
t8-u"

VARIATION IN THE DIGESTION OF'ENERGY

BY BROILER CHICKENS

Robert James Hughes

A thesis submitted for the degree of Doctor of Philosophy

By

Discipline of Animal Science

Faculty of the Sciences

The University of Adelaide

2l l'Iay,2003



Table of Contents

Tables...............

Figures

Abstract...

Declaration....

Dedication.....

Acknowledgments

Publications associated with the thesis..

Úrtroduction ..................

Factors influencing energy metabolism in chickens

.. vlll

.....x

...xv

.xvii

xviii

Abbreviations ..xxl

Chapter 1. Literature Review.........

..........,........ xx

1

1

aJ

4

7

8

1.1

t.2

1.2.1 Gut structure

1.2.2 Passage of digesta

I.2.3 Digestion and absorption ...............

1.2.4 Microflora

1.2.5 Barrier function....

I.2.6 Summary..

1.3 Properties of feed that affect energy metabolism in poultry..

Anti-nutritive prop erties o f non-starch po lys accharides (NSP) .. .

NSP in cereal grains........

NSP in legumes and oilseeds............'..

Exogenous enzymes for degrading NSP'.

Anti-nutritive properties of feed other than NSP

Mycotoxins......................

Tannins....

Protease inhibitors..

o-Amylase inhibitors.......

Urease......

Phyto-haemagglutinins ....

11

t4

15

1.3.1

t.3.2

1.3.3

r.3.4

1.3.s

l6

16

t7

18

T9

20

21

21,

22

23

23

23



Bioactive proteins, peptides and amino acids 24

I.4 Summary 25

Chapter 2. Influence of gut structure on digestion of energy by

broiler chickens .............26

2.1

2.2

General introduction........

Effects of gross structure of the gastrointestinal tract on AME of

commercial broiler feed..

2.2.I Introduction............

2.2.2 Materials and methods..

Birds, housing and management

AME measurement and collection of intestinal tissues

Serology

Statistics

2.2.3 Results......

2.2.4 Discussion

2.2.5 Conclusions...............

2.3 Effects of morphology of the small intestinal epithelium on AME of

commercial broiler feed...................

2.3.1 Introduction....

2.3.2 Materials and methods..

Birds, housing and management

Collection of intestinal tissue and histology.......

Serology

Statistics

2.3.3 Results............

2.3.4 Discussion

2.3.5 Conclusion

26

27

27

28

28

29

30

30

31

35

36

............36

............36

............37

37

38

38

.39

2.4

2.5

General discussion.

Conclusions.

39

43

44

44

44

l1



Chapter 3. Variable responses in digestion of energy from a

wheat-based diet are associated with sex and strain of

chicken and morphology of the small intestinal mucosa ......46

3.1

3.2

Introduction ...............

Material and methods ..........

3.2.3 Statistical analysis.....

Results

Discussion

Conclusions .............

from chickens ............

4.2.7 Introduction.............

4.2.2 Helmets for collecting breath samples from chickens

4.2.3 Development of methodology for the use of helmets

4.2.4 Froof of the concept of breath testing chickens

Introduction...............

46

47

47

49

50

55

57

3.2.1 Birds, housing and management

3.2.2 AME procedures, digesta collection and measurement of viscosity ..48

Chapter 4. Breath tests as non-invasive indicators of digestive

function of broiler chickens and metabolic activity of

gut microflora..... ............... ...........58

General introduction............... ....' 58

Development of equipment and methods for collecting breath samples

J.J

3.4

3.5

4.t

4.2

60

60

6l

6I

62

62

63

63

63

64

65

Materials and methods

Birds, housing and management........

Experimental procedures ..............

Results and discussion ............

Conclusion

4.3 Measurement of hydrogen and methane in breath samples from

chickens

4.3.1 Introduction...............

4.3.2 Materials and methods................

67

iii

Birds, housing and management



Experimental procedures..................

Hydrogen and methane in expired air from chickens

given a normal diet

Hydrogen and methane in expired air following ingestion

of lactulose

4.3.3 Results and discussion..

4.3.4 Conclusions..........

4.4 Development of breath tests based on hydrogen for measuring transit

time of digesta and metabolic activity of gut microflora in chickens

Introduction................

Materials and methods ...................,

Birds, housing and management

68

..68

68

69

7l

4.4.r

4.4.2

7l

7l

72

72

Sampling of breath......

4.4.3 Results and discussion.....

77

..........73

..........73

..........75

..........76

78

78

79

79

80

80

8l

84

4.4.4 Conclusions...

4.5 General discussion and conclusions...

Chapter 5. Effects of rate of passage of digesta on the digestion of

energy in chickens.......................... .............77

5.1 General introduction..........

5.2 Relationship between oro-caecal transit time and whole tract transit

time......

5.2.1

5.2.2

Introduction.........

Materials and methods ............

Birds, housing and management

Estimation of whole-tract transit time and oro-caecal transit

time

Sampling of breath........

Statistics.....

Results.............

Discussion.......

Conclusions.....

80

5.2.3

5.2.4

5.2.5 85

86

iv

5.3 Relationship between whole tract transit time and AME value of wheat



5.3.1

5.3.2

Introduction...............

Materials and methods ................

Birds, housing and management

Experimental diets and AME procedures

Estimation of whole-tract transit time......

86

87

87

87

88

88

89

9t

93

93

96

96

.97

.97

.98

100

102

.......102

.......102

103

Statistics .......

5.3.3 Results..............

5.3.4 Discussion........

5.3.5 Conclusions.............

5.4 General discussion and conclusions .............

Chapter 6. Influence of gut microflora on digestive function of

956.1

6.2

General introduction

Metabolic activity of gut microflora in male and female chickens of two

different strains given a diet based on low AME wheat.'.....

6.2.I Introduction.........

6.2.2 Materials and methods.............

6.2.3 Statistics...........

6.2.4 Results

6.2.5 Discussion.......

6.2.6 Conclusions.....

6.3 Effects of NSP-degrading en4lmes on AME of wheat and metabolic

activity of gut microflora

6.3.1 Introduction...............

6.3.2 Material and methods

6.3.3 Statistics...

6.3.4 Results

6.3.5 Discussion

6.3.6 Conclusions........

6.4 Effects of age of chicken and exogenous enzyrnes on AME and

metabolic activity of gut microflora of chickens given wheat and

104

t04

105

106

r07

v

barley diets ............



Úrtroduction...............

Materials and methods ...................,

Birds, housing and management

Experimental procedures..............

Statistics

6.4.3 Results

6.4.4 Discussion

6.4.5 Conclusions.......

6.5 Effects of antibiotics in the feed on the site of digestion of carbohydrate

from different types of grain.....

6.5.1 Introduction.....

6.5.2 Materials and methods...

Statistics....

6.5.3 Results............

6.5.4 Discussion

6.5.5 Conclusions........................

6.6 Synthesis of NSP-degrading enzymes by gut microflora in chickens

given wheat and barley diets

6.6.I Introduction.........

6.6.2 Materials and methods.....

Birds, housing and management

Experimental diets and AME measurement.............

Collection and measurement of digesta and excreta

Statistics

6.6.3 Results.

6.6.4 Discussion

6.6.5 Conclusions......................

6.7 General discussion and conclusions .............

6.4.t

6.4.2

Introduction ............

.......116

.......116

.......118

.......118

.......r23

.......r24

107

108

108

108

109

109

tL4

115

tt6

125

125

.....r25

.....125

.....126

.....t27

.....127

.....r27

.....130

..... 130

.....131

Chapter 7. General discussion and summary ...........133

7.1

7.2

133

134Influence of gut structure on digestion of energy by broiler chickens

vl



7.3 Variable responses in digestion of energy from a wheat-based diet are

associated with sex and strain of chicken and morphology of the small

intestinal mucosa.....

Breath tests as non-invasive indicators of digestive function of broiler

chickens and metabolic activity of gut microflora

Effects of rate of passage of digesta on the digestion of energy in

chickens

7.4

7.5

7.6

7.7

.. 135

135

136

136

t39

140

142

7.8

7.9

Influence of gut microflora on digestive function of broiler chickens......,

Key determinants of variation in the digestion of energy by broiler

chickens......

Summary and Conclusions.........

Recommendations ....

Appendices......... -....--------..146

Appendix 1. Descriptions of rearing pens ..-------...146

Appendix 2. Description of metabolism cages ---..147

Appendix 3. Catculation of dry matter digestibility' apparent

metabolisable energy (AME) and ileal digestible

energy (DE)....... ...148

Appendix 4. Helmet and fittings for collection of samples of

breath from chickens. 149

vil



Tables

Table 1

Table2

Table 3.

Table 4.

Table 6

TableT

Table 8

Table 9

Means, standard deviations (SD), numbers of observations,

coefficients of variation (CV) and ranges of values for dietary AME

and dry matter digestibility. ...... 31

Summary of significant main effects of rearing environment, diet and

sex. Means with the same letter within a main effect are not

significantly different (Þ0. 05)... .32

Summary of significant main effects of rearing environment, diet and

sex in the period 22 to 29 days of age. Means with the same letter

within a main effect are not significantly different (Þ0.05)... '......39

Means, standard deviations (SD), numbers of observations,

coefficients of variation (cv) and ranges of values for dietary AME

and dry matter digestibility of the commercial diet fed in the penod22

to 29 days ofage.

