilized widely in modern formulations.

1.5.2 1Ideal Protein

The ideal protein concept is that poultry require AA in balance with each other to optimize
the growth and production of animals. The ideal protein concept was first conceptualized by Fraps
(1943), and the first ideal protein diet met the requirements of growing chicks through the use of
purified ingredients (Mitchell, 1962). The experiment was moderately successful for optimizing

growth and efficiency; however, the concept of an ideal protein was refined using lysine as the



reference AA. The ideal protein concept was first developed in pigs; therefore, as lysine is first
limiting in swine diets; all other AA were then kept in an ideal ratio to the reference level of lysine.
This was done for several reasons 1) lysine is an essential AA, and the ideal ration of indispensable
AA to lysine should be unchanged; 2) it is economical to supplement; 3) analysis of lysine in diets
is relatively simple, 4) lysine is used mostly for protein synthesis and maintenance, 5) lysine re-
quirements of swine were readily available at the time (Emmert and Baker, 1997). Several studies
further refined the ideal protein ratios outlined for poultry (Baker and Han, 1994; National
Research Council, 1994; Emmert and Baker, 1997; Corzo et al., 2003; Wu, 2014). Overall ideal
AA ratios are fairly consistent, however ideal ratios between individual AA and lysine are affected
by age, environmental temperature, and stress. Although lysine is generally the second limiting
AA in most wheat-soy and corn-soy commercial diets, lysine is the reference AA due to its im-
portance in protein synthesis and, therefore, meat production (Emmert and Baker, 1997). These
ideal ratios are not consistent throughout a broiler’s lifetime, as they vary through phases of de-
velopment and production (Gous et al., 1990). This was confirmed as increases in dietary balanced
protein (DBP) levels did not cause an isometric linear increase in breast meat and carcass compo-
sition throughout phases (Smith and Pesti, 1998). The importance of feeding AAs in ideal ratios is
in part due to AA that are similar in structure; this causes AA to compete for transporters and are
antagonists during intestinal absorption.

Antagonism also exists between arginine and lysine; this relationship was first noted in chicks
in the 1960s (Jones, 1961, 1964). Aviagen indicates ideal Arg:Lys ratios of 1.05, 1.06, and 1.05
for 0 to 10 d, 11 to 24 d, and 25 to 40 d, respectively (Aviagen, 2019b), however ideal Arg:Lys
ratios in the literature range between 0.90—1.18 (Mack et al., 1999; Balnave and Brake, 2002). In

meat-type ducks, increased dietary levels of arginine reduced adipose deposition and adipose cell



size (diameter and volume; Wu et al., 2011). Ross 308 broilers had reduced abdominal fat yield
when dietary arginine was increased from 0.80 % to 1.25% of the diet (Corzo et al., 2003). A
similar response was observed when arginine levels increased from 1.05 to 1.31%. Investigations
in the late 1960s documented that arginine and lysine compete for absorption due to a similar AA
structure (Fisher et al., 1960; Jones, 1961; Dean and Scott, 1968); however, Arg:Lys levels be-
tween 1.10 and 1.40 failed depress broiler performance (Mendes et al., 1997). When the Arg:Lys
ratio was increased further from 1.05 to 1.70, no depression on BW gain was observed (Szabo et
al., 2014). Recent studies have proposed ideal Arg:Lys ratios of 1.15, 1.15, 1.16, and 1.17 for 0 to
12, 13 to 22, 23 to 33, and 34 to 43 days (Zampiga et al., 2018). A decrease in FCR was observed
with higher Arg:Lys ratios, but FCR was not affected by ratios from 1.17 to 2.10 (Fouad et al.,
2013), or in diets containing arginine levels to either meet (100%) or exceed (105% to 110%)
National Research Council (NRC, 1994) recommendations (Laika and Jahanian, 2017).
Methionine, lysine, and arginine are important in ideal ratios to satisfy the needs of protein
synthesis as they are frequently the first three limiting AA and limit excessive fat deposition. In
chickens methionine, arginine, and lysine regulate several metabolic processes and influence im-
mune function (Lee et al., 2002; Corzo et al., 2003; Mirzaaghatabar et al., 2011; Wu et al., 2012;
Jankowski et al., 2016). Higher dietary ratios of methionine and arginine to lysine increased the
immunological status of poultry (Lee et al., 2002; Corzo et al., 2003). Arginine, in particular, is
important for development of the thymus and spleen and lymphocyte and macrophage functions
(Kwak et al., 1999, 2001; Jahanian and Khalifeh-Gholi, 2018). Methionine and arginine are of
particular importance as they regulate many metabolic pathways and are referred to as functional
amino acids (Wu, 2013; Jankowski et al., 2014). Relative lysine, arginine and methionine levels

are also critical as dietary interrelationships exists (Chamruspollert et al., 2002; Jahanian and



Khalifeh-Gholi, 2018). A study performed with Ross x Ross broilers found excess lysine depressed
muscle creatine concentration; however, only when lower concentrations of arginine and methio-
nine were fed (Chamruspollert et al., 2002). If one AA is provided in a less than ideal ratio, this
can lead to deamination of excess AAs and breakdown of the ketoacid as an energy source (Pesti,
2009). When energy-containing nutrients are provided in excess of requirements, it will undergo
lipid synthesis to be deposited as fat.

Recently, Arg:Lys ratios have undergone significant scrutiny due to their involvement in
breast muscle myopathies. A reduction in woody breast scores was observed in 45-d-old broilers
when levels of dietary arginine to lysine ratios were increased from 1.12 to 1.20; 1.14 to 1.26;
1.15 to 1.26; 1.14 to 1.26 in the starter (1 to 12 days), grower (13 to 24 days), finisher (25 to 36
days), and withdrawal (37 to 45 days) phases respectively (Bodle et al., 2018). Subsequent stud-
ies found that increasing Arg:Lys ratios by 30% reduced some white striping (intermuscular lipid
deposits), woody breast (overly hard in texture), and spaghetti breast (separation of muscle fiber

bundles) meat abnormalities (Zampiga et al., 2019).

1.5.3 Low Amino Acid Density Diets

Because proteins are composed of specific AA chains, and poultry have a requirement for
essential AA plus sufficient amino nitrogen to synthesize non-essential AA, expressing require-
ments for crude protein (CP) has become outdated. Over the last 16 years of broiler production,
the general trend 1s towards lower inclusions of dietary CP in exchange for lysine and crystalline
AA supplementation (Cerrate and Corzo, 2019). One reason for developing reduced-CP broiler
diets is to reduce the nitrogen excretion to the environment, and for overall gut health. Reducing
nitrogen excretion has a positive impact on bird welfare and decreases the incidence of footpad

dermatitis (Van Harn et al., 2019). Feeding reduced crude protein diets also improve overall gut



health by reducing the protein unabsorbed by the small intestine and available for cecal microbes.
Crude protein can successfully be reduced in broilers with no effect on performance given that
essential AA and sufficient non-specific amino nitrogen are provided (Corzo et al., 2005a). In the
same timeframe, broilers have become 19% more efficient in utilizing digestible lysine (Cerrate
and Corzo, 2019). Several synthetic AA have become inexpensive to produce; therefore, their use
in feeding programs has increased and has allowed the reduction of dietary CP while still meeting
AA requirements. The general trend in broiler production has been to reduce CP level in exchange
for meeting individual AA requirements. Commercially, lower CP feeds are achieved through for-
tification of feeds with crystalline sources of lysine, methionine, threonine, and valine. Isoleucine
is also commercially available; however, current costs of production are prohibitive for viable use
in diets (Berres et al., 2010). Broiler performance is minimally impacted by diets marginal in CP,
but fortified with synthetic sources of methionine and lysine (Parr and Summers, 1991; Pesti, 2009;
Rawat et al., 2018). Broilers utilize excess dietary AA as energy in metabolic processes; however,
through this process, deamination occurs, and amino groups are excreted as uric acid (Daldlio et
al., 2016). It is thought that the reduction of CP in broiler diets is energetically advantageous as
energy is required to excrete AA that are provided in excess of requirements or in excess of an
ideal ratio to the first limiting AA.

Increased concerns regarding the agriculture sector’s contribution to nitrogen pollution in the
environment have put significant pressure on mitigating nitrogen excretion from broiler opera-
tions. Fertilizer, as well as animal production contributions to these emissions, have been identified
by a European directive (European Council, 2010). From this directive, several proposed tech-
niques for emission reduction have been identified to be adopted in the intensive rearing of poultry

and swine (European Comission, 2015). Suggested approaches include reduction of dietary CP by
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using balanced diets based on digestible AA, multi-phase feeding, and the use of enzyme technol-
ogies (European Comission, 2015). Through these changes, it is suggested that emissions can be
reduced from 600 g to 200 g total nitrogen excretion per broiler per year (European Council, 2010).
Several legislative bodies globally are imposing guidelines on broiler production to reduce overall
nitrogen excretions and implement on farm nitrogen management controls. An ordinance defining
best practices has been released by the German Federal Ministry of Food and Agriculture with
total restrictions of nitrogen excretions of 385 to 413 g/location/year associated with broilers
grown to 39 days or longer (German Federal Ministry of Justice and Consumer Protection, 2017).
Currently, there are no consequences outlined for not meeting requirements; however, it is ex-

pected that these environmental controls will only become more stringent in the future.

1.6 Efficiency

The concept of efficiency has been traditionally defined as a ratio of inputs to outputs. This
allows for indices of efficiency to been utilized where a weighted average of inputs is compared
with outputs. The goal of defining these relationships is to determine the maximum output that can
be derived with a set amount of inputs. Generally, this relationship is utilized in the animal pro-
duction sector to determine the least-cost efficiency of production. That is, to ensure that
production is obtained at the lowest possible per-unit cost. This ideology has been utilized when
determining the least-cost formulation when evaluating broiler rations, by reducing the input cost
into the animal, the costs of producing the same output product are reduced. Due to this relation-
ship, efficiency is commonly expressed as a relative expression of feed to gain or FCR.

Within the context of bio-economic modelling, inputs are defined as the amount of feed given
to an animal and generally, the outputs are meat gain, milk production, egg production, etc. This

is important to determine the efficiency of each of the animals in a particular production system;
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however, we may also examine the economic efficiency of the whole system, also factoring in

natural and human resources required to produce food for humans.

1.6.1 Energetic efficiency

Efficiency is the ratio of useful energy delivered by a dynamic system; to the energy sup-
plied to it (Merriam-Webster, 2020). The term biological efficiency is usually applied when
examining the efficiency of a biological system from the perspective of energy utilization. Evolu-
tion has led to selection for optimal survival strategies rather than increased biological efficiency
(Stevens, 1991). Typically, biological systems run at less than ideal capacities. In the poultry in-
dustry, 26% of total energy required to produce 1 kg of meat is in the form of feed; the remainder
is in the form of gasoline (43%), natural gas (21%), and electricity (10%); the cost of feed is also
the highest overall cost (Sefat et al., 2014). In a neural network modelling studying of broiler
production unit efficiency, 97% of the total output of chemical energy was in the form of meat,
and the remaining 3% was in the form of manure (Sefat et al., 2014). FCR, the ratio of g of feed
consumed:g of BW gain, was one of the first measures of efficiency in livestock. Within the live-
stock sector, poultry production is estimated to be the most efficient subsector (Mottet et al., 2017).

Energetic efficiency is difficult to quantify in biological systems due to difficulties in ac-
curately determining the energy loss and transfer from one form to another (Nascimento et al.,
2017). In order to determine the energetic efficiency of a system, we need to define efficiency.
There are several methods to partition energy in biological systems that account for different types
of energetic losses in poultry. Determining the ideal energy systems to use when measuring effi-
ciency is critical to account for all energetic losses of the system. The importance of biological
energetic efficiency in animal production is to reduce the amount of energy released as heat and

other losses to the environment therefore increasing the energy that is converted to usable forms.
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1.6.2 Energy conservation

In animal nutrition, energy in two forms are of concern, energy in the form of chemical bonds
and heat. Energy can take many different forms in a system; however, with any system, whether
it is biological or non-living, the laws of thermodynamics will hold true. All measurements of
energy conversions are measured in the form of thermal energy or joules (J). With many conver-
sions of energy, there is an energy ‘cost’ lost in the form of heat associated with the conversion.
Therefore, when examining the conversion of animal feed to body mass, there will be an energetic
loss that will take place. The energy that is lost as heat during the conversion of a particular
feedstuff to muscle or fat is lost as diet-induced thermogenesis (DIT). This is the energy cost of
nutrient absorption, transport, and assimilation, together with the energy cost of synthetic pro-
cesses (Rothwell et al., 1982). Chicks are constantly converting energy that is stored in chemical
bonds into ATP through the Krebs cycle (Hu et al., 2017).

Diet-induced thermogenesis may play a role in the regulation of energy balance within poultry
due to BW being accompanied by an increase in metabolic rate (Sims et al., 1973; Barzegar et al.,
2020). The purpose of energetics is to determine an accurate representation of the energy balance
of an individual given BW, activity level, sex, physiological state, environmental temperature, and
feed intake (Spratt et al., 1990; Wu et al., 2019). The findings of these studies have been used to
develop several species-specific feeding recommendations as published by the NRC. Each species
has unique energy requirements, however there is significant genetic variation within a species. In
order to determine variations between animals it has become vital to examine the efficiency in

which these conversions are happening (Baldwin, 1984).
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1.6.2.1 Energy Systems

As a by-product of metabolism, energy is inevitably lost to the environment in many forms
such as fecal matter, gaseous or urinary losses, and heat. As feed formulation can affect overall
body composition, it is important to take into account the energy content and losses of feedstuffs
when formulating diets (Sibbald, 1980). Energy models are vital for determining variances in en-
ergetic efficiencies due to animal and dietary differences. There has been much controversy
concerning the optimum energy system for standardizing energy requirements and the energy con-
tent of feeds.

Different energy systems can be utilized to compare requirements and feedstuff energy
content. The metabolizable energy (ME) system is the most common form of energy partitioning
currently used in the poultry industry. ME is the energy remaining after fecal, urinary, and gaseous
energy losses are removed from the gross energy (GE) or total energy of a feedstuff. Another
system is the net energy system (NE), which takes into account the heat increment, urinary, gase-
ous, and fecal energy losses of a particular feedstuff (Noblet et al., 1994).

The major issue with the implementation of the NE system to poultry diets is the determi-
nation of NE in feeds. The value of moving from a ME system to a NE is still a subject of much
debate (Van der Klis and Jansman, 2019).

Currently, feed composition databases including NE values are limited, and therefore more
research is required for poultry feed formulation based on NE. However, promising techniques
have been developed for predicting NE of feeds that may reduce the costs (Pirgozliev and Rose,
1999).

The NE system builds on the ME system by accounting for the heat increment losses and
biochemical inefficiencies into feed formulation. Although the ME system takes into account the

losses from excretion of urinary waste; the NE system takes one step further to account for the
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energetic cost of excreting excess nitrogenous wastes (Birkett and de Lange, 2001). Noblet et al.
(1994) demonstrated that when swine were fed diets formulated using NE, feed costs were signif-
icantly reduced. The use of the NE system in swine has reduced of the overall cost of feeding due
to adjustments accounting for the heat increment associated with crude fibre in the hindgut of pigs
(Patience, 2012). In poultry feeds, crude fibre content and therefore cecal fermentation is a rela-
tively insignificant sources of energy. A possible environmental advantage of utilizing a NE
system is feeding precisely to requirements, thereby reducing the excess excretion of nitrogen and
phosphorous, increasing overall energy utilization. An increase in feed efficiency would also lead
to less use of resources and, therefore, could reduce water use and greenhouse gas emissions. Due
to the complexity, accuracy, and cost associated with estimating NE content of feeds the merits of
the NE system for use in poultry feeding is still undergoing much debate (Mateos et al., 2019; Van

der Klis and Jansman, 2019).

1.6.3 Measuring efficiency
1.6.3.1 Residual feed intake

There have been several approaches to measure the efficiency of animals. Efficiency is
becoming a greater concern due to the recent focus on environmental concerns of intensive agri-
culture. This is a potential area for improvement as feed costs currently make up 60 to 70% of the
total cost of poultry production (Donohue and Cunningham, 2009). Producers are motivated to
reduce feed costs to increase profit margins. In the past, many other types of production parameters
were utilized as selection tools, however, they have been replaced with more focus on the eco-
nomic feasibility rather than direct production levels.

Residual feed intake (RFI) was first proposed in cattle as an alternate measure of feed ef-

ficiency (Koch et al., 1963). Residual feed intake is a measure of the residual portion between the
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amount an animal’s actual feed intake compared to expected feed intake at a given level of pro-
duction or growth (Koch et al., 1963). RFI is a measure of efficiency, when an animal has a lower
RFI they are more efficient than the average animal at a given production level. Therefore, by
selecting animals with low RFI, animals are selected to eat less with the same level of production.
Since residual feed intake is the difference between actual feed intake and expected feed intake of
the animal, at a given BW, weight gain, and egg production it is independent of production level
(Koch et al., 1963). This method is advantageous as it accounts for feed intake, BW, and production
traits in evaluation. It is an improvement from the traditionally used FCR, also taking into account
maintenance costs by using the metabolic BW (Koch et al., 1963). The selection of cattle based on
RFI has been utilized through the use of automated feed and growth data provided by GrowSafe®
and similar systems (Okine et al., 2004; Wang et al., 2006). A reduction in the feed intake of cattle
without a decrease in performance was observed by utilizing RFI as a selection criterion (Okine et
al., 2004). This allows for increased efficiencies leading to a reduction in methane gas produced.
When RFI of cattle was measured, there was a 28% reduction in methane from low RFI cows
compared to high RFI cows (Nkrumah et al., 2006). This is important for finding energy-efficient
ways to produce consumable protein and reducing the carbon footprint of livestock production.
The popularity of utilizing RFI in egg layers has increased, as it has intermediate heritabil-
ity (Luiting and Urff, 1991b); however, it also has high phenotypic variability (Luiting, 1990).
Increases in growth efficiencies have been observed through the use of RFI in genetic selection
criteria in broilers. Several studies have been performed using divergent selection based on posi-
tive (R+) or negative (R-) RFI values. The less efficient R+ broilers had larger feed intakes than
the R- birds (Gabarrou et al., 1998). The more efficient R- birds had lower ME intake (Luiting and

Urft, 1991a) and lower heat production (Katle, 1991) than R+ birds at the same level of production,
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however only when the birds were in a fed state (Luiting and Urff, 1991a). In a fasted state, heat
production between the R- and R+ birds was not significantly different; therefore, the differences
observed were due to increases in DIT (Gabarrou et al., 1998). In another study in laying hens, R-
hens had increased shell thickness (Bordas and Merat, 1981), hatching and fertilization rate, and
decreased early embryo death in layer breeders (Morisson et al., 1997). In R+ layers, an increase
in corticosterone was observed (Luiting et al., 1994). This is an important issue for selection in
broilers, as increases in corticosterone reduce meat quality (Kannan et al., 1997). Although many
studies have been conducted in layers, there is a lack of current research in this area in broilers and

broiler breeders.

1.6.3.2 Maintenance Requirements

Selection based strictly on a single measure of productivity may not increase every aspect
of production. Negative impacts of low RFI selection were also observed, examples being in-
creases in adiposity in laying hens (Katle, 1991), and reduced mean egg weight (Katle, 1991;
Bordas et al., 1992). A reduction in egg weight can be explained by a severe fault not accounted
for by the RFI system. RFI fails to separate the heat production of maintenance of existing tissues
from that of production; since the maintenance of adipose tissues contributes less heat than lean
tissue (Close, 1990). Selection based purely on RFI may reduce maintenance cost, thereby favour-
ing less maintenance-intensive adipose tissue rather than muscle. This results in birds that are more
efficient but with higher adipose tissue deposition. A factor that will favour a reduced FI in RFI
selection is DIT. High feed intake results in greater DIT, with the animals consequently losing
more energy as heat to their environment. When selecting birds based strictly on RFI, the selection
process will be skewed to select for more productive but less consuming animals (Romero et al.,

2009a).
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1.6.3.2.1 RMEn

Inadvertently, with increased pressure for selection of low RFI scoring animals, a reduction
in overall BW may be observed (Romero et al., 2009a). This has led to the development of the
concept of residual metabolizable energy of maintenance (RMEn), which is the residual between
estimated ME requirements and ME intake (Romero et al., 2009a). This methodology attempts to
correct for the bias of selecting smaller and less productive animals by removing the confounding
effect of feed intake and the resulting DIT (Romero et al., 2009a). A nonlinear model to estimate
ME intake of broiler breeders is used to determine RME, (Romero et al., 2009a). As RME, takes
into account the differences in DIT, it is an excellent tool for genetic selection (Romero et al.,
2009a). However, further understanding of the heritability and effects RME, has on other produc-
tion traits are required before the implementation of RME, as a selection criterion (Romero et al.,
2009a).

Most production models are developed utilizing research data, and in these settings, many
factors affecting maintenance are tightly controlled. The development of a theoretical model that
accurately represents industry data is complex due to many factors that affect efficiency. The co-
efficients utilized in the RME,, model are not generalized for utilization in general industry
settings. By collecting industry data and determining the average maintenance energy coefficients,
a more accurate model of bird requirements can be developed. With a data set obtained from an
industry setting and by comparing model-calculated feed intake values to actual feed intake values,
the accuracy of the model can be determined. Some of the factors that influence the maintenance
requirement for poultry are environmental temperature (Donkoh, 1989), gut microflora
(Muramatsu et al., 1994), activity, feather cover (Richards, 1977) and immune response (Amat et

al., 2007).
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With selection for decreased maintenance energy requirements of birds, it is important to
ensure that through severe selection for one production parameter, others are not adversely af-
fected. During inflammatory stress, the bird will produce higher levels of heat (Liu et al., 2015).
A concern with severe selection focused on the reduction of maintenance expenditures is the neg-
ative effect it may have on the immunological status of the bird. By selecting for a reduction in
maintenance energy requirement, birds with a less active immune system may be indirectly se-
lected. There has been no adverse effect on immunological strength with selection based on RFI
(Van Eerden et al., 2004). This could be attributed to the percentage of RFI utilized by the acquired
immune system under unchallenged conditions being relatively small (Korver, 2012). However,
as it becomes possible to isolate maintenance energy more precisely utilizing RMEy, the energy
utilized by the immune system may be examined for increased efficiency.

With selection based on RME,, as a measure of efficiency at the pedigree and great-grand-
parent breeder level, primary breeders are able to increase efficiency without sacrificing
production, thereby increasing profit margins. Through development of selection procedures using

RME genetics companies can enhance the efficiency and productivity of the poultry industry.

1.7 Unintended consequences of selection

One of the major concerns with the selection and improvement of broilers through genetics
is how to raise the parents of the genetic stock in a welfare-friendly manner. Broiler breeders are
the chickens responsible for producing the offspring used for consumption of meat products. With
growth-focused selection, often other essential components of livability may not be accurately
represented in the selection process; for example; mortality of ad-libitum fed broiler breeders is
50% due to morbid obesity after ~360 days (Katanbaf et al., 1989). The major problem is that the

parent stock (broiler breeders) have the same genetic growth potential as the broilers. This may
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cause problems in broiler breeders because they do not grow at an appropriate rate for optimal
reproduction.

Allowing broiler breeders to eat ad-libitum causes leg issues, joint problems, decreased immune
function as well as negative effects on fertility, egg production, and hatchability (Su et al., 1999;
Whitehead, 2002; Renema and Robinson, 2004).

Broiler breeders have the same genetic growth potential as broilers, which means they must
be managed differently to avoid reproductive challenges. A concern with the management of
broiler breeders is the control of BW during the rearing and reproduction phases. Broiler breeders
are feed-restricted due to the negative relationship between adipose tissue and egg production
(Decuypere et al., 2010). Excess energy intake is deposited primarily as fat, therefore to prevent
excessive fat deposition, broiler breeders are fed at close to maintenance requirements. Feed re-
striction is most severe in the rearing stage and feed intake is restricted to 15 to 33% of ad-libitum
compared to 50 to 90% in the laying stage (Van Krimpen and De Jong, 2014). Feed restriction
during rearing is critical in programming egg production, health status, and longevity of the bird,

making it vital to determine the degree of feed restriction during this period correctly.

1.7.1 Welfare concerns of feed restriction

The industry has attempted to deal with the welfare implications of ad-libitum feeding
through feed restriction, and although these birds are physically hungry, it reduces the incidence
of metabolic disorders in the flock (Hocking and Duff, 1989; Decuypere et al., 2010). Feed re-
striction is cost-effective because it increases feed efficiency of the flock, leading to a decrease in
feed costs as well as a decrease in the maintenance requirement of the birds. However, problems

have been observed with feed restriction due to hunger such as feather pecking, increased
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aggression, and stress behaviour before or during feeding times (Hocking and Duft, 1989; Mench,
2002; Sandilands et al., 2006).

When considering the welfare of any animal, it is important to consider if the five freedoms
of the animal are met (Webster, 2007). Feed restriction has been criticized as it violates the first
freedom, the freedom from thirst, hunger and malnutrition (Webster, 2007). Feed restriction in-
creases the secretion of corticosterone, and can be elevated for up to 10 weeks after the introduction
of feed restriction (Rosales, 1994; Mench, 2002). Feed restriction also impacts immune function;
a study on feed restricted broiler breeder hens found no differences in eosinophil, basophil, and
monocyte counts among feeding regimes; although, feed-restricted birds had normal antibody ti-
ters, broiler offspring from feed restricted hens resulted in offspring that have a reduced immune
response to a lipopolysaccharide injection (Bowling et al., 2018). It can also be argued that the
fifth freedom to express normal behaviours is violated as normal behaviour may be repressed dur-
ing a period of high stress when feed is restricted leading to an increase in the prevalence of stress-
induced destructive behaviours such as feather pecking, vent pecking, and cannibalism (Rosales,

1994).

1.8 Feeding of broilers

Feed costs as a percentage of live production costs have increased substantially through the
years, from 51.8% in 2001 to 68.7% in 2008 to approximately 80% in 2015, due to greater econ-
omies of scale (Donohue and Cunningham, 2009; Rufino et al., 2015). Due to the closer proximity
and lower price of wheat compared to corn, western Canadian poultry producers include wheat as
a primary feedstuff in broiler diets.

In the European broiler market, it is relatively common for wheat to be used as the primary

feedstuff in broiler diets due to reduced cost and absence of carotenoid pigments that may cause
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undesired coloration of the carcass skin (Gutiérrez del Alamo, 2009). Traditionally, genetic selec-
tion for broiler growth and performance for US broiler strains were performed on corn-based diets,
whereas UK strains were selected on wheat-based diets. Moran, et. al, (1993) observed a large
reduction of broiler performance in US strains when fed wheat-based diets compared to UK strains.
This suggests a synergistic relationship between strain and the primary cereal source; therefore,
different commercially-fed broilers strains may respond differently to dietary wheat inclusion.

Previous research has shown the sensitivity of breast muscle development to reduced lysine
levels (Tesseraud et al., 1996a; Kidd et al., 1998). Acar et al. (1991) observed an increased breast
muscle yield and greater lysine need in a UK broiler strain than in a US strain. Lysine fed at above
the requirements for growth significantly increased breast yield; signifying that optimal lysine lev-
els for optimal breast yield is higher than that for optimal growth (Hickling et al., 1990; Acar et
al., 1991; Bilgili et al., 1992).

In some cases in Europe, wheat is utilized for 50 to 55% of total apparent metabolizable en-
ergy (AME) and 35 to 40% of the protein in the feed (Wiseman et al., 2000). Crude protein levels
of wheat can be highly affected by genotype, year, cultivation site, and fertilizer (Gutiérrez del
Alamo, 2009). Growth performance of broilers fed different wheat samples can differ by up to
13% due to differences in AME; however, this variation is reduced through the addition of an
exogenous xylanase and glycanase enzyme (Scott et al., 1998a; b). Total tract starch digestibility
of different Western Canadian wheat cultivars in Ross 308 broilers only differed by 0.9% when
xylanase was present, however the location where absorption occurred varied within the small

intestine (Karunaratne et al., 2018).
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1.9 Objectives for the study

When comparing corn- to wheat-based broiler diets, efficiency differences must be considered
to ensure any reduction in performance is warranted by a reduction in feed costs. This study allows
for a clearer understanding of the response of modern genetic strains to wheat inclusion in the diet.
This will have a benefit to the Canadian poultry industry as well as globally when formulating
diets to obtain productive benchmarks. It has previously been observed that Western Canadian
chicken producers in particular have lower broiler performance as compared to global production.
The purpose of this study is to examine if a reduction in AA levels or a strain x diet interaction is
a contributing factor in the observation of lower broiler performance.

The DBP concept is to provide each essential AA in an exact amount that meets animal re-
quirements precisely; therefore, all essential AA are provided with no deficiency or excess
(Emmert and Baker, 1997). With this concept, all AA requirements are represented as a ratio to
lysine.

Genetic selection criteria have evolved substantially as broiler time to market weight has
reduced by approximately 0.5 days per year. Therefore, it is important to examine the performance
of modern high-yield broiler genetics on various dietary cereal sources.

Due to regional differences where the broilers will be grown, the North American pedigree
line is thought to be selected primarily on corn diets, whereas the European pedigree line is thought
to be selected on wheat diets. As a result, the objectives of this thesis were to specifically examine
the growth and efficiency (Chapter 2) and allometric development (Chapter 3) of a North Ameri-
can strain and a European strain raised on either corn- and wheat-based diets.

Chapter 4 of the thesis utilized industry data to estimate and validate existing estimates of

maintenance requirements in broiler breeders. The estimation of these coefficients has primarily
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been in controlled research settings, therefore, validation of models to accurately describe com-
mercial settings is required.