Table 5. Effects of rearing environment and diet on live weight (g/bird) at 18,

22 and29 days of age, and on feed intake (g/bird) and growth (g/bird)

in the period 22 to 29 days of age. Means with a common letter in the

same ro\ry are not significantly different (Þ0.05) according to pair-

wise /-tests.

Composition of the experimental diet.....

Summary of main effects in analysis of variance

Respiratory characteristics of poultry (Freeman 1984)

Partial pressure of carbon dioxide in air spaces and blood (Mclelland

and Molony 1983)

Table 10. Means, standard deviations (SD), coefficients of variation (CV) and

ranges of concentrations of hydrogen and methane in breath samples

from t2 chickens.

Table 11 Oro-caecal transit time (OCTT in minutes), whole tract transit time

(V/TTT in minutes), and the difference (TTDIFF in minutes) between

WTTT and OCTT in male and female chickens dosed with lactulose

(130 mg in 5 mL water) or not dosed after a 3 hour fast. ..'...'...

40

4T

48

50

62

..62

69

vlll



Table 12. Summary of the effects of diet and sex on the performance, AME, dry

matter digestibility and digesta transit time. ......... 89

Table 13. Means, standard deviations (SD), coefficients of variation (CV) and

ranges of concentrations of hydrogen in breath samples taken from

male and female chickens of two commercial strains on days 0 and 6

of the 7-day experiment.

Summary of main effects in analysis of variance

Effects of age and sex of chicken on initial live weight, and feed

intake and feed conversion ratio during theT-day experimental period......... 111

Table 16. Reduced model analysis of variance of data showing significance of

main effects of sex (S) and age (A) of chicken, tlpe of grain in the diet

(G) and dietary addition of enzyme (E), and interactions between age,

Table 17

Table 18

grain and enzyme.

Composition of the experimental basal diets.......'.

Reduced model analysis of variance of data showing significance of

main effects of type of grain in the diet (G), dietary addition of

antibiotics (A), sex of the chicken (S), and interactions between grain,

Table 14.

Table 15.

Table 19.

Table 20.

.98

105

.111

.tr7

antibiotics and sex.....

Composition of the basal diet

Analysis of variance of data showing significance of main effects of

sex of the chicken (S), and of type of grain in the diet (G)' and the

interaction between sex and grain...

119

t26

r28

lX



Figures

Figure 1. A schematic representation to demonstrate that the digestive capacity

of the chicken is an integration of bird-related and feed-related factors.

Adapted from Hughes (2001a)

Figure 2. Effects of cleanliness of the rearing environment and diet on live

weight of chickens at the end of the 7-day metabolism study (means +

SE; n : 24). Means with a coÍtmon letter are not significantly

different (Þ0.05)

Figure 3. Effects of sex of chicken on dry weights (in g/kg metabolic body

weight MBW) of gastrointestinal tract sections (means + SE; n : 48).

NS indicates not significant (Þ0.05).

Figure 4. Effects of cleanliness of the rearing environment and sex of chicken

on the adjusted dry weight (g/kg metabolic body weight) of the

jejunum (means + SE; n:24). Means with a coÍlmon letter are not

significantly different (Þ0.05). ..

J

JJ

33

40

42

34

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Effects of rearing environment and sex on AME of a wheat-based diet

(mean + SE; n : 24) in the period 18 to 22 days of age' Means with a

common letter are not significantly different (Þ0.05). .".'.........

Effects of cleanliness of the rearing environment on villus height (pm)

and crypt depth (¡rm) in duodenum, jejunum and ileum (mean + SE; n

: 48). NS indicates not significant (Þ0.05)..

Relationships between crypt depth in ileal mucosa and AME (!) and

DMD (i) values for a commercial finisher diet........'..

Variability in apparent metabolisable energy (AME) of a wheat diet

given to male and female chickens of two commercial strains. AME

values are sorted in ascending order within each combination of strain

42

and sex.

Figure 9. Lack of a relationship between AME and viscosity of ileal digesta

from chickens given a diet based on wheat with soluble NSP content

51

51rL.3 slkgDM.....

X



Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15

Figure 16.

Figure 17.

Figure 18.

Effects of strain and sex of chicken on villus height in the jejunal

mucosa (means + SE; n: I2). Means with a common letter are not

signifi cantly different (Þ0. 05). ..

Relationships between dietary AME and morphological features of the

small intestinal mucosa in chickens, as indicated by step-wise

regression analysis.

Relationships between dietary AME and morphological features of the

small intestinal mucosa, as indicated by increasing,R2 values in step-

wise regression analysis. The specific prediction equations are listed

in Figure 11. .....

Relationships between energy excreted and gtoss energy intake for

52

53

54

54male (n) and female (l) chickens.

Enrichment of 13COz in breath following ingestion of a gelatine

capsule containing 3.6-3.8 mg 13C-octanoic acid dissolved in

vegetable oil. Delta over baseline is the increase in the ratio of t'C to
r2C relative to the baseline ratio in each chicken prior to dosing. Each

of the four curves represents results from an individualchicken......................66

Enrichment of r3COz in breath following ingestion of cooked corn

kernel naturally enriched with l3c-starch. Each of the three curves

represents results from an individual chicken..

Breath hydrogen concentration (in ppm) in chickens red ad libitum and

then two days later from the same chickens fasted overnight

immediately before and 3 h after dosing with lactulose (130 mg in

5mL water).

Breath methane concentration (in ppm) in chickens fed ad libitum and

then two days later from the same chickens fasted overnight

immediately before and 3 h after dosing with lactulose (130 mg in

5mL water)

Effects of a priming dose of lactulose (130 mg in 5 mL water) on the

previous day on hydrogen concentration in breath after test dosing

with lactulose (130 mg in 5 mL water) (means t SD; n: 6)' The

numbers in italics show the SD for the primed birds expressed as a

74

66

70

7A

percentage of the SD for untreated birds....'.

XI



Figure 19

Figure 20

Figure 21

Effects of fasting prior to test dosing with lactulose (130 mg in 5 mL

water) on hydrogen concentration in breath (means + SD; n : 6). The

numbers in italics show the SD for the fasted birds expressed as a

percentage of the SD for non-fasted birds..'.'.... '-..'......'74

Breath hydrogen concentration (in ppm) in male chickens fasted for 3

h prior to test dosing with lactulose (130 mg in 5mL water) ..'....'-..75

Breath hydrogen concentration (in ppm) in male chickens (n : 6)

fasted for 3 h prior to test dosing with lactulose (130 mg in 5mL

water). The vertical arrows indicate whole tract transit time for ferric

oxide marker

Figwe22. Breath hydrogen concentration (in ppm) in female chickens (n : 5)

fasted for 3 h prior to test dosing with lactulose (130 mg in 5mL

water). The vertical arrows indicate whole tract transit time for ferric

oxide marker.

Figure 23. Concentrations of hydrogen in breath of male (n:6) and female

chickens (n:5) at various times after dosing with lactulose (means *

SE)

Figne24 Plots of values for AME of wheat and whole tract transit time (WTTT)

for individual chickens (n : 24). Males are represented by ! and

females by I. Data shown here are untransformed values for wTTT.

Similar statistical results were obtained for log 
" 

transformed WTTT. ....

Relationships between energy excreted and gross energy intake forFigure 25.

male (n) and female (l) chickens. ....

Fígwe26. Hydrogen and methane (x10) concentrations in breath samples taken

on day 6 from chickens given a low AME wheat diet for seven days.

Each bar in the figure is the result for one chicken.

Figure 27 . Change in methane concentration in breath from day 0 to day 6 tn

ohickens given a low AME wheat diet for seven days. Each bar in the

figure is the result for one chicken. Zero values indicate no change in

breath methane between days 0 and 6 (n:4 chickens) or no methane in

82

83

83

90

90

,'I
ùl

I

99

99

r

breath on days 0 and 6 (z:15)......

xu



Figure 28. Relationship between feed conversion ratio (FCR) and hydrogen

concentration in samples taken on day 6 from chickens given a low

AME wheat diet for a7-day feeding period. Each point in the figure is

the result for one chicken.....

Figxe 29. Effects of age of chicken, grain type and addition of enz¡rme to the diet

on AME of the grain (means t SE). Means with the same letter are

not significantly different (P>0. 05)........... .......

Figure 30. Effects of age of chicken, grain tlpe and dietary enzpe on feed intake

(means I SE). Means with the same letter are not significantly

different (Þ0.05).

Figure 31. Effects of age of chicken, grain type and dietary errrzpe on weight

gain (means + SE). Means with a coÍrmon letter are not significantly

different (Þ0.05).

Figure 32. Effects of grain type and addition of enzyrne to the diet on feed

conversion (means t SE). Means with a coÍlmon letter are not

significantly different (Þ0.05)..........

Figure 33. Effects of age of chicken, grain type and addition of enzyme to the diet

on hydrogen concentration in breath on day 6 (means + sE). Means

with a coÍrmon letter are not significantly different (Þ0.05). All

statistical analysis was done on log. transformed data...'..

Figure 34. Effects of grain and antibiotic on AME and ileal DE of the diets

100

rt2

.rtz

113

113

(means + SE)

Figure 35. Effects of grain and antibiotic on live weight gain (means + SE).

Figure 36. Effects of grain and antibiotic on feed conversion ratio (means + SE). .....'..