The main research questions for this thesis were: Do North American and European broiler
respond difference on wheat- and corn-based diets? Does a reduction in AA levels contribute to
the differences in broiler performance on wheat- vs corn-based diets? Can we accurately estimate

maintenance requirements for commercially reared broiler breeder pullets?
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2. Effect of dietary balanced protein on performance and carcass
characteristics in offspring of two broiler male-lines

2.1 Abstract

Amino acid nutrition has a significant impact on the growth rate, feed efficiency, yield and
carcass composition of broilers, and may interact with broiler strain. Two 2 x 2 factorial experi-
ments were conducted to observe growth and yield differences in broilers from North American
or European male lines crossed with Ross 708 females (NA x 708; EU x 708, respectively), fed
diets containing dietary balanced protein at 100% (DBP100) or 90% (DBP90) of the Ross 708
recommendations. Performance was examined using corn- (Corn Experiment) and wheat- (Wheat
Experiment) based diets. We hypothesized that EU x 708 birds would have higher growth and
yield performance on wheat-based diets relative to NA x 708 birds due to wheat-based diets being
used during selection. We hypothesized that DBP100 would increase growth and yield relative to
DBP90 diets. Broilers obtained for this study were offspring from 43-wk-old Ross 708 female
breeders crossed to either a NA or an EU male line. In each experiment, 1,600 broilers were allo-
cated into 32 pens of 50 birds with 4 replicate pens per treatment at a stocking density of 0.069
m?/bird. Pen BW gain and feed intake data were collected at 0, 10, 25, and 35 d and feed conversion
ratio (FCR) was calculated. At 35 d of age, 144 broilers from each experiment were processed to
collect carcass, portion weights, and yields. In the Wheat Experiment, Pectoralis (P.) major and
P. minor yields were 10.5% and 5.04% higher, respectively in the NA x 708 broilers fed DBP100
than the EU x 708 broilers fed DBP100; the EU x 708 fed DBP90 yielded 21.2% and 11.7% less,
respectively than the NA x 708 DBP100 treatment. EU x 708 broilers had 9.5% and 4.8% lower,
respectively P. major and P. minor yield than the NA x 708 fed DBP100; however, no significant
difference was found between strains when fed DBP90 (P = 0.005 and 0.042, respectively). The

NA x 708 strain was less susceptible to reduced DBP compared to the EU x 708.
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2.2 Introduction

Feed costs as a percentage of live production costs have increased dramatically since 2001,
from 51.8% to approximately 70% in 2013 due to economies of scale (Donohue and Cunningham,
2009; Willems et al., 2018). Many areas that are suitable for wheat production globally are also
well suited for poultry production. Due to the local availability and lower price of wheat compared
to corn and the absence of carotenoid pigments that may cause undesired coloration of the carcass
skin for that market, producers may include wheat as a primary feedstuff in broiler diets (Gutiérrez
del Alamo, 2009). Diets from regions that utilize wheat as a primary cereal grain tend to be higher
in protein and lower in energy than diets that contain a high proportion of corn.

Acar et al. (1991) observed an increased breast muscle yield and greater lysine requirement
in an EU broiler strain than in a US strain. Moran et al. (1993) observed a 1.2% reduction of broiler
performance in US strains when fed wheat diets compared to EU strains. This suggests a relation-
ship between the broiler strain and protein source utilized during selection and primary protein
source used in production. Different commercial broiler crosses may respond differently to dietary
cereal type. In some cases, wheat provides 50 to 55% of the total apparent metabolizable energy
(AME) and 35 to 40% of protein in the feed (Wiseman et al., 2000). Since wheat can constitute
approximately 35 to 70% of the total diet, the amino acid (AA) profile of the wheat plays an im-
portant role in diet AA supply. Growth performance of broilers fed different wheat sources can
differ by 13% (Scott et al., 1998a; b) because crude protein levels of the wheat are highly variable
and are affected by genotype, crop year, cultivation site, and fertilizer used (Gutiérrez del Alamo,

2009). Increasing dietary crude protein (CP) density increases performance and breast meat yield
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and reduces fat deposition (Johnson et al., 2019). This is of high importance to processing sectors
in which breast meat is the highest value part of the carcass.

Optimizing meat production is a significant issue facing the global poultry industry. Carcass
composition is profoundly affected by AA intake, specifically lysine affects lean composition of
the carcass, abdominal fat content, and breast yield (Han and Baker, 1993; Tesseraud et al., 1996b,
2001; Leclercq, 1998; Kidd et al., 2005; Sterling et al., 2006; Kidd and Tillman, 2016; Sharma et
al., 2018). The dietary lysine level that supports maximum breast yield is higher than that of the
breeder recommendations for optimal growth (Acar et al., 1991; Bilgili et al., 1992; Sharma et al.,
2018). Feed cost is the greatest variable cost of production, but the effect and value of the cutup
carcass need to be considered when calculating profitability. This will enable decisions surround-
ing the suitability of the NA x 708 and the EU x 708 in different broiler markets. The objective of
this study was to examine if a reduction in AA levels is a contributing factor in reduced broiler
performance on wheat- vs corn-based diets. It was hypothesized that DBP100 would increase BW

growth and lean yield relative to DBP90 diets in each of corn-and wheat-based diets.

2.3 Materials and Methods
2.3.1 Experimental design

Two experiments were conducted to determine the relationship between broiler genetic
strain and dietary protein level on broiler growth and development. In each experiment, broilers
were randomly assigned into a 2 x 2 factorial arrangement of treatments examining the relationship
between broiler strain and dietary balanced protein (DBP) levels. All research protocols were ap-
proved by the University of Alberta Animal Care and Use Committee for Livestock and followed
the principles established by the Canadian Council on Animal Care (Canadian Council on Animal

Care, 2009).
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2.3.1.1 Genetic Strains

Two genetic lines were utilized, the offspring of a European male line crossed with Ross
708 hens (EU x 708) and the offspring of a North American male line crossed with the same flock

of Ross 708 hens (NA x 708).

2.3.1.2 Diets

The study was conducted using two different levels of DBP in either corn-based diets (Corn
Experiment; Table 2-1) or wheat-based diets (Wheat Experiment; Table 2-2); the experiments ran
concurrently. A three-phase feeding program was used in each experiment: starter (0 to 10 d of
age), grower (11 to 25 d of age) and finisher (26 to 35 d of age). Avizyme® 1302; (Xylanase, 5,000
U g'!; Protease, 1,600 U g!; Danisco Animal Nutrition, Marlborough, Wiltshire, UK), and Quan-
tum Blue Phytase (5,000 U g'!; AB Vista, Marlborough, Wiltshire, UK) were included. Within
each experiment, the DBP100 diet was formulated to contain at least 100% of 2007 Aviagen’s 708
recommendations (Aviagen, 2007a) for lysine, methionine, total sulfur amino acids (TSAA), thre-
onine, valine, isoleucine, arginine, and tryptophan for each dietary phase. The DBP90 diet was
formulated to contain lysine at 90% of Aviagen recommendations, with each of the first 7 limiting
AA fed at constant digestible lysine:AA ratios across the diets within each phase, based on the
Aviagen recommendations (Aviagen, 2007; Table 2-1). Although diets were formulated to the
same digestible AA specifications in each experiment, analyzed levels of lysine were on average

7.85% lower than expected in the Wheat Experiment (Table 2-2).

2.3.2 Birds and management

At hatch, a total of 1,600 mixed-sex broilers from each strain were placed in a light-tight
facility, in 32 pens with four replicate pens of 50 birds per pen (0.069 m?/bird). At placement, 10%

of the chicks were randomly selected and individually identified using wing bands. Birds received
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23 h of light/d at 20 to 30 lux for the first 7 days. After day 7, the lighting program was 20L:4D at

5 to 10 lux.

2.3.3 Data Collection

Individual BW of wing-banded birds were recorded twice weekly. Pen BW were measured
weekly. Dissections were performed at 36 days of age on randomly predetermined birds, identified
at placement, feed was withdrawn 24 hours prior. The selected birds were euthanized humanely
by cervical dislocation. At sampling time, whole BW, Pectoralis (P) major, P. minor, drum, thigh,
and wing weights were determined; percent yield of each was calculated on an eviscerated carcass
basis. Eviscerated carcass weight did not include the abdominal and neck fat weight. Feed intake
and feed conversion ratios were recorded. Mortality was recorded and weighed; group weights and
feed conversion ratios (FCR; kg feed/group BW) were corrected for mortality. Sex was determined

at dissection.

2.3.4 Analysis
2.3.4.1 Chemical Analysis

Analysis of each diet was performed using the following methods of AOAC (2006) for
crude protein (Method 984.13, (A-D)), crude fat (Method 920.39 (A)) and crude fiber content
(Method 978.10); total phosphorus and calcium content were analyzed utilizing inductively-cou-
pled plasma-optical emission spectroscopy (AOAC Method 985.01 (A,B,D)); AA profile without
tryptophan (AOAC Official Method 982.30 E(A,B)). All feed analyses were performed at the Ex-

periment Station Chemical Laboratories, University of Missouri-Columbia.
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2.3.4.2 Statistical Analysis

Body weight, FCR, and portion yield data were subjected to ANOVA using the MIXED
procedure of SAS (SAS Institute, 2009). Means were separated using a Tukey’s Test to reduce the
possibility of a type I statistical error. Differences are reported significant at P < 0.05. Nearly
significant differences are presented when P < 0.07.

Expected average daily metabolizable energy intake (ADMEI) for each age, was estimated
with the following model based on the Gompertz (1825) growth function:

ADMEI = aBW°7° + bG + ¢

where ADMEI was metabolizable energy intake (kcal/day), BW"” was metabolic BW
(kg®™), G was gain (g/d), a = 366 £ 51.2, and b = 0.3075 = 0.7566. Coefficients were estimated
by utilizing data from the entire flock. The residual feed intake (RFI) was determined on a pen
basis by taking the difference between actual FI and expected FI. RFI were then subjected to
ANOVA using the MIXED procedure of SAS (SAS Institute, 2009) with pen as a source of random

variation. Means were calculated using the least-squares method.

2.4 Results
2.4.1 Corn Experiment
2.4.1.1 Live Weight

The NA x 708 cross had a 6.7% higher BW at day 10 than the EU x 708 strain (P = 0.006,
Table 2-3). The BW of DBP100 broilers was 5.4% larger than the DBP90 broilers at day 10 (P =
0.021; Table 2-3). At day 25, DBP90 decreased the BW of the EU x 708 broilers, however in the
NA x 708 broilers, DBP level had no effect (P=0.034; Table 2-3). At day 25, broiler BW was
13.9% lower in the EU x 708 broilers fed DBP90 than those fed DBP100, although there was no

effect of DBP on the NA x 708 broilers at this age (P=0.034; Table 2-3). At day 35, the reduction

47



in DBP decreased BW by 12.4% in the EU x 708 strain, compared to a 6.2% reduction in the NA
x 708 strain (P = 0.004; Table 2-3).

Overall, there were no strain or DBP main effects on feed intake from 0 to 10 d nor from
25 to 35 d (Table 2-4). Feed intake for the NA x 708 strain was 8.8% higher from 10 to 25 d than
for the EU x 708 strain (P=0.041); intake was also 4.3% higher for the DBP100 vs the DBP90

treatment (P<0.001; Table 2-4).

2.4.1.2 Efficiency

The EU x 708 broilers had a significantly lower RFI than NA x 708 from 10 to 25 days and
from 25 to 35 d (P <0.001 and P = 0.009, respectively, Table 2-5). The DBP 100 broilers had a
significantly lower RFI from age 0 to 10 than the DBP90 broilers (P = 0.049; Table 2-5). The EU
x 708 strain fed DBP100 and DBP90 had a nearly significantly lower RFI than the NA x 708 strain
fed DBP100 and DBP90 from day 25 to 35 (P = 0.066; Table 2-5). From 0 to 35 d of age, FCR of
DBP90 broilers was 4.3% higher than in the DBP100 broilers (P < 0.01; Table 2-5); there was no

strain effect nor strain x DBP interaction.

2.4.1.3 Yield

The DBP100 treatment increased carcass yield in the NA x 708 broilers; however, there
was no significant effect of DBP100 in the EU x 708 broilers (P = 0.021; Table 2-6). Female
broilers had 1.3% larger carcass yield that male broilers (P < 0.001; Table 2-6). The DBP100
treatment group had the highest P. major yield (P < 0.001; Table 2-6). P. major yield was lower
in the male EU x 708 broilers than the female EU x 708, but sex had no effect in the NA x 708
broilers (P = 0.016; Table 2-6); however, no other interactions on P. major yield were observed.
In the EU x 708 broilers, females had larger P. minor yield than males when fed DBP90 or

DBP100; however, in the NA x 708 no sex effect was observed in the DBP90 or DBP100 fed
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broilers (P <0.001; Table 2-6). In the EU x 708 broilers, males had lower breast yield than females
when fed DBP90, but there was no sex effect when these broilers were fed DBP100 (P = 0.045;
Table 2-6). Conversely, in the NA x 708 broilers, DBP90 reduced breast yield in both males and
females compared to DBP 100 (P = 0.045; Table 2-6).

The DBPI0 treatment resulted in a 3.1% larger drum yield than the DBP100 treatment (P
<0.001; Table 2-6). Drum yield in the EU x 708 was 8.7% larger in males compared to the females
but only 5.6% larger for the males vs the females in the NA x 708 strain (P = 0.002; Table 2-6).
There was a two-way interaction on thigh yield in which the EU x 708 broilers fed DBP90 had
7.0% larger thighs than the DBP100 treatment; there was no effect of DBP in the NA X 708 broil-
ers (P = 0.007; Table 2-6). Male broilers had 3.1% higher thigh yield than females (P = 0.021;
Table 2-6). Wing yield was 4.7% larger in the EU x 708 strain when compared to the NA x 708
strain (P <0.001) and 3.7% larger in the DBP90 compared to the DBP100 treatment (P < 0.001;

Table 2-6).

2.4.2 Wheat Experiment
2.4.2.1 Live Weight

Although they were on average 1.0 gram smaller at placement on day 0 (P=0.001), the NA
x 708 broilers were 8.4% heavier at day 10, 15.9% at day 25, and 14.8% larger than the EU x 708
broilers at day 35 (P <0.001; Table 2-7). The BW of DBP100-fed broilers was 14.4% greater than
the DBP90 broilers at 10 d, 29.7% greater at day 25, and 28.5% greater by day 35 (P < 0.001;
Table 2-7). Both strains showed a similar decrease in BW when fed the low protein compared to
the high protein diet (Table 2-7).

Neither strain nor DBP level affected FI from 0 to 10 d, nor from 25 to 35 d (Table 2-8).

Feed intake of the NA x 708 strain from 10 to 25 d was 17.1% higher than the EU x 708 strain
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(P=0.045); intake was 20.0% higher for the DBP100 than the DBP90 treatment (P <0.001; Table

2-8).

2.4.2.2 Efficiency

There were no strain by DBP interactions on RFI for broilers at 0 to 10, 10 to 25, or 25 to 35 d of
age; however, EU x 708 broilers had a nearly significant lower RFI than NA x 708 from 10 to 25
d (P =0.057; Table 2-9). Feeding DBP90 significantly increased RFI at 0 to 10 and 25 to 35 d (P
=0.014, 0.001; Table 2-9). Feeding reduced DBP caused a 19.4% increase in FCR of EU x 708

broilers, but a 10.8% increase in NA x 708 broilers (P = 0.025; Table 2-9).

2.4.2.3 Yield

Carcass yield was not affected by strain, DBP, sex, nor their interactions (Table 2-10). The
reduction in DBP reduced breast meat yield in both strains, but the effect was greater for the NA
x 708 broilers. The EU x 708 broilers fed DBP90 had a lower P. major (13.8%), P. minor (7.2%),
and breast yield (12.3%) than those fed DBP100 (P = 0.005, 0.042, 0.003; Table 2-10). The NA x
708 broilers also saw a reduction in yield for P. major (20.3%), P. minor (11.8%), total breast
(19.0%) in the DBP90 broilers (P = 0.005, 0.042, 0.003; Table 2-10). Female broilers had larger
P. major (7.4%), P. minor (8.5%) and total breast (7.1%) than males (P < 0.001, <0.001, <0.001;
Table 2-10).

Increased DBP reduced drum yield by 13.3 % for the NA x 708 broilers, but had no effect
on the EU x 708 broilers. (P =0.005; Table 2-10). Male broilers had 7.8% larger drums than female
broilers (P < 0.001; Table 2-10). The DBP90 treatment increased thigh yield by 7.7% in the NA
x 708 strain compared to DBP100; however, there was no effect of DBP in the EU x 708 strain (P
=0.009; Table 2-10). Male broilers had 4.7% larger thighs than female broilers (P < 0.001; Table

2-10).
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DBP had no effect on wing yield in the EU x 708 broilers; however, DBP90 increased wing
yield by 11.1% in the NA x 708 broilers (P = 0.031; Table 2-10). Wing yield was 4.2% greater in

male than in female broilers (Table 2-10; P = 0.012).

2.5 Discussion
2.5.1 Body Weight

A lower BW at age 10, 25, and 35 d was observed for broilers fed DB90 vs DBP100,
ranging from 8.4% to 9.1% for the Corn Experiment and 12.6 % to 22.9 in the Wheat Experiment
(Tables 2-3, 2-7). Birds received less total lysine (1.09% vs. 1.24%) and elevated total TSAA
(0.91% vs. 0.82%) relative to the formulated values in the starter wheat DBP90 diet. Birds on the
DBPI0 treatment in the Wheat Experiment would have consumed less digestible lysine than those
fed DBP90 in the Corn Experiment. The ratio of lysine to other essential AA was lower than
breeder recommendations (Aviagen, 2007a) due to the lower overall lysine content. In wheat-
based broiler diets, methionine and lysine are usually the first two limiting AA (Ravindran and
Bryden, 1999). Broilers fed substantially more protein than required, or an unbalanced AA profile
have reduced body weight, and higher FCR due to the energetic costs of excreting excess nitrogen
(Roy et al., 2010). The NA x 708 broilers grew larger than the EU x 708 broilers when fed wheat-
based diets. In contrast, a Ross x Ross cross (European broiler line) had a significantly larger
carcass weight than a Peterson x Arbor Acres cross (North American strain) when fed wheat-based
diets (Moran et al., 1993). Another study determined that increasing lysine in finisher feeds had a
variable effect on weight gain, depending on the strain (Bilgili et al., 1992).

As broilers which have been selected to be lean are less tolerant to low dietary protein than
those for growth (Leclercq, 1983), many of the differences observed may be due to EU strains

traditionally having been primarily selected for increased efficiency and yield on wheat-based
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diets, whereas NA strains have been selected on corn-based diets (Moran et al., 1993). The EU
strain selection criteria have had a lower focus on performance traits compared to the NA strain
(Derek Emmerson, Aviagen, Huntsville, AL, personal communication). In the Corn Experiment,
the EU x 708 strain fed DBP90 had a 12.4% reduction in BW (2,260 g vs 1,979 g) compared to
DBP100; conversely, there was a 6.2% reduction in BW in the NA x 708 strain (2,347 g to 2,210
g; P =0.004; Table 2-3). This suggests that the NA strain is less susceptible to the effects of re-
duced DBP than the EU strain. Diverse genetic selection criteria have led to genetic strains that
differ in either being early or late-developing (Dozier and Moran, 2001). Similar results were ob-
served when comparing early- and late-maturing broilers fed diets either adequate or restricted in
AA (Dozier and Moran, 2001), and response to four dietary lysine levels in a line selected for
higher breast meat yield or a control line (Tesseraud et al., 1999). Dietary requirements of the
higher-yield chicks were lower as they were less sensitive to the deficient lysine levels provided
compared to the control (Tesseraud et al., 1999). Similarly, the requirements for AA in the NA x
708 strain may be higher than that of the EU x 708; however, the current breeder management
guides do not show differences in recommendations signifying that further research may be re-
quired (Aviagen, 2019b). This could be in part due to the timing of developmental stages where
higher AA are required. In the Wheat Experiment the NA x 708 broilers had a higher % BW daily
gain than the EU x 708 broilers between 0 to 10 d (42.78%, 37.52%, respectively), 10 to 25 d
(25.38%, 23.32% respectively); in contrast the EU x 708 broilers had higher gain from 25 to 35 d
(8.09%, 8.26%, respectively; Table 2-7). These periods of higher growth will have a higher nutri-
ent demand. The EU x 708 strain begins developing frame early and develop weight rapidly later
in development (Table 2-7). In contrast, the NA x 708 birds in the Wheat Experiment followed a

more consistent growth pattern increasing breast yield throughout development (Table 2-7).
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Nutrient requirements of EU x 708 broilers will therefore change with age as the bird shifts from
carcass development to breast meat yield.

Within DBP treatments, the diets were formulated to meet the same nutritional specifica-
tions. The corn DBP90 and wheat DBP90 diets were similar in formulated nutrient composition,
as were the corn DBP100 and wheat DBP100 diets; however the wheat diets were on average
7.85% lower in total lysine than the corn diets upon analysis. Within each DBP level, broilers
performed relatively similar within each experiment (Table 2-3, 2-7) Our study showed significant
interactions between genotype and DBP on BW in corn diets after 25 days of age when DBP and
lysine were decreased simultaneously; however, similar findings between genotype and only ly-
sine have also been observed (Sterling et al., 2006). Our findings imply the EU x 708 strain is less
sensitive to reductions in dietary CP and lysine levels compared to the NA x 708 strain. This may
be due to the higher genetic potential of the NA x 708 for breast meat yield, leaving it more re-
sponsive to changes in AA and lysine levels. Since our study examined DBP levels, we were
unable to discern the influence of lysine compared to other AA directly; however, it does indicate
an increased AA requirement for the NA x 708 compared to the EU x 708 strains. Other studies
have observed a larger increase in yield in an EU strain (Ross x Ross) when compared to a North
American strain (Peterson x Arbor Acres) in response to increased lysine levels (Acar et al., 1991).
A meta-analysis determined that the Cobb genotype was more susceptible to dietary CP changes
than Ross broilers (Faridi et al., 2015).

It is thought that older broiler strains eat to meet energy requirements (Leeson et al., 1996);
however, more recent research has suggested that FI is positively influenced by dietary lysine and
AA levels (Farkhoy et al., 2012). We observed a higher FI in the DBP100 treatment compared to

DBPI0 in both the corn and wheat experiments (4.3% and 20.0% respectively), however this effect
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was only present between days 10 and 25 (P < 0.001; Table 2-4, 2-8). This suggests that FI is
increased with higher AA levels in young broilers, when the intestinal tract is relatively underde-
veloped, and less so in later developmental stages (Tables 2-4, 2-8). This is not supported by early
research in this area (Nakhata and Anderson, 1982; Pesti and Smith, 1984), with some studies
determining a negative relationship on FI as AA levels are increased (Smith and Pesti, 1998).
However, more recent research has found a positive relationship between dietary AA levels and
FI during early developmental stages (Sterling et al., 2006; Razuki and Rawi, 2007; Kumar et al.,
2016).

The nutritional profile of wheat and corn varies with growing conditions, post-harvest storage,
seasonal variation, cultivars, and between geographical regions (Cowieson, 2005; Gutiérrez-
Alamo et al., 2008). Since the AME of wheat can be highly variable, and the individual ingredients
were not tested before formulation, the wheat may have had a lower actual AME than was antici-
pated during diet formulation. The differences in ME between corn and wheat could help to explain
the observed changes in response between cereal source. Wheat contains 96% and 29% more sol-
uble and total non-starch polysaccharides (NSP), respectively than corn and can reduce the passage
rate of digesta through the gut (Wu et al., 2004). However, NSP-degrading enzymes can reverse
the reduction in ME (Wu et al., 2004; Choct, 2006; Hashemi et al., 2017). Although wheat-based
diets contain higher levels of NSP than corn-based diets (Bach Knudsen, 2014), an NSP-degrading
enzyme was included in this study and therefore, this effect should have been negligible (Hashemi

etal., 2017).

2.5.2 Efficiency

In the Corn Experiment, EU x 708 broilers had a significantly lower RFI than NA x 708

from days 10 to 25 (P < 0.001) and 25 to 35 (P < 0.009; Table 2-5). In contrast, there was no
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significant difference in RFI between strains in the Wheat Experiment (Table 2-9). It is important
to note that the EU x 708 birds had lower 0 d BW than the NA x 708 birds in the Wheat Experiment
(P =10.001; Table 2-7). The net energy of production (NEp) of wheat (8.03 MJ/kg) is estimated to
be slightly lower than corn (8.59 MJ/kg) when fed to poultry in conjunction with xylanase (Nian
et al., 2011a; b). The ratio of apparent metabolizable energy to net energy of production
(AME:NEp) is larger in corn than in wheat (66.6%, 64.6%, respectively; Nian et al., 2011a; b).
Since most broiler diets are currently formulated on an ME basis, birds fed the wheat diets may
have had a lower NEp intake than the corresponding corn diets (National Research Council, 1994;
Barzegar et al., 2020).

The difference in RFI between strains in the Corn Experiment may be explained by further
examining how energy associated with RFI may be utilized. Romero et al. (2009) hypothesized
that rapidly growing animals are penalized during RFI selection due to the energetic cost of diet-
induced thermogenesis in high FI birds. Due to diet-induced thermogenesis, high producing birds
will lose more energy as heat than birds with a lower FI. Excess loss of heat will be associated
with larger birds due to higher FI to support continued growth, which may lead to an increase in
RFI differences between the EU x 708 and NA x 708 broiler cross birds, since the NA x 708 broiler
is a higher carcass yield producer, leading to a higher FI. The lower RFI of DBP100 birds relative
to DBP90 broilers may have been further influenced by the heat increment associated with feeding
more nutrient-dense feedstuffs (Barzegar et al., 2019, 2020; Van der Klis and Jansman, 2019).

In the Wheat Experiment, the EU x 708 and NA x 708 broilers fed DBP100 had the lowest
FCR from 0 to 35 d, followed by the NA x 708 DBP90 and the EU x 708 DBP90 (P <0.001; Table
2-9). There was a larger increase in the FCR of EU x 708 (19.4%) than the NA x 708 (10.8%)

when the birds were fed the DBP90 treatment compared to DBP100 (P = 0.025; Table 2-9). In
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contrast there was no strain by DBP interaction in the Corn Experiment (Table 2-5). This relation-
ship could be due to the lower than calculated total lysine level in the wheat DBP90 diet. In some
studies, up to a 20% reduction in FCR has been demonstrated with total lysine in finishing rations
increasing from 0.77 to 1.26% (Belloir et al., 2019). The wheat DBP90 diet may have been defi-
cient in digestible lysine for efficiency, therefore reducing BW and overall performance in this
treatment. Although previous studies have shown a decrease in FCR with higher Arg:Lys ratios,
no increased benefit on FCR was observed in ratios from 1.17 to 2.10; (Fouad et al., 2013) and
arginine levels to either meet (100%) or exceed (105% to 110%) NRC recommendations (Laika
and Jahanian, 2017). Recent studies have shown a linear increase in body weight gain and a de-
crease in FCR when increasing the Arg:Lys ratio from 0.85 to 1.26 (Sirathonpong et al., 2019).
The analyzed Arg:Lys ratios in the Corn Experiment ranged from 1.02 and 1.14, but in the Wheat
Experiment, the ratio in the DBP90 diets ranged from 1.11 to 1.26. Historically ideal Arg:Lys
ratios in the literature have ranged between 0.90 to 1.18 (Mack et al., 1999; Balnave and Brake,
2002); however recent studies have proposed an ideal Arg:Lys ratio range of 1.15to 1.17 (Zampiga
et al., 2018). The interaction between arginine and lysine is further confounded by the lower ana-
lyzed total lysine content than formulated, leading to a further decrease in dietary lysine. The larger
negative effect of the wheat DBP90 diet on performance in the NA x 708 broilers may indicate a
higher lysine demand than the EU x 708 broilers; however, this is not currently well defined in

current breeder management guides (Aviagen, 2019b).

2.5.3 Yield

The dietary AA requirements are different for each of these responses in increasing order: 1)
maximum BW; 2) minimum FCR; 3) maximum lean mass 4) minimum carcass fat (Pesti, 2009).

Optimal lysine levels for breast meat yield are higher than for growth; and are highly strain-
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dependent (Acar et al., 1991). Therefore, we must distinguish which requirements we are optimiz-
ing. Protein synthesis is enhanced through increasing lysine supplementation up to the optimal
yield requirement; increasing muscle deposition in the skeletal muscles, especially the P. major to
a plateau, however further supplementation becomes energetically expensive (Tesseraud et al.,
2001). When dietary lysine is not provided at sufficient levels, protein synthesis is limited, and
other AA in relative excess are oxidized for energy (Grisoni et al., 1991; Nasr and Kheiri, 2011).
An increase in protein turnover and breast yield is consistent with an increase in dietary CP and
lysine levels relative to ME levels (Tesseraud et al., 1996b; Urdaneta-Rincon and Leeson, 2004).
Unlike the Corn Experiment, there was no significant effect of strain or DBP on carcass yield
in the Wheat Experiment (Table 2-10). Similar to the Corn Experiment, the DBP100 treatment
resulted in the largest P. major and P. minor and overall breast meat (P = <0.001, Table 2-10).
Between 9 and 23 d, broilers showed a reduction in total and muscle weight gain when dietary
total lysine was reduced from 1.22 to 0.86%, regardless of CP level (Urdaneta-Rincon and Leeson,
2004). Increasing lysine dietary content increased fillet yield, tender yield and reduced abdominal
fat (Acar et al., 1991), and increased overall breast meat yield by 1.31% (Hickling et al., 1990). In
the same study, increasing methionine from 100% to 112% of NRC recommendations (National
Research Council, 1984) increased BW at 6 weeks by 1.22%, breast meat by 3.58%, and decreased
FCR by 0.02 (Hickling et al., 1990). In the Wheat Experiment, the reduction in DBP caused a
larger reduction in breast in the NA x 708 (19.0%) compared to the EU x 708 (12.3%) broilers (P
= 0.042; Table 2-10). Tesseraud et al., (1999) observed a greater reduction in breast yield in a
commercial strain compared to a high-yield selected strain when fed 1.01% lysine compared to
1.13%. This may demonstrate that strains selected for high yield may be less susceptible to reduc-

tions in dietary lysine levels.
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In the Corn Experiment, DBP100 treatments resulted in 3.1% larger drum yield than DBP90
treatments (P < 0.001; Table 2-6). Thigh yield from the EU x 708 broilers fed DBP90 was 7.0%
larger than the EU x 708 broilers fed DBP100 (P = 0.007; Table 2-6). Interestingly, DBP only
affected the thigh yield in the EU x 708 broilers and not the NA x 708 broilers in the Corn Exper-
iment. In the Wheat Experiment, thigh yield was 7.7% larger in the NA x 708 strain on the DBP90
treatment compared to DBP100, with no difference between DBP treatments in the EU x 708 strain
(P=0.009; Table 2-10). This indicates that the NA x 708 strain prioritizes thigh muscle whereas
the EU x 708 prioritizes breast muscle during periods of lower dietary lysine intake. Wing yield
was 4.7% and 10.2% lower in the NA x 708 broilers compared to the EU x 708 broilers in Exper-
iments 1 and 2, respectively (P <0.001; Tables 2-6 and 2-10). Generally, a decrease in DBP led to
a shift in protein deposition from the breast to the drums, thighs and wings.

At increasing dietary AA levels approaching the requirement for optimal yield, abdominal
fat pad deposition is reduced and carcass weight and breast muscle deposition are increased (Bilgili
etal., 1992; Holsheimer and Veerkamp, 1992; Scheuermann et al., 2003; Kidd et al., 2005; Sterling
et al., 2006). In the Wheat Experiment, we found a 7.1% reduction in thigh yield when NA x 708
broilers were fed DBP100 vs. DBP90; however, no difference was observed in the EU x 708 broil-
ers (P = 0.009; Table 2-10). The influence of CP and lysine on lean growth, including breast and
carcass yield, is highly dependent on strain (Bilgili et al., 1992; Holsheimer and Veerkamp, 1992;
Hancock et al., 1995; Scheuermann et al., 2003). Early studies failed to find a significant difference
in lysine requirement between Hubbard x Hubbard and New Hampshire x Columbian chicks (Han
and Baker, 1993). A study examining the effect of feeding a low and high AA density feed on high

yield and conventional broiler strains found a significant strain and AA density interaction on FCR
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and breast yield similar to our findings, with high-yield genotypes being most affected by increases
in AA density (Corzo et al., 2005b).

Performance and carcass traits were highly dependent on DBP and sex. The interaction of
strain and DBP level on carcass characteristics were more pronounced in broilers fed the wheat-
based diets compared to corn-based diets. When evaluating the cost savings of reducing DBP be-
low the primary breeder recommendations, it is vital to keep in mind the effect on performance
and yield parameters. Effects on yield are not directly apparent until processing, therefore, making
it too late for these differences to be addressed, leaving potential marketing benefits for the pro-
ducer untouched.

The results of the present and other studies indicate that the lysine requirement to optimize
broiler yield is highly dependent on strain cross and should be accounted for when determining
feeding programs for the cutup market. Nutritionists must consider the nutrient requirements of
each strain and feed at optimal levels. Due to the differences in how genotypes respond to changes
in DBP levels, nutritionists should strive to achieve optimal economic efficiency.

The objective of these findings were to enable decisions surrounding the suitability of the
NA x 708 and the EU x 708 in different broiler markets. It was hypothesized that DBP100 would
increase BW growth and lean yield relative to DBP90 diets in corn-and wheat-based diets. We
accepted this hypothesis as BW and lean yield increased in the DBP100 relative to the DBP90
treatment. We also found the NA x 708 strain less susceptible to reduced DBP compared to the

EU x 708 strain.
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2.8 Tables & Figures

Table 2-1. Composition of corn-based broiler diets in the Corn Experiment fed from 0 to 35 days of age (% as-fed)

Starter (0-10 days) Grower (10-25 days) Finisher (25-35 days)
DBP100 DBP90 DBP100 DBP90 DBP100 DBP90

Ingredient (% as-fed)

Corn 56.92 58.37 59.57 59.37 64.51 64.33
Canola Meal 7.50 7.50 7.50 7.50 7.50 7.50
Soybean Meal 29.93 27.67 2541 25.84 20.67 21.05
Calcium Carbonate 0.82 1.23 0.97 0.97 0.93 0.93
Dicalcium Phosphate 1.24 1.26 1.01 1.00 0.88 0.87
Salt, (NaCl) 0.25 0.25 0.25 0.25 0.25 0.25
Lysine 0.22 0.14 0.16 0.01 0.16 0.02
Methionine 0.30 0.23 0.25 0.16 0.21 0.13
Threonine -- -- -- -- -- --
Tryptophan -- -- -- -- -- --
HyD Premix! 0.05 0.05 0.05 0.05 0.05 0.05
Vitamin E 5,000 IU/kg? 0.50 0.50 0.50 0.50 0.50 0.50
Avizyme® 13023 0.05 0.05 0.05 0.05 0.05 0.05
Vitamin Premix* 0.50 0.50 0.50 0.50 0.50 0.50
Choline Cl Premix’ 0.50 0.50 0.50 0.50 0.50 0.50
Quantum Blue Phytase® 0.01 0.01 0.01 0.01 0.01 0.01
Canola Oil 1.61 1.66 3.17 3.20 3.17 3.19
Coccidiostat’ 0.05 0.05 0.05 0.05 0.05 0.05
Antibiotic Growth Promoter® 0.05 0.05 0.05 0.05 0.05 0.05
Calculated Nutrients
Total Phosphorus (%) 0.65 0.63 0.59 0.59 0.54 0.55
Available Phosphorus (%) 0.50 0.50 0.45 0.45 0.42 0.42
Met + Cys digestible (%) 0.94 0.85 0.84 0.76 0.76 0.68
Methionine digestible (%) 0.64 0.55 0.56 0.47 0.51 0.43
Lysine digestible (%) 1.27 1.14 1.10 0.99 0.97 0.87
Threonine digestible (%) 0.83 0.80 0.77 0.77 0.70 0.70
Arginine digestible (%) 1.31 1.24 1.18 1.19 1.04 1.05
Analyzed Nutrients’
Crude Protein (%) 20.33 20.28 19.09 19.93 18.18 17.92
Crude Fat (%) 3.82 3.73 5.15 5.19 5.31 5.44
Calcium (%) 0.95 1.06 0.96 0.87 0.82 0.88
Total Phosphorous (%) 0.67 0.64 0.61 0.65 0.61 0.59
AME!" (Kcal/Kg) 3,030 3,025 3,150 3,150 3,200 3,200
Total AA (Analyzed)
TSAA! (%) 0.93 0.82 0.79 0.74 0.77 0.69
Methionine (%) 0.60 0.50 0.49 0.43 0.47 0.40
Lysine (%) 1.35 1.24 1.14 1.11 1.06 0.95
Threonine (%) 0.79 0.76 0.69 0.72 0.69 0.64
Arginine (%) 1.39 1.36 1.21 1.27 1.16 1.08

'HyD Premix: Provided 69 pg of 25-OH vitamin Ds per kg of diet.

2Vitamin E: provided 50 IU/kg of diet.

3Provided per kilogram of diet: Xylanase, 250 U g'!; Protease, 80 U g’

*Vitamin premix provided per kilogram of diet: iron, 80 mg; zinc, 100 mg; manganese, 120 mg; copper, 20 mg; iodine, 1.65 mg; selenium, 0.3
mg; vitamin A, 10,000 IU; vitamin Ds, 4,000 IU; vitamin E, 50 IU; vitamin K, 4 mg; vitamin B, 0.02 mg; niacin, 65 mg; D-pantothenic acid, 15
mg; riboflavin, 10 mg; pyridoxine, 5 mg; thiamine, 4 mg; folic acid, 2 mg; biotin, 0.2 mg.

3Choline Cl premix contained 100 mg of choline per kilogram of diet.

®Quantum Blue Phytase 5,000 FTU/g added at 100g/tonne of diet.

"Coban® Premix (Monensin sodium at 200 g/kg) to provide 100 mg/kg in the complete feed (Elanco, Guelph, ON Canada).

8BMD 110 G (Bacitracin methylene disalicylate at 110 g/kg) to provide 55 mg/kg in the complete feed (Zoetis Canada, Kirkland, Quebec, Can-
ada).

°All feed analysis were performed by the University of Missouri Experimental Station Chemical Laboratories, Columbia, MO.

19 Apparent metabolizable energy.

"Total sulfur amino acids.
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Table 2-2. Composition of wheat-based broiler diets in the Wheat Experiment fed from 0 to 35 days of age (% as-
fed)

Starter (0-10 days) Grower (10-25 days) Finisher (25-35 days)
Item DBP100 DBP90 DBP100 DBP90 DBP100 DBP90
Ingredient (% as-fed)
Wheat 58.32 58.30 61.78 65.14 64.98 67.20
Canola Meal 7.50 7.50 7.50 7.50 7.50 7.50
Soybean Meal 27.05 26.16 21.71 18.82 18.50 15.93
Calcium Carbonate 0.82 1.23 0.98 0.99 0.94 1.42
Dicalcium Phosphate 1.14 1.15 0.91 0.92 0.76 0.77
Salt, (NaCl) 0.19 0.19 0.19 0.19 0.19 0.19
Lysine 0.15 0.02 0.11 0.05 0.04
Methionine 0.30 0.21 0.25 0.19 0.20 0.15
Threonine 0.05 -- 0.03 -- -- --
Tryptophan 0.01 -- -- -- -- --
HyD Premix! 0.05 0.05 0.05 0.05 0.05 0.05
Vitamin E 5,000 IU/kg? 0.50 0.50 0.50 0.50 0.50 0.50
Avizyme® 13023 0.05 0.05 0.05 0.05 0.05 0.05
Vitamin Premix* 0.50 0.50 0.50 0.50 0.50 0.50
Choline Cl Premix?® 0.50 0.50 0.50 0.50 0.50 0.50
Quantum Blue Phytase® 0.01 0.01 0.01 0.01 0.01 0.01
Canola Oil 3.26 3.53 4.84 4.49 5.18 5.13
Coccidiostat’ 0.05 0.05 0.05 0.05 0.05 0.05
Antibiotic Growth Promoter® 0.05 0.05 0.05 0.05 0.05 0.05
Calculated Nutrients
Total Phosphorus (%) 0.65 0.65 0.59 0.58 0.55 0.54
Available Phosphorus (%) 0.50 0.50 0.45 0.45 0.42 0.42
Met + Cys digestible (%) 0.94 0.85 0.84 0.76 0.76 0.68
Methionine digestible (%) 0.61 0.52 0.53 0.46 0.47 0.40
Lysine digestible (%) 1.27 1.14 1.10 0.99 0.97 0.87
Threonine digestible (%) 0.83 0.77 0.73 0.66 0.66 0.62
Arginine digestible (%) 1.35 1.32 1.20 1.12 1.11 1.04
Analyzed Nutrients’
Crude Protein (%) 23.10 21.71 21.68 21.57 21.00 19.04
Crude Fat (%) 4.50 4.25 5.39 6.24 6.49 6.01
Calcium (%) 0.99 0.94 1.08 0.81 0.76 0.79
Total Phosphorous (%) 0.74 0.71 0.69 0.58 0.60 0.64
AME'"? (Kcal/Kg) 3,030 3,025 3,150 3,150 3,200 3,200
Total AA (Analyzed)
TSAA! (%) 1.02 0.91 0.87 0.86 0.76 0.76
Methionine (%) 0.64 0.53 0.50 0.49 0.42 0.42
Lysine (%) 1.25 1.09 1.11 1.00 0.99 0.87
Threonine (%) 0.80 0.77 0.75 0.71 0.67 0.62
Arginine (%) 1.39 1.34 1.31 1.26 1.21 1.07

"HyD Premix: Provided 69 pg of 25-OH vitamin Ds per kg of diet.

2Vitamin E: provided 50 TU/kg of diet.

3Provided per kilogram of diet: Xylanase, 250 U g'; Protease, 80 U g’

*Vitamin premix provided per kilogram of diet: iron, 80 mg; zinc, 100 mg; manganese, 120 mg; copper, 20 mg; iodine, 1.65 mg; selenium, 0.3
mg; vitamin A, 10,000 IU; vitamin D3, 4,000 IU; vitamin E, 50 IU; vitamin K, 4 mg; vitamin B,,, 0.02 mg; niacin, 65 mg; D-pantothenic acid, 15
mg; riboflavin, 10 mg; pyridoxine, 5 mg; thiamine, 4 mg; folic acid, 2 mg; biotin, 0.2 mg.

3Choline Cl premix contained 100 mg of choline per kilogram of diet.

®Quantum Blue Phytase 5,000 FTU/g added at 100g/tonne of diet.

"Coban® Premix (Monensin sodium at 200 g/kg) to provide 100 mg/kg in the complete feed (Elanco, Guelph, ON Canada).

SBMD 110 G (Bacitracin methylene disalicylate at 110 g/kg) to provide 55 mg/kg in the complete feed (Zoetis Canada, Kirkland, Quebec, Can-
ada).

°All feed analysis were performed by the University of Missouri Experimental Station Chemical Laboratories, Columbia, MO.

9Apparent metabolizable energy.

"Total sulfur amino acids.
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Table 2-3. Effect of male line strain and dietary balanced protein (DBP) on BW of broil-
ers fed corn-based diets (Corn Experiment)

Age (d)
Effect Strain DBP 0 10 25 35
BW (g)
Strain! EU x 708 41.8 240 1,162°  2,120°
NA x 708 41.6 256 1,254* 2,278
SEM 0.1 4 18 15
P-Value 0.299 0.006 0.002 <0.001
Dietary Balanced Protein® DBP100 41.7 2542 1,266 2,304
DBP90 41.7 241%  1,151°  2,095°
SEM 0.1 3 18 15
P-Value 0.858 0.021 <0.001 <0.001
Strain * DBP EU x 708 DBP100 41.7 249 1,249 2.260°
DBP90 41.9 231 1,075° 1,979¢
NA x 708 DBP100 41.8 260 1,282* 2,347
DBP90 41.5 252 1,226*  2,210°
SEM 0.2 5 25 21
P-Value 0.181 0.312 0.034 0.004

*dMeans within an effect and row with different superscript letters differ significantly (P

<0.05).

!Chicks from a European (EU x 708) male line or a North American (NA x 708) male
line crossed with a Ross 708 maternal line (Aviagen, Inc., Huntsville, AL).
’DBP100 was dietary balanced protein at 100% of Aviagen’s recommendations (Avi-
agen, 2007) for the first 7 limiting amino acids. DBP90 treatment was lysine at 90% of
Aviagen recommendations, with the first 7 limiting amino acids held at a similar ly-
sine:AA ratio as the DBP100 treatment.
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Table 2-4. Effect of male line strain and dietary balanced protein (DBP) on feed
intake (FI; g/bird/day) of broilers fed corn-based diets (Corn Experiment)

Age (d)
Effect Strain DBP 0-10 10-25 25-35
FI (g/bird/day)
Strain' EU x 708 26 91° 165
NA x 708 28 99° 178
SEM 1 1 3
P-Value 0.966 0.041 0.620
Dietary Balanced Protein>  DBP100 27 97* 178
DBP90 27 93b 166
SEM 1 1 3
P-Value 0.622 <0.001 0.697
Strain * DBP EU x 708 DBP100 27 93 174
DBP90 25 89 156
NA x 708 DBP100 28 100 181
DBP90 28 99 176
SEM 1 2 4
P-Value 0.842 0.668 0.129

*bMeans within an effect and row with different superscript letters differ signifi-
cantly (P < 0.05).

!Chicks from a European (EU x 708) male line or a North American (NA x 708)
male line crossed with a Ross 708 maternal line (Aviagen, Inc., Huntsville, AL).
2DBP100 was dietary balanced protein at 100% of Aviagen’s recommendations
(Aviagen, 2007) for the first 7 limiting amino acids. DBP90 treatment was lysine
at 90% of Aviagen recommendations, with the first 7 limiting amino acids held at
a similar lysine:AA ratio as the DBP100 treatment.
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Table 2-5. Effect of male line strain and dietary balanced protein (DBP) on residual feed intake (RFI)!
(kcal/bird/day) and feed conversion ratio (FCR) of broilers fed corn-based diets (Corn Experiment)

Age (d) FCR (g feed:g gain)
Effect Strain DBP 0-10 10-25 25-35 0to 35
Strain? EU x 708 -0.43 -7.09% -6.40° 1.42
NA x 708 0.44 5.752 5.39° 1.43
SEM 1.04 2.07 2.94 0.01
P-Value 0.559 <0.001 0.009 0.226
Dietary Balanced Protein> DBP100 -1.52° -3.26 -0.83 1.39®
DBP90 1.532 1.91 -0.17 1.452
SEM 1.04 2.07 2.94 0.01
P-Value 0.049 0.089 0.875 <0.001
Strain * DBP EU x 708 DBP100 -1.30 -10.10 2.7 1.39
DBP90 0.43 -4.08 -10.08 1.45
NA x 708 DBP100 -1.74 3.59 1.04 1.40
DBP90 2.62 7.91 9.74 1.46
SEM 1.48 2.92 4.15 0.01
P-Value 0.380 0.774 0.066 0.872

*bMeans within an effect and row with different superscript letters differ significantly (P < 0.05).

' RFI: Expected average daily metabolizable energy intake for each age, were estimated with

the following model:

MEI = aBW®"> + bG + ¢

Where MEI is metabolic energy intake (kcal/day), BW’7’ is metabolic BW (kg®”%), G is gain
(g/d), a = 365.59 = 51.20, and b = 0.3075 + 0.7576.

2Chicks from a European (EU x 708) male line or a North American (NA x 708) male line crossed
with a Ross 708 maternal line (Aviagen, Inc., Huntsville, AL).

3DBP100 was dietary balanced protein at 100% of Aviagen’s recommendations (Aviagen, 2007)
for the first 7 limiting amino acids. DBP90 treatment was lysine at 90% of Aviagen recommenda-
tions, with the first 7 limiting amino acids held at a similar lysine:AA ratio as the DBP100
treatment.
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Table 2-6. Effect of male line strain and dietary balanced protein (DBP) on yield (g/g body weight) of carcass, Pectoralis major (P.
major), Pectoralis minor (P. minor), total breast, drums, thighs and wings at day 35 of broilers fed corn-based diets (Corn Experiment)

Carcass P. major  P. minor Breast Drums Thighs Wings
Effect Strain! DBP? Sex (% Yield)
Strain EU x 708 68.6° 24.9 5.59% 30.5° 13.2% 16.2 11.1#
NA x 708 70.22 25.6 5.46° 31.0° 12.9° 16.4 10.6°
SEM 0.2 0.2 0.05 0.2 0.1 0.2 0.1
P-Value <0.001 0.154 0.036 0.046 0.047 0.620 <0.001
Dietary Balanced Protein DBP100 70.0? 26.5° 5.66* 32.12 12.9° 16.0° 10.7°
DBP90 68.8° 24.1° 5.38° 29.4° 13.32 16.6* 11.1#
SEM 0.2 0.2 0.05 0.2 0.1 0.2 0.1
P-Value <0.001 <0.001 0.003 <0.001 <0.001 0.011 <0.001
Sex Female 69.8* 25.7* 5.72% 31.4% 12.7° 16.1° 10.8
Male  68.9° 24.8b 5.33° 30.1° 13.5% 16.6* 10.9
SEM 0.2 0.2 0.05 0.2 0.1 0.2 0.1
P-Value 0.007 <0.001 <0.001 0.003 <0.001 0.021 0.493
Strain * DBP EUx 708 DBP100 68.8° 26.2 5.70 31.9 13.1 15.7° 11.0
DBP90 68.4° 23.7 5.48 29.1 133 16.8% 11.3
NA x 708 DBP100 71.1# 26.7 5.62 323 12.6 16.4% 10.3
DBP90 69.2° 24.4 5.29 29.7 133 16.3% 11.0
SEM 0.3 0.3 0.07 0.3 0.1 0.2 0.1
P-Value 0.021 0.725 0.106 0.577 0.435 0.007 0.292
Strain * Sex EU x 708 Female 69.2 25.7* 5.88 31.6* 12.7° 15.9 11.0
Male 68.0 24.2b 5.29 29.5% 13.8% 16.6 11.3
NA x 708 Female 70.5 25.7* 5.55 31.32 12.6° 16.2 10.7
Male 69.9 25.42 5.37 30.8° 13.32 16.5 10.6
SEM 0.3 0.3 0.07 0.3 0.1 0.2 0.1
P-Value 0.311 0.016 0.233 0.046 0.002 0.500 0.117
DBP * Sex DBP100 Female 70.2 26.7 5.86 32.6 12.6 15.7 10.7
Male 69.8 26.2 5.47 31.6 13.2 16.3 10.6
DBP90 Female 69.5 24.7 5.57 30.3 12.7 16.4 11.0
Male 68.1 23.4 5.19 28.6 13.9 16.8 11.3
SEM 0.3 0.3 0.07 0.3 0.1 0.2 0.1
P-Value 0.175 0.304 0.057 0.254 0.966 0.562 0.112
(continued)
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Carcass P. major  P. minor Breast Drums Thighs Wings

Effect Strain' DBP? Sex (% Yield)

Strain * DBP * Sex EU x 708 DBP100 Female 69.0 26.5 6.00? 32.52 13.0 15.4 11.0

Male 68.7 25.9 5.41b¢ 31.4% 13.3 15.9 11.0

DBP90 Female 69.5 24.9 5.77% 30.7% 12.5 16.4 11.0

Male 67.3 22.4 5.18¢ 27.6° 14.2 17.2 11.6

NA x 708 DBP100 Female 71.5 27.0 5.71% 32.7* 12.2 16.0 10.5

Male 70.8 26.4 5.53bc 31.9* 13.0 16.7 10.2

DBP90 Female 69.4 24.5 5.38% 29.8b 13.0 16.4 10.9

Male 68.9 24.4 5.20¢ 29.6° 13.5 16.3 11.0

SEM 0.5 0.4 0.09 0.5 0.2 0.3 0.2
P-Value 0.132 0.068 0.001 0.045 0.990 0.240 0.575

a*Means within an effect and row with different superscript letters differ significantly (P < 0.05).

!Chicks from a European (EU x 708) male line or a North American (NA x 708) male line crossed with a Ross 708 maternal line (Avi-
agen, Inc., Huntsville, AL).

’DBP100 was dietary balanced protein at 100% of Aviagen’s recommendations (Aviagen, 2007) for the first 7 limiting amino acids.
DBP90 treatment was lysine at 90% of Aviagen recommendations, with the first 7 limiting amino acids held at a similar lysine:AA ratio
as the DBP100 treatment.



Table 2-7. Effect of male line strain and dietary balanced protein (DBP) on BW of
broilers fed wheat-based diets (Wheat Experiment)

Age (d)
Effect Strain DBP 0 10 25 35
BW (g)
Strain! EU x 708 4232 201° 904° 1,651°
NA x 708 41.3b 2182 1,048? 1,896%
SEM 0.2 3 12 23
P-Value 0.001  <0.001 <0.001  <0.001
Dietary Balanced Protein? DBP100 41.7 2232 1,102 1,9952
DBP90 41.8 195 850° 1,553°
SEM 0.2 3 12 23
P-Value 0.876  <0.001 <0.001 <0.001
Strain * DBP EU x 708 DBP100 42.1 217 1,043 1,896
DBP90 424 185 764 1,406
NA x 708 DBP100 41.3 229 1,160 2,093
DBP90 41.2 206 936 1,699
SEM 0.3 4 16 32
P-Value 0.435 0.264 0.111 0.159

»dMeans within an effect and row with different superscript letters differ significantly (P

<0.05).

!Chicks from a European (EU x 708) male line or a North American (NA x 708) male
line crossed with a Ross 708 maternal line (Aviagen, Inc., Huntsville, AL).
2DBP100 was dietary balanced protein at 100% of Aviagen’s recommendations (Avi-
agen, 2007) for the first 7 limiting amino acids. DBP90 treatment was lysine at 90% of
Aviagen recommendations, with the first 7 limiting amino acids held at a similar ly-
sine:AA ratio as the DBP100 treatment.
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Table 2-8. Effect of male line strain and dietary balanced protein (DBP) on
feed intake (FI) (g/bird/day) of broilers fed wheat-based diets (Wheat Experi-
ment)

Age (d)
Effect Strain DBP 0-10 10-25 25-35
FI (g/bird/day)
Strain! EU x 708 27 76° 143
NA x 708 29 892 159
SEM 1 1 3
P-Value 0.899 0.045 0.662
Dietary Balanced Protein? DBP100 28 90? 155
DBP90 28 75° 146
SEM 1 1 3
P-Value 0.728 <0.001 0.679
Strain * DBP EU x 708 DBP100 27 84 147
DBP90 27 68 139
NA x 708 DBP100 29 96 164
DBP90 30 82 153
SEM 1 2 4
P-Value 0.724 0.623 0.145

*bMeans within an effect and row with different superscript letters differ sig-

nificantly (P < 0.05).

!Chicks from a European (EU x 708) male line or a North American (NA x
708) male line crossed with a Ross 708 maternal line (Aviagen, Inc., Hunts-

ville, AL).

2DBP100 was dietary balanced protein at 100% of Aviagen’s recommenda-
tions (Aviagen, 2007) for the first 7 limiting amino acids. DBP90 treatment
was lysine at 90% of Aviagen recommendations, with the first 7 limiting
amino acids held at a similar lysine:AA ratio as the DBP100 treatment.
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Table 2-9. Effect of male line strain and dietary balanced protein (DBP) on residual feed intake
(RFI)! (kcal/bird/day) and feed conversion ratio (FCR) of broilers fed wheat-based diets (Wheat Ex-
periment)

Age (d) FCR (g feed:g gain)
Effect Strain DBP 0-10 10-25 25-35 0to 35
Strain? EU x 708 -1.67 -5.23 -2.81 1.58
NA x 708 1.69 5.08 5.37 1.56
SEM 1.47 3.65 9.42 0.02
P-Value 0.117 0.057 0.544 0.367
Dietary Balanced Protein’ DBP100 -2.72b -1.30 -23.35b 1.46°
DBP90 2.742 1.15 25.91* 1.68*
SEM 1.47 3.65 9.42 0.02
P-Value 0.014 0.639 0.001 <0.001
Strain * DBP EUx 708 DBP100 -3.49 -7.56 -36.24 1.44¢
DBP90 0.14 -2.90 30.62 1.722
NA x 708 DBP100 -1.96 4.95 -10.46 1.48¢
DBP90 5.34 5.20 21.21 1.64°
SEM 2.08 5.17 13.32 0.01
P-Value 0.384 0.673 0.198 0.025

*®Means within an effect and row with different superscript letters differ significantly (P < 0.05).
'RFI: Expected average daily metabolizable energy intake for each age, were estimated with the follow-
ing model:
MEI = aBW®7° + bG + ¢

Where MEI is metabolic energy intake (kcal/day), BW’”’ is metabolic BW (kg’7), G is gain
(g/d), a = 365.59 £ 51.20, and b = 0.3075 + 0.7576.
2Chicks from a European (EU x 708) male line or a North American (NA x 708) male line crossed with
a Ross 708 maternal line (Aviagen, Inc., Huntsville, AL).
3DBP100 was dietary balanced protein at 100% of Aviagen’s recommendations (Aviagen, 2007) for the
first 7 limiting amino acids. DBP90 treatment was lysine at 90% of Aviagen recommendations, with the
first 7 limiting amino acids held at a similar lysine:AA ratio as the DBP100 treatment.
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Table 2-10. Effect of male line strain and dietary balanced protein (DBP) on yield (g/g body weight) of carcass of Pectoralis major (P.
major), Pectoralis minor (P. minor), total breast, drums, thighs and wings at day 35 of broilers fed wheat-based diets (Wheat Experi-

ment)
Carcass P. major P.minor  Breast Drums Thighs Wings
Effect Strain! DBP? Sex (% Yield)
Strain EU x 708 66.5 20.3% 4.97 25.2b 14.9* 17.3 12.7#
NA x 708 67.6 21.6* 5.09 26.7* 14.4° 17.7 11.4°
SEM 1.3 0.2 0.05 0.3 0.1 0.1 0.1
P-Value 0.555 <0.001 0.075 <0.001 0.004 0.073 <0.001
Dietary Balanced Protein DBP100 67.9 22.92 5.28° 28.2° 14.0° 17.1° 11.6°
DBP90 66.2 19.0° 4.77° 23.7° 15.32 17.9* 12.4*
SEM 1.3 0.2 0.05 0.3 0.1 0.1 0.1
P-Value 0.342 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sex Female 66.9 21.7* 5.232 26.9* 14.1° 17.1° 11.8°
Male 67.2 20.2° 4.82b 25.1° 15.2# 17.9% 12.32
SEM 1.3 0.2 0.05 0.3 0.1 0.1 0.1
P-Value 0.870 <0.001 <0.001 <0.001 <0.001 <0.001 0.012
Strain * DBP EUx 708 DBP100 66.4 21.8 5.15° 26.9° 14.6° 17.2° 12.5%
DBP90 66.6 18.8¢ 4.78¢ 23.6¢ 15.32 17.4° 12.9#
NA x 708 DBP100 69.3 24.1* 5412 29.5% 13.5° 17.0° 10.8¢
DBP90 65.8 19.2¢ 4.77¢ 23.9¢ 15.32 18.3% 12.0°
SEM 1.8 0.3 0.07 0.4 0.2 0.2 0.2
P-Value 0.304 0.005 0.042 0.003 0.005 0.009 0.031
Strain * Sex EU x 708 Female 65.3 20.8 5.17 26.0 14.5 17.1 12.4
Male 67.7 19.8 4.76 24.5 15.4 17.6 12.9
NA x 708 Female 68.4 22.5 5.30 27.8 13.7 17.2 11.2
Male 66.7 20.7 4.88 25.6 15.1 18.2 11.7
SEM 1.8 0.3 0.07 0.4 0.2 0.2 0.2
P-Value 0.257 0.306 0.949 0.348 0.319 0.179 0.940
DBP * Sex DBP100 Female 68.6 23.8 5.53 29.3 13.4 16.8 11.2
Male 67.1 22.1 5.03 27.1 14.7 17.4 12.1
DBP90 Female 65.1 19.5 4.94 24.4 14.8 17.5 12.4
Male 67.2 18.4 4.61 23.1 15.8 18.3 12.5
SEM 1.8 0.3 0.07 0.4 0.2 0.2 0.2
P-Value 0.324 0.322 0.187 0.257 0.384 0.647 0.098
(continued)
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Carcass P. major P.minor  Breast Drums Thighs Wings

Effect Strain! DBP? Sex (% Yield)

Strain * DBP * Sex EUx 708 DBP100 Female 66.9 22.4 5.40 27.8 14.1 17.1 12.0

Male 659 21.2 4.90 26.1 15.1 17.2 13.0

DBP90 Female 63.7 19.2 4.95 24.2 14.8 17.0 12.9

Male 694 18.4 4.62 23.0 15.7 17.9 12.9

NA x 708 DBP100 Female 70.3 25.2 5.66 30.9 12.7 16.4 10.5

Male 684 23.0 5.15 28.1 14.3 17.6 11.1

DBP90 Female 66.5 19.8 4.93 24.7 14.8 17.9 11.9

Male 65.0 18.5 4.60 23.1 15.8 18.7 12.2

SEM 2.5 0.5 0.09 0.5 0.3 0.3 0.3
P-Value 0.381 0.628 0.977 0.657 0.414 0.154 0.346

a*Means within an effect and row with different superscript letters differ significantly (P < 0.05).

A European (EU x 708) male line or a North American (NA x 708) male line crossed with a Ross 708 maternal line (Aviagen, Inc.,
Huntsville, AL).