Figure 37. Effects of grain and antibiotic on change in hydrogen concentration in

breath from day 0 to day 6 of the 7-day metabolism study (means t

ll4

t20

t20

tzl

r21,

t22

.122

129

t
I

I

I

Figure 38. Effects of grain and sex of chicken feed conversion ratio (means a

SE)

Figure 39. Effects of grain and sex of chicken on AME and ileal DE of the diets

(means + SE)......

Figure 40. Association between AME (MJ/kg DM) of diet and change in

xl11

r

viscosity as digesta passed through the hindgut.."'



Figure 41. Concentrations of acetic acid and butyric acid in fresh excreta. Data

are sorted by acetic acid concentration rvithin each combination of

grain type and sex of chicken. Each bar represents results from one

chicken.

,i

,!

i
I

I
I

I

Figxe42. Experimental rearing pen 3600 mm long and 1800 mm wide split

cross-wise into three sub-sections..............

Figure 43. Single-bird cages with dimensions 26 cm in width, 40 cm in height

130

t46

t47

and36 cm in depth.

Figure 44. Multþle-bird cages with dimensions 60 cm in width, 38 cm in height

and 45 cm in depth.

.............t47

I

!.,

ilç
t

r
I

xlv



t
I

;

Abstract
Feed is the largest single cost factor (60%) in production of chicken meat with cost of

energy being a major consideration given that birds eat to satisfy an energy requirement.

The Australian chicken meat industry is highly dependent on supply of energy from cereals

such as wheat and barley that are known to vary widely in apparent metabolisable energy

(AME). In contrast, sorghum is a relatively consistent source of energy.

Diets for broiler chickens are comprised mainly of cereal grains, legumes and protein-rich

meals of plant and animal origin. The diets are formulated to provide essential nutrients

for maintenance and rapid growth of the flock as a whole. However, some dietary

ingredients may also have chemical and physical properties that can be detrimental to the

processes of ingestion, digestion, absorption, transport and utilisation of nutrients. Soluble

non-starch polysaccharides (NSP) in cereal grains such as wheat and barley can depress

digestion of energy by broiler chickens.

This thesis examined the general h¡,pothesis that the effects of soluble NSP in cereal grains

on gut structure and function, digesta transit time, and gut microflora differ substantially

between individual chickens within a flock, thus contributing to variation in the digestion

of energy by the flock as a whole. A major goal of the research was to determine what

characteristics of the gastrointestinal tract of broiler chickens were the key determinants of

digestion of energy. Twelve experiments v/ere conducted during this study. Breath tests

involving measurements of carbon dioxide, hydrogen and methane ìù/ere developed as non-

invasive indicators of digestive function, and were used in conjunction with conventional

methods for measuring energy digestion in commercial strains of chickens.

Sex of the chicken had a significant effect (P<0.05) on AME values obtained for a diet

based on wheat with a high soluble NSP content. Females were superior to males (14.6 vs

14.0 MJ/kg DM), but strain of chicken had no effect on AME. Villus height and crypt

depth in the intestinal epithelium were measured to determine if any relationships between

gut morphology and AME could explain why males and females differed. Males had

significantly greater ileal villus height than females (P<0.05). In one of the two strains of

chickens studied, villus heights in the duodenum and jejunum tended to be greater in males

than females (0.05<P<0.10). In the second strain of chicken, villus heights in the

duodenum and ileum were lower (P<0.05) than those in the first strain, with little

I
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differences observed between males and females. Crlpt depth was unaffected by strain or

by sex of the chickens. Thus, individual measurements of gut morphology were poor

indicators of AME. Furthermore, only 33To of the total variation in apparent metabolisable

energy (AME) could be accounted for by combinations of measurements of villus height

and cry1pt depth in the duodenal, jejunal and ileal sections of the small intestine. It was

concluded that other determinants of digestive capacity were collectively more important

than gut morphology.

Energy excretion by male chickens was observed to rise in an exponential manner relative

to energy intake, whereas the increase in females \ryas linear. It was reasoned that increased

energy excretion by males could be due to increased endogenous energy losses from the

distal part of the intestinal fiact, reduced production of volatile fatty acids (VFA) by

microbial fermentation in the caeca, or reduced absorption of VFA by caeca. These

possibilities pointed to the need for a closer examination of the role of gut microbiota on

the digestive function of chickens. It was also clear that further studies should differentiate

between digestion of energy in the small intestine (by measurement of ileal digestible

energy) and whole of tract digestion (by measurement of AME).

Ileal digestible energy (DE) values for wheat and barley were unaffected by sex of

chickens, whereas AME values were lower in male chickens compared with females.

These results suggested that the sex-specific effects of microbiota occurred mainly in the

hindgut. Furthermore, the influence of the gut microbiota on between-bird variation in

AME was partially dependent on the type of cereal grain used in the diet, as indicated by

the observation that the differential between males and females in expiration of hydrogen

and methane in the breath changed according to the tlpe of grain consumed. That is, the

metabolic activity of the gut microbiota was influenced both by the sex of the chicken and

by the properties of the diet.

The results of these studies provided evidence that microbial colonisation of the gut is a

key determinant of the digestive function of chickens. Further work is needed to determine

why microbial colonisation of the gut is variable and why it differs substantially between

male and female chickens. Then it may be possible to control the initial colonisation of

newly hatched chicks and to maintain a health-promoting profile throughout the life of

chickens in order to enhance efficient production, and product quality and safety.

xv1



Declaration

This work contains no material which has been accepted for the award of any other degree

or diploma in any university or other tertiary institution and, to the best of my knowledge

and belief, contains no material previously published or written by another person, except

where due reference has been made in the text.

I give consent to this copy of my thesis, when deposited in the University Library, being

available for loan and photocopytng'

Signature

R. J. Hughes

Discipline of Animal Science

The University of Adelaide

Adelaide, South Australia 5000

Australia

xvll



Dedication

This thesis is dedicated to the memory of the late Dr R.B. Cumming (formerþ of the

University of New England, Armidale, New South Wales, Australia) who inspired me to

ponder the differences between individual birds within the flock, and to explore the

consequeoççrof that va:iation through baqic and applied experimenls with chickens.

xvlll



Acknowledgments

This thesis summarises a number of experiments that I conducted at the Pig and Poultry

Production Institute on the Roseworthy Campus of Adelaide University, with financial

support from RIRDC Chicken Meat Program for Project SARl3A, GRDC Premium Grains

for Livestock Program, and SARDI.

My PhD studies would not have been possible without the inspiration, support and

guidance provided by my supervisors Dr David Tivey (Adelaide University), Dr Ross

Butler (Women's and Children's Hospital) and AÆrof Mingan Choct (University of New

England), and the generosity of my SARDI managers Mr Rob Lewis, Dr Don Plowman and

Dr Andy Pointon who gave me this opportunity. I will be forever grateful for your

collective wisdom and ability to see something in me that I never knew existed when I

embarked on this journey. I thank Dr Dean Revell, AÆrof John Brooker and Dr Wayne

Pitchford for additional help and guidance provided during my candidature.

I am most grateful to the many people from SARDI, PPPI, WCH, AU and UNE who

helped me with the experimental work. My special thanks go to Derek Schultz, Eveþ

Daniels, and Christine Adley for their dedication and enthusiasm. My thanks go also to

Natasha Penno and Marie Kozulic for providing specialised technical support.

To my close friends, A,/Prof Mingan Choct and Dr Robert van Barneveld, thanks for being

there whenever extra advice, guidance and encouragement were needed. Thanks also to Dr

Michael Bedford, formerly of Finnfeeds International (UK), for thought-provoking

discussions on the role of gut microflora on energy metabolism in chickens, and to Dr Ross

Krg, Massey University, New Zealand, for stimulating comments on sources of error

associated with measurement of apparent metabolisable energy.

Finally, I wish to thank my wife Sandra for her love, devotion and understanding during

my PhD candidature and throughout my career spanning 30 odd years in poultry research.

With the continuing support of you all, I would like to think that mybest is yet to come

"'If you are scared, don't do it: if you do it, don't be scared -- Old Mongolian proverb'

xlx



Publications associated with the thesis

Some of the work described in this thesis was presented at various meetings in Australia

and New Zealand and published in proceedings of conferences and scientific journals.

Carter, R.R. and Hughes, R.J. (2002). Age dependent responses of chickens to enzymes in

wheat and barley diets. Azslralian Poultry Science Symposium l4r l0l.
Hughes, R.J. (2000). Nutritional management of broilers - what awaits us? In

'Proceedings of the New Zealand Poultry Industry Conference, Palmerston North':

pp.103-1 15.

Hughes, R.J. (2001). Variation in the digestive capacity of the broiler chicken. Recent

Advances in Animal Nutrition in Australia 13,153-16l-

Hughes, R.J. (2003). Sex and the single chicken. Australian Poultry Science Symposium

t5,172-176.

Hughes, R.J. and Choct, M. (1999). Chemical and physical characteristics of grains that are

related to variability in energy and amino acid availability in poultry. Australian

Journal of Agricultural Research 50,689-701.

Hughes, R.J. and Choct, M. (2000). Factors influencing the energy content of cereal grains

in broiler diets. In 'Proceedings of the New Zealand Poultry Úedustry Conference,

Palmerston North' : pp.I34-I45.

Hughes, R.J., Choct, M. and van Barneveld, R.J. (2001). Factors influencing the energy

values of Australian cereal grains fed to broilers. Australian Poultry Science

Symposium 13' 30-38.

Hughes, R.J., Symonds, E.L., Tivey, D.R. and Butler, R.N. (2000). t'co, breath tests for

evaluating gastro-intestinal function in broiler chickens. Australian Poultry Science

Symposium 12,170-173.

Hughes, R.J., Tivey, D.R. and Butler, R.N. (2001). Hydrogen and methane breath tests for

assessing metabolic activity of gut flora in broiler chickens. Australian Poultry

Science Symposium 13, 168-171.

Hughes, R.J., Tivey, D.R. and Butler, R.N. (2002). Breath tests for estimating digesta

transit time in chickens. Australian Poultry Science Symposium 14, 108-111.

Hughes, R.J., Tivey, D.R. and Choct, M. (2000). Gastro-intestinal tract structure and

energy metabolism in broilers. Australian Poultry Science Symposium 12,166-169.

xx



Abbreviations
AME

ANOVA

AU

CE

CSIRO

CV

DE

DM

DMD

EE

EEL

FCR

GE

GEI

GIT

GLM

GRDC

LSMEANS

MOS

NSP

OCTT

PPPI

RIRDC

SARDI

SAS

SDiSE

TME

UNE

VFA

V/CH

V/TTT

apparent metabolisable energy

analysis of variance

Adelaide University

competitive exclusion

Commonwealth Scientific and Industrial Research Organisation

coefficient of variation

digestible energy

drymatter

dry matter digestibility

energy excreted

endogenous energy losses

feed conversion ratio

gross energy

gross energy intake

gastrointestinal tract

general linear model

Grains Research and Development Corporation

least squares means

maman oligosacharide

non-starch polysaccharide(s)

oro-caecal transit time for digesta

Pig and Poultry Production Institute

Rural Industries Research and Development Corporation

South Australian Research & Development Institute

Statistieal Analysis System@

standard deviation/standard error

true metabolisable energy

University of New England

volatile fatty acids

Women's and Children's Hospital

whole tract transit time for digesta

xxl



Chapter L. Litertture Review

1.1 Introduction

Feed is the largest single cost factor (60%) in production of chicken meat, with cost of

energy being a major consideration given that birds eat to satisff an energy requirement

(Miller 1974). Over- or under-estimation of other nutrient levels relative to energy results

in less efficient production, variable growth rate, and considerable wastage via excteta, all

of which lead to increased cost of production. Absolute and relative shortages of feedstuffs

for poultry can be expected in the near future if curent trends in usage of grain for

livestock continue in Australia (Meyers Strategy Group 1995). During periods of shortage

or high costs, it is likely that lower value grains and by-products with higher levels of anti-

nutritive components will be used. V/ider variations in flock performance and dressed

carcass weight and composition can be expected to follow.

Benefit/cost analyses of poultry research conducted in Australia (Black 1995) point to

highly significant returns on investment in nutrition research that leads to an increase in

efficient production of lean chicken meat. In Australia, annual cost savings in excess of

AUD$6M can be made for each 1olo improvement in feed conversion. Basic studies are

required to elucidate the modes of action of factors contributing to specific problems in

commercial flocks in order that these are diagnosed quickly and effectively. Also,

development of computer models for improving production and processing efficiency will

require highly specific information on fundamental aspects of nutrition and physiology of

broilers, particularly in the area of energy metabolism.

A fundamental mathematical assumption that must be made for least cost feed formulation

by linear programming methods is that nutritive values of feed ingredients are additive.

For example, the value assigned to apparent metabolisable energy (AME) for one

ingredient is assumed independent of the dietary inclusion rate of that ingredient and is not

influenced by the presence of any other ingredient or component of the diet (Miller t974).

Cost-effective use of feed ingredients for poultry requires detailed knowledge of the

nutrient composition of the ingredients and the likely effects of any anti-nutritive properties

of those ingredients.
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There is a rapidly growing body of evidence that this assumption of additivity of nutrient

values does not always hold true in commercial practice. A prime example is the effect of

soluble non-starch polysaccharides (NSP) on digesta viscosity, starch digestibility and

AME (Annison 1993a), and the ameliorating effect of exogenous glycanases (Choct et al.

l996a,b) that in the last decade have become a common component in broiler feeds

(Bedford and Morgan 1996). Small increments in dietary concentration of soluble NSP

such as arabinoxylan from wheat or B-glucan from barley can result in non-linear increases

in viscosity of digesta with a resulting loss of performance by interference with digestion

and absorption of nutrients (Annison 1993a).

The Australian chicken meat industry is highly dependent on supply of energy from wheat

and barley. Both cereals are known to vary widely in AME due to the presence of NSP

such as arabinoxylan and B-glucan (Hughes and Choct 1999). Surveys by lli/ollah et al.

(1983) and Rogel et al. (1987) indicated ataîge of 10-16 MJ/kg in AME values for wheat.

Starch contents of wheats ranged from 588-719 g/kg dry matter (Mollah et al. 1983) and

504 to 596 glkg (as fed basis) (Rogel et al. 1987). When low-AME wheats were fed to

chickens, considerable amount of starch was detected in the excreta, indicating incomplete

starch digestion in the small intestine. Because starch constitutes up to 70o/o of the total

energy of wheats, variation in its contents may be reflected in the AME values. The ileal

digestibility for starch, but not the starch content of the grain, was highly correlated

(R2:0.886) with the AME (Mollah et al. 1983; Rogel et al. 1987). The physical structure

of the grain and the chemical properties of the starch granules were also excluded as

causative factors for the low-AME wheat phenomenon because AME was unaffected by

grain hardness, and starch isolated from low-AME wheat \t/as completely digested by

chicken pancreatic amylase (Rogel et al. 1987). Age of the birds significantly affected the

starch digestibility of wheats. The ileal digestibility of starch ranged from 21.9 to 98.3o/o

when the chickens were 3 weeks of age, but it was highly digestible and much less variable

when the chickens were 6 weeks of age (Rogel et al. 1987). This indicated that starch per

se is not afactor in the low-AME wheat phenomenon (Choct et al.1999).

Recent studies by R.J. Hughes et al. (unpublished data) on probable causes of intestinal

dysfunction in commercial flocks point strongly to a highly significant bird component to

the problem. These observations led to the development of the hypothesis that wide

between-bird variation in gut function persists in commercial strains of broiler chickens

2



despite heavy selection for economically important traits such as lean tissue growth and

feed efficienc¡ and despite usage of feed enzymes in broiler diets. To date, the importance

of bird-related factors in resolution of nutritional problems in commercial practice has

received relatively little attention.

In the following sections of this review, I discuss (1) the digestive physiology of chickens,

with particular reference to energy metabolism, and (2) those properties of feed ingredients

that affect gastro-intestinal function.

1.2 Factors influencing energy metabolism in chickens

Tivey and Butler (1999) described the digestive capacity of an animal as the integration of

residence time of digesta, enzpe secretion, absorptive mechanisms, microbial activity,

surface area, aîd barrier function. This concept of digestive capacity in relation to the

individual chicken was developed as a framework for investigation of the dynamic

relationships between bird-related and feed related factors which can interact to influence

energy metabolism in chickens (Figure 1).

Digestive capacity of an individual chicken

Figure 1. A schematic representation to demonstrate that the digestive oapacity of the

chicken is an integration of bird-related and feed-related factors. Adapted from

Hughes (200Ia).
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The particular example shown in Figure 1 represents anti-nutritive effects of soluble NSP

(feed-related factor) acting on all bird-related factors. It also shows a cascading effect of

metabolic activity of microflora on three other bird-related factors, as well as an effect of

changed rate of passage (due to increased viscosity associated with soluble NSP) on

microbial proliferation in the small intestine (Choct et al. l996a,b). Besides NSP, other

components of the feed can interact with bird-related factors to influence digestive

capacity.

The importance of each of these major determinants of digestion and assimilation of

nutrients (as described by Tivey and Butler 1999 in relation to the Kyberplus system for

diagnosis of gastrointestinal diseases) is discussed in the following sections of this review,

as well as the known interactions between the determinants, as outlined in Figure l.

1.2.1 Gut structure

Net utilisation of energy by the chicken will be influenced by requirements of the gut for

growth and maintenance (Choct l9g9), and by its overall gut surface area. The latter will

be determined by gross morphological features such as length and cross-sectional area of

the duodenal, jejunal and ileal segments, and by finer morphological features such as villus

height and surfac e aÍea of the epithelium in each of those segments (Jin et al' 1998; Iji

reee).

The embryonic development of the gastro-intestinal tract of the chicken was reviewed by

IJni et al. (1996) and Kannan et al. (1993). Vieira and Moran (1999) noted that while the

gastro-intestinal tract was structurally complete at hatching the lengthening of the villi and

associated enzymic activity took up to two weeks to reach a mature stage' Iji et al' (2001)

confirmed these findings and added that the rates of development in gross size and

epithelial function \Mere more rapid in the duodenum than in lower regions of the small

intestine, particularly in the 7-day post hatch period.

IJni et al. (1995; 1996) reported significant differences in morphology and functionality of

the small intestine in two strains of broiler chickens on hatching. The differences in villus

volume and enterocyte density had disappeared within 14 days of hatch by which time the

chickens had acquired similar rates of digestion of starch. Presumably then, variations in

energy uptake in chickens from 22 to 29 days of age as reported by Hughes and Choct
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(1997) were not due to delayed or variable rate of development of the gastro-intestinal

tract, which could otherwise influence digestive function (Iji 1998).