’DBP100 was dietary balanced protein at 100% of Aviagen’s recommendations (Aviagen, 2007) for the first 7 limiting amino acids.
DBP90 treatment was lysine at 90% of Aviagen recommendations, with the first 7 limiting amino acids held at a similar lysine:AA ratio
as the DBP100 treatment.



3. Effect of dietary balanced protein on allometric relationships between
carcass portions in offspring of two broiler male-lines

3.1 Abstract

Two experiments were conducted to determine the response of two broiler strains to varying
levels of dietary balanced protein (DBP) fed corn- (Corn Experiment) or wheat- (Wheat Experi-
ment) based diets. A North American (NA) male-line or a European (EU) male-line each crossed
with Ross 708 hens were fed dietary balanced protein (DBP; first 7 limiting amino acids) at either
100% of Aviagen recommendations (DBP100) or 90% (DBP90). Diets were fed as starter (0 to
10 d of age), grower (11 to 25 d of age), and finisher (26 to 35 d of age). Feed was provided ad
libitum throughout the study. Dissections were conducted on 4 birds per treatment every 7 d from
0 to 35 d to determine allometric growth of the pectoralis muscles, drum + thigh, fat-pad, heart,
liver, and small intestines. Allometric yield curve coefficients were estimated for each treatment
using a non-linear growth model. Females had a larger proportion of total breast than males
(P<0.001); however, there was no effect of strain on breast yield allometry in either experiment.
In each experiment, the DBP100 total breast yield curve was shifted higher than DBP90 (P<0.001).
Fat pad yield curves were higher in females compared to males, and in EU x 708 compared to NA
x 708 birds in each experiment. The liver yield curve was shifted upward in the DBP90 treatment
compared to DBP100 and in females compared to males. There was no significant strain effect on
liver allometry in either experiment. DBP100 broilers in each experiment had the drum + thigh
yield curve shifted higher than DBP90 (P = 0.018 and 0.010, respectively). Total intestine weight
was not affected by DBP level; however, DBP90 shifted the total intestine yield curve upward (P
=0.010) in the Corn Experiment. Broilers fed DBP100 vs DBP90 diets produced a higher propor-
tion of breast muscle and had a smaller fat-pad with body weight (BW).

Key Words: broiler chicken, strain, allometry, carcass composition, dietary balanced protein
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3.2 Introduction

Allometric relationships between individual carcass portions and overall body weight may be
used to describe changes in carcass composition throughout broiler development. These relation-
ships are crucial when optimizing carcass portions at a particular market age for a given strain.
Since feed costs are upwards of 70% of total production costs, many producers reduce dietary
amino acid (AA) levels in order to decrease live bird production costs; however this can reduce
live growth and overall carcass yield (Corzo et al., 2005b; Donohue and Cunningham, 2009;
Willems et al., 2018; Zhang et al., 2019).

Historically, US broiler strains (e. g. Peterson x Arbor Acres) have been selected for growth
and performance on corn-based diets, whereas EU strains (e. g. Ross x Ross) have been selected
on wheat-based diets (Derek Emmerson, Aviagen, Huntsville, AL, personal communication). In-
creased breast muscle yield and a greater lysine requirement were observed in an EU broiler strain
compared to a US strain (Acar et al., 1991). Moran et al. (1993) observed a 1.2% reduction of
broiler performance in US strains fed wheat diets compared to EU strains. This suggests a rela-
tionship between the broiler strain and protein source utilized during selection and primary protein
source used in production.

Relationships have been reported between dietary protein level and genotype on nutrient uti-
lization efficiency (Leclercq and Guy, 1991), and overall feed conversion ratio (FCR; Korver et
al., 2004). The North American line (NA x 708) is a high-performance yield line, and the European
line (EU x 708) is a fast-growth, feed efficiency line.

Differences in growth performance and yield response to ideal protein levels among commer-
cial genetic strains have been observed, suggesting strain-specific studies are required to evaluate

optimal AA density for growing broilers (Kemp et al., 2005; Johnson et al., 2019). A positive
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relationship exists between dietary protein and growth rate regardless of genetic differences, up to
a plateau (Liu et al., 2019). However, maximum weight gain is achieved at a lower dietary protein
level in genetically lean vs genetically fat broilers, signifying genetic selection has altered require-
ments (Leclercq and Guy, 1991). The dietary level of AA required for minimizing carcass fat pad
is highest, followed by that for maximum lean mass, minimum FCR, and body weight gain; there-
fore, depending on the response criteria, the AA requirement will change (Leclercq, 1998; Pesti,
2009) Fast-growing birds require fewer kcal per kg BW gain (Rosa et al., 2007), higher dietary
lysine per kg diet (Han and Baker, 1991; Belloir et al., 2019), and methionine per kg diet (Wen et
al., 2017) than slow-growing birds.

Responses to lysine supplementation above the requirement for growth can lead to decreased
abdominal fat deposition and is highly dependent on strain (Acar et al., 1991; Belloir et al., 2019).
In current commercial strains, the lysine requirement for feed conversion ratio (FCR) is up to
8.85% higher than for growth performance (Liu et al., 2019). Therefore, to optimize economic
returns, amino acids should be fed in accordance with the genotype (Smith and Pesti, 1998). Ge-
netic selection has significantly changed broiler growth rate since 1957, as broilers with 1957
genetics weighed 0.59 kg at 42 d with an FCR of 2.8 (Schmidt et al., 2009); whereas a 42-d-old
modern Ross 308 broiler can weigh up to 2.84 kg with an FCR of under 1.60 (Castro et al., 2019).

Broiler body composition is influenced by genotype and dietary protein levels (Corzo et al.,
2004). Broilers fed low protein diets have reduced growth (Swennen et al., 2010); however diets
with high crude protein (CP) and amino acid levels above NRC (1994) recommendations for
growth lead to increased growth and breast meat yield (Kemp et al., 2005). These factors are highly
influenced by broiler genotype and ensuring the ideal amino acid balance can be a major challenge

for producers (Corzo et al., 2004). In commercial production, there has recently been a trend
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towards lower dietary nutrient densities and protein levels to reduce nutrient oversupply, nitrogen
excretion, and increase overall profitability (Alagawany et al., 2014; Rehman et al., 2018). Feeding
reduced CP diets has a potential benefit by reducing feed costs; however this reduction may not
directly relate to increased profitability due to reduced lean yield (Corzo et al., 2005b; Rehman et
al., 2018). Therefore, it is important to examine the response of modern broiler genetics to high
and low DBP levels in wheat- vs. corn-based diets. When dietary CP levels are reduced by 1%,
nitrogen excretion is reduced by about 10% (Bregendahl et al., 2002; Gomide et al., 2011)

Allometry is the relationship between overall body size to the shape of individual parts. Al-
lometric relationships are presented to enable prediction of the weight of pectoralis major (P.
major), pectoralis minor (P. minor), total breast, drum + thigh, fat-pad, heart, liver, and total in-
testine of different broiler genotypes. The ability to understand allometric relationships allows for
the understanding of the final growth, carcass characteristics, developmental patterns, and profit-
ability of broilers.

This study aimed to determine the allometric relationships for the pectoralis major (P. major),
pectoralis minor (P. minor), total breast muscle, drum + thigh, fat-pad, heart, liver, and total in-
testine parts of the broiler as influenced by genetic strain and DBP level. This information can be
used to estimate yield curves dynamically throughout the lifespan of the broiler, helping optimize
genetics, nutrition, and age combinations by predicting production levels from DBP levels. We
hypothesized that a NA x 708 broiler would have an increased breast muscle allometric curve
compared to the EU x 708 broiler crossed with the same Ross 708 maternal line. Since primary
breeder nutritional recommendations reflect the effect on yield characteristics, we expected that
DBP90 would lead to a decrease in lean tissue growth and an increase in lipid deposition with BW

when compared to the DBP100 treatment.
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3.3 Materials and Methods
3.3.1 Experimental Design

These experiments were conducted concurrently with the experiment presented in Chapter
2. Two experiments were conducted simultaneously to determine the relationship between genetic
strain and DBP level on broiler growth and development. The Corn Experiment was conducted
using corn-based diets and the Wheat Experiment using wheat-based diets. Within each experi-
ment, treatments were arranged as a 2 x 2 factorial examining the relationship between two genetic
lines, and two levels of DBP. The broiler strains were the offspring of a European (EU x 708)
male-line crossed with Ross 708 hens, and the offspring of a North American (NA x 708) male-

line crossed with the same Ross 708 hens.

3.3.2 Stocks and management

Within each experiment, a total of 1,600 mixed-sex broilers were raised in floor pens in a
light-tight facility (0.069 m*bird, 32 pens with four replicate pens of 50 birds per pen). Birds
received 23 h of light/d at approximately 20 lux for the first 7 days. From day 7, the lighting
program was 20L:4D at approximately 8 lux.

A total of five broilers in each of the 32 pens were randomly selected and wing banded
individually at placement; individual BW of tagged birds was recorded twice weekly, and dissec-
tions of 1 bird per pen (4 per treatment) were performed every 7 d to 56 d of age. Whole BW and
weights of P. major, supracoracoideus muscle (P. minor), total breast, drum + thigh, fat-pad (in-
cluding fat adhering to the gizzard and proventriculus), heart, liver, and total intestine weights
were recorded. Allometric growth of the liver and heart was determined to give an understanding

of the effect of DBP level on each strain. Allometric coefficients were determined for individual
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parts as a proportion of the whole BW. Overall mortality-corrected feed intake and feed conversion

ratio were recorded and presented previously (Chapter 2).

3.3.3 Diets

A three-phase feeding program was used: starter (0 to 10 d of age), grower (11 to 25 d of
age), and finisher (26 to 56 d of age). All diets contained an exogenous enzyme (Avizyme® 1302;
xylanase, 5,000 U g!; protease, 1600 U g'!, supplied by Danisco Animal Nutrition, Canada). Feed
was provided ad libitum throughout the study. Within each experiment, the DBP100 diet was for-
mulated to contain at least 100% of Aviagen’s recommendations (Aviagen, 2007a) for lysine,
methionine, total sulfur amino acids (TSAA), threonine, valine, isoleucine, arginine, and trypto-
phan for each dietary phase. The DBP90 diet was formulated to contain lysine at 90% of Aviagen
recommendations, with each of the first 7 limiting amino acids fed at an ideal digestible lysine:
AA ratio across the diets within a phase, based on the Aviagen recommendations (Chapter 2, Ta-
bles 2-1, 2-2). Although diets were formulated to the same digestible AA specifications in each
experiment, analyzed levels of lysine were on average 7.85% lower than expected in the Wheat
Experiment (Chapter 2, Tables 2-1, 2-2). Compositional analysis of each diet was outlined in Chap-

ter 2.

3.3.4 Statistical Analysis

Carcass data were collected twice weekly to determine the relationship between broiler
genetic strain and DBP level on allometry (yield dynamics). Non-linear models were used to pro-
vide treatment-specific analysis of carcass dynamics. Data were analyzed using the Proc NLIN
procedure of SAS (Version 9.2 Copyright 2002-2008 by SAS Institute Inc., Cary, NC, USA). Data
were fit to Huxley’s allometric function (Huxley, 1932):

PW =axBWP +¢
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where PIW was the weight of the carcass portion (g), BW was whole BW (g), a and b were coeffi-
cients determined utilizing least-squares approximation, and € was the random variation not
accounted for by the model.

The allometric curves were evaluated, in pairwise comparisons, using a least-squares pro-
cedure and an F-test outlined by Motulsky and Ransnas (1987). Curves were estimated for each
comparison separately utilizing the NLIN procedure of SAS. The sum of squares (SS) and degrees
of freedom (df) were calculated for each treatment.

S$Ssep = 851 + 55, dfsep = dfy + df;
The pooled data were fitted with a single allometric curve. The pooled analysis yields

values for SSpoor and dfpoor; to determine significance, F ratios were calculated:

(SS,001 — SSsep)
" ’ /(dfpool - df:sep)

SSsep /
Afsep

Therefore, the null hypothesis was equality - that the allometric curves for each treatment

F =

were the same, i.e. a single curve best fit the data. The alternate hypothesis was that the allometric
curves were not equal, i.e. individual curves fit the data significantly better than a single curve.
Curves were reported as shifted when P < 0.05. Nearly significant differences are presented when
P <0.07. The yield curve in this discussion relates to the allometric relationship of individual part

weight in relation to a given BW.

3.4 Results
The performance results of these trials were reported in Chapter 2. Coefficients for allometric
equations in Experiments 1 and 2 are reported in Tables 3-1 and 3-2, respectively. In the Wheat

Experiment, the analyzed total lysine levels of the DBP90 diet were on average 7.85% lower than
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the formulated values in all phases (Chapter 2, Table 2-2). Graphical representation of the allome-

tric relationships are given in the supplementary data (Appendix A).

3.4.1 Muscles and Fat-pad
3.4.1.1 Corn Experiment

Females had a higher constant term ‘a’ and allometric growth curve of P. major, P. minor
and total breast (P. major + P. minor) than males (P < 0.0001; Table 3-1); however, there was no
effect of strain on P. major, P. minor, and total breast allometric growth. The DBP100 treatment
birds had larger P. major, P. minor, and total breast allometry than the DBP90 treatment birds (P
< 0.0001; Table 3-1). The downward shift of the total breast allometry curve in the DBP9O0 treat-
ment was larger in males than in females (P=0.003, data not shown).

There was no strain effect on drum + thigh weight relative to BW (P=0.677). The male drum
+ thigh curve was shifted upwards compared to the female curve (P<0.001; Table 3-1). The drum
+ thigh allometric curve was shifted higher in the DBP90 birds than the DBP100 birds; DBP100
also shifted thigh growth to later developing (P=0.018; Table 3-1).

Overall, there was no strain effect on fat-pad weight in relation to BW (P=0.840). Females
had a larger fat-pad relative to BW than the males (P<0.001; Table 3-1). Fat-pad weight relative

to BW was greater in the DBP90 treatment versus the DBP100 treatment birds (P<0.001; Table 3-

1.

3.4.1.2 Wheat Experiment

Similar to the Corn Experiment, females had a larger proportion of P. major, P. minor, and
total breast than males (P<0.001; Table 3-2) in the Wheat Experiment. There was a nearly signif-

icant strain effect on P. major (P=0.056) and total breast (P=0.065), with the NA x 708 strain
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having higher yield curve than the EU x 708 (Table 3-2). The DBP100 birds had a larger yield
curve of P. major, P. minor and total breast muscle than the DBP90 birds (P<0.001; Table 3-2).

The NA x 708 birds had a larger drum + thigh yield curve than the EU x 708 strain at BW
over ~2 kg (P<0.001; Table 3-2). Broilers fed the DBP90 diet had higher drum + thigh weight in
proportion to BW than those fed the DBP100 diet (P=0.010; Table 3-2). There was a nearly sig-
nificant sex effect (P=0.070; Table 3-2), with males having a higher drum + thigh yield curve than
females.

The fat-pad yield curve was greater in the NA x 708 strain than the EU x 708 strain
(P<0.001; Table 3-2). Fat-pad weight relative to BW was greater in the DBP90 versus the DBP100
treatment birds (P<0.001; Table 3-2). The fat pad yield curve was shifted upward in female broilers

compared to the males (P<0.001; Table 3-2).

3.4.2 Internal Organs
3.4.2.1 Corn Experiment

Heart size relative to BW was larger at younger ages in the EU x 708 strain than the NA x 708
strain (P=0.007, Table 3-1), and was shifted upward in male broilers compared to females
(P<0.001; Table 3-1). The DBP90 broilers had a lower heart yield curve at higher BW (P=0.002;
Table 3-1).

The liver weights as a proportion of BW of the EU x 708 broilers were nearly significantly
larger than the NA x 708 broilers (P=0.065, Table 3-1). The DBP100 diet resulted in heavier liver
weight early in life, but high protein led to smaller weight at higher BW (P=0.001; Table 3-1).
Liver weights at a given BW were significantly lower in male broilers than in female broilers
(P<0.001; Table 3-1). Total intestine weight as a proportion of BW was not influenced signifi-

cantly by strain, diet, or sex (Table 3-1).
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3.4.2.2 Wheat Experiment

The heart yield curve was shifted upwards in the females compared to the males (P<0.001;
Table 3-2). There was no significant strain or protein effect on heart yield curves (P=0.271;
P=0.598).

Liver yield curves were shifted upward in the DBP90 treatment compared to the DBP100
(P<0.001; Table 3-2), and in the females when compared to the males (P=<0.001; Table 3-2).
There was no significant strain effect on liver yield curves (P=0.278; Table 3-2).

Total intestine yield curves were shifted downward in the DBP100 treatment compared to
DBP90 (P=0.006; Table 3-2). There was no significant strain or sex effects on total intestine

(P=0.249, P=0.116, respectively).

3.5 Discussion

Several key production indicators such as FCR are based on live BW, however many broilers
are produced for the cutup market in regions where breast meat is the most valuable portion of the
carcass (Stevens, 1991; Kuttappan et al., 2016). The relationship between live BW growth and the
growth of a particular part of the body was examined through allometric relationships. The value
of allometric growth predictions in genetic selection criterion are important in further evaluating
the development of high yield strains (Hancock et al., 1995; Danisman and Gous, 2013).

An allometric function follows some variation of a power law equation with the general form
y=ax?, where ‘y’ is a biological variable (such as breast size), ‘a’ is the proportionality coefficient,
‘x” 1s the measure of body size or body mass, and ‘b’ is the scaling exponent (Huxley, 1932). The
allometric equation describes how each body part grows in relation to overall BW (Huxley, 1932).
For example, if the exponent b is greater than 1, as observed with breast meat and fat pad in both

experiments, the part is later maturing (Govaerts et al., 2000; Table 3-1, Table 3-2). If b is less
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than 1, the part is early maturing, which is the case with intestine development (Govaerts et al.,
2000; Table 3-1, Table 3-2). This allows for examination of how broilers partition energy, nutri-
ents, and how their body develops throughout life.

The EU strain selection criteria have had a lower focus on performance traits than the NA
strain (Derek Emmerson, Aviagen, Huntsville, AL, personal communication). Since the broilers
produced in North America are primarily used for the cutup market, it was thought that the NA x
708 broilers would have a higher allometric growth of muscle and lower fat-pad deposition than
the EU x 708 broilers; which traditionally would have serviced primarily a whole bird market
(Barbut, 2001). There was no significant strain effect on P. major or fat-pad yield curves in birds
fed the corn-based diets in the Corn Experiment (P=0.394, P=0.840; respectively). In the Wheat
Experiment (wheat-based diets), the allometric growth yield curves for P. major were nearly sig-
nificantly different with the EU x 708 curve exhibiting more of a compensatory growth yield curve
than the NA x 708 (P=0.056; Table 3-2). The DBP100 treatment allometric curve for fat pad in
relation to BW was shifted upwards compared to the DBP90 (P<0.001). The NA x 708 fat pad
yield curve was higher than the EU x 708 in the wheat-based diets (P<0.001; Wheat Experiment)
but no effect was found in the corn-based diets (P=0.677; Corn Experiment). Therefore, although
there was no difference in morphology between strains raised on the corn-based diets, there was a
pronounced change in morphology between strains on wheat-based diets. The differences observed
may be due to the lower lysine levels than formulated for in the wheat diets. A similar response
was observed among fast-growing and slow-growing strains, where strain differences in carcass
traits were only present when methionine was provided at a low level and all other AA in excess
(Wen et al., 2017). In wheat-based broiler diets, methionine and lysine are typically the first two

limiting AA (Ravindran and Bryden, 1999). This indicates that lysine was limiting in our wheat-
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based diets as discussed in Chapter 2. Although this change in P. major allometry was not signif-
icant, the effect on total yield at day 35 was significant (Chapter 2; Table 2-6).

The DBP100 diet total breast yield curve diverged upward from the DBP90 curve (Table 3-
1), suggesting that dietary DBP differences have greater influence on the rate of protein synthesis
as the bird ages (Tesseraud et al., 1996b), leaving more energy for the production of adipose tissue
(Table 3-1). Increases in adipose tissue deposition were observed in the DBP90 treatment in both
experiments as broilers reacted to low DBP to energy ratio by increasing lipid deposition (Fraps,
1943; Aletor et al., 2000; Srilatha et al., 2018). This has also been confirmed by other studies
(Jackson et al., 1982; Gous et al., 1990; Bregendahl et al., 2002) as amino acids must be provided
in balance with each other to optimize development of muscle tissues (D’Mello, 2003; Hilliar et
al., 2020).

When protein levels were increased in the correct balance with AME, fat levels in the body
decreased (Nakhata and Anderson, 1982; Jackson et al., 1982; Summers et al., 1992; Faria Filho
et al., 2006; Mohiti-Asli et al., 2012a). However, three specific amino acids (methionine, lysine,
and arginine) have been shown to affect fat deposition simultaneously. Supplementation of ly-
sine and methionine at levels of 0, 10, 20, 30, or 40% higher than the NRC (1994)
recommendations increased breast meat yield and decreased abdominal fat pad weight (Bouyeh
and Gevorgyan, 2011). Methionine is the first limiting amino acid in many wheat-based com-
mercial poultry diets (Dozier et al., 2009; Da-Hye et al., 2019). Supplementing methionine to a
deficient basal diet increased breast muscle and decreased abdominal fat deposition; however
supplementation beyond the requirement for growth continued to increased breast yield with no
effect on abdominal fat levels. (Yao et al., 2006; Zhan et al., 2006). Ross 308 boilers fed methio-

nine at 0.58% vs 0.48% of the starter diet had lower overall fat pad deposition (Andi, 2012).
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Another study determined that adding methionine to a methionine-deficient diet, increased the
amount of hormone-sensitive lipase (HSL; lipolysis) compared to fatty acid synthase (FAS; lipo-
genesis) (Takahashi and Akiba, 2011); therefore higher methionine inclusion shifts the balance
between lipolysis and lipogenesis leading to lower overall carcass fat. Increasing lysine concen-
tration in a lysine-deficient basal diet increased broiler muscle deposition and reduced overall
carcass fat (Grisoni et al., 1991; Attia, 2003). However, further increases in a sufficient lysine
diet did not cause a further reduction in fat deposition (Grisoni et al., 1991; Tian et al., 2019).
This relationship is not completely linear as lysine, when supplemented at 120% of NRC (1994)
recommendations, increased fat deposition (Nasr and Kheiri, 2011). This supports the concept
that dietary amino acids must be included in an ideal ratio to lysine (Wu, 2014).

In meat-type ducks, increased dietary arginine reduced adipose deposition and adipose cell
diameter and volume (Wu et al., 2011). Ross 308 broilers had reduced abdominal fat yield when
dietary arginine was increased from 0.80 % to 1.25% (Corzo et al., 2003). A similar response
was observed in Cobb 500 broilers when arginine levels were increased from 1.25% to 1.49%
(Fouad et al., 2013). Methionine, arginine, and lysine are important in ideal ratios to satisfy the
needs of protein synthesis and limit excessive fat deposition. If one amino acid is provided in a
less than the ideal ratio, this can lead to deamination of excess amino acids and breakdown of the
ketoacid as an energy source (Pesti, 2009). When energy-containing nutrients such as amino ac-
ids are provided in excess of requirements, they will undergo lipogenesis and be deposited as fat
(Pesti, 2009).

The aforementioned relationship was first proposed in the form of an ideal protein to energy
ratio by Fraps (1943); several studies followed further refining ideal ratios (Baker and Han,

1994; Emmert and Baker, 1997; Corzo et al., 2003; Wu, 2014). Ideal ratios are not consistent
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throughout life and change according to the phase of development, genetics, and age (Gous et al.,
1990).

Fat-pad allometric curve was highly influenced by strain in the Wheat Experiment however,
no effect was found in the Corn Experiment (P<0.001, P=0.840; respectively). Wheat starch con-
tent can range from 402 to 712 g/kg and therefore the wheat used in the present study may have
been higher in AME than accounted for during formulation (Amerah, 2015). Excess AME in rela-
tion to AA requirements increases fat pad deposition and may also upregulate Na’*-dependent
glucose transporters (Barekatain et al., 2019). Since the NA x 708 broilers have a larger fat-pad in
relation to BW than the EU x 708; the NA x 708 may have higher AA requirements than the EU
x 708 broilers (Table 3-2).

At higher BW, females tended to have a larger fat-pad than males (Table 3-1). This is in
agreement with other studies (Gous et al., 1999; Zuidhof, 2005). This is important as breast meat
has the highest market value per kg from the chicken carcass; however, fat-pad is not valued in the
marketplace but is energetically expensive to deposit (Zuidhof, 2005). In many global markets,
breast meat is highest in demand, other parts of the carcass including the fat, non-recovered meat,
and bone, are sent to rendering for manufacture of a low-cost by-product (Marx et al., 2016).

At smaller BW, the liver had larger size-dependent allometric relationship to BW in the
DBP100 birds than the DBP90 birds; however, the DBP90 birds had a larger size-dependent
weight at later stages in life. The liver yield curve was shifted upward in the females vs the males,
and DBP90 vs DBP100 treatments in both the corn (P<0.001 and P=0.001, respectively) and wheat
experiments (P=0.003 and P<0.001, respectively). The liver yield curve in this study followed the
same response by sex as the fat-pad. The upward shift of liver allometry in the females is consistent

with the larger proportion of fat reserves in females than in males at a given BW (Chapter 2), and
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could indicate higher activity of fatty acid synthase and metabolic activity in females (De Souza
Khatlab et al., 2018). In early development, the heavier liver size presumably enables birds to
metabolize nutrients more effectively due to endogenous enzyme secretions (Zaefarian et al.,
2019). One of the functions of the liver is fat metabolism and lipogenesis; the liver is the main site
for converting excess carbohydrates into fatty acids and triglycerides (Hermier, 1997). The in-
creased liver weight at BW may be an indicator of increased hepatic activity but could also be
confounded by hepatic lipid content.

Drum + thigh weights increased in a highly isometric fashion to overall BW in both experi-
ments. DBP90 shifted the development of drum + thigh to earlier development in the Corn
Experiment and to later developing in the Wheat Experiment (Tables 3-1, 3-2). A strain effect was
only observed in the Wheat Experiment with NA x 708 broilers having a larger proportion of drum
+ thigh yield than the EU x 708 (Table 3-2). Broiler chicken strains have developed through se-
lection for various performance, efficiency, and carcass characteristics. Muscle is energetically
expensive to maintain (Zuidhof, 2005) and since the EU x 708 broiler has been selected for feed
efficiency and breast yield, the EU x 708 may have later development of breast muscle (Table 3-
2). Differences in drum + thigh allometry were relatively smaller in response to dietary protein
when compared to the differences observed in breast muscle and fat-pad. Although there were
significant DBP effects found in each experiment, the differences in the allometry curve in the
Corn Experiment were smaller than in the Wheat Experiment. In the Wheat Experiment, DBP90
resulted in a larger proportion of drum + thigh at larger BW (P=0.010). The analyzed total lysine
levels were lower than formulated in the wheat DBP90 treatment; therefore, the effects on yield
curves may be due to lower overall lysine levels. An increase of drum + thigh yield due to an

increase in lysine concentration is in agreement with other studies (Kheiri and Alibeyghi, 2017;
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Liu et al., 2019). Drums + thigh weight relative to BW were larger and shifted to later developing
in male broilers compared to females in the Corn Experiment; which has been identified in previ-
ous studies (Nogueira et al., 2019).

Other studies have examined the allometric responses to DBP in several genetic strains.
Danisman and Gous (2011) found no significant effects of strain (Ross 708, Ross 308, Cobb 500)
nor sex; however, the allometric relationship in their study was based on broiler protein deposition
throughout the body. Comparing our results to Danisman and Gous (2011; 2013) indicates the
differences observed in this study may be due to increased lipid deposition in breast muscle tissues.
This study used BW as an allometric basis to allow the coefficients to be easily interpreted for a
broiler at any given BW. Examining allometric relationships on overall protein deposition may
provide insight into protein synthesis in various parts of the body of broilers, as it may reduce
errors associated with fat inter-dispersed within muscle or white striping, however when examin-
ing carcass composition from a further processing perspective basing yield on overall BW provides
more applicable insights.

Fast-growing broilers (2001 genetics) had a smaller heart weight to body weight ratio than
slow-growing (1957 genetics) broilers (Havenstein et al., 2003). Average heart weight decreased
by 0.08 g (0.004% yield) per year due to genetic progress in meat yield in commercial broilers
(Gaya et al., 2007). Genetic selection for increased breast muscle and high meat yield broilers has
led to an imbalance between oxygen-providing organs (i.e. lungs and heart) and oxygen-demand-
ing organs (i.e. muscle tissue; Khajali and Wideman, 2016). The heart yield curve was shifted
upward in the EU x 708 broilers vs the NA x 708 on corn diets (Table 3-1) and was shifted to later
developing in NA x 708 compared to EU x 708 on corn-based diets (Table 3-1). Early development

of the heart is vital to ensure a healthy broiler with a low incidence of metabolic disorders such as
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pulmonary arterial hypertension (ascites). A smaller heart in relation to overall BW puts excess
strain on the cardiopulmonary system leading to an increased incidence in ascites (Wideman,
2001). Since the EU x 708 had a larger heart in relation to BW we would expect they would be
less susceptible to ascites due to increased pulmonary vascular capacity; however the ratio of
right:total ventricle is a more accurate indicator (Wideman, 2001; Wideman et al., 2013). Our
findings agree with the findings that a heritage broiler line developed heart size earlier than Ross
broilers; which is important to note as ascites is a major cause of mortality and economic loss in
the modern broiler industry (Aftab and Khan, 2005; Schmidt et al., 2009; Ozkan et al., 2010).
DBP90 shifted the heart yield curve to earlier developing in only the Corn Experiment (Table 3-
1). As it is difficult to influence growth of larger frame and heart size, the increase in the EU x 708
and DBP90 allometry is likely due to the overall smaller size of the broilers. Low protein diets
have shown mixed results on the prevalence of ascites in broiler flocks; with the negative effect
linked to the reduction of uric acid production and therefore the ability to withstand oxidative stress
(Maxwell and Robertson, 1998; Behrooj et al., 2012; Sharifi et al., 2016; Khajali and Sharifi,
2018).