Baranyiova and Holman (1976) concluded that the availability of food soon after hatching

stimulated the growth of the small intestine, in particular, the absorptive surface area. On

the other hand, they noted that starvation for up to 5-days post-hatch resulted in no changes

to villus height or diameter during this period. Yamauchi et al. (1990) conducted a

comparative study of the small intestinal segments of male White Leghorn (egg-t¡pe

strain), broiler chicken, Pekin duck and wild duck. Their measurements of gross

morphology included weight, length and cross-sectional area of the duodenum, jejunum

and ileum, all adjusted for body weight. They concluded that a larger intestinal surface

area was closely associated with the faster growth rate in heavier type of birds and that

within each t¡1pe of fowl, body weight of domestic fowls increased with an increase in

surface area.

Clarke (1967) noted earlier that post-embryonic growth in the epithelial surface area of the

duodenum occurred through increase in the size of villi but that the number remained

constant for the entire life of the fowl. On the other hand, the duodenal crypts increased

greatly in number and depth but changed little in diameter (Clarke 1967). Forrester (1972)

and Clarke (1972) demonstrated that the number of villi in the intestine of the rat also

appeared to be constant. On the basis of these findings, V/right and Alison (1984)

concluded that the villus '\¡/as a fixed unit of mucosal architecture and that any adaptive

changes were mediated through variation in the size of villi, and not by variation in the

numbers andl or epithelial function.

Ferer et at. (1995) used transmission electron microscopy to measure the length, diameter

and density of microvilli and cell apical diameter in tip-villous enterocytes in newly

hatched chickens, and at two and six weeks thereafter. They suggested that microvillus

length and density best explained the changes observed in apical surface occurring during

development

Smits (1996) used carboxymethylcelluloses (CMC) with low and high viscosity to study

the physiological effects of soluble NSP on the morphology of the intestinal epithelium of

broiler ehickens. In one experiment, high viscosity CMC given to chickens from 21 to 35

days of age (a) reduced growth rate, feed efficiency, and faecal digestibility of fat,
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(b) raised the viscosity of digesta and the ATP concentration (an indication of bacterial

proliferation) in the upper and lower sections of the small intestine, and (c) caused an

increase in weight and length of the total intestinal tract. In a separate experiment with

younger chickens (7 to 18 days of age),fat digestibilitywas depressed, and jejunal villus

height and number of goblet cells per unit length of villus were raised. There were no

effects on proliferation rate of enterocytes in the jejunum or ileum, cr51pt depth, villus to

crypt ratio or composition of mucin. Smits (1996) concluded that the anti-nutritive effect

of soluble NSP was not primarily associated with mucosal damage, although an increased

goblet cell population may tend to indicate otherwise, as might an increase in mucus,

which was not measured. However, fat digestibility was more severely affected in the first

experiment (34 versus 64%) than the second (68 versus 76yo), despite the chickens being

older, and there were no direct or indirect measures of bacterial activity reported for the

second experiment to indicate the relative size of the microflora population. Hence, it

remains possible that a heavy bacterial overgrowth of small intestinal digesta (such as that

reported by Choct et al. 1996ø) could have a detrimental effect on the epithelial structure

or function. Another point of concern is that Smits (1996) used female chickens only in

these two studies. The possibility that energy uptake is partially dependent on sex of the

chicken is discussed in later sections.

Finally, Silva and Smithard (1996) reported that exogenous enzymes in broiler diets

significantly reduced crypt cell proliferation rate. It would be worth determining whether

this effect occurred as a direct result of enz¡rmes attaching to the epithelial surface or was

an indirect effect resulting from reduced opportunity for bacterial overgrowth following

depolymerisation of NSP by enzymes. Either way, the mechanism(s) involved require

elucidation if this is a repeatable response to feed enzymes. It should be noted that in a

later study, Silva and Smithard (2002) observed no change in crypt cell proliferation rate in

the small intestine from male broiler chickens given a rye-based diet supplemented with a

commercial enzyme product with mainly xylanase activity and some protease activity.

However, they were able to detect the presence of exogenous enzyme in the small intestine,

and there was a reduction in digest viscosity associated with an improvement in growth.

In conclusion, dynamics of epithelial cell populations in the mammalian small intestine are

well studied (V/right and Alison l984a,b). Maintenance of a healtþ, functional

gastrointestinal mucosa requires a finely controlled balanoe between cell proliferation and
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apoptosis. Some bird- and feed-related factors (discussed in subsequent sections) may

disturb this balance.

1.2.2 Passage of digesta

Rate of gastric emptying of solids and liquids, and transit time in the small intestine are

known to influence the nutritional status of human subjects (Tivey and Butler 1999). It

follows that the extent of opportunities for contact between ingested food, digestive

enzymes and bile salts, and the time available for contact between digested particles and

absorptive surfaces will influence uptake of energy and other nutrients by chickens (van der

Klis and van Voorst 1993;Uni et al. 1995).

Duke (1986, 1992) reviewed the literature on gastric motility in avian species. In the latter

review, Duke (1992) concluded that while the characteristics of gastroduodenal motility

were well defined in turkeys, regulation of motility was not. He indicated that regulation

involved complex interrelationships between neural and hormonal activities in the

intestinal tract. The presence of digesta in the duodenum resulted in release of the

hormones, pancreatic peptide and cholecystokinin that acted to slow gastric emptying.

Moreover, passage of digesta was influenced by age and health of chicken, consistency and

hardness of the feed, dietary concentrations of fat, fibre and protein, antibiotics,

environmental temperature, and fasting and overeating (Duke 1986).

Clench and Mathias (1992) observed a reversal of the flow of digesta in response to fasting

in adult cockerels. They described the phenomenon as a rhythmic oscillating complex that

could be an adaptive mechanism for the return of undigested food in the caeca to the small

intestine during a period of inadequate food intake, in birds only. Godwin and Russell

(1,997) noted that the reverse peristalsis was highly effective in fasted birds but appeared to

have little effect in the fed animal. The reversal of flow of digesta could result in the entry

of uric acid, other potentially toxic waste products and harmful microorganisms into the

small intestine.

The reflux of uric acid could have a detrimental effect on gut epithelial function under

these circumstances. Langar et at. (1993) reported a reduction in villus height in the small

intestine with an associated decline in nutrient absorption in poultry given diets containing

I to l.l5To uric acid. On the other hand, reflux of volatile fatty acids with bacteriostatic
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action (Corrier et al. 1990) may be beneficial in inhibiting microbial proliferation in the

small intestine. Furthermore, Choct and Kocher (2000) reported that the caecal flora of the

broiler chicken produce some xylanase and p-glucanase activitities, which may be refluxed

into the small intestine where the action of these enzymes could add to variation in energy

digestion and absorption through the effects ofreduced digesta viscosity (as discussed in

more detail in section 1.3.4 below). Clearly, the nutritional implications of bacterial

enzqli";re activity in the gut warrant investigation.

The effects of the gut microflora are discussed further in sections 1.2.4 and 1.2.5 below)

1.2.3 Digestion and absorption

Capacity to digest and absorb carbohydrates develops during incubation, providing the

newly hatched chick with a relatively mature system for utilisation of starch, the main

carbohydrate in the diet of poultry, according to Moran (1985). On the other hand, the

capacityto utilise fatcantake 10 days or so to develop inbroilerchickens dueto alagin

lipase secretion by the pancreas (Jin et aI. 1998). They concluded that total digestive

eîzqe activity tended to increase during the early post-hatch period because of rapid

increase in the weight of the pancreas and intestines. Similarly, Jin et al. (1998) noted that

utilisation of some NSP, oligosaccharides and protein was less efficient during this early

period than later in the life of chickens and turkeys.

IJni et at. (1995) reported differences in ability to digest starch in the period 0 to 4 days

post-hatch between two strains of broiler chicken. However, by day 14, starch digestion

was greater than 90o/o in both strains, which compares favourably with that seen in broiler

chickens 28-days ofage (Choct et al. 1995;1996a) and 35-days ofage (Choct et al. 1999).

These changes are consistent with those noted by Vieira and Moran (1999) who concluded

that the full capacity of the small intestine to retrieve nutrients took up to two weeks to

develop. They attributed this in part to the initial orientation of enterocytes towards

luminal absorption of immunoglobulin from the remaining contents of the yolk sac, rather

than towards nutrient retrieval. IJni et al. (1996) earlier concluded that nutrient supply

from the yolk was less crucial than alack of feed in the first 36 hours post-hatching, which

subsequently delayed normal intestinal development for several days.



Vasquez et al. (1997) examined the age-related changes in density of Na-dependent D-

glucose transporter in jejunal brush-border membrane vesicles of chickens. Transporter

site density was highest at one week then declined in the second week and remained

constant thereafter. They concluded that changes in the density of Na+-dependent D-

glucose transporter as well as in lipid content and fluidity were involved in the age-related

changes observed in D-glucose uptake.

IJni et at. (1995) studied changes in the structure and function of the duodenum, jejunum

and ileum in broilers from hatch to 14 days of age. They noted that development of the

small intestine was rapid from day 2 after hatch but that the rates of development differed

between the segments of the small intestine. Villus volume in the duodenum reached a

plateau after 7 days but continued to increase in the jejunum and ileum. Indices of tissue

activity, ribosomal capacity, and cell size decreased with age, but at differing rates at the

three intestinal sites. Sucrase-maltase activity (expressed as micromoles of substrate

hydrolysed per g of intestinal tissue per hour) was low in the duodenum, and highest in the

jejunum and ileum at hatch. Maximum activity in the jejunum occurred two days post-

hatch then decreased. Density of the enterocytes changed little from 0 to 14 days post-

hatch.