There was no effect of strain, DBP, or sex on intestine allometry in the Corn Experiment
(Table 3-1). In the Wheat Experiment, the total intestine yield curve was shifted to be earlier ma-
turing in DBP100 birds than DBP90 birds (Table 3-2); higher dietary AA levels allow the bird to
increase early growth and development of the intestinal tract (Lilburn and Loeffler, 2015; Cardinal
et al., 2019); in turn allowing for faster recovery from subclinical necrotic enteritis (Keerqin et al.,
2017). There was no significant sex or strain effect on the total intestine allometry; indicating the
different selection criterion between NA x 708 and EU x 708 has had minimal impact on the pro-

gression of intestinal development.
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Deterministic models have been developed to assess the economic differences between supply
chains (Groen et al., 1998). The use of models can aid the supply chain and producer to evaluate
the risks associated with changes in biological production systems (Gous and Berhe, 2006). The
first step to developing simulation models is to predict the effects of different feeding programs
on the performance and carcass development of different genotypes (Hancock et al., 1995; Gous
et al., 1999). By estimating coefficient relationships that are accurate for use, these models can
subsequently become predictive tools to increase profitability. Overall, we observed that there
were no significant differences between the NA x 708 and the EU x 708 on broiler allometric yield
curves when the birds were fed corn-based diets and only a nearly significant difference when fed
wheat-based diets. Given the increased yield of breast meat with feeding the DBP100 diet, allome-
tric models can be developed to optimize saleable breast meat at market prices by finding the ideal
slaughter weight and DBP level.

Without properly defined specifications to meet the requirements for overall efficiency and
yield of broilers, least-cost diet formulation may lead to reduced profitability (Guevara, 2004).
Chickens fed a low protein to energy ratio will reduce muscle deposition and increase fat deposi-
tion (Bregendahl et al., 2002; Faria Filho et al., 2006; Mohiti-Asli et al., 2012a; Srilatha et al.,
2018). This may be due to excess intake of energy per unit intake of CP as broilers fed diets with
adequate energy will adjust intakes dependent on AA requirements (Srilatha et al., 2018). A re-
duction in yield will cost significantly if the decrease in feed costs fail to outweigh the reduction
in yield (Holsheimer and Ruesink, 1993). In order to extract maximum efficiency, the allometric
effects of dietary protein on breast size and current meat prices need to be accounted for while
performing diet formulation. Models that take performance and yield into account in addition to

feed cost are available. However, they are not commonly used, largely because although the
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relationships between nutrition and performance are understood in principle, they are difficult to
predict and understand quantitatively.

By utilizing coefficients such as those estimated in the current study, processors may be able
to make production decisions surrounding supplemental amino acid use and the suitability of the
NA x 708 and EU x 708 for use in the desired market. Published allometric growth coefficients
estimating modern high yield genetics are scarce and the data can be used in further bioeconomic
models to predict scenarios that would produce the highest profit when considering input and pro-
duction costs. Our study found that by reducing DBP lean allometric growth was reduced and
adipose tissue was increased. Furthermore, there was no differences between strains on allometric
growth of muscle and fat-pad. Ideally further studies could include further variations of protein
content that would enable users to predict how precise allometric relationships change in relation

to protein content.
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3.8 Tables & Figures

Table 3-1. Coefficients for allometric curve comparisons' for the Corn Experiment (Corn-

based diets).
Coefficients
Part a b P-Value?

P-Major
NAx7083 0.0260 1.2422
EUx708 0.0219 1.2651 0.394
DBP90* 0.0310 1.2153
DBP100 0.0265 1.2451 <0.001
Female 0.0262 1.2472
Male 0.0180 1.2852 <0.001

P-Minor
NAx708 0.0100 1.1698
EUx708 0.0108 1.1605 0.861
DBP90 0.0117 1.1475
DBP100 0.0107 1.1638 <0.001
Female 0.0089 1.1912
Male 0.0080 1.1937 <0.001

Total Breast
NAx708 0.0352 1.2288
EUx708 0.0311 1.2456 0.495
DBP90 0.0419 1.2023
DBP100 0.0361 1.2306 <0.001
Female 0.0347 1.2365
Male 0.0250 1.2686 <0.001

Drum + Thigh
NAx708 0.1346 1.0412
EUx708 0.1410 1.0345 0.677
DBP90 0.1782 1.0058
DBP100 0.1074 1.0686 0.018
Female 0.1715 1.0058
Male 0.1431 1.0357 <0.001

Fat-pad
NAx708 0.0036 1.2100
EUx708 0.0026 1.2483 0.840
DBP90 0.0020 1.2918
DBP100 0.0030 1.2254 <0.001
Female 0.0005 1.4714
Male 0.0022 1.2544 <0.001

Heart
NAx708 0.0123 0.8867
EUx708 0.0233 0.8017 0.007
DBP90 0.0275 0.7820
DBP100 0.0100 0.9122 0.002
Female 0.0169 0.8373
Male 0.0197 0.8301 <0.001

Liver
NAx708 0.1694 0.7531
EUx708 0.1100 0.8112 0.065
DBP90 0.0844 0.8447
DBP100 0.2084 0.7271 0.001
Female 0.0853 0.8458
Male 0.1755 0.7481 <0.001
(continued)
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Coefficients

Part a b P-Value?
Total Intestine (Duodenum Jejunum Ileum)
NAx708 0.3520 0.6461
EUx708 0.3727 0.6380 0.902
DBP90 0.3021 0.6651
DBP100 0.4177 0.6241 0.502
Female 0.2520 0.6885
Male 0.4638 0.6112 0.098

'Data were fit to the Huxley’s allometric function (Huxley, 1932): PW = a + BW? + ¢,
where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients
determined utilizing least-squares approximation, and € is the random variation not accounted
for by the model. Data were analyzed using the NLIN procedure of SAS.

’The allometric curve coefficients were compared using a least-squares comparison and F-test
utilizing expected values from the non-linear model. Curves were separated using pairwise
comparisons.

3Strain: Offspring of either a European (EU) male-line or a North American (NA) male-line,
each crossed with a Ross 708 maternal line from Aviagen.

“Protein level: The DBP100 protein diet was formulated at 100% of Aviagen’s recommenda-
tions (Aviagen, 2007) for the first 7 limiting amino acids on a digestible basis. The DBP90
protein diet was formulated with digestible lysine at 90% of Aviagen recommendations, with
the first 7 limiting amino acids held at an ideal digestible lysine: AA ratio.
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Table 3-2. Coefficients for allometric curve comparisons' for the Wheat Experiment (Wheat-

based diets).
Coefficients
Part a b P-Value?

P-Major
NAx7083 0.0244 1.2406
EUx708 0.0113 1.3330 0.056
DBP90* 0.0189 1.2566
DBP100 0.0290 1.2257 <0.001
Female 0.0103 1.3557
Male 0.0102 1.3402 <0.001

P-Minor
NAx708 0.0115 1.1457
EUx708 0.0070 1.2078 0.265
DBP90 0.0062 1.2191
DBP100 0.0140 1.1236 0.002
Female 0.0055 1.2463
Male 0.0069 1.2028 <0.001

Total Breast
NAx708 0.0343 1.2230
EUx708 0.0169 1.3082 0.065
DBP90 0.0250 1.2492
DBP100 0.0408 1.2072 <0.001
Female 0.0149 1.3348
Male 0.0154 1.3137 <0.001

Drum + Thigh
NAx708 0.1359 1.0451
EUx708 0.3146 0.9321 <0.001
DBP90 0.1305 1.0516
DBP100 0.2181 0.9808 0.010
Female 0.1882 0.9985
Male 0.2258 0.9813 0.070

Fat-pad
NAx708 0.0031 1.2336
EUx708 0.0022 1.2503 <0.001
DBP90 0.0003 1.5400
DBP100 0.0030 1.2117 <0.001
Female 0.0003 1.5400
Male 0.0010 1.3416 <0.001

Heart
NAx708 0.0193 0.8271
EUx708 0.0194 0.8306 0.271
DBP90 0.0237 0.8016
DBP100 0.0176 0.8404 0.598
Female 0.0244 0.7923
Male 0.0225 0.8144 <0.001

Liver
NAx708 0.0739 0.8602
EUx708 0.0458 0.9226 0.278
DBP90 0.0332 0.9679
DBP100 0.0791 0.8489 <0.001
Female 0.0429 0.9350
Male 0.0588 0.8851 <0.001
(continued)
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Coefficients

Part a b P-Value?
Total Intestine (Duodenum Jejunum Ileum)
NAx708 0.3139 0.6682
EUx708 0.3597 0.6472 0.249
DBP90 0.2577 0.6961
DBP100 0.3663 0.6445 0.006
Female 0.2754 0.6820
Male 0.3976 0.6384 0.116

'Data were fit to the Huxley’s allometric function (Huxley, 1932): PW = a + BW? + ¢,
where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients
determined utilizing least-squares approximation, and € is the random variation not accounted
for by the model. Data were analyzed using the NLIN procedure of SAS.

’The allometric curve coefficients were compared using a least-squares comparison and F-test
utilizing expected values from the non-linear model. Curves were separated using pairwise
comparisons.

3Strain: Offspring of either a European (EU) male-line or a North American (NA) male-line,
each crossed with a Ross 708 maternal line from Aviagen.

“Protein level: The DBP100 protein diet was formulated at 100% of Aviagen’s recommenda-
tions (Aviagen, 2007) for the first 7 limiting amino acids on a digestible basis. The DBP90
protein diet was formulated with digestible lysine at 90% of Aviagen recommendations, with
the first 7 limiting amino acids held at an ideal digestible lysine: AA ratio.

113



4. Metabolizable Energy Partitioning in Broiler Breeders

4.1 Abstract

Selection for increased meat yield, rapid growth, and feed efficiency in broiler chickens has
resulted in an increased ad libitum feed intake relative to maintenance requirements, but this se-
lection has led to a decrease of reproductive capacity in broiler breeders. Feed restriction is a
standard tool utilized in broiler breeder production. The period of most severe feed restriction is
during the rearing phase. In order to feed breeder hens at the ideal level for reproductive efficiency,
the maintenance requirements of the flock must be estimated. Biometric models have been previ-
ously developed; however, these estimates may lose accuracy due to rapid changes in genetics
over time. Industry data were collected from two commercial broiler breeder operations in order
to estimate the metabolizable energy of maintenance (MEm) of Ross 308 broiler breeders reared in
floor housing. A total of 8,558 broiler breeders were included in this study. ME, requirements per
metabolic body weight (BW/kg®®") were lowest during periods of high feed restriction. This was
consistent with previous studies in the literature as breeders will become more efficient when en-
ergy is limited. The study also examined the effect of environmental temperature on the
maintenance requirements of commercial broiler breeders. Although the effect of temperature was
inconclusive, the estimates of maintenance requirements were consistent with other experimental

findings in the literature.

4.2 Introduction

Broiler chickens have been highly selected for meat production and growth; it is estimated
that 19.1% and 25.4% of apparent metabolizable energy (AME) is utilized for protein and lipid
deposition, respectively (Carré and Juin, 2015). Since broilers are the offspring from broiler breed-

ers, breeders must be feed restricted to ensure settable egg production, prevent developing health
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issues like erratic oviposition and defective egg syndrome (EODES), sudden death, lameness, and
prolapsed cloaca (Yu et al., 1992; Renema et al., 1999; Heck et al., 2004; Renema and Robinson,
2004; Mohiti-Asli et al., 2012b). A significant concern for producers is managing broiler breeder
body weight (BW) during the rearing and reproduction phase; between approximately 7 to 16
weeks is the period of most intense feed restriction during which the birds are provided only 25 to
33% of ad libitum intake (Hocking, 1993; Savory and Kostal, 1996; De Jong et al., 2002). Broiler
breeders are fed only slightly above maintenance requirements to maintain egg production levels;
it has been suggested that energy intake between 20 to 30 weeks of age does not meet maintenance
requirements (Rabello et al., 2006). When breeders partition energy, maintenance requirements
are met first, leaving the remainder for growth and production (Boekholt et al., 1994). How energy
is partitioned changes with bird age; broiler breeders before 50 weeks of age will catabolize protein
in order to maintain egg production; however, after 50 weeks, they catabolize more energy from
lipid stores (Caldas et al., 2018). Excess feed intake will lead to surplus growth and adipose dep-
osition, leading to decreased reproduction and formation of multiple hierarchies of large yellow
follicles; therefore, broiler breeders are fed close to maintenance requirements to regulate flock
BW (Yu et al., 1992; Renema et al., 1999; Rabello et al., 2006; Wei et al., 2019). Pullet BW
between 7 and 15 weeks of age is crucial for the future reproductive success of the broiler breeder
(Bruggeman et al., 1999). During the rearing stage feed allocation is commonly reduced to ap-
proximately one-third of ad libitum consumption although, with recent genetic changes, the gap
between growth potential and breeder target BW is increasing (De Beer and Coon, 2007; Renema
et al., 2007; Richards et al., 2010; Zuidhof et al., 2014).

As a proportion of total metabolizable energy (ME) intake, maintenance energy functions uti-

lize up to 79% of total energy usage at 21°C (Rabello et al., 2006; Caldas et al., 2018).
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Environmental temperature outside the thermoneutral zone of the broiler breeder requires energy
expenditure for thermogenesis or cooling (Rabello et al., 2006; Pishnamazi et al., 2015). Environ-
mental temperature profoundly influences maintenance energy requirements of poultry linearly
when within a narrow range and close to the thermoneutral zone and quadratically as temperatures
vary further above or below the thermoneutral range (Peguri and Coon, 1993; National Research
Council, 1994; Sakomura, 2004; Pishnamazi et al., 2015). At temperatures below the thermoneu-
tral zone, broilers increase feed intake for heat production; at high temperatures, birds decrease
intake to minimize heat increment (Sakomura et al., 2005). The effect of temperature in laying
hens has been studied extensively; however, fewer studies have been performed specifically with
broiler breeders (Peguri and Coon, 1993; Rabello et al., 2006; Nonis and Gous, 2018). Ross broiler
breeders have up to 320% lower diet-induced thermogenesis (DIT) per metabolic BW than a layer
(ISA brown) breed (Swennen et al., 2006). Therefore, breeder-specific studies are necessary. Due
to the tightly regulated energy intake for broiler breeders, relatively small changes in environmen-
tal temperature outside the thermoneutral zone have the potential to significantly impact
maintenance requirements. Although internal barn temperature can be highly regulated, control is
not perfect and external factors will impact internal barn temperature. As total energy intake by
broiler breeders is only slightly above the requirements for growth, reproduction, and maintenance,
changes in the weather can result in large swings in metabolizable energy requirements, leading to
changes in energy balance (Pishnamazi et al., 2015). Since broiler breeders are feed restricted to
their minimum required level to prevent excess growth, it is vital to understand maintenance re-
quirements for feed allocation decision making. These decisions will impact later growth and
production of broiler breeders. Mathematical models can be used to demonstrate the effect a pro-

duction decision has on subsequent growth.
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Bioeconomic models have been developed using empirical parameters; however, there is a
growing interest in the development of mechanistic biometric models. Empirical models describe
correlations between variables with no indication of the underlying biological mechanisms (Zoons
et al., 1991). Since their derivation is determined in a particular set of experimental constraints,
extrapolation can be limited. Mechanistic biometric models predict relationships between inde-
pendent and dependent variables representing biological processes, allowing for a robust model
under broad conditions. Biometrical models are of interest as economic models are dependent on
biometric parameters. Biometrical models have been developed for broiler breeders (Gous and
Nonis, 2010), and broilers (Aggrey, 2002; Reddish and Lilburn, 2004). Rapid changes in broiler
genetics have caused older biometric models to become out-dated. A broiler breeder model has
been developed using animals raised in an intensively-monitored research facility (Gous and
Nonis, 2010). In order for biometric models to be accurate enough to use in the industry, mathe-
matical models must be validated. Metabolizable energy of maintenance (MEn) requirements
fluctuate significantly depending on the degree of feed restriction (Sakomura et al., 2003), feed
intake (Romero et al., 2009a), and environmental temperature (Pishnamazi et al., 2015). Variation
among studies estimating MEn show significant variation dependent upon feed intake (Liu et al.,
2017), environmental temperature (Rabello et al., 2006; Pishnamazi et al., 2015), feed restriction
(Plavnik and Hurwitz, 1985; Pinchasov and Galili, 1990; Brainer et al., 2012; Liu et al., 2017), and
diet composition (Carré¢ et al., 2014; Barzegar et al., 2019; Table 4-1). One of the purposes of this
study was to validate the coefficients of MEn obtained in previous studies. Validating models
developed in research settings with industry data will allow for a more robust model that can be

utilized in a variety of conditions.
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Historically, MEnm has been expressed as a function of metabolic body weight (BW’7%). How-
ever, MEn is more accurately represented by exponents lower than 0.75 in modern broilers due to
genetic changes to a faster-growing and leaner bird (Romero et al., 2009a; Noblet et al., 2015).
The use of a 0.75 exponent will bias the value for fasting heat production and conversely, the
estimated MEn coefficients; therefore, in this study, MEn is reported as a function of BW%¢’

(Noblet et al., 2015).

4.3 Materials and Methods
4.3.1 Birds and Management

Industry data were collected to estimate the maintenance requirements of commercially-
reared broiler breeders from 0 to 20 weeks of age in two flocks from separate locations in Alberta,
Canada. To maintain confidentiality, they are referred to as Farm A and Farm B. Barn dimensions
and configurations were recorded prior to chick placement. Each flock was housed in a conven-
tional light-tight floor housing facility and were raised according to breeder recommendations
(Aviagen, 2014a). The flocks were fed ad libitum for the first 4 weeks and then placed on a skip-
a-day feeding program.

All research protocols were approved by the University of Alberta Animal Care and Use
Committee for Livestock and followed the principles established by the Canadian Council on An-

imal Care (Canadian Council on Animal Care, 2009).

4.3.1.1 Farm A

At hatch, a total of 4,490 Ross 308 female broiler breeders were placed in a 631.7 m? light-
tight facility (0.141 m?/bird). A total of 683 Ross 308 males were placed in a separate 111.5 m?

section of the barn (0.163 m?/bird) for the first 2 weeks then transferred to a separate facility for
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rearing. At 2 weeks of age, the Ross 308 females were provided full access to the 743.2 m? area.

At 10 weeks, the males and females were cohabitated.

4.3.1.2 Farm B

At hatch, a total of 4,068 Ross 308 female broiler breeders were placed in a 634.7 m? light-
tight facility (0.156 m?/bird), with 475 males raised in a 102.0 m? separate portion of the barn

(0.215 m?/bird). At 10 weeks, the males and females cohabitated in the 736.7 m? facility.

4.3.2 Data Collection

The data utilized in this study were collected from pullets from 0 to 20 weeks of age. Flock
BW was estimated through a random selection of 100 target birds identified and weighed at place-
ment. Subsequent weighing occurred at 3 to 4 weeks of age, and 9 to 11 weeks of age. Additional
weekly weighings were performed by the producer and were also included in the analysis. The
estimates for Farm B from 0 to 4 weeks were removed from the study due to collection error. Feed
intake data were collected from barn scales. Barn temperatures were recorded every 30 minutes,
using automated data loggers positioned evenly throughout the barn at bird head height. Temper-
ature averages were calculated among the loggers for each 30 min increment. External temperature
data were obtained from Environment Canada (Government of Canada, 2020). Using the physical
location of the farms, the closest possible weather station was utilized (Farm A = 7.83 km; Farm

B = 11.67 km).

4.3.3 Analysis

Data were analyzed in a least-squares linear model using the MIXED procedure of SAS (SAS

Institute, 2009) to estimate the metabolizable energy (ME) requirement for maintenance for age in
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4-week blocks: 0 to 4 weeks, 5 to 8 weeks, 9 to 12 weeks, 13 to 16 weeks, and 17 to 20 weeks with
the following linear model:

mei = a(BW%¢7) + b(BW%7)(T, — 21) + c(G)

Where mei is ME intake (kcal/day) was determined from feed disappearance and the for-
mulated ME value; BW is live BW (kg); T.— 21 is internal barn temperature relative to 21°C; and
G is gain (g/day); a is the coefficient representing the relationship between metabolic body weight
and base ME maintenance requirements (MEn); b is the coefficient of the effect of temperature on
the maintenance ME energy; c is the coefficient representing the ME cost for one gram of BW
gain. The model was considered significant, where P < 0.05. The estimate for ‘a’, age-specific ME
requirements were considered significantly different than 0 at P < 0.05. A regression analysis was

performed to examine the correlation between barn temperature and external temperature.

4.4 Results and Discussion
4.4.1 Maintenance requirements

The model for age-specific base ME maintenance requirements were found to adequately fit
data at Farm A and Farm B (P <0.001, 0.001, respectively).

Birds on Farm A showed the lowest estimated value for ‘a’ (MEn requirements) from weeks
9 to 12 and then an increase in MEy, in the period 17 to 20 weeks (P = 0.040, <0.001; Table 4-2).
The estimates for ME, requirements at Farm A were not significant at 0 to 4 weeks and 13 to 16
weeks and therefore are not considered to accurately represent the data (P = 0.220, 0.069; Table
4-2).

ME of birds on Farm B showed a decrease in the 9 to 12 week period compared to 5 to 8
weeks, and then a slight increase during the 13 to 16 week period, and a further increase through

to 20 weeks (P = 0.002, 0.001, <0.001; Table 4-2). For both farms, the MEn requirements were
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highest during the 5 to 8 week period and the 17 to 20 week period (P = 0.018, <0.001, <0.001,
<0.001; Table 4-2).

The coefficient for b, the effect of barn temperature on maintenance, was 4.83 and 4.01 for
Farm A and Farm B respectively; however, it was not significant for either farm (P =0.776, 0.475).
The coefficient for ¢, the ME requirement per gram of growth, was 0.701 and 1.328 for Farms A
and B, respectively, but the coefficient was not significant (P = 0.469, 0.157).

Studies in laying hens and broiler breeders show that higher levels of feed restriction reduce
the amount of energy utilized for maintenance (Plavnik and Hurwitz, 1985; Pinchasov and Galili,
1990; Brainer et al., 2012; Liu et al., 2017). Although feed efficiency increases during restriction,
this does not carry into periods immediately following re-alimentation (Zubair and Leeson, 1994;
Swennen et al., 2006). Since MEn, includes the energy released as heat increment (Luiting, 1990),
high feed intake results in larger DIT, with the animals consequently losing more energy as heat
to their environment. Following the breeder recommendations, the period between 5 to 15 weeks
has the largest feed restriction relative to ad libitum feed intakes (Renema and Robinson, 2004;
Aviagen, 2014b; a). A study estimated that from 9 to 20 weeks of age, 95 to 96% of total broiler
breeder ME intake is used for maintenance, whereas from 5 to 8 weeks, only 72.5% is utilized for
maintenance (Sakomura et al., 2003). On each farm, the lowest ME, requirements were between
9 to 12 weeks of age (Table 4-2; P = 0.040; 0.001). Although the MEn, value is numerally lower at
13-16 weeks the coefficient for Farm A was only nearly significant (Table 4-2; P = 0.069). The
reduction in required MEn, observed between 8 to 16 weeks of age was due to the increase in the
severity of feed restriction relative to ad libitum during this period. Decreases in flock efficiency
were seen during the 17 to 20 week period compared to the previous periods as the degree of feed

restriction lessened on both Farm A and Farm B (P < 0.001, 0.001; Table 4-2). From 17 to 20
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weeks of age, the degree of feed restriction was lessened, causing an increase in feed intake relative
to metabolic BW and therefore, a higher degree of DIT. It has been proposed that MEn, require-
ments fluctuate significantly with feed intake (Liu et al., 2017), environmental temperature
(Rabello et al., 2006; Pishnamazi et al., 2015), feed restriction (Plavnik and Hurwitz, 1985;
Pinchasov and Galili, 1990; Brainer et al., 2012; Liu et al., 2017), and diet composition (Carré et
al., 2014; Barzegar et al., 2019); therefore there is significant variation in ME, values reported in
the literature (Table 4-1). Furthermore, the observed differences in estimated base ME mainte-
nance requirements between farms can be attributed to many factors such as: activity levels,
feathering, immune status, and diet composition. The proportion of NE/AME varies significantly
between nutritional components in the feed such as proteins, lipids, and non-cell wall carbohy-
drates 0.69 to 0.68; 0.849 to 0.90; 0.75 to 0.779; respectively, with these differences being
attributed to heat production in the animal (Carré et al., 2014; Barzegar et al., 2019). Nutrients and
ME were formulated to the same specifications for both farms; however, the specific ingredients
used varied and therefore, if the feed were to contain higher lipid to protein content, this would
lower the heat increment of feeding and subsequently lower the estimation of MEn. Estimates of
ME are impacted further by the dietary components in each phase. The 4-stage rearing program
used in this study starts breeders on a 21% dietary CP and steps down to 14% CP by the developer
stage (Aviagen, 2007b). By moving to a lower protein diet, we would expect a reduction in heat
increment; as the level of crude protein is negatively related the NE to AME ratio of the overall
diet (Carr¢ et al., 2014; Wu et al., 2019); therefore, impacting MEn,. We observed a significant
difference between Farm A and B for estimations in MEn. As this study was dependent on feed

allocations by the producer this may also be due to inaccuracy feeding scales. For future studies,

122



the factors discussed previously affecting MEn should be measured and included in the estimation
for MEp,.

As total heat production is included in any estimate of MEn, the results from this study support
the concept that the true maintenance requirements of broiler breeder pullets may be lower than
what is currently reported in the literature. Feed intake is positively correlated to MEn; therefore,
when feed intake is reduced, MEy, is decreased (Pishnamazi et al., 2008). This theory supports that
the reduction in ME, during the 8 to 16 week period is due to the severity of feed restriction

relative to ad libitum (Liu et al., 2017).

4.4.2 Environmental temperatures

The correlation between outdoor environmental temperature and internal barn temperature
was strongest when outdoor temperatures were higher than the set point of the barn. In the first
two weeks, when the barn temperatures were above ~25°C, high external temperature was not
significantly correlated to internal barn temperature (Figures 4-1 and 4-2). Excluding the first 2
weeks of rearing, the relationship between outdoor daily maximum temperature and the indoor
daily average temperature was highly correlated for each farm (Farm A R?= 0.765, Farm B R?=
0.758, P <0.001, <0.001; Figures 4-1 and 4-2).

That the relationship between environmental temperature and metabolic BW was not signifi-
cant it is likely due to the small variation in external temperature throughout the trials. Although
our study did not show an effect of barn temperature on maintenance requirements, barn tempera-
tures above or below 24.3°C increase ME, of adult broiler breeders (Pishnamazi et al., 2015). Due
to the severity of feed restriction, the total consumed energy of broiler breeders is very close to
maintenance requirements, and any change in MEn requirement must be accounted for as it will

affect energy available for growth and production. Since broiler breeders are homeothermic,
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increasing temperature from 15°C to 17°C may require up to a 5% decrease in feed allocation to
account for the decrease in requirements (Pishnamazi et al., 2015). Higher outdoor temperatures
have more of an influence on indoor barn temperatures except during the first few weeks of rearing
where indoor barn temperatures are increased using supplemental heat (Figures 4-1 and 4-2). In
order to adjust for these fluctuations, the influence of weather should be taken into consideration
prior to making weekly feed allocation decisions for broiler breeders.

Interestingly, the data obtained from industry sources were similar to other studies in Ross
708 (Pishnamazi et al., 2015) and Hubbard-Hi-Yield broiler breeders (Sakomura et al., 2003).
However, previous research has determined slightly higher coefficients for MEn, than this study
(Table 4-1). In this study, temperatures were controlled as per the primary breeder recommenda-
tions (Aviagen, 2014a), and the flock were not subjected to different experimental temperature
treatments. Anecdotally, it was observed during researcher weighings that birds from Farm A had
higher fleshing, an indication of how much muscle is developed on the breast, than Farm B. The
inconsistencies may also be due to the differences in proportional adipose and muscle tissue
weights relative to BW that were maintained by breeders at Farm A vs Farm B, as muscle tissues
are more energetically expensive to maintain than adipose tissue (Zuidhof, 2005). Further compo-
sition of body tissues could be examined to explore the effects of fleshing.

The sources of error in this study may be related to variation in our estimate of flock BW. It
is interesting to note that, after a researcher weighing, the daily gain of the flock decreased. The
decrease may have been caused through inconsistency in BW obtained between the producer and
the researcher leading to the underestimation of BW by the producer and subsequently a decrease

in feed allocation by the producer, leading to an increase in the degree of feed restriction.
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Overall our estimates in Farm A of ME., align with recently published studies and support the
concept that the true maintenance requirements of modern broiler breeder pullets may be lower
than previously reported in literature (Table 4-1). Our industry study lacked some controls com-
pared to intensive research studies; however, our results show that current estimates for MEn
match closely to requirements in free-run rearing situations. The significance of this study is to
validate research models in a commercial setting. The understanding of how breeders partition
energy in commercial systems is extremely important for further breed development. Through the
continued development and improvement of mathematical models, these decisions can be accu-

rately tailored to increase overall efficiency.
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4.6 Tables & Figures

Table 4-1. Summary of metabolizable energy of maintenance (ME) requirements

reported in the literature.

Source Bird type!  Reported ME,,  Standardized ME,,
Current Study? BP 107 kcal/kg®® 107 kcal/kg®®
Current Study* BP 55 kcal/kg®® 55 kcal/kg®®’
Caldas et al., 2018 BB 106 kcal/kg®” 112 keal/kg™®’
Darmani Kuhi et al., 2011 BB 103 kcal/kg 129 kcal/kg®®
Darmani Kuhi et al., 2012 L 88 kcal/kg 111 kcal/kg™®’
Hadinia et al., 2019 BB 142 kcal/kg®® 142 kcal/kg®®
Nonis and Gous, 2018 BB 133 kcal/kg®™ 140 kcal/kg®®’
Pishnamazi et al., 2015 BB 104 kcal/kg®® 98 kcal/kg®¢’
Rabello et al., 2006 BB 112 kcal/kg®” 118 kcal/kg®’
Reyes et al., 2011 BB 98 kcal/kg®” 104 kcal/kg®®
Romero et al., 2009a BB 141 kcal/kg®* 128 kcal/kg®’
Romero et al., 2009b BB 104 kcal/kg®7 110 kcal/kg®®”
Sakomura et al., 2003 BB 144 kcal/kg®” 152 keal/kg®®’
Sakomura et al., 2003 AL 192 kcal/kg®7” 203 kcal/kg®®7
Sakomura et al., 2003 54% AL 179 kcal/kg®" 189 kcal/kg®¢7
Sakomura et al., 2003 34% AL 159 kcal/kg®7 168 kcal/kg®®7
Sakomura et al., 2003 19% AL 134 kcal/kg® ™ 141 kcal/kg®®”
Spratt et al., 1990 BB 70 kcal/kg®7 74 kcal/kg®®
Valencia et al., 1980 L 104 kcal/kg®™ 110 kcal/kg®®”
Zuidhof et al., 2017 BB 122 keal/kg®®” 122 keal/kg®®”
Zuidhof et al., 2017 BP 86 kcal/kg®¢7 86 kcal/kg®®’

'BP = Broiler breeder pullet; BB = broiler breeder hen; L = laying hen; AL = ad-

libitum

’Data were standardized for a 2 kg pullet (metabolic BW = 1.591 kg?¢7)
32 kg female pullets at Farm A
42 kg female pullets at Farm B
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Table 4-2. Estimated coefficient! values of a for Farm A and B; the coefficient rep-
resenting the relationship between age-specific base ME maintenance requirements.

Farm A Farm B?
Weeks a Standard P-Value a Standard  P-Value
error error
0-4 97.66 74.15 0.220 - - -
5-8 128.91 44.69 0.018 88.32 9.86 <0.001
9-12 107.13 44.67 0.040 55.77 11.63 0.002
13-16 76.91 37.20 0.069 63.51 8.33 0.001
17-20 132.83 16.16 <0.001 72.92 9.17 <0.001

Data were analyzed in a least-squares linear model using the mixed procedure of

SAS to estimate the metabolizable energy (ME) requirement for maintenance.
'Data were fit to the equation mei = a(BW°67) + b(BW®7)(T, — 21) + ¢(G)

Where mei is ME intake (kcal/day); BW is whole BW (kg); T.— 21 is internal barn
temperature corrected to 21°C; and G is gain (g/day); a is the coefficient represent-
ing the relationship between age specific base ME maintenance requirements
(MEnw); b is the coefficient of the effect of temperature on the maintenance ME en-

ergy; c is the coefficient representing the ME cost for one gram of BW gain.

’Data missing from Farm B from 0-4 weeks as accurate feed intake could not be

determined as birds were fed ad libitum till 4 weeks.
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Figure 4-1. Relationship between indoor and outdoor barn temperature at Farm A.

Indoor temperature averages were calculated for each 30 min increment. External temperature data
were obtained from Environment Canada (Government of Canada, 2020). Using the physical location
of the farms, the closest possible weather station was utilized ~7.83 km away.
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Figure 4-2. Relationship between indoor and outdoor barn temperature at Farm B.

Indoor temperature averages were calculated for each 30 min increment. External temperature data
were obtained from Environment Canada (Government of Canada, 2020). Using the physical location
of the farms, the closest possible weather station was utilized ~11.67 km away.
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Figure 4-3. Regression between indoor and outdoor temperature at Farm A.

Indoor temperature averages were calculated for each 30 min increment. External temperature data
were obtained from Environment Canada (Government of Canada, 2020). Using the physical location
of the farms, the closest possible weather station was utilized ~7.83 km away. (R>= 0.765; P < 0.001)
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Figure 4-4. Regression between indoor and outdoor temperature at Farm B.

Indoor temperature averages were calculated for each 30 min increment. External temperature data
were obtained from Environment Canada (Government of Canada, 2020). Using the physical lo-
cation of the farms, the closest possible weather station was utilized ~11.67 km away. (R>= 0.758;
P <0.001)

138



5. General Discussion and Conclusions

5.1 Review of Hypotheses and Conclusions

Chapters 2 and 3 examined performance, yield, and allometric relationships in broiler off-
spring from North American or European male lines crossed with the same Ross 708 breeder
females (NA x 708; EU x 708, respectively), and fed diets of differing dietary balanced protein
(DBP) levels. Diets contained DBP at 100% (DBP100) or 90% (DBP90) of Ross 708 recommen-
dations. Growth and performance were examined on birds fed either corn- (Corn Experiment) or
wheat- (Wheat Experiment) based diets. It was expected that the EU x 708 broilers would have
higher growth and yield performance on wheat-based diets relative to NA x 708 broilers due to the
primary grain used during breed genetic selection.

Chapter 4 studied the maintenance energy requirements of commercially-reared broiler
breeder pullets from 0 to 20 weeks of age. Data was collected from a total of 8,558 Ross 308
broiler breeders reared at two breeder operations; the metabolizable energy of maintenance (MEn)

was estimated for each of the flocks in 4-week intervals.

Hypothesis 1. It was hypothesized that DBP100 would increase growth and yield relative to
DBPI0 diets in corn- (Corn Experiment) and wheat-based (Wheat Experiment) diets. Increased
amino acid density would, therefore, increase the yield of salable meat and influence overall car-
cass composition. We failed to reject this hypothesis as yield and growth increased in the DBP100
relative to the DBP90 treatment. We found the NA x 708 strain less susceptible to reduced DBP
compared to the EU x 708 strain. Yields of individual portions were also affected with lower DBP
content; in general, we observed a reduction in breast meat and an increase in other portions, spe-

cifically the thighs and wings.
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Hypothesis 2. It was hypothesized that the NA x 708 would have an overall higher yield than
the EU x 708. We also hypothesized that the EU x 708 would be less susceptible to lower DBP
levels than the NA x 708. We failed to reject these hypotheses. We observed a more significant
reduction in the breast meat and overall yield when fed the DBP90 diet in the NA x 708 broilers

compared to the EU x 708 broilers.

Hypothesis 3. Allometric yield curve coefficients were estimated for each treatment using a
non-linear growth model. It was hypothesized that DBP90 would reduce the allometric growth of
lean tissue and increase lipid deposition compared to DBP100. We failed to reject this hypothe-
sis. In both experiments, the DBP100 total breast curve yield curve was higher than DBP90.

DBP100 broilers had larger drum + thigh allometric growth than DBP90

Hypothesis 4. Allometric yield curve coefficients were estimated for each treatment using a
non-linear growth model. We hypothesized that a NA x 708 broilers would have a breast muscle
allometric curve shifted upward compared to the EU x 708 broilers crossed with the same Ross
708 maternal line. We rejected this hypothesis as there was no difference breast muscle allometric

between the NA x 708 and the EU x 708 broilers.

Hypothesis 5. Chapter 4 focused on the development and estimation of MEn requirements of
Ross 308 breeder pullets in commercial open floor housing systems. We hypothesized that our
estimate for the ME, requirement would match closely to current published research performed
in controlled settings. Although current estimates vary significantly, our estimates of requirements

were found to be 107 kcal/kg™®’, and 70 kcal/kg™®’ for Farms A and B, respectively which is lower
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than the many currently published studies; however, several recent studies support our conclusion

that current estimates for MEn, are lower than what is currently reflected in historical literature.

5.2 Discussion and Conclusions

Broiler chickens have undergone significant genetic selection for growth rate and carcass
composition over time. Due to genetic selection, requirements have significantly changed from
previous years. Understanding nutrient requirements, and the influence on body conformation is
important to optimize broiler nutrition for a given market. The influences of DBP on performance
and carcass characteristics of two broiler male-lines were investigated in Chapter 2. The perfor-
mance was examined using corn- (Corn Experiment) and wheat- (Wheat Experiment) based diets.
We hypothesized that DBP100 would increase growth and yield relative to DBP90 diets.

In Chapter 2 lower BW for DBP90 fed broilers were found at age 10, 25, and 35 d in each
experiment, however, there was a more significant decrease in broilers fed wheat-based diets com-
pared to corn-based diets; however, this was confounded by the lower lysine levels than formulated
in the Wheat Experiment (Table 2-2). Increased dietary lysine has been shown to increase growth,
lean composition of the carcass, decrease abdominal fat content (Kidd et al., 2005; Sharma et al.,
2018), increase breast yield (Tesseraud et al., 1996a, 2001; Kidd et al., 2005; Sharma et al., 2018),
and reduce FCR (Kidd et al., 2005; Sterling et al., 2006). Lower BW was observed in both genetic
strains when fed DBP90 compared to DBP100; however, a greater reduction was observed in the
EU x 708 strain compared to the NA x 708 strain. The EU x 708 broilers were significantly more
efficient in residual feed intake (RFI) than the EU x 708 broilers on corn-based diets; however,
there was no difference found in FCR between strains. The results show that the NA x 708 strain
was less susceptible to the effects of reduced DBP than the EU x 708 strain. Amino acid require-

ments to optimize broiler yield were highly dependent on strain cross. This may be due to
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differences in the efficiency of utilization of AA and lysine between the EU x 708 and the NA x
708 genotypes; however, since the AA digestibility was not measured, and the lysine level was
lower than expected, it is not possible to isolate the effect of lysine and DBP. There were differ-
ences in amino acid requirements for the EU x 708 and the NA x 708 for optimal growth and yield;
however, these differences are not accurately represented in current breeder manuals. The objec-
tives of this study were to determine the suitability of the NA x 708 and the EU x 708 for use in
broiler markets which utilized corn- or wheat-based diets. Overall, we found that the NA x 708
and the EU x 708 suitable for use; however, DBP levels must considered when determining ex-
pected yields.

Chapter 3 examined the influence of DBP on the allometric growth, development, and carcass
characteristics of the progeny of two male lines crossed with Ross 708 breeder females fed corn-
and wheat-based diets. Genetic selection for increased meat production has significantly influ-
enced the relative development of organs and carcass components (Schmidt et al., 2009);
furthermore, these relationships are dependent on genetic strain and nutrient level (Gous et al.,
1999; Danisman and Gous, 2011, 2013). Predictive models that enable the prediction of cutup
portions at a given BW must be developed for the strain being utilized. We examined the allometric
growth of the pectoralis muscles, drum + thigh, fat-pad, heart, liver, and intestines from 0 to 35
days of age through dissections performed every 7 days. We did not observe a strain effect on
breast muscle and fat pad allometry on the corn-based diets. Although there was no difference in
morphology between strains raised on the corn diets, there was a more pronounced effect on mor-
phology between strains with wheat-based diets, which may have been confounded by lysine
requirements of each strain. In each experiment, DBP100 increased total breast meat deposition.

DBP100 also increased the drum + thigh allometric growth curve in both experiments; however,
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DBP90 shifted the development of the drums + thigh to earlier developing on corn-based diets and
later developing on wheat-based diets. Broilers that were fed higher levels of DBP produced a
higher proportion of breast muscle and had a smaller fat pad at a given BW. With ideal DBP intake,
broilers partitioned more energy towards the development of muscle tissue than adipose tissue.
Given the increased yield of breast meat with feeding of a high DBP diet, allometric models can
be further developed to optimize saleable breast meat by finding the ideal slaughter weight and
DBP level at given meat market prices. Our study found that by reducing DBP, lean allometric
growth was reduced and adipose tissue deposition was increased. Furthermore, there were no dif-
ferences between strains on allometric growth of lean muscle and fat-pad. By utilizing coefficients
such as those estimated in the study, producers can make production decisions to optimize profit-
ability in current market conditions.

Chapter 4 examined energy partitioning throughout growth in broiler breeder pullets. A bio-
metric model was developed utilizing data collected from two commercial broiler breeder
operations. ME, was estimated for Ross 308 broiler breeder pullets in floor housing. MEn require-
ments were found to be 107 kcal/kg®®’; recent studies aligned with the estimated value for MEm
requirements. On each farm, there was a reduction in the MEn between 9 to 12 weeks of age,
which coincided with the highest ratio of restricted intake to ad libitum intake and is the point of
highest feed restriction of the flock. Estimates of MEn vary significantly in the literature depending
on the stage of development, environmental temperature (Rabello et al., 2006; Pishnamazi et al.,
2015), diet composition (Carré¢ et al., 2014; Barzegar et al., 2019); and degree of feed restriction
(Plavnik and Hurwitz, 1985; Pinchasov and Galili, 1990; Brainer et al., 2012; Liu et al., 2017).
The objective of our study was to validate research models developed in controlled research set-

tings; we concluded MEn requirements are currently overestimated in the literature. Several recent
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studies also support the conclusion that ME, requirements may be lower in modern genetics than
previously published literature (Romero et al., 2009a; Darmani Kuhi et al., 2011; Reyes et al.,
2011; Pishnamazi et al., 2015; Caldas et al., 2018). Given the confounding effect of heat increment
on estimates of ME, further studies should investigate the impact of dietary nutrient components
on MEn, requirements in free-run rearing situations.

The results of our studies lead us to believe differences exist between strains in the efficient
use of nutrients in diets differing in primary cereal source. Further studies should examine the
effect of feed composition, on growth development and allometric growth. Studies should examine
the digestibility and loci of the small intestine where nutrients are absorbed between strain and
primary grain source. Net availability of nutrients and the effect on allometric growth will also

prove useful for further optimization of growth and carcass composition.

144



5.3 References

Barzegar, S., S. B. Wu, J. Noblet, and R. A. Swick. 2019. Metabolizable energy of corn, soybean
meal and wheat for laying hens. Poult. Sci. 98:5876-5882.

Brainer, M. M., C. B. Rabello, C. Costa, R. A. De Lima, E. M. F. Arruda, and R. Fabino. 2012.
Metabolizable energy requirements for maintenance and egg production of free-range laying
hens by multiple linear equation. World’s Poult. Sci. J. (Suppl. 1):5-9. (Abstr.)

Caldas, J. V., K. Hilton, N. Boonsinchai, J. A. England, A. Mauromoustakos, and C. N. Coon.
2018. Dynamics of nutrient utilization, heat production, and body composition in broiler
breeder hens during egg production. Poult. Sci. 97:2845-2853.

Carr¢, B., M. Lessire, and H. Juin. 2014. Prediction of the net energy value of broiler diets. Animal
8:1395-1401.

Danisman, R., and R. Gous. 2011. Effect of dietary protein on the allometric relationships between
some carcass portions and body protein in three broiler strains. S. Aftr. J. Anim. Sci. 41:194—
208.

Danisman, R., and R. Gous. 2013. Effect of dietary protein on performance of four broiler strains
and on the allometric relationships between carcass portions and body protein. S. Afr. J.
Anim. Sci. 43:25-37.

Darmani Kuhi, H., F. Rezaee, A. Faridi, J. France, M. Mottaghitalab, and E. Kebreab. 2011.
Application of the law of diminishing returns for partitioning metabolizable energy and crude
protein intake between maintenance and growth in growing male and female broiler breeder
pullets. J. Agric. Sci. 149:385-394.

Gous, R. M., E. T. Moran, H. R. Stilborn, G. D. Bradford, and G. C. Emmans. 1999. Evaluation

of the parameters needed to describe the overall growth, the chemical growth, and the growth

145



of feathers and breast muscles of broilers. Poult. Sci. 78:812—821.

Huxley, J. S. 1932. Problems of relative growth. Methuen and Co., Ltd., London.

Kidd, M. T., A. Corzo, D. Hoehler, E. R. Miller, and W. A. Dozier. 2005. Broiler responsiveness
(Ross x 708) to diets varying in amino acid density. Poult. Sci. 84:1389-1396.

Liu, W, C. H. Lin, Z. K. Wu, G. H. Liu, H. J. Yan, H. M. Yang, and H. Y. Cai. 2017. Estimation
of the net energy requirement for maintenance in broilers. Asian-Australasian J. Anim. Sci.
30:849-856.

Pinchasov, Y., and D. Galili. 1990. Energy requirement of feed-restricted broiler breeder pullets.
Poult. Sci. 69:1792—-1795.

Pishnamazi, A., R. A. Renema, D. C. Paul, I. I. Wenger, and M. J. Zuidhof. 2015. Effects of
environmental temperature and dietary energy on energy partitioning coefficients of female
broiler breeders. J. Anim. Sci. 93:4734-4741.

Plavnik, 1., and S. Hurwitz. 1985. The performance of broiler chicks during and following a severe
feed restriction at an early age. Poult. Sci. 64:348-355.

Rabello, C. B. V., N. K. Sakomura, F. A. Longo, H. P. Couto, C. R. Pacheco, and J. B. K.
Fernandes. 2006. Modelling energy utilisation in broiler breeder hens. Br. Poult. Sci. 47:622—
631.

Reyes, M. E., C. Salas, and C. N. Coon. 2011. Energy requirement for maintenance and egg
production for broiler breeder hens. Int. J. Poult. Sci. 10:913-920.

Romero, L. F., M. J. Zuidhof, R. A. Renema, A. Naeima, and F. E. Robinson. 2009.
Characterization of energetic efficiency in adult broiler breeder hens. Poult. Sci. 88:227-235.

Schmidt, C. J., M. E. Persia, E. Feierstein, B. Kingham, and W. W. Saylor. 2009. Comparison of

a modern broiler line and a heritage line unselected since the 1950s. Poult. Sci. 88:2610—

146



2619.

Sharma, N. K., M. Choct, M. Toghyani, Y. C. S. M. Laurenson, C. K. Girish, and R. A. Swick.
2018. Dietary energy, digestible lysine, and available phosphorus levels affect growth
performance, carcass traits, and amino acid digestibility of broilers. Poult. Sci. 97:1189—1198.

Sterling, K. G., G. M. Pesti, and R. 1. Bakalli. 2006. Performance of different broiler genotypes
fed diets with varying levels of dietary crude protein and lysine. Poult. Sci. 85:1045-1054.

Tesseraud, S., N. Maaa, R. Peresson, and A. M. Chagneau. 1996. Relative responses of protein
turnover in three different skeletal muscles to dietary lysine deficiency in chicks. Br. Poult.
Sci. 37:641-650.

Tesseraud, S., S. Temim, E. Le Bihan-Duval, and A. M. Chagneau. 2001. Increased responsiveness
to dietary lysine deficiency of pectoralis major muscle protein turnover in broilers selected

on breast development. J. Anim. Sci. 79:927-933.

147



Thesis References

Acar, N., E. Moran, and S. Bilgili. 1991. Live performance and carcass yield of male broilers from
two commercial strain crosses receiving rations containing lysine below and above the
established requirement between six and eight weeks of age. Poult. Sci. 70:2315-2321.

Aftab, U., and A. Khan. 2005. Strategies to alleviate the incidence of ascites in broilers: a review.
Brazilian J. Poult. Sci. 7:199-204.

Aggrey, S. E. 2002. Comparison of three nonlinear and spline regression models for describing
chicken growth curves. Poult. Sci. 81:1782—1788.

Al-Nasser, A., H. Al-Khalaifa, A. Al-Saffar, F. Khalil, M. Al-Bahouh, G. Ragheb, A. Al-Haddad,
and M. Mashaly. 2007. Overview of chicken taxonomy and domestication. Worlds. Poult.
Sci. J. 63:285-300.

Alagawany, M., M. M. El-Hindawy, and A. I. Attia. 2014. Impact of protein and certain amino
acids levels on performance of growing Japanese quails. Univers. J. Appl. Sci. 2:105-110.

Aletor, V. A., I. . Hamid, E. NieB, and E. Pfeffer. 2000. Low-protein amino acid-supplemented
diets in broiler chickens: Effects on performance, carcass characteristics, whole-body
composition and efficiencies of nutrient utilisation. J. Sci. Food Agric. 80:547-554.

Amat, J. A., E. Aguilera, and G. H. Visser. 2007. Energetic and developmental costs of mounting
an immune response in greenfinches (Carduelis chloris). Ecol. Res. 22:282-287.

Amerah, A. M. 2015. Interactions between wheat characteristics and feed enzyme supplementation
in broiler diets. Anim. Feed Sci. Technol. 199:1-9.

Andi, M. A. 2012. Effects of additional DL-methionine in broiler starter diet on blood lipids and
abdominal fat. African J. Biotechnol. 11:7579-7581.

AOAC. 2006. Official Methods of Analysis. 12th ed. Association of Official Analytical Chemists

148



(AOAC), Washington, DC.

Attia, Y. A. 2003. Performance, carcass characteristics, meat quality and plasma constituents of
meat type drakes fed diets containing different levels of lysine with or without a microbial
phytase. Arch. Anim. Nutr. 57:39-48.

Aviagen. 2007a. Ross 708: Broiler Nutrition Specification. Aviagen Inc., Huntsville, AL.

Aviagen. 2007b. Ross 708: Parent Stock Nutrition Specification. Aviagen Inc., Huntsville, AL.

Aviagen. 2014a. Ross 308: Parent Stock Performance Objectives. Aviagen Inc., Huntsville, AL.

Aviagen. 2014b. Ross 308: Broiler Performance Objectives. Aviagen Inc., Huntsville, AL.

Aviagen. 2019a. Ross 308, Ross 308 FF: Broiler Performance Objectives. Aviagen Inc.,
Huntsville, AL.

Aviagen. 2019b. Ross Broiler: Nutrition Specification. Aviagen Inc., Huntsville, AL.

Bach Knudsen, E. 2014. Fiber and nonstarch polysaccharide content and variation in common
crops used in broiler diets. Poult. Sci. 93:2380-93.

Baker, D. H., and Y. Han. 1994. Ideal amino acid profile for chicks during the first three weeks
posthatching. Poult. Sci. 73:1441-1447.

Baldwin, R. 1984. Nutritional energetics of animals. Annu. Rev. Nutr. 4:101-114.

Balnave, D., and J. Brake. 2002. Re-evaluation of the classical dietary arginine:lysine interaction
for modern poultry diets: A review. Worlds. Poult. Sci. J. 58:275-289.

Barbut, S. 2001. Poultry meat processing and product technology. Pages 1-25 in Poultry Products
Processing: an industry guide. 1st ed. CRC Press, Boca Raton, Florida.

Barekatain, R., G. Nattrass, A. J. Tilbrook, K. Chousalkar, and S. Gilani. 2019. Reduced protein
diet and amino acid concentration alter intestinal barrier function and performance of broiler

chickens with or without synthetic glucocorticoid. Poult. Sci. 98:3662—-3675.

149



Barzegar, S., S. B. Wu, M. Choct, and R. A. Swick. 2020. Factors affecting energy metabolism
and evaluating net energy of poultry feed. Poult. Sci. 99:487—498.

Barzegar, S., S. B. Wu, J. Noblet, and R. A. Swick. 2019. Metabolizable energy of corn, soybean
meal and wheat for laying hens. Poult. Sci. 98:5876-5882.

Behrooj, N., F. Khajali, and H. Hassanpour. 2012. Feeding reduced-protein diets to broilers
subjected to hypobaric hypoxia is associated with the development of pulmonary
hypertension syndrome. Br. Poult. Sci. 53:658-664.

Belloir, P., M. Lessire, W. Lambert, E. Corrent, C. Berri, and S. Tesseraud. 2019. Changes in body
composition and meat quality in response to dietary amino acid provision in finishing broilers.
Animal 13:1094-1102.

Berres, J., S. L. Vieira, M. T. Kidd, D. Taschetto, D. M. Freitas, R. Barros, and E. T. Nogueira.
2010. Supplementing L-valine and L-isoleucine in low-protein corn and soybean meal all-
vegetable diets for broilers. J. Appl. Poult. Res. 19:373-379.

Bilgili, S. F., E. T. Moran, and N. Acar. 1992. Strain-cross response of heavy male broilers to
dietary lysine in the finisher feed: Live performance and further-processing yields. Poult. Sci.
71:850-858.

Birkett, S., and K. de Lange. 2001. Limitations of conventional models and a conceptual
framework for a nutrient flow representation of energy utilization by animals. Br. J. Nutr.
86:647—-659.

Bodle, B. C., C. Alvarado, R. B. Shirley, Y. Mercier, and J. T. Lee. 2018. Evaluation of different
dietary alterations in their ability to mitigate the incidence and severity of woody breast and
white striping in commercial male broilers. Poult. Sci. 97:3298-3310.

Boekholt, H. A., P. H. Van Der Grinten, V. V. A. M. Schreurs, M. J. N. Los, and C. P. Leffering.

150



1994. Effect of dietary energy restriction on retention of protein, fat and energy in broiler
chickens. Br. Poult. Sci. 35:603-614.

Bokkers, E. A. M., and P. Koene. 2003. Eating behaviour, and preprandial and postprandial
correlations in male broiler and layer chickens. Br. Poult. Sci. 44:538-544.

Bordas, A., and P. Merat. 1981. Genetic variation and phenotypic correlations of food consumption
of laying hens corrected for body weight and production. Br. Poult. Sci. 22:25-33.

Bordas, A., M. Tixier-Boichard, and P. Merat. 1992. Direct and correlated responses to divergent
selection for residual food intake in Rhode Island Red laying hens. Br. Poult. Sci. 33:741—
754.

Bouyeh, M., and O. K. Gevorgyan. 2011. Influence of excess lysine and methionine on cholesterol,
fat and performance of broiler chicks. J. Anim. Vet. Adv. 10:1546—-1550.

Bowling, M., R. Forder, R. J. Hughes, S. Weaver, and P. I. Hynd. 2018. Effect of restricted feed
intake in broiler breeder hens on their stress levels and the growth and immunology of their
offspring. Transl. Anim. Sci. 2:263-271.

Brainer, M. M., C. B. Rabello, C. Costa, R. A. De Lima, E. M. F. Arruda, and R. Fabino. 2012.
Metabolizable energy requirements for maintenance and egg production of free-range laying
hens by multiple linear equation. World’s Poult. Sci. J. (Suppl. 1):5-9. (Abstr.)

Bregendahl, K., J. L. Sell, and D. R. Zimmerman. 2002. Effect of low-protein diets on growth
performance and body composition of broiler chicks. Poult. Sci. 81:1156-1167.

Bruggeman, V., O. Onagbesan, E. D’Hondt, N. Buys, M. Safi, D. Vanmontfort, L. Berghman, F.
Vandesande, and E. Decuypere. 1999. Effects of timing and duration of feed restriction during
rearing on reproductive characteristics in broiler breeder females. Poult. Sci. 78:1424—-1434.

Burkhart, C. A., J. A. Cherry, H. P. Van Krey, and P. B. Siegel. 1983. Genetic selection for growth

151



rate alters hypothalamic satiety mechanisms in chickens. Behav. Genet. 13:295-300.

Caldas, J. V., K. Hilton, N. Boonsinchai, J. A. England, A. Mauromoustakos, and C. N. Coon.
2018. Dynamics of nutrient utilization, heat production, and body composition in broiler
breeder hens during egg production. Poult. Sci. 97:2845-2853.

Canadian Council on Animal Care. 2009. CCAC guidelines on: the care and use of farm animals
in research, teaching, and testing. Canadian Council on Animal Care, Ottawa, ON, Canada.

Cardinal, K. M., M. L. de Moraes, I. Andretta, G. D. Schirmann, B. L. Belote, M. A. Barrios, E.
Santin, and A. M. L. Ribeiro. 2019. Growth performance and intestinal health of broilers fed
a standard or low-protein diet with the addition of a protease. Rev. Bras. Zootec. 48.

Carré, B., and H. Juin. 2015. Partition of metabolizable energy, and prediction of growth
performance and lipid deposition in broiler chickens. Poult. Sci. 94:1287-1297.

Carré, B., M. Lessire, and H. Juin. 2014. Prediction of the net energy value of broiler diets. Animal
8:1395-1401.

Castro, F. L. S., S. Su, H. Choi, E. Koo, and W. K. Kim. 2019. L-Arginine supplementation
enhances growth performance, lean muscle, and bone density but not fat in broiler chickens.
Poult. Sci. 98:1716-1722.

Cerrate, S., and A. Corzo. 2019. Lysine and energy trends in feeding modern commercial broilers.
Int. J. Poult. Sci. 18:28-38.

Chamruspollert, M., G. M. Pesti, and R. 1. Bakalli. 2002. Dietary interrelationships among
arginine, methionine, and lysine in young broiler chicks. Br. J. Nutr. 88:655-660.

Choct, M. 2006. Enzymes for the feed industry: past, present and future. Worlds. Poult. Sci. J.
62:5-16.

Cline, M. A., A. Y. Kuo, M. L. Smith, W. Nandar, B. C. Prall, P. B. Siegel, and D. M. Denbow.

152



2009. Differential feed intake responses to central corticotrophin releasing factor in lines of
chickens divergently selected for low or high body weight. Comp. Biochem. Physiol. - A
Mol. Integr. Physiol. 152:130-134.

Cline, M. A., W. Nandar, C. Bowden, W. Calchary, M. L. Smith, B. Prall, B. Newmyer, J. Orion
Rogers, and P. B. Siegel. 2010. The threshold of amylin-induced anorexia is lower in chicks
selected for low compared to high juvenile body weight. Behav. Brain Res. 208:650-654.

Cline, M. A., W. Nandar, C. Bowden, P. P. Hein, D. M. Denbow, and P. B. Siegel. 2008.
Differential feeding responses to central alpha-melanocyte stimulating hormone in
genetically low and high body weight selected lines of chickens. Life Sci. 83:208-213.

Close, W. H. 1990. The evaluation of feeds through calorimetry studies. Pages 21-39 in Feedstuff
Evaluation. Butterworth-Heinemann, Guildford, England.

Corzo, A., C. A. Fritts, M. T. Kidd, and B. J. Kerr. 2005a. Response of broiler chicks to essential
and non-essential amino acid supplementation of low crude protein diets. Anim. Feed Sci.
Technol. 118:319-327.

Corzo, A., M. T. Kidd, D. J. Burnham, E. R. Miller, S. L. Branton, and R. Gonzalez-Esquerra.
2005b. Dietary amino acid density effects on growth and carcass of broilers differing in strain
cross and sex. J. Appl. Poult. Res. 14:1-9.

Corzo, A., C. McDaniel, M. Kidd, E. Miller, B. Boren, and B. Fancher. 2004. Impact of dietary
amino acid concentration on growth, carcass yield, and uniformity of broilers. Aust. J. Agric.
Res. 55:1133-1138.

Corzo, A., E. T. Moran, and D. Hoehler. 2003. Arginine need of heavy broiler males: Applying
the ideal protein concept. Poult. Sci. §2:402-407.

Cowieson, A. J. 2005. Factors that affect the nutritional value of maize for broilers. Anim. Feed

153



Sci. Technol. 119:293-305.

D’Mello, J. P. 2003. Responses of growing poultry to amino acids. Pages 237-263 in Amino Acids
in Animal Nutriton. 2nd Edition. CAB International, Wallingford, UK.

Da-Hye, K., A. Byoung-Ki, O. Sungtack, K. Moung-Cheul, L. Sang, U. Jae-Sang, A. Tugay, and
L. Kyung-Woo. 2019. Effects of different methionine sources on growth performance, meat
yield and blood characteristics in broiler chickens. J. Appl. Anim. Res. 47:230-235.

Dalolio, F. S., J. Moreira, D. P. Vaz, L. F. T. Albino, R. V. Nunes, and G. V. Dessimoni. 2016.
Digestible lysine for broilers from different commercial strains in the final phase. Acta Sci.
Anim. Sci. 38:411.