As with the physical changes in gut structure observed in the two-week post-hatch period

(section 1.2.1 above), major biochemical changes in the development of the gut also seem

to have stabilised within a relatively short time after hatch. Nevertheless, it is possible that

the subtle differences in gut structure and function evident within groups of individual

chickens of the same strain are sufficient to effect the uptake of energy in the highly

variable manner observed by Hughes and Choct (1997).

Kocher (2001) used NMR spectrometry to demonstrate structural changes in soluble NSP

isolated from digesta in chickens given diets containing sorghum, lupins and commercial

snz)¡me products with xylanase, glucanase and pectinase activities. The enzynes did not

affect AME values or growth characteristics of the chickens, but did cause a reduction in

viscosity of the digesta that is otherwise thought to be associated with the anti-nutritive

properties of NSP (as discussed further in section 1.3.2). On the other hand, Iji (1998)

showed that addition of a coÍtmercial enzyme product with xylanase, glucanase and

pectinase activities to the diets failed to affect visceral organ weights, or morphometry of
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the jejunal and ileal mucosa. Iji (1993) also showed that the specific activity of maltase in

the jejunum was raised in chickens given wheat or barley supplemented with commercial

enzqe product, but was reduced in chickens given maize or sorghum with supplementary

enzymes. Activities of sucrase, aminopeptidase N and alkaline phosphatase were

unaffected by these exogenous enzymes.

This raises an interesting question as to whether degradation products from exogenous

enzyme activity can influence gene expression in mucosal tissue, or in the metabolic

activity of commensal bacteria, as suggested by the work of Choct and Kocher (2000)

mentioned in section 1.2.2 above. It also seems plausible that some of the variation in

AME remaining after treatment by exogenous enzymes to effectively eliminate the

deleterious effects of highly viscous digesta (section 1.3.2 below) could be the result of

small polyrner fragments attaching to the gut epithelium, thereby interfering with

absorption of nutrients.

The effect of the sex of the individual animal on its functional capacity to digest and absorb

nutrients has received little attention by researchers. Indeed, much of the recently acquired

knowledge about nutrient utilisation by commercial broiler chickens has been gained by

study of males only (Hughes 2001a). This is, perhaps, surprising given that the importance

of sex effect on energy metabolism was noted long ago by Guirguis (1975, 1976).

There are tantalising hints in the scientific literature that males and females differ in other

unexpected ways of a fundamental nature. Recent studies with chickens support the

hlpothesis that sex of the animal can influence digestive capacity through at least two

different mechanisms. Firstly, Iji et al. (2001) observed a greater in situ expression of o-

glucosidase in jejunal mucosa in female chickens compared with males, irrespective of

whether the diet contained a commercial enzyme product with xylanase, glucanase and

pectinase activities. Secondly, Yaghobfar (2001) observed that layer and meat strain

females utilised energy from maize more efficiently than males when fed dry mash, but the

reverse was true when feed was offered as wet mash. The difference was attributed to

significantly greater endogenous energy losses (EEL) in males. Other examples of sex-

related differences include the slower rate of growth in male piglets immediately after
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weaning reported by Dunshea et al. (1998), and the observation of Chicurel (2000) that sex

and environment can affect the expression of genes.

Finally, Hughes (2001b) noted that there were many observations of sex differences in

responsiveness to drugs such as scopolamine and caffeine. These could be accounted for

by differences between males and females in the extent of their ability to absorb, store,

metabolise and excrete them, rather than to differences in mechanisms at the cellular or

receptor level. He pointed out that there were examples of sex differences in a variety of

behavioural and physiological processes in rats and other animals. Female rats were able

to familiarise themselves with a novel environment more rapidly than males. This ability

appeared to be dependent more on visual than olfactory cues (Hughes and Beveridge 1990)

that Hughes (2001b) attributed to sex differences in organisation of the rat's visual cortex

as observed by Reid and Juraska (1995).

1.2.4 Microflora

Dietary factors which lead to increased activity of gut microflora can have detrimental

effects such as depressed starch digestion (Choct et al. 19964), reduced apparent protein

digestibility (Smits et at. 1997), and reduced availability of amino acids (Steenfeldt et al.

1995). On the other hand, endogenous enzymes produced by gut microflora may have

beneficial effects. For example, Choct and Kocher (2000) detected xylanase and B-

glucanase activities of gut microbial origin in caecal contents but not in ileal digesta from

chickens given a low-ME wheat diet. If these observations are indicative of changes in the

profiles of bacterial populations in these chickens then it follows that vanation in

production of microbial enzymes could contribute to the variability in energy uptake by

birds through three different mechanisms. These involve the effects of digesta viscosity on

digestion and absorption of nutrients (Smits et al. 1997; V/illiams 1995), use of nutrients

from digesta to support microbial proliferation (Bedford and Apajalahti 2001), and effects

on gut motility and rate of passage of digesta through the gut (Tivey and Butler 1999).

Klasing (1996) described the homeorhetic responses that take place when a chicken is

faced with a bacterial challenge. These include decreased appetite, the partitioning of

dietary nutrients away from growth, skeletal muscle accretion in favour of metabolic

processes that support the immune response and disease resistance, and alteration of
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nutrient requirements during and after the infectious challenge. During the challenge, the

requirements for amino acids and most trace minerals are decreased whereas these are

increased later to repair damaged tissue and to accelerate growth. Klasing (1996)

recoÍtmended an increase in dietary carbohydrate to compensate for the decrease in

appetite in order to assist the recovery and lift the performance of immune-stressed

animals.

Abrams et al. (1963) concluded that the gut microflora reduced the lifespan of ileal

epithelial cells in mice by accelerating the rate of loss of cells from the villi. They also

noted that the microbial flora exerted a profound influence upon cell population dynamics,

not only in the epithelium but also in the lamina propria and to the defensive functions of

the lymphoid tissue in the mucosa. Finally, Abrams et al. (1963) emphasised that during

its migration from the crypt to the tip of the villus, the epithelial cell underwent significant

changes to enzqe systems, chemical constituents, ultrastructural organisation, and

probably functional capacity. Recent studies have confirmed these findings in poultry fii
1998, 1999) and pigs (Kelly and King 2001).

Inclusion of an antibiotic in the diet of pigs can result in a reduction in the weight and a

change in the morphology of the small intestine (Parker and Armstrong 1987). These

changes included elongation of villi and a higher villus: crypt ratio, which was indicative of

a slower rate of enterocyte-cell migration from the crypt to the villus. It was suggested that

reduced microbial activity in digesta or microbial activity at the level of the brush border

would reduce both the damage to enterocytes and the need for cell renewal in the gut. On

the other hand, gut bacteri a may assist in the normal development of the gastrointestinal

tract, at least in pigs (Kelly and King 2001).

Osbome and Seidel (1989) induced increased mucosal DNA, RNA, and protein contents in

the distal ileum of rats by infusion of exogenous putrescine into the ileal lumen. They

noted that polyamines such as putrescine, spermidine, and spermine were implicated as

regulatory compounds in the growth of the intestinal mucosa during mucosal maturation

and in repair of damage to the intestinal mucosa. The results of Osborne and Seidel (1989)

are consistent with earlier reports that polyamines produced by fermentation by gut bacteria

could influence colonic mucosal structure in rats. One would expect that endogenous

polyamines could contribute to variation in nutrient digestibility in chickens, as would
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biogenic amines in poorly produced fish meals and other fermented protein meals (as

discussed in section 1.3.5).

V/illiams (1995) has pointed out that gut microflora can significantly influence metabolism

of avian gut tissue which in turn will affect absorption of amino acids. Protein

supplements with poor digestibility will undergo more microbial fermentation than highly

digestible material. For example, differences between ileal and faecal digestibilities in

intact compared with caecectomised cockerels were minor for cereals and oilseeds, but

were large for some animal meals. Nevertheless, relatively small differences between ileal

and faecal digestibilities in grains observed by Williams (1995) could become significantly

more important when comparing differences between different samples of grain.

Smits (1996) provided unequivocal evidence that the mechanism by which soluble NSP

depresses fat digestibility in chickens hinges on the reduction of bile salts following

bacterial overgrowth of the small intestine. He demonstrated that reduction in fat

digestibility was particularly severe in the case of animal fats that contained a high

proportion of long chain fatty acids as these are dependent on bile for absorption. It seems

likely that a reduction in absorption of fat soluble vitamins and withdrawal of other

essential nutrients by microbial proliferation would immediately compromise the growth

performance and feed efficiency of the animal, and lead to possible health problems

through general inflammation of the gut and invasion of tissue by pathogenic organisms.

The concept of competitive exclusion (CE), as proposed originally by Nurmi and Rantala

(1913), involves the establishment and maintenance of a normal population of gut

microflora to afford protection from colonisation by organisms pathogenic to chickens

(e.g., Salmonella spp.) or to humans (e.g., Campylobacter spp.)' or both. The topic of CE

has been reviewed extensively (Snoeyenbos et al. 1979; Stavric et al. 1987;Beery et al-

1988; Stern and Meinersmann 1989; Schoeni and Wong 1994 Cox and Chung 2000)' The

original concept of CE has widened to include non-living entities such as fructo- and

mannan-oligosaccharides. Iji and Tivey (1998) reviewed the role of oligosaccharides in the

regulation of gut microflora. They suggested that the regulatory mechanisms involving

oligosaccharides could include:-

a. Provision of alternative binding sites for pathogens, thus preventing invasion of

the gut tissue
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b. Direct stimulation of the blood immune system after erossing the intestinal

mucosal barrier

c. Preservation of the systemic immune system by blocking translocation of

pathogens

d. Fermentation of carbohydrates to produce short-chain volatile fatty acids with

bacteriostatic properties

e. Direct stimulation of the villus-crypt axis

f. Induction of intestinal microflora to produce glycolytic enzymes'

1.2.5 Barrier function

The gastrointestinal tract perfoÍns a selective barrier function between the tissue of the

host animal and its lumenal environment. On the one hand, the mucosa must allow

efficient transport of water and nutrients (section 1.2.3), but on the other, it must resist the

passage of potentially harmful microorganisms, and toxins produced either by gut

microorganisms (secti on 1.2.4) or ingested in the feed (section 1.3.5). The integrity of the

barrier can be disrupted when microorganisms and toxins damage cells lining the lumen, or

alter tight junction integrity.

The barrier comprises physical and chemical components. Mucus coating the villi, tight

junctions between enterocytes on the villi and commensal bacteria attached to the mucosa

block the approach and entry of potentially harmful agents such as other bacteria, viruses,

fungi, parasites, toxins, incompletely digested feed and antigens in feed, and, of course,

digestive enzymes. Mucins secreted by goblet cells in the intestinal villi in mammals

(V/right and Alison 1984b) and birds (Langhout 1998) also provide a chemical defence by

binding to bacteria. The causative agent of gastric ulcerations in humans, Helicobacter

pylori, secretes a number of highly reactive compounds (Guslandi 1999), one of which is

urease that is associated with degradation of the protective mucus barrier in the stomach'

Savage (1983) pointed out that a capacTty to hydrolyse urea and polysaccharides in

mucinous glycoproteins, and an ability to utilise the products of hydrolysis as sources of

energy, carbon and nitrogen, were advantageous to microorganisms colonising mucous gels

in the gastrointestinal tract of birds and mammals. Savage (1972) also noted that some

microbes seemed able to suppress alkaline phosphatase activity in the duodenum of the

mouse, possibly by increasing the rate of migration of enterocytes from crypt to villus tip,
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thus reducing the time available for maturation of the cells. Savage (1972) suggested that

this sort of physiological interaction between microflora and host tissue could have

consequences for the health and well-being of the host animal by altering its capacity to

digest and absorb essential nutrients'

The intestine is also an immunologic organ of considerable significance; capable of

mounting innate and specific challenges to antigens associated with microorganisms and

ingested feed. Mucosal immunity in mammals in general (Bienenstock and Befus 1980)'

pigs and rats (Kelly and King 2001) and chickens (Befus et al. 1980; Boyd and Siatkas

1996; Muir 1999; Lowenthal et al.2000) has been reviewed extensively. Lillehoj (1997)

described the avian immune response by gut-associated lymphoid tissues to microbial

pathogens as a complex interaction of soluble factors, leukocytes, epithelial cells and other

physiological mechanisms. Over-stimulation of the mucosal immune system through

stresses associated with diet, environment and management can severely impair effrcient

growth and feed conversion (Klasing et al. 1987; Klasing et al. 1999; Husband 1996;

Klasing 1996; Cook 2002). Benson et al. (1993) reported that dietary energy level and the

sources of dietary energy influenced the chicken's response to immunologic stress.

Koutsos and Klasing (2002) discussed the partitioning of nutrients away from lean tissue

growth to support increased demands for nutrients as the immune system mounted a

defence against infection. They recommended that diets be re-formulated to allow for

reduced feed intake altered nutrient requirements during the infection, and afterwards to

repair tissue damage. Klasing (1938) also pointed out that the nutritional status of the

chicken influenced cytokine release and regulation of the immune response. For example,

protein deficiency can lead to decreased release of interleukin-l, which acts in concert with

interleukin-1 andtumour necrosis factor cr to decrease feed intake and to increase resting

energy expenditure, along with a host of other effects on intermediary metabolism (Klasing

1e88).

1.2.6 Summary

It is clear from the preceding sections that the intestinal microflora play an integral part in

the functioning of the digestive system of chickens (Bedford and Apajalahti 2001). The

complex interrelationships between gut baeteria and the host tissue involves "crosstalk"

(Kelly and King 2001) through chemical signals produced by both participants in the
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conversation. Bedford and Apajalahti (2001) and Kelly and King (2001) drew similar

conclusions in that the life-long health and performance of chickens and pigs requires an

orchestrated balance between the host and its resident bacteria. The following sections

discuss the physical and chemical properties of feed ingredients in poultry diets that could

upset the equilibrium between the host and its gut microflora.

1.3 Properties of feed that affect energy metabolism in poultry

Grains and products of gtains comprise 80% or more of most diet formulations for poultry

in Australia. Cereal grains such as wheat and barley, combined with legumes and oilseed

meals, provide not only the bulk of the energy and other essential nutrients for commercial

poultry production, but are also the prime source of anti-nutritive components which are

likely to have significant bearing on how effectively all dietary components are utilised by

poultry.

Sources of variation in the physical and chemical characteristics of plant material used in

poultry diets include variety, seasonal effects and growth sites, crop treatment and grain

fumigants, and post-harvest storage conditions and period of storage. The available energy,

protein and amino acid contents of grains fed to poultry, which best represent nutritive

value, are extremely wide. In addition, variation in the availability of energy and protein in

plant material can be attributed to a wide range of anti-nutritive factors such as non-starch

polysaccharides (NSP), enzqe activity, tannins, alkyl resorcinols, protease inhibitors,

ct-amylase inhibitors, phyto-haemagglutinins, alkaloids, saponins, and lathyrogens' The

relative importance of such factors will also differ according to the tlpe of grain in

question. All of the above aspects were reviewed by Hughes and Choct (1999).

1.3.1 Anti-nutritive properties of non-starch polysaccharides (NSP)

Of the known causes of variation in energy value of grains, soluble NSP stand out as major

determinants of the availability of energy and other nutrients for poultry according to Smits

(1996), Langhout (1998), and Hughes and Choct (1999).

The physical and chemical properties of the major carbohydrate components of dietary

fibre were discussed in detail by Annison (1993b), Oakenfull (1993), and Bvers et al'

(1999). Other anti-nutritive effects of NSP have also received a gteat deal of attention in
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recent years (see reviews by Chesson 1993; Annison and Choct l99l; Annison 1993a;

Drochner et al. 1993; Smits and Annison 1996; Langhout 1993). Sharma and Schumacher

(1995) showed that dietary fibre altered the amount and composition of mucins in the small

intestine of rats. More recently, Langhout et al. (1999) and Iji (1999) examined the effects

of NSP on microbi al activity, gut structure and function, and nutrient digestion, absorption

and transport. Iji (1999) also suggested that the molecular basis for the changes in

intestinal structure and function induced by NSP could involve regulation of thyroid and

parathyroid hormones by glucose and other end products of digestion. Uni et al. (200I)

showed that exposure to heat stress at 3-days of age led to an immediate reduction in feed

intake, lowered triiodothyronine (T¡) level in blood plasma, depressed enterocyte

proliferation, and reduced expression and activities of sucrase, aminopeptidase and alkaline

phosphatase in jejunal tissue. They concluded that exposure of chickens to heat stress at an

early age influenced T3 concentrations, which in turn altered the intestinal capacity to

proliferate, grow and digest nutrients. However, their experiments were not able to

differentiate between the effects of reduced feed intake and heat stress per se'

1.3.2 NSP in cereal grains

The 'low-ME' wheat phenomenon in broilers, first described by Mollah et al' (1983) and

Rogel et at. (1987), is caused by soluble NSP (mainly arabinoxylan and some B-glucan) in

cell walls (Annison 1993a). Evidence for the anti-nutritive effect of soluble NSP includes:-

a. AME and soluble NSP are negatively correlated.

b. various sources of purified NSP depress AME'

c. in situ degradation of cell wall NSP by glycanases increases AME.

d. NSP isolated from wheat depress AME in a dose-dependent manner

Recent studies (Choct et at. 1995; Choct et al. I996a; Ilughes and Choct 1997) provide

further evidence of the occuffence of low-ME wheats. The reduction in AME is directly

attributable to NSP. However, dissenting views were expressed byNicol et al- (1993) who

found no correlation between soluble NSP and AME, and by McNab (1996) who suggested

that low AME values were artefacts generated by faulty methods. In addition, Wootton e/

al. (1995) observed a positive correlation (r:0.63; n:19) between pentosan content of

wheat and AME. This suggests that the higher the fibre content in diets, the better their

nutritive value for poultry, a view which contrasts with the conventional understanding of
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monogastric nutrition. This is not surprising given the narrow range of AME values (only

three samples falling below 14 andnone below 13 MJ/kg DM) and the methodology used

to determine the pentosan levels.