Danisman, R., and R. Gous. 2011. Effect of dietary protein on the allometric relationships between
some carcass portions and body protein in three broiler strains. S. Aftr. J. Anim. Sci. 41:194—
208.

Danisman, R., and R. Gous. 2013. Effect of dietary protein on performance of four broiler strains
and on the allometric relationships between carcass portions and body protein. S. Afr. J.
Anim. Sci. 43:25-37.

Darmani Kuhi, H., E. Kebreab, and J. France. 2012. Application of the law of diminishing returns
to partitioning metabolizable energy and crude protein intake between maintenance and
growth in egg-type pullets. J. Anim. Feed Sci. 21:540-547.

Darmani Kuhi, H., F. Rezaee, A. Faridi, J. France, M. Mottaghitalab, and E. Kebreab. 2011.
Application of the law of diminishing returns for partitioning metabolizable energy and crude
protein intake between maintenance and growth in growing male and female broiler breeder
pullets. J. Agric. Sci. 149:385-394.

Dean, W. F., and H. M. Scott. 1968. Ability of arginine to reverse the growth depression induced

154



by supplementing a crystalline amino acid diet with excess lysine. Poult. Sci. 47:341-342.

Decuypere, E., V. Bruggeman, N. Everaert, Y. Li, R. Boonen, J. de Tavernier, S. Janssens, and N.
Buys. 2010. The broiler breeder paradox: Ethical, genetic and physiological perspectives, and
suggestions for solutions. Br. Poult. Sci. 51:569-579.

De Beer, M., and C. N. Coon. 2007. The effect of different feed restriction programs on
reproductive performance, efficiency, frame size, and uniformity in broiler breeder hens.
Poult. Sci. 86:1927-1939.

De Jong, I. C., S. Van Voorst, D. A. Ehlhardt, and H. J. Blokhuis. 2002. Effects of restricted
feeding on physiological stress parameters in growing broiler breeders. Br. Poult. Sci.
43:157-168.

De Souza Khatlab, A., A. P. Del Vesco, E. Gasparino, and A. R. De Oliveira Neto. 2018. Gender
and age effects on the expression of genes related to lipid metabolism in broiler’s liver. Czech
J. Anim. Sci. 63:103-109.

Donaldson, W. E., G. F. Combs, and G. L. Romoser. 1957. Studies on energy levels in poultry
rations: 3. Effect of calorie-protein ratio of the ration on growth, nutrient utilization and body
composition of poults. Poult. Sci. 37:614-619.

Donkoh, A. 1989. Ambient temperature: a factor affecting performance and physiological
response of broiler chickens. Int. J. Biometeorol. 33:259-265.

Donohue, M., and D. L. Cunningham. 2009. Effects of grain and oilseed prices on the costs of US
poultry production. J. Appl. Poult. Res. 18:325-337.

Dozier, W. A., A. Corzo, M. T. Kidd, P. B. Tillman, and S. L. Branton. 2009. Digestible lysine
requirements of male and female broilers from fourteen to twenty-eight days of age. Poult.

Sci. 88:1676-82.

155



Dozier, W. A., and E. T. Moran. 2001. Response of early- and late-developing broilers to
nutritionally adequate and restrictive feeding regimens during the summer. J. Appl. Poult.
Res. 10:92-98.

Emmert, J. L., and D. H. Baker. 1997. Use of the ideal protein concept for precision formulation
of amino acid levels in broiler diets. J. Appl. Poult. Res. 6:462—470.

Eriksson, J., G. Larson, U. Gunnarsson, B. Bed’hom, M. Tixier-Boichard, L. Stromstedt, D.
Wright, A. Jungerius, A. Vereijken, E. Randi, P. Jensen, and L. Andersson. 2008.
Identification of the Yellow skin gene reveals a hybrid origin of the domestic chicken. PLoS
Genet. 4.

European Comission. 2015. Best Available Techniques (BAT) Reference Document for the
Intensive Rearing of Poultry or Pigs. Inst. Prospect. Technol. Stud. Eur. IPPC Bur.:855.
European Council. 2010. Directive 2010/75/EU Industrial Emissions. Off. J. Eur. Union L334:17—

119.

Fagundes, C., E. De Abreu Fernandes, and F. H. Litz. 2019. Whole and ground grain sorghum and
the free choice feeding system in broiler diets. Semin. Agrar. 40:389-402.

FAO. 2018. The State of Food and Agriculture 2018. Migration, agriculture and rural
development. Available at www.fao.org/publications (verified 11 August 2019).

FAOSTAT. 2019. FAO statistical database. Available at http://www.fao.org/faostat/ (verified 11
January 2019).

Faria Filho, D., P. Rosa, B. Vieira, M. Macari, and R. Furlan. 2006. Protein levels and
environmental temperature effects on carcass characteristics, performance, and nitrogen
excretion of broiler chickens from 7 to 21 days of age. Rev. Bras. Ciéncia Avicola 7:247—

253.

156



Faridi, A., A. Gitoee, and J. France. 2015. Evaluation of the effects of crude protein and lysine on
the growth performance of two commercial strains of broilers using meta-analysis. Livest.
Sci. 181:77-84.

Farkhoy, M., M. Modirsanei, O. Ghavidel, M. Sadegh, and S. Jafarnejad. 2012. Evaluation of
protein concentration and limiting amino acids including lysine and met + cys in prestarter
diet on performance of broilers. Vet. Med. Int. 2012:1-7.

Ferket, P. R., and A. G. Gernat. 2006. Factors that affect feed intake of meat birds: A review. Int.
J. Poult. Sci. 5:905-911.

Fisher, H., R. Shapiro, and P. Griminger. 1960. Further aspects of amino acid imbalance, with
special reference to the high arginine requirement of chicks fed casein diets. J. Nutr. 72:16—
22.

Fouad, A. M., H. K. El-Senousey, X. J. Yang, and J. H. Yao. 2013. Dietary L-arginine
supplementation reduces abdominal fat content by modulating lipid metabolism in broiler
chickens. Animal 7:1239-1245.

Fraps, G. S. 1943. Relation of the protein, fat, and energy of the ration to the composition of
chickens. Poult. Sci. 22:421-424.

Fumihito, A., T. Miyake, S. I. Sumi, M. Takada, S. Ohno, and N. Kondo. 1994. One subspecies of
the red junglefowl (Gallus gallus gallus) suffices as the matriarchic ancestor of all domestic
breeds. Proc. Natl. Acad. Sci. U. S. A. 91:12505-12509.

Gabarrou, J. F., P. A. Geraert, N. Francois, S. Guillaumin, M. Picard, and A. Bordas. 1998. Energy
balance of laying hens selected on residual food consumption. Br. Poult. Sci. 39:79-89.

Gaya, L. G., A. M. Costa, J. B. S. Ferraz, F. M. Rezende, E. C. Mattos, J. P. Eler, T. Michelan

Filho, G. B. Mourao, and L. G. Figueiredo. 2007. Genetic trends of absolute and relative heart

157



weight in a male broiler line. Genet. Mol. Res. 6:1091-1096.

German Federal Ministry of Justice and Consumer Protection. 2017. Verordnung iiber die
Anwendung von Diingemitteln, Bodenhilfsstoffen, Kultursubstraten und Pflanzenhilfsmitteln
nach den Grundsitzen der guten fachlichen Praxis beim Diingen.

Gomide, E. M., P. B. Rodrigues, M. G. Zangeronimo, A. G. Bertechini, L. M. dos Santos, and R.
R. Alvarenga. 2011. Nitrogen, calcium and phosphorus balance of broilers fed diets with
phytase and crystalline amino acids. Ciéncia e Agrotecnologia 35:591-597.

Gompertz, B. 1825. On the nature of the function expressive of the law of human mortality, and
on a new mode of determining the value of life contingencies. Philos. Trans. R. Soc. London
115:513-583.

Gous, R. M., and E. T. Berhe. 2006. Modelling populations for purposes of optimization. Pages
76-96 in Mechanistic modelling in pig and poultry production. CAB International,
Wallingford, UK.

Gous, R. M., G. C. Emmans, L. A. Broadbent, and C. Fisher. 1990. Nutritional effects on the
growth and fatness of broilers. Br. Poult. Sci. 31:495-505.

Gous, R. M., E. T. Moran, H. R. Stilborn, G. D. Bradford, and G. C. Emmans. 1999. Evaluation
of the parameters needed to describe the overall growth, the chemical growth, and the growth
of feathers and breast muscles of broilers. Poult. Sci. 78:812—-821.

Gous, R. M., and M. K. Nonis. 2010. Modelling egg production and nutrient responses in broiler
breeder hens. J. Agric. Sci. 148:287-301.

Govaerts, T., G. Room, J. Buyse, M. Lippens, G. De Groote, and E. Decuypere. 2000. Early and
temporary quantitative food restriction of broiler chickens. 2. Effects on allometric growth

and growth hormone secretion. Br. Poult. Sci. 41:355-362.

158



Government of Canada. 2020. Past weather and climate. Hist. Weather database. Accessed April
2020. https//climate.weather.gc.ca/historical data/search historic_data e.html Available at
https://climate.weather.gc.ca/historical data/search historic_data e.html.

Grisoni, M. L., G. Uzu, M. Larbier, and P. A. Geraert. 1991. Effect of dietary lysine level in
broilers. Reprod. Nutr. Dev. 31:683-690.

Groen, A. F., X. Jiang, D. A. Emmerson, and A. Vereijken. 1998. A deterministic model for the
economic evaluation of broiler production systems. Poult. Sci. 77:925-933.

Guevara, V. R. 2004. Use of nonlinear programming to optimize performance response. Poult. Sci.
83:147-151.

Gutiérrez-Alamo, A., P. Pérez De Ayala, M. W. A. Verstegen, L. A. Den Hartog, and M. J.
Villamide. 2008. Variability in wheat: Factors affecting its nutritional value. Worlds. Poult.
Sci. J. 64:20-39.

Gutiérrez del Alamo, A. 2009. Factors affecting wheat nutritional value for broiler chickens. PhD
Diss. Wageningen Univ. Wageningen, Netherlands.

Hadinia, S. H., P. R. O. Carneiro, D. R. Korver, and M. J. Zuidhof. 2019. Energy partitioning by
broiler breeder hens in conventional daily-restricted feeding and precision feeding systems.
Poult. Sci. 98:6721-6732.

Han, Y., and D. H. Baker. 1993. Effects of sex, heat stress, body weight, and genetic strain on the
dietary lysine requirement of broiler chicks. Poult. Sci. 72:701-708.

Han, Y. M., and D. H. Baker. 1991. Lysine requirements of fast- and slow-growing broiler chicks.
Poult. Sci. 70:2108-2114.

Hancock, C. E., G. D. Bradford, G. C. Emmans, and R. M. Gous. 1995. The evaluation of the

growth parameters of six strains of commercial broiler chickens. Br. Poult. Sci. 36:247-264.

159



Hashemi, M., A. Seidavi, F. Javandel, and S. Gamboa. 2017. Influence of non-starch
polysaccharide-degrading enzymes on growth performance, blood parameters, and carcass
quality of broilers fed corn or wheat/barley-based diets. Rev. Colomb. Ciencias Pecu. 30:286—
298.

Havenstein, G. B. 1991. Poultry breeding and genetics. Poult. Sci. 70:662—663.

Havenstein, G. B., P. R. Ferket, and M. A. Qureshi. 2003. Growth, livability, and feed conversion
of 1957 versus 2001 broilers when fed representative 1957 and 2001 broiler diets. Poult. Sci.
82:1500-1508.

Havenstein, G. B., P. R. Ferket, S. E. Scheideler, and B. T. Larson. 1994. Growth, livability, and
feed conversion of 1957 versus 1991 broilers when fed “typical” 1957 and 1991 broiler diets.
Poult. Sci. 73:1785-1794.

Heck, A., O. Onagbesan, K. Tona, S. Metayer, J. Putterflam, Y. Jego, J. J. Trevidy, E. Decuypere,
J. Williams, M. Picard, and V. Bruggeman. 2004. Effects of ad libitum feeding on
performance of different strains of broiler breeders. Br. Poult. Sci. 45:695-703.

Hermier, D. 1997. Lipoprotein metabolism and fattening in poultry. J. Nutr. 127:805S-808S.

Hickling, D., W. Guenter, and M. E. Jackson. 1990. The effects of dietary methionine and lysine
on broiler chicken performance and breast meat yield. Can. J. Anim. Sci. 70:673—-678.

Hill, F. W., D. L. Anderson, and L. M. Dansky. 1956. Studies of the energy requirements of
chickens. Poult. Sci. 35:54-59.

Hilliar, M., G. Hargreave, C. K. Girish, R. Barekatain, S. B. Wu, and R. A. Swick. 2020. Using
crystalline amino acids to supplement broiler chicken requirements in reduced protein diets.
Poult. Sci. 99:1551-1563.

Hocking, P. M. 1993. Welfare of broiler breeder and layer females subjected to food and water

160



control during rearing: quantifying the degree of restriction. Br. Poult. Sci. 34:53—64.

Hocking, P. M., and S. R. Duff. 1989. Musculo-skeletal lesions in adult male broiler breeder fowls
and their relationships with body weight and fertility at 60 weeks of age. Br. Poult. Sci.
30:777-84.

Holsheimer, J. P., and E. W. Ruesink. 1993. Effect on performance, carcass composition, yield,
and financial return of dietary energy and lysine levels in starter and finisher diets fed to
broilers. Poult. Sci. 72:806-815.

Holsheimer, J. P., and C. H. Veerkamp. 1992. Effect of dietary energy, protein, and lysine content
on performance and yields of two strains of male broiler chicks. Poult. Sci. 71:872-879.

Hu, Q., U. Agarwal, and B. J. Bequette. 2017. Gluconeogenesis, non-essential amino acid
synthesis and substrate partitioning in chicken embryos during later development. Poult. Sci.
96:414-424.

Hunton, P. 2006. 100 Years of poultry genetics. Worlds. Poult. Sci. J. 62:417-428.

Huxley, J. S. 1932. Problems of relative growth. Methuen and Co., Ltd., London.

Jackson, S., J. D. Summers, and S. Leeson. 1982. Effect of dietary protein and energy on broiler
carcass composition and efficiency of nutrient utilization. Poult. Sci. 61:2224-2231.

Jahanian, R., and M. Khalifeh-Gholi. 2018. Marginal deficiencies of dietary arginine and
methionine could suppress growth performance and immunological responses in broiler
chickens. J. Anim. Physiol. Anim. Nutr. (Berl). 102:e11-e20.

Jankowski, J., M. Kubinska, J. Juskiewicz, A. Czech, and Z. Zdunczyk. 2016. The effect of dietary
methionine levels on fattening performance and selected blood and tissue parameters of
turkeys. Arch. Anim. Nutr. 70:127-140.

Jankowski, J., M. Kubinska, and Z. Zdunczyk. 2014. Nutritional and immunomodulatory function

161



of methionine in poultry diets - A review. Ann. Anim. Sci. 14:17-31.

Johnson, C. A., T. Duong, R. E. Latham, R. B. Shirley, and J. T. Lee. 2019. Effects of amino acid
and energy density on growth performance and processing yield of mixed-sex Cobb 700 x
MYV broiler chickens. J. Appl. Poult. Res. 29:269-283.

Jones, J. D. 1961. Lysine toxicity in the chick. J. Nutr. 73:107-112.

Jones, J. D. 1964. Lysine — arginine antagonism in the chick. J. Nutr. 84:313-321.

Kannan, G., J. L. Heath, C. J. Wabeck, M. C. Souza, J. C. Howe, and J. A. Mench. 1997. Effects
of crating and transport on stress and meat quality characteristics in broilers. Poult. Sci.
76:523-9.

Karunaratne, N. D., D. A. Abbott, P. J. Hucl, R. N. Chibbar, C. J. Pozniak, and H. L. Classen.
2018. Starch digestibility and apparent metabolizable energy of western Canadian wheat
market classes in broiler chickens. Poult. Sci. 97:2818-2828.

Katanbaf, M. N., E. A. Dunnington, and P. B. Siegel. 1989. Restricted feeding in early and late-
feathering chickens. 2. Reproductive responses. Poult. Sci. 68:352-358.

Katle, J. 1991. Selection for efficiency of food utilisation in laying hens: causal factors for variation
in residual food consumption. Br. Poult. Sci. 32:955-969.

Keerqin, C., S. B. Wu, B. Svihus, R. Swick, N. Morgan, and M. Choct. 2017. An early feeding
regime and a high-density amino acid diet on growth performance of broilers under
subclinical necrotic enteritis challenge. Anim. Nutr. 3:25-32.

Kemp, C., C. Fisher, and M. Kenny. 2005. Genotype-nutrition interactions in broilers; response to
balanced protein in two commercial strains. Pages 54—56 in Proc. 15™ Eur. Symp. Poult. Nutr.
Balatonfiired, Hungary.

Kerry, J. P., M. N. O’Grady, and S. A. Hogan. 2006. Past, current and potential utilisation of active

162



and intelligent packaging systems for meat and muscle-based products: A review. Meat Sci.
74:113-130.

Khajali, F., and M. Sharifi. 2018. Fine-tuning low-protein diets through vitamin E supplementation
to avoid ascites in broiler chickens. J. Agric. Sci. Technol. 20:1127-1135.

Khajali, F., and R. F. Wideman. 2016. Nutritional approaches to ameliorate pulmonary
hypertension in broiler chickens. J. Anim. Physiol. Anim. Nutr. (Berl). 100:3—-14.

Kheiri, F., and M. Alibeyghi. 2017. Effect of different levels of lysine and threonine on carcass
characteristics, intestinal microflora and growth performance of broiler chicks. Ital. J. Anim.
Sci. 16:580-587.

Kidd, M. T., A. Corzo, D. Hoehler, E. R. Miller, and W. A. Dozier. 2005. Broiler responsiveness
(Ross x 708) to diets varying in amino acid density. Poult. Sci. 84:1389-1396.

Kidd, M. T., B. J. Kerr, K. M. Halpin, G. W. McWard, and C. L. Quarles. 1998. Lysine levels in
starter and grower-finisher diets affect broiler performance and carcass traits. J. Appl. Poult.
Res. 7:351-358.

Kidd, M. T., and P. B. Tillman. 2016. Key principles concerning dietary amino acid responses in
broilers. Anim. Feed Sci. Technol. 221:314-322.

Koch, R., L. Swiger, D. Chambers, and K. E. Gregory. 1963. Efficiency of feed use in beef cattle.
J. Anim. Sci. 22:486—494.

Korver, D. R. 2012. Implications of changing immune function through nutrition in poultry. Anim.
Feed Sci. Technol. 173:54—64.

Korver, D. R., M. J. Zuidhof, and K. R. Lawes. 2004. Performance characteristics and economic
comparison of broiler chickens fed wheat- and triticale-based diets. Poult. Sci. 83:716-25.

Kumar, C. B., R. G. Gloridoss, K. C. Singh, T. M. Prabhu, and B. N. Suresh. 2016. Performance

163



of broiler chickens fed low protein, limiting amino acid supplemented diets formulated either
on total or standardized ileal digestible amino acid basis. 29:1616—1624.

Kuttappan, V. A., B. M. Hargis, and C. M. Owens. 2016. White striping and woody breast
myopathies in the modern poultry industry: A review. Poult. Sci. 95:2724-2733.

Kwak, H., R. E. Austic, and R. R. Dietert. 1999. Influence of dietary arginine concentration on
lymphoid organ growth in chickens. Poult. Sci. 78:1536—-1541.

Kwak, H., R. E. Austic, and R. R. Dietert. 2001. Arginine-genotype interactions and immune
status. Nutr. Res. 21:1035-1044.

Laika, M., and R. Jahanian. 2017. Increase in dietary arginine level could ameliorate detrimental
impacts of coccidial infection in broiler chickens. Livest. Sci. 195:38—44.

Leclercq, B. 1983. The influence of dietary protein content on the performance of genetically lean
or fat growing chickens. Br. Poult. Sci. 24:581-587.

Leclercq, B. 1998. Specific effects of lysine on broiler production: comparison with threonine and
valine. Poult. Sci. 77:118-123.

Leclercq, B., and G. Guy. 1991. Further investigations on protein requirement of genetically lean
and fat chickens. Br. Poult. Sci. 32:789-798.

Lee, J. E., R. E. Austic, S. A. Nagqi, K. A. Golemboski, and R. R. Dietert. 2002. Dietary arginine
intake alters avian leukocyte population distribution during infectious bronchitis challenge.
Poult. Sci. 81:793-798.

Leeson, S., L. Caston, and J. D. Summers. 1996. Broiler response to diet energy. Poult. Sci.
75:529-535.

Lilburn, M. S., and S. Loeffler. 2015. Early intestinal growth and development in poultry. Poult.

Sci. 94:1569-1576.

164



Liu, L., D. Qin, X. Wang, Y. Feng, X. Yang, and J. Yao. 2015. Effect of immune stress on growth
performance and energy metabolism in broiler chickens. Food Agric. Immunol. 26:194-203.

Liu, S. Y., S. J. Rochell, C. W. Maynard, J. Caldas, and M. T. Kidd. 2019. Digestible lysine
concentrations and amino acid densities influence growth performance and carcass traits in
broiler chickens from 14 to 35 days post-hatch. Anim. Feed Sci. Technol. 255:114216.

Liu, W., C. H. Lin, Z. K. Wu, G. H. Liu, H. J. Yan, H. M. Yang, and H. Y. Cai. 2017. Estimation
of the net energy requirement for maintenance in broilers. Asian-Australasian J. Anim. Sci.
30:849-856.

Luiting, P. 1990. Genetic variation of energy partitioning in laying hens: causes of variation in
residual feed consumption. Worlds. Poult. Sci. J. 46:133-152.

Luiting, P., and E. M. Urff. 1991a. Residual feed consumption in laying hens. 1. Quantification of
phenotypic variation and repeatabilities. Poult. Sci. 70:1655-1662.

Luiting, P., and E. M. Urff. 1991b. Residual feed consumption in laying hens. 2. Genetic variation
and correlations. Poult. Sci. 70:1663-1672.

Luiting, P., E. M. Urff, and M. W. A. Verstegen. 1994. Between-animal variation in biological
efficiency as related to residual feed consumption. Netherlands J. Agric. Sci. 42:59-67.
Mack, S., D. Bercovici, G. De Groote, B. Leclercq, M. Lippens, M. Pack, J. B. Schutte, and S.
Van Cauwenberghe. 1999. Ideal amino acid profile and dietary lysine specification for broiler

chickens of 20 to 40 days of age. Br. Poult. Sci. 40:257-265.

Marx, S., J. Soares, R. Prestes, E. Schnitzler, C. Oliveira, I. Demiate, G. Backes, and J. Steffens.
2016. Influence of sex on the physical-chemical characteristics of abdominal chicken fat. Rev.
Bras. Ciéncia Avicola 18:269-276.

Mateos, G. G., L. Camara, G. Fondevila, and R. P. Lazaro. 2019. Critical review of the procedures

165



used for estimation of the energy content of diets and ingredients in poultry. J. Appl. Poult.
Res. 28:506-525.

Maxwell, M. H., and G. W. Robertson. 1998. UK survey of broiler ascites and sudden death
syndromes in 1993. Br. Poult. Sci. 39:203-215.

Mench, J. 2002. Broiler breeders: feed restriction and welfare. Worlds. Poult. Sci. J. 58:23-29.

Mendes, A. A., S. E. Watkins, J. A. England, E. A. Saleh, A. L. Waldroup, and P. W. Waldroup.
1997. Influence of dietary lysine levels and arginine:lysine ratios on performance of broilers
exposed to heat or cold stress during the period of three to six weeks of age. Poult. Sci.
76:472-481.

Merriam-Webster. 2020. Efficiency. Merriam-Webster.com Dictionary. Accessed May 2020.
https//www.merriam-webster.com/dictionary/efficiency.

Mirzaaghatabar, F., A. A. Saki, P. Zamani, H. Aliarabi, and H. R. H. Matin. 2011. Effect of
different levels of diet methionine and metabolisable energy on broiler performance and
immune system. Food Agric. Immunol. 22:93-103.

Mitchell, H. H. 1962. Comparative nutrition of man and domestic animals. Academic Press, NY.
NY.

Mohiti-Asli, M., M. Shivazad, M. Zaghari, S. Aminzadeh, M. Rezaian, and G. G. Mateos. 2012a.
Dietary fibers and crude protein content alleviate hepatic fat deposition and obesity in broiler
breeder hens. Poult. Sci. 91:3107-3114.

Mohiti-Asli, M., M. Shivazad, M. Zaghari, M. Rezaian, S. Aminzadeh, and G. G. Mateos. 2012b.
Effects of feeding regimen, fiber inclusion, and crude protein content of the diet on
performance and egg quality and hatchability of eggs of broiler breeder hens. Poult. Sci.

91:3097-3106.

166



Moran, E., X. Chen, and J. Blake. 1993. Comparison of broiler strain crosses developed in the US
and UK using corn and wheat based feeds: Live performance and processing of males for
nine piece cuts. J. Appl. Poult. Res. 2:26-32.

Morisson, M., A. Bordas, J. M. Petit, C. Jayat-Vignoles, R. Julien, and F. Minvielle. 1997.
Associated effects of divergent selection for residual feed consumption on reproduction,
sperm characteristics, and mitochondria of spermatozoa. Poult. Sci. 76:425-431.

Mottet, A., C. de Haan, A. Falcucci, G. Tempio, C. Opio, and P. Gerber. 2017. Livestock: On our
plates or eating at our table? A new analysis of the feed/food debate. Glob. Food Sec. 14:1—
8.

Motulsky, H. J., and L. A. Ransnas. 1987. Fitting curves nonlinear regression: A practical and
nonmathematical review. FASEB J. 1:365-374.

Muramatsu, T., S. Nakajima, and J. Okumura. 1994. Modification of energy metabolism by the
presence of the gut microflora in the chicken. Br. J. Nutr. 71:709-17.

Nakhata, N., and J. Anderson. 1982. Describing the relation between dietary protein and energy
levels and chick performance by mathematical equations. Poult. Sci. 61:891-897.

Nascimento, S. T., A. S. C. Maia, K. G. Gebremedhin, and C. C. N. Nascimento. 2017. Metabolic
heat production and evaporation of poultry. Poult. Sci. 96:2691-2698.

Nasr, J., and F. Kheiri. 2011. Effect of different lysine levels on arian broiler performances. Ital.
J. Anim. Sci. 10:170-174.

National Chicken Council. 2019a. Per capita consumption of poultry and livestock, 1965 to
estimated 2020, in pounds - The National Chicken Council. Per Capita Consum. Poult.
Livestock, 1965 to Estim. 2020, Pounds - Natl. Chick. Counc. Available at

https://www.nationalchickencouncil.org/about-the-industry/statistics/per-capita-

167



consumption-of-poultry-and-livestock-1965-to-estimated-2012-in-pounds/  (verified 26
January 2019).

National Chicken Council. 2019b. NCC’s Broiler industry marketing survey biennial report.

National Research Council. 1984. Nutrient requirements of poultry. 8th ed. National Academy
Press, Washington, DC.

National Research Council. 1994. Nutrient requirements of poultry. 9th ed. National Academy
Press, Washington, DC.

Newmyer, B. A., P. B. Siegel, and M. A. Cline. 2010. Neuropeptide af differentially affects
anorexia in lines of chickens selected for high or low body weight. J. Neuroendocrinol.
22:593-598.

Nian, F., Y. M. Guo, Y. J. Ru, F. D. Li, and A. Péron. 2011a. Effect of exogenous xylanase
supplementation on the performance, net energy and gut microflora of broiler chickens fed
wheat-based diets. Asian-Australasian J. Anim. Sci. 24:400—406.

Nian, F., Y. M. Guo, Y. J. Ru, A. Péron, and F. D. Li. 2011b. Effect of xylanase supplementation
on the net energy for production, performance and gut microflora of broilers fed corn/soy-
based diet. Asian-Australasian J. Anim. Sci. 24:1282-1287.

Nkrumah, J. D., E. K. Okine, G. W. Mathison, K. Schmid, C. Li, J. A. Basarab, M. A. Price, Z.
Wang, and S. S. Moore. 2006. Relationships of feedlot feed efficiency, performance, and
feeding behavior with metabolic rate, methane production, and energy partitioning in beef
cattle. J. Anim. Sci. 84:145-153.

Noblet, J., S. Dubois, J. Lasnier, M. Warpechowski, P. Dimon, B. Carré, J. Van Milgen, and E.
Labussi¢re. 2015. Fasting heat production and metabolic BW in group-housed broilers.

Animal 9:1138-1144.

168



Noblet, J., H. Fortune, X. S. Shi, and S. Dubois. 1994. Prediction of net energy value of feeds for
growing pigs. J. Anim. Sci. 72:344-54.

Nogueira, B. R. F., M. P. Reis, A. C. Carvalho, E. A. C. Mendoza, B. L. Oliveira, V. A. Silva, and
A. G. Bertechini. 2019. Performance, growth curves and carcass yield of four strains of broiler
chicken. Brazilian J. Poult. Sci. 21:1-8.

Nonis, M. K., and R. M. Gous. 2018. Energy partitioning at low temperatures in broiler breeders.
Anim. Prod. Sci. 59:435-440.

OECD/FAO. 2019. OECD-FAO Agricultural Outlook 2019-2028. OECD.

Okine, E. K., J. A. Basarab, L. A. Goonewardene, and P. Mir. 2004. Residual feed intake and feed
efficiency: differences and implications. Pages 27-38 in 2004 Florida Ruminant Nutrition
Symposium.

Ozkan, S., C. Takma, S. Yahav, B. Ségiit, L. Tiirkmut, H. Erturun, and A. Cahaner. 2010. The
effects of feed restriction and ambient temperature on growth and ascites mortality of broilers
reared at high altitude. Poult. Sci. 89:974-985.

Parr, J. F., and J. D. Summers. 1991. The effect of minimizing amino acid excesses in broiler diets.
Poult. Sci. 70:1540-1549.

Patience, J. F. 2012. The influence of dietary energy on feed efficiency in grow-finish swine.

Peguri, A., and C. Coon. 1993. Effect of feather coverage and temperature on layer performance.
Poult. Sci. 72:1318-1329.

Pesti, G. M. 2009. Impact of dietary amino acid and crude protein levels in broiler feeds on
biological performance. J. Appl. Poult. Res. 18:477-486.

Pesti, G. M., and C. F. Smith. 1984. The response of growing broiler chickens to dietary contents

of protein, energy and added fat. Br. Poult. Sci. 25:127-138.

169



Pinchasov, Y., and D. Galili. 1990. Energy requirement of feed-restricted broiler breeder pullets.
Poult. Sci. 69:1792—1795.