The anti-nutritive effect of soluble NSP on AME is manifested through inhibition of

digestion of starch, lipid and protein in the foregut (Choct and Annison 1992). The

possibility that gut microflora have a role in depression of starch digestion and AME

(Annison 1993a) was confirmed by Choct et at. (1996a) and Smits et al' (1997). The

mechanism of action of soluble NSP is thought to involve increased viscosity of digesta

which limits contact between digestive enzylnes and substrates, and for contact between

nutrients and absorption sites on the intestinal mucosa (Annison 1993a; Bedford and

Morgan 1996; Smits et al. 1997). The possibility that NSP in chicken diets can have direct

effects on gut structure and function as has been shown in rats (Johnson and Gee 1986;

Brunsgaard and Eggum t995;Brunsgaard et al. 1995) should not be overlooked.

Satchithanandam et al. (1996) reported increased mucin levels in the stomach and colons

of rats given diets high in soluble NSP. They suggested that polysaccharides of host origin

(mucin) or in the diet (NSP) could contribute to diversification of bacterial species in the

gastrointestinal tract. These observations point to dietary NSP having a beneficial effect

(by stimulating nr increase intestinal barrier function; section I.2.5) and a detrimental

effect (by fuelling bacterial proliferation in the small intestine; section 1.2.4)'

1.3.3 NSP in legumes and oilseeds

Drochner et al. (1993) concluded that the pectin content of legumes rvas a limiting factor in

nutritive value of mixed poultry feeds. Digestibility of pectin ranged from 33 to 90%o and

the presence of pectin significantly reduced apparent digestibility of crude fat and crude

protein, Mosenthin et al. (1994) showed that, in pigs, dietary pectin increased endogenous

protein and amino acid secretion into the small intestine, and stimulated nitrogen

assimilation by bacteria in the large intestine. They also showed that pectin depressed

secretion of a-amylase but had no effect on other pancreatic secretions.

Brenes et al. (1993) claimed that the seed coat of low alkaloid L. albus contained an anti-

nutritive factor that was deactivated by u-galactosidase. In contrast, Hughes et al- (1998)

observed that incorporation of seed coat material from L. angustifolius cv Gungumr and L'
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albus cv Kiev mutant in a highly digestible diet based on sorghum and casein only had an

energy dilution effect with no evidence of any anti-nutritive activity. This supports the

finding that insoluble NSP are not anti-nutritive in poultry (Angkanaporn et al' 1994).

1.3.4 Exogenous enzymes for degrading NSP

The roles of NSP-degrading enzymes in improving the nutritive value of grains and in

reducing the problems associated with wet, sticky droppings were reviewed extensively by

Bedford and Morgan (1996), Chesson (1993), Classen (1996), and Williams (1997)'

Enzyrres are thought to act on two fronts. The first action is to reduce viscosity of digesta

by partial depolyrnerisation of main and side chains in complex carbohydrates such as

arabinoxylan and B-glucan in cereals, and pectic polysaccharides in legumes. This is likely

to influence the digestive capacity of the chicken through effects discussed in section 1.2.

The second action involves disruption of cell walls to expose substrates such as starch to

digestive enzymes. Chesson (1993) pointed out that reduction of digesta viscosity by

exogenous enzymes did not fully account for production responses in broilers fed barley-

based diets. He considered that release of nutrients following enzwr'e degradation of cell

walls was an important factor. In the case of wheat-based diets, Bedford and Morgan

(1996) concluded that digesta viscosity was the major factor limiting performance of

broilers. These two modes of action of enzymes require further elucidation for both cereals

and legumes, particularly the latter. The greater degree of complexity of side-chain

structures and cross-linking in NSP in legumes could be a contributing factor to the relative

lack of success in application of specific enzymes for legume NSP compared with cereal

NSP achieved to date (Kocher 2001).

Bedford and Apajalahti (2001) proposed that exogenous enzymes improved animal

performance largeiy through interaction with the gut microflora. They described this

interaction as a "two-way negotiated process between host and intestinal microflora", with

enzymes tipping the equilibrium in favour of the host for efficient digestion and absorption

of nutrients in the small intestine, which also results in a reduced flow of undigested

nutrients into the hindgut to fuel fermentation by anaerobic bacteria. Bedford and

Apajaiahti (2001) pointed out that alteration of the microflora profiles in the small and
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large intestines would influence the effects of microflora on structure and function of the

intestines, and mucosal and systemic immune functions (section 1'2 above).

'With the possible exception of vaccines, rarely has the Australian poultry industry

witnessed such a rapid and widespread uptake of a successful technology as that involving

addition of NSp-degrading enzymes to poultry feed, particularly for broiler chickens'

Adoption of technology usually follows a different path, one of slow, gradual uptake as one

problem after another is solved by adequately funded research until producers have

sufficient confidence in the innovation to try it for themselves. In the case of enz¡rmes, the

benefits were seen to be immediate and large in commercial practice. As a result, our

understanding of the true function and role of enzymes on the processes of digestion and

absorption of nutrients remains incomplete because industry is reluctant to invest in basic

research now that there is apractical solution to problems associated with NSP. However,

there remain many unanswered questions of a fundamental nature concerning the structure

and composition of NSp in grains, such as why and how different species and varieties of

graín vary in their structure and composition of NSP, and whether these differences

influence the digestion and absorption of nutrients in livestock, and gut health.

Hence, feed enzyme technology provides a practical solution to the problems associated

with NSp such as arabinoxylan and B-glucan by simultaneously lifting the availability of

energy and improving flock uniformity (Bedford and Morgan 1996; Hughes et al- 1996).

However, feed enzymes did not eliminate variability in AME of wheat examined in these

studies, nor on variability in AME of barley as shown by Kocher et al. (1997). It seems

plausible that while exogenous enzymes can depolymerise NSP to the extent that these no

longer contribute to digesta viscosity, the shortened fragments of NSP retain the power to

directly effect intestinal structure and function in chickens as was noted for rats (section

1.3.2 above). Furthermore, a change in gut microflora appears to be a significant factor

related to the large variation between individual chickens given low-ME wheat or diets

supplemented with arabinoxylan isolated from wheat (Choct et al' l996a,b).

1.3.5 Anti-nutritive properties of feed other than NSP

As pointed out in section 1.2.4 above, anti-nutritive activities of feed components are often

manifested either through change in the microflora population in the gut or by direct effect
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on gut tissue. Some key examples of anti-nutritive factors beside NSP in feed ingredients,

and associated effects on the key determinants of digestive capacity of poultry @igure 1)

are outlined in the following sections.

Mycotoxins

van Barneveld (1999) reviewed the many and varied effects of mycotoxins from gtains on

the health and welfare of agricultural animal species. Hoerr (2001) discussed the

consequences of damage to the intestinal mucosa of chickens inflicted by mycotoxins. For

example, trichothecene mycotoxins damaged the tips of villi, and disrupted cellular

proliferation in the crypts. Hoerr (2001) also noted that aflatoxin impaired digestion by

decreasing bile secretion from the liver, and bicarbonate secretion from the pancreas.

Hence, mycotoxins are likely to impair the digestive capacity of chickens through the

damage caused to structural integrity and function of the intestinal tissue of chickens fed

mouldy grains.

Tannins

The effects of tarurins on nutritive value of sorghum for poultry were reviewed by Gualtieri

and Rapaccini (1990) atrd Nyachoti et al. (1997). Gualtieri and Rapaccini (1990)

concluded that low tannin sorghum was comparable to maize in nutritive value, whereas

Nyachoti et al. (1997) concluded that there remained a great deal of variation in nutritive

values of different varieties of sorghum. This variation which may have wrongly been

attributed to tannins in previous studies, a view supported by observations that poor

correlations exist between tannin content of sorghum and the performance of poultry (Elkin

et al. 1996). Tannin content is not regarded as a limiting factor in the use of Australian

varieties of sorghum (Kondos and Foale 1986).

Wiseman and Blanch (Ig94) observed similar discrepancies between tannins and

performance of poultry given diets containing some cultivars of faba bean' In contrast,

Flores et at. (1994) reported that tannin extracted from field beans depressed digestibility

of semi-purified starch from field beans fed to young and adult birds, whereas digestibility

of starch from triticale was depressed in chicks but not in cockerels. Matqtardt et al'

(Ig77) extracted and purified condensed tannins from faba beans and observed that these

has similar chemical characteristics to the tannins present in sorghum. Ilence, it seems
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possible that tannins in sorghum could have similar adverse effects if present in sufficient

quantities.

Marquardt (lg7g) noted that athermo-labile component in testa of broad beans suppressed

appetite and availability of nutrients in chickens. The anti-nutritive factor was condensed

tannin that was not associated with inhibition of tryrpsin and did not affect pancreas size.

Davidson et at. (1981) detected a heat-stable anti-nutritive factor in forage pea that caused

weight loss and reduced the rate of lay in hens. On the other hand, Yt et al' (1996)

concluded that condensed tannins were not responsible for depressed apparent and true

ileal digestibility of N and amino acids in rats and that other components of cottonseed

hulls were implicated.

Contradictory evidence concerning the antinutritive properties of tannins in commonly

used feed ingredients probably arises as a result of the wide variation in structure and

composition of the polyphenolic compounds, and from artefacts created by a variety of

extraction methods.

In addition to the deleterious effects of tannins on nutritive value of feed ingredients ' maîy

pollphenolic compounds in plant material are known to have antimicrobial properties

(Cowan lggg), which could alter the dynamics of the normal gut microflora when fed to

chickens. Cowan (1999) pointed out that a number of physiological activities in human

have been assigned to tannins. These