Pirgozliev, V., and S. P. Rose. 1999. Net energy systems for poultry feeds: A quantitative review.
Worlds. Poult. Sci. J. 55:23-36.

Pishnamazi, A., R. A. Renema, D. C. Paul, I. I. Wenger, and M. J. Zuidhof. 2015. Effects of
environmental temperature and dietary energy on energy partitioning coefficients of female
broiler breeders. J. Anim. Sci. 93:4734-4741.

Pishnamazi, A., R. A. Renema, M. J. Zuidhof, and F. E. Robinson. 2008. Effect of initial full
feeding of broiler breeder pullets on carcass development and body weight variation. J. Appl.
Poult. Res. 17:505-514.

Plavnik, 1., and S. Hurwitz. 1985. The performance of broiler chicks during and following a severe
feed restriction at an early age. Poult. Sci. 64:348-355.

Pym, R. A. E., and P. J. Nicholls. 1979. Selection for food conversion in broilers: Direct and
correlated responses to selection for body-weight gain, food consumption and food
conversion ratio. Br. Poult. Sci. 20:73-86.

Rabello, C. B. V., N. K. Sakomura, F. A. Longo, H. P. Couto, C. R. Pacheco, and J. B. K.
Fernandes. 2006. Modelling energy utilisation in broiler breeder hens. Br. Poult. Sci. 47:622—
631.

Ravindran, V., and W. Bryden. 1999. Amino acid availability in poultry—in vitro and in vivo
measurements. Crop Pasture Sci. 50:889-908.

Rawat, D., R. Shah, D. B. Nepali, and J. L. Yadav. 2018. Effect of homeopathic medicine (Alfalfa),
methionine and lysine supplementation in low protein based diets on the performance of

broiler chicken. Int. J. Appl. Sci. Biotechnol. 6:174—180.

170



Razuki, W. M., and A. A. Rawi. 2007. The response of two broiler genotypes to various dietary
protein levels. Iraqi J. Poult. Sci. 2:236-247.

Reddish, J. M., and M. S. Lilburn. 2004. A comparison of growth and development patterns in
diverse genotypes of broilers. 2. Pullet growth. Poult. Sci. 83:172—-1076.

Rehman, Z. U., J. Kamran, M. E. A. El-Hack, M. Alagawany, S. A. Bhatti, G. Ahmad, A. Saleem,
Z. Ullah, R. M. K. Yameen, and C. Ding. 2018. Influence of low-protein and low-amino acid
diets with different sources of protease on performance, carcasses and nitrogen retention of
broiler chickens. Anim. Prod. Sci. 58:1625-1631.

Renema, R. A., and F. E. Robinson. 2004. Defining normal: comparison of feed restriction and
full feeding of female broiler breeders. Worlds. Poult. Sci. J. 60:508—522.

Renema, R. A., F. E. Robinson, J. A. Proudman, M. Newcombe, and R. I. McKay. 1999. Effects
of body weight and feed allocation during sexual maturation in broiler breeder hens. 2.
Ovarian morphology and plasma hormone profiles. Poult. Sci. 78:629-639.

Renema, R. A., M. E. Rustad, and F. E. Robinson. 2007. Implications of changes to commercial
broiler and broiler breeder body weight targets over the past 30 years. Worlds. Poult. Sci. J.
63:457-472.

Reyes, M. E., C. Salas, and C. N. Coon. 2011. Energy requirement for maintenance and egg
production for broiler breeder hens. Int. J. Poult. Sci. 10:913-920.

Richards, M. P., R. W. Rosebrough, C. N. Coon, and J. P. McMurtry. 2010. Feed intake regulation
for the female broiler breeder: In theory and in practice. J. Appl. Poult. Res. 19:182-193.

Richards, S. A. 1977. The influence of loss of plumage on temperature regulation in laying hens.
J. Agric. Sci. 89:393.

Romero, L. F., M. J. Zuidhof, R. A. Renema, A. Naeima, and F. E. Robinson. 2009a.

171



Characterization of energetic efficiency in adult broiler breeder hens. Poult. Sci. 88:227-235.

Romero, L. F., M. J. Zuidhof, R. A. Renema, F. E. Robinson, and A. Naeima. 2009b. Nonlinear
mixed models to study metabolizable energy utilization in broiler breeder hens. Poult. Sci.
88:1310-1320.

Rosa, P., D. Faria Filho, F. Dahlke, B. Vieira, M. Macari, and R. Furlan. 2007. Effect of energy
intake on performance and carcass composition of broiler chickens from two different genetic
groups. Rev. Bras. Ciéncia Avicola 9:117-122.

Rosales, A. G. 1994. Managing stress in broiler breeders: a review. J. Appl. Poult. Res. 3:199—
207.

Rothwell, N.J., M. J. Stock, and D. Stribling. 1982. Diet-induced thermogenesis. Pharmacol. Ther.
17:251-268.

Roy, S. C., M. S. Alam, M. A. Ali, and C. Goswami. 2010. Different levels of protein on the
performance of synthetic broiler. Bangladesh J. Vet. Med. 8:117-122.

Rufino, J. P. F., F. G. G. Cruz, W. P. M. Miller, D. R. Melo, C. da J. Feijd, and E. O. das Chagas.
2015. Economical analysis of the inclusion of flour residue of tucuma (4Astrocaryum vulgare,
Mart) in the feeding of laying hens. Rev. Bras. Saude e Prod. Anim. 16:1-9.

Sakomura, N. 2004. Modeling energy utilization in broiler breeders, laying hens and broilers.
Brazilian J. Poult. Sci. 6:1-11.

Sakomura, N. K., F. A. Longo, E. O. Oviedo-Rondon, C. Boa-Viagem, and A. Ferraudo. 2005.
Modeling energy utilization and growth parameter description for broiler chickens. Poult. Sci.
84:1363—-1369.

Sakomura, N. K., R. Silva, H. P. Couto, C. Coon, and C. R. Pacheco. 2003. Modeling

metabolizable energy utilization in broiler breeder pullets. Poult. Sci. 82:419-427.

172



Sandilands, V., B. J. Tolkamp, C. J. Savory, and I. Kyriazakis. 2006. Behaviour and welfare of
broiler breeders fed qualitatively restricted diets during rearing: Are there viable alternatives
to quantitative restriction? Appl. Anim. Behav. Sci. 96:53—-67.

SAS Institute. 2009. SAS User’s Guide: Statistics Version 9.2. SAS Institute Inc., Cary, NC.

Savory, C. J., and L. Kostal. 1996. Temporal patterning of oral investigations with a single daily
meal. Int. J. Comp. Psychol. 9:117-139.

Scheuermann, G. N., S. F. Bilgili, J. B. Hess, and D. R. Mulvaney. 2003. Breast muscle
development in commercial broiler chickens. Poult. Sci. 82:1648—1658.

Schmidt, C. J., M. E. Persia, E. Feierstein, B. Kingham, and W. W. Saylor. 2009. Comparison of
a modern broiler line and a heritage line unselected since the 1950s. Poult. Sci. 88:2610—
2619.

Scott, T. A., F. G. Silversides, H. L. Classen, M. L. Swift, and M. R. Bedford. 1998a. Comparison
of Sample Source (Excreta or Ileal Digesta) and Age of Broiler Chick on Measurement of

Apparent Digestible Energy of Wheat and Barley. Poult. Sci. 77:456—463.

Scott, T. A., F. G. Silversides, H. L. Classen, M. L. Swift, and M. R. Bedford. 1998b. Effect of
cultivar and environment on the feeding value of Western Canadian wheat and barley samples

with and without enzyme supplementation. Can. J. Anim. Sci. 78:649-656.

Sefat, M. Y., A. M. Borgaee, B. Beheshti, and H. Bakhoda. 2014. Modelling energy efficiency in
broiler chicken production units using artificial neural network (ANN). Int. J. Nat. Eng. Sci.
E-ISSN 2146-0086 5:7—14.

Sharifi, M. R., F. Khajali, and H. Hassanpour. 2016. Antioxidant supplementation of low-protein
diets reduced susceptibility to pulmonary hypertension in broiler chickens raised at high

altitude. J. Anim. Physiol. Anim. Nutr. (Berl). 100:69-76.

173



Sharma, N. K., M. Choct, M. Toghyani, Y. C. S. M. Laurenson, C. K. Girish, and R. A. Swick.
2018. Dietary energy, digestible lysine, and available phosphorus levels affect growth
performance, carcass traits, and amino acid digestibility of broilers. Poult. Sci. 97:1189—1198.

Sherwood, D. H. 1977. Modern broiler feeds and strains: What two decades of improvement have
done. Feedstuffs 49:70.

Sibbald, I. R. 1980. Metabolizable energy in poultry nutrition. Bioscience 30:736—741.

Siegel, P. B. 2014. Evolution of the modern broiler and feed efficiency. Annu. Rev. Anim. Biosci.
2:375-385.

Sims, E. A. H., E. Danforth, and E. S. Horton. 1973. Endocrine and metabolic effects of
experimental obesity in man. Recent Prog. Horm. Res. 29:457-496.

Sirathonpong, O., Y. Ruangpanit, O. Songserm, E. J. Koo, and S. Attamangkune. 2019.
Determination of the optimum arginine: lysine ratio in broiler diets. Anim. Prod. Sci.
59:1705-1710.

Smith, E. R., and G. M. Pesti. 1998. Influence of broiler strain cross and dietary protein on the
performance of broilers. Poult. Sci. 77:276-281.

Smith, M. L., B. C. Prall, P. B. Siegel, and M. A. Cline. 2011. The threshold of insulin-induced
hypophagia is lower in chicks selected for low rather than high juvenile body weight. Behav.
Brain Res. 216:719-722.

Spratt, R. S., B. W. McBride, H. S. Bayley, and S. Leeson. 1990. Energy metabolism of broiler
breeder hens. 2. Contribution of tissues to total heat production in fed and fasted hens. Poult.
Sci. 69:1348—1356.

Srilatha, T., V. R. Reddy, V. C. Preetam, S. V. R. Rao, and Y. R. Reddy. 2018. Effect of different

levels of dietary crude protein on the growth performance and carcass characteristics of

174



commercial broilers at different phases of growth. Indian J. Anim. Res. 52:559-563.

Sterling, K. G., G. M. Pesti, and R. 1. Bakalli. 2006. Performance of different broiler genotypes
fed diets with varying levels of dietary crude protein and lysine. Poult. Sci. 85:1045-1054.

Stevens, L. 1991. Genetics and evolution of the domestic fowl. Cambridge University Press,
Cambridge, UK.

Su, G., P. Serensen, and S. C. Kestin. 1999. Meal feeding is more effective than early feed
restriction at reducing the prevalence of leg weakness in broiler chickens. Poult. Sci. 78:949—
955.

Summers, J. D., D. Spratt, and J. L. Atkinson. 1992. Broiler weight gain and carcass composition
when fed diets varying in amino acid balance, dietary energy, and protein level. Poult. Sci.
71:263-273.

Swennen, Q., E. Delezie, E. Decuypere, and J. Buyse. 2006. Diet-induced thermogenesis and feed
intake in poultry: broiler versus layer cockerels. Pages 10—14 in EPC 2006-12th European
Poultry Conference. Verona, Italy.

Swennen, Q., N. Everaert, M. Debonne, 1. Verbaeys, C. Careghi, K. Tona, G. P. J. Janssens, E.
Decuypere, V. Bruggeman, and J. Buyse. 2010. Effect of macronutrient ratio of the pre-starter
diet on broiler performance and intermediary metabolism. J. Anim. Physiol. Anim. Nutr.
(Berl). 94:375-384.

Szabo, J., E. Andrasofszky, T. Tuboly, A. Bersényi, A. Weisz, N. Hetényi, and 1. Hullar. 2014.
Effect of arginine or glutamine supplementation on production, organ weights, interferon
gamma, interleukin 6 and antibody titre of broilers. Acta Vet. Hung. 62:348-361.

Takahashi, K., and Y. Akiba. 2011. Effect of methionine supplementation on lipogenesis and

lipolysis in broiler chicks. Jpn. Poult. Sci. 32:99-106.

175



Tesseraud, S., E. Le Bihan-Duval, R. Peresson, J. Michel, and A. M. Chagneau. 1999. Response
of chick lines selected on carcass quality to dietary lysine supply: Live performance and
muscle development. Poult. Sci. 78:80—-84.

Tesseraud, S., N. Maaa, R. Peresson, and A. M. Chagneau. 1996a. Relative responses of protein
turnover in three different skeletal muscles to dietary lysine deficiency in chicks. Br. Poult.
Sci. 37:641-650.

Tesseraud, S., R. Peresson, J. Lopes, and A. M. Chagneau. 1996b. Dietary lysine deficiency greatly
affects muscle and liver protein turnover in growing chickens. Br. J. Nutr. 75:853—-865.
Tesseraud, S., S. Temim, E. Le Bihan-Duval, and A. M. Chagneau. 2001. Increased responsiveness
to dietary lysine deficiency of pectoralis major muscle protein turnover in broilers selected

on breast development. J. Anim. Sci. 79:927-933.

Tian, D. L., R.J. Guo, Y. M. Li, P. P. Chen, B. B. Zi, J. J. Wang, R. F. Liu, Y. N. Min, Z. P. Wang,
Z. Y. Niu, and F. Z. Liu. 2019. Effects of lysine deficiency or excess on growth and the
expression of lipid metabolism genes in slow-growing broilers. Poult. Sci. 98:2927-2932.

Urdaneta-Rincon, M., and S. Leeson. 2004. Muscle (pectoralis major) protein turnover in young
broiler chickens fed graded levels of lysine and crude protein. Poult. Sci. 83:1897-1903.

USDA. 2019. United States Department of Agriculture. Livestock and poultry: world markets and
trade. Off. Glob. Anal. Available at
https://apps.fas.usda.gov/psdonline/circulars/livestock poultry.pdf (verified 9 April 2019).

Valencia, M. E., P. M. Maiorino, and B. L. Reid. 1980. Energy utilization by laying hens. IL
Energetic efficiency and added tallow at 18.3 and 35 C. Poult. Sci. 59:2071-2076.

Vieira, S. L., A. Lemme, D. B. Goldenberg, and I. Brugalli. 2004. Responses of growing broilers

to diets with increased sulfur amino acids to lysine ratios at two dietary protein levels. Poult.

176



Sci. 83:1307-1313.

Van der Klis, J. D., and A. J. M. Jansman. 2019. Net energy in poultry: Its merits and limits. J.
Appl. Poult. Res. 28:499-505.

Van Eerden, E., H. Van Den Brand, G. De Vries Reilingh, H. K. Parmentier, M. C. M. De Jong,
and B. Kemp. 2004. Residual feed intake and its effect on Salmonella enteritidis infection in
growing layer hens. Poult. Sci. 83:1904-1910.

Van Harn, J., M. A. Dijkslag, and M. M. Van Krimpen. 2019. Effect of low protein diets
supplemented with free amino acids on growth performance, slaughter yield, litter quality,
and footpad lesions of male broilers. Poult. Sci. 98:4868-4877.

Van Krimpen, M. M., and 1. C. De Jong. 2014. Impact of nutrition on welfare aspects of broiler
breeder flocks. Worlds. Poult. Sci. J. 70:139-150.

Wang, Z., J. D. Nkrumah, C. Li, J. a Basarab, L. a Goonewardene, E. K. Okine, D. H. Crews, and
S. S. Moore. 2006. Test duration for growth, feed intake, and feed efficiency in beef cattle
using the GrowSafe System. J. Anim. Sci. 84:2289-98.

Webster, J. 2007. Animal Welfare: Limping towards Eden: a practical approach to redressing the
problem of our dominion over the animals. John Wiley & Sons.

Wei, Z., P. Li, S. Huang, P. Lkhagvagarav, M. Zhu, C. Liang, and C. Jia. 2019. Identification of
key genes and molecular mechanisms associated with low egg production of broiler breeder
hens in ad libitum. BMC Genomics 20:1-10.

Wen, C., X. Y. Jiang, L. R. Ding, T. Wang, and Y. M. Zhou. 2017. Effects of dietary methionine
on growth performance, meat quality and oxidative status of breast muscle in fast- and slow-
growing broilers. Poult. Sci. 96:1707-1714.

West, B., and B.-X. Zhou. 1989. Did chickens go north? New evidence for domestication. World’s

177



Poult. J. 45:205-218.

Whitehead, C. 2002. Nutrition and poultry welfare. Worlds. Poult. Sci. J. 58:349-356.

Wideman, R. F. 2001. Pathophysiology of heart/lung disorders: pulmonary hypertension syndrome
in broiler chickens. Worlds. Poult. Sci. J. 57:289-307.

Wideman, R. F., D. D. Rhoads, G. F. Erf, and N. B. Anthony. 2013. Pulmonary arterial
hypertension (ascites syndrome) in broilers: A review. Poult. Sci. 92:64-83.

Willems, O. W., S. P. Miller, and B. J. Wood. 2018. Aspects of selection for feed efficiency in
meat producing poultry. Worlds. Poult. Sci. J. 69:77-88.

Wiseman, J., N. T. Nicol, and G. Norton. 2000. Relationship between apparent metabolisable
(AME) values and in vivo/in vitro starch digestibility of wheat for broilers. Worlds. Poult.
Sci. J. 56:305-318.

Wu, B., H. Cui, X. Peng, J. Fang, W. Cui, and X. Liu. 2012. Effect of methionine deficiency on
the thymus and the subsets and proliferation of peripheral blood T-cell, and serum IL-2
contents in broilers. J. Integr. Agric. 11:1009-1019.

Wu, G. 2013. Functional amino acids in nutrition and health. Amino Acids 45:407—411.

Wu, G. 2014. Dietary requirements of synthesizable amino acids by animals: A paradigm shift in
protein nutrition. J. Anim. Sci. Biotechnol. 5:1-12.

Wu, L. Y., Y. J. Fang, and X. Y. Guo. 2011. Dietary L-arginine supplementation beneficially
regulates body fat deposition of meat-type ducks. Br. Poult. Sci. 52:221-226.

Wu, S. B, R. A. Swick, J. Noblet, N. Rodgers, D. Cadogan, and M. Choct. 2019. Net energy
prediction and energy efficiency of feed for broiler chickens. Poult. Sci. 98:1222—-1234.

Wu, Y., V. Ravindran, D. Thomas, M. Birtles, and W. Hendriks. 2004. Influence of method of

whole wheat inclusion and xylanase supplementation on the performance, apparent

178



metabolisable energy, digestive tract measurements and gut morphology of broilers. Br.
Poult. Sci. 45:385-394.

Xu, P., P. B. Siegel, and D. M. Denbow. 2011. Genetic selection for body weight in chickens has
altered responses of the brain’s AMPK system to food intake regulation effect of ghrelin, but
not obestatin. Behav. Brain Res. 221:216-226.

Yao, J. H.,, S. Q. Li, L. L. Zhong, S. X. Huang, W. J. Zhang, and H. B. Xi. 2006. The relative
effectiveness of liquid methionine hydroxy analogue compared to DL-methionine in broilers.
Asian-Australasian J. Anim. Sci. 19:1026-1032.

Yu, M. W, F. E. Robinson, and R. J. Etches. 1992. Effect of feed allowance during rearing and
breeding on female broiler breeders. 3. Ovarian steroidogenesis. Poult. Sci. 71:1762-1767.

Zaefarian, F., M. R. Abdollahi, A. Cowieson, and V. Ravindran. 2019. Avian liver: The forgotten
organ. Animals 9:1-23.

Zampiga, M., L. Laghi, M. Petracci, C. Zhu, A. Meluzzi, S. Dridi, and F. Sirri. 2018. Effect of
dietary arginine to lysine ratios on productive performance, meat quality, plasma and muscle
metabolomics profile in fast-growing broiler chickens. J. Anim. Sci. Biotechnol. 9:1-14.

Zampiga, M., F. Soglia, M. Petracci, A. Meluzzi, and F. Sirri. 2019. Effect of different arginine-
to-lysine ratios in broiler chicken diets on the occurrence of breast myopathies and meat
quality attributes. Poult. Sci. 98:2691-2697.

Zhan, X. A., J. X. Li, Z. R. Xu, and R. Q. Zhao. 2006. Effects of methionine and betaine
supplementation on growth performance, carcase composition and metabolism of lipids in
male broilers. Br. Poult. Sci. 47:576-580.

Zhang, Y., Y. Xu, W. Fan, Z. Zhou, Z. Zhang, and S. Hou. 2019. Relationship between residual

feed intake and production traits in a population of F2 ducks. J. Poult. Sci. 56:27-31.

179



Zoons, J., J. Buyse, and E. Decuypere. 1991. Mathematical models in broiler raising. Worlds.
Poult. Sci. J. 47:243-255.

Zubair, A. K., and S. Leeson. 1994. Effect of early feed restriction and realimentation on heat
production and changes in sizes of digestive organs of male broilers. Poult. Sci. 73:529-538.

Zuidhof, M. J. 2005. Mathematical characterization of broiler carcass yield dynamics. Poult. Sci.
84:1108-1122.

Zuidhof, M. J., M. V. Fedorak, C. A. Ouellette, and 1. I. Wenger. 2017. Precision feeding:
Innovative management of broiler breeder feed intake and flock uniformity. Poult. Sci.
96:2254-2263.

Zuidhof, M. J., B. L. Schneider, V. L. Carney, D. R. Korver, and F. E. Robinson. 2014. Growth,
efficiency, and yield of commercial broilers from 1957, 1978, and 2005. Poult. Sci. 93:2970—

2982.

180



Appendix A.

Allometric growth pairwise comparison supplementary data.
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Figure A.1. Total breast meat (g), in relation to live BW. Data are from female and male broilers of 2 strain crosses a
European (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen
in the Corn Experiment on a corn-based diet. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW =
a + BW" + £ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients deter-
mined utilizing least squares approximation and € is the random variation not accounted for by the model. Data were
analyzed using the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares
comparison and F-test utilizing expected values from the non-linear model. Curves were separated using pairwise

comparisons. P - value signifies the probability that the two non-linear curves are the same. P < 0.001
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Figure A.2. Total breast meat (g), in relation to live BW. Data are from DBP90 and DBP100 broilers of 2 strain

crosses a European (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from
Aviagen in the Corn Experiment on a corn-based diet. The DBP100 protein diet was formulated at 100% of Aviagen’s
recommendations (Aviagen, 2007) for the first 7 limiting amino acids on a digestible basis. The DBP90 protein diet
was formulated with digestible lysine at 90% of Aviagen recommendations, with the first 7 limiting amino acids held
at an ideal digestible lysine: AA ratio. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW =
a + BW? + £ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients deter-
mined utilizing least squares approximation and € is the random variation not accounted for by the model. Data were
analyzed using the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares
comparison and F-test utilizing expected values from the non-linear model. Curves were separated using pairwise

comparisons. P - value signifies the probability that the two non-linear curves are the same. P < 0.001
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Figure A.3. Total abdominal fat pad (including gizzard and proventriculus fat) weight (g), in relation to live BW.
Data are from female and males of 2 strain crosses a European (EU) male-line or a North American (NA) male-line
crossed with a Ross 708 maternal line from Aviagen in the Corn Experiment on a corn-based diet. Data were fit to the
Huxley’s allometric function (Huxley, 1932): PW = a + BW? + £ Where PW was: weight of the carcass part (g),
BW is whole BW (kg), a and b were coefficients determined utilizing least squares approximation and € is the random
variation not accounted for by the model. Data were analyzed using the NLIN procedure of SAS. The allometric curve
coefficients were compared using a least squares comparison and F-test utilizing expected values from the non-linear
model. Curves were separated using pairwise comparisons. P - value signifies the probability that the two non-linear

curves are the same. P < 0.001
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Figure A.4. Total abdominal fat pad (including gizzard and proventriculus fat) weight (g), in relation to live BW.
Data are from DBP90 and DBP100 of 2 strain crosses a European (EU) male-line or a North American (NA) male-
line crossed with a Ross 708 maternal line from Aviagen in the Corn Experiment on a corn-based diet. The DBP100
protein diet was formulated at 100% of Aviagen’s recommendations (Aviagen, 2007) for the first 7 limiting amino
acids on a digestible basis. The DBP90 protein diet was formulated with digestible lysine at 90% of Aviagen recom-
mendations, with the first 7 limiting amino acids held at an ideal digestible lysine: AA ratio. Data were fit to the
Huxley’s allometric function (Huxley, 1932): PW = a + BW" + £ Where PW was: weight of the carcass part (g),
BW is whole BW (kg), @ and b were coefficients determined utilizing least squares approximation and € is the random
variation not accounted for by the model. Data were analyzed using the NLIN procedure of SAS. The allometric curve
coefficients were compared using a least squares comparison and F-test utilizing expected values from the non-linear
model. Curves were separated using pairwise comparisons. P - value signifies the probability that the two non-linear

curves are the same. P < 0.001
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Figure A.5. Drum + thigh weight (g), in relation to live BW. Data are from females and males of 2 strain crosses a
European (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen
in the Corn Experiment on a corn-based diet. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW =
a + BW" + £ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients deter-
mined utilizing least squares approximation and € is the random variation not accounted for by the model. Data were
analyzed using the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares
comparison and F-test utilizing expected values from the non-linear model. Curves were separated using pairwise

comparisons. P - value signifies the probability that the two non-linear curves are the same. P < 0.001
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Figure A.6. Total abdominal fat pad (including gizzard and proventriculus fat) weight (g), in relation to live BW.
Data are from NA x 708 and EU x 708 of 2 strain crosses a European (EU) male-line or a North American (NA) male-
line crossed with a Ross 708 maternal line from Aviagen in the Wheat Experiment on a wheat-based diet. Data were
fit to the Huxley’s allometric function (Huxley, 1932): PW = a + BW? + £ Where PI¥ was: weight of the carcass
part (g), BW is whole BW (kg), a and b were coefficients determined utilizing least squares approximation and € is
the random variation not accounted for by the model. Data were analyzed using the NLIN procedure of SAS. The
allometric curve coefficients were compared using a least squares comparison and F-test utilizing expected values

from the non-linear model. Curves were separated using pairwise comparisons. P - value signifies the probability that

the two non-linear curves are the same. P < 0.001
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Figure A.7. Drum + thigh weight (g), in relation to live BW. Data are from NA x 708 and EU x 708 of 2 strain crosses
a European (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen
in the Wheat Experiment on a wheat-based diet. Data were fit to the Huxley’s allometric function (Huxley,
1932): PW = a + BW"” + £ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were
coefficients determined utilizing least squares approximation and € is the random variation not accounted for by the
model. Data were analyzed using the NLIN procedure of SAS. The allometric curve coefficients were compared using
a least squares comparison and F-test utilizing expected values from the non-linear model. Curves were separated

using pairwise comparisons. P - value signifies the probability that the two non-linear curves are the same. P < 0.001
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DBP90 vs. DBP100
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Figure A.8. Drum + thigh weight (g), in relation to live BW. Data are from DBP90 and DBP100 of 2 strain crosses a
European (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen
in the Wheat Experiment on a wheat-based diet. The DBP100 protein diet was formulated at 100% of Aviagen’s
recommendations (Aviagen, 2007) for the first 7 limiting amino acids on a digestible basis. The DBP90 protein diet
was formulated with digestible lysine at 90% of Aviagen recommendations, with the first 7 limiting amino acids held
at an ideal digestible lysine: AA ratio. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW =
a + BW" + £ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients deter-
mined utilizing least squares approximation and € is the random variation not accounted for by the model. Data were
analyzed using the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares
comparison and F-test utilizing expected values from the non-linear model. Curves were separated using pairwise

comparisons. P - value signifies the probability that the two non-linear curves are the same. P =0.010
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Figure A.9. Heart weight (g), in relation to live BW. Data are from females and males of 2 strain crosses a European
(EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen in the Corn
Experiment on a corn-based diet. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW =
a + BW? + £ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients deter-
mined utilizing least squares approximation and € is the random variation not accounted for by the model. Data were
analyzed using the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares
comparison and F-test utilizing expected values from the non-linear model. Curves were separated using pairwise

comparisons. P - value signifies the probability that the two non-linear curves are the same. P < 0.001
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Figure A.10. Heart weight (g), in relation to live BW. Data are from DBP90 and DBP100 of 2 strain crosses a Euro-
pean (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen in the
Corn Experiment on a corn-based diet. The DBP100 protein diet was formulated at 100% of Aviagen’s recommenda-
tions (Aviagen, 2007) for the first 7 limiting amino acids on a digestible basis. The DBP90 protein diet was formulated
with digestible lysine at 90% of Aviagen recommendations, with the first 7 limiting amino acids held at an ideal
digestible lysine: AA ratio. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW = a + BW? +
€ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients determined utilizing
least squares approximation and € is the random variation not accounted for by the model. Data were analyzed using
the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares comparison and
F-test utilizing expected values from the non-linear model. Curves were separated using pairwise comparisons. P -

value signifies the probability that the two non-linear curves are the same. P = 0.002
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Figure A.11. Liver weight (g), in relation to live BW. Data are from DBP90 and DBP100 of 2 strain crosses a Euro-
pean (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen in the
Corn Experiment on a corn-based diet. The DBP100 protein diet was formulated at 100% of Aviagen’s recommenda-
tions (Aviagen, 2007) for the first 7 limiting amino acids on a digestible basis. The DBP90 protein diet was formulated
with digestible lysine at 90% of Aviagen recommendations, with the first 7 limiting amino acids held at an ideal
digestible lysine: AA ratio. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW = a + BW? +
€ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients determined utilizing
least squares approximation and € is the random variation not accounted for by the model. Data were analyzed using
the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares comparison and
F-test utilizing expected values from the non-linear model. Curves were separated using pairwise comparisons. P -

value signifies the probability that the two non-linear curves are the same. P = 0.001
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Figure A.12. Heart weight (g), in relation to live BW. Data are from NA x 708 and EU x 708 of 2 strain crosses a
European (EU) male-line or a North American (NA) male-line crossed with a Ross 708 maternal line from Aviagen
in the Corn Experiment on a corn-based diet. Data were fit to the Huxley’s allometric function (Huxley, 1932): PW =
a + BW" + £ Where PW was: weight of the carcass part (g), BW is whole BW (kg), a and b were coefficients deter-
mined utilizing least squares approximation and € is the random variation not accounted for by the model. Data were
analyzed using the NLIN procedure of SAS. The allometric curve coefficients were compared using a least squares
comparison and F-test utilizing expected values from the non-linear model. Curves were separated using pairwise

comparisons. P - value signifies the probability that the two non-linear curves are the same. P = 0.007
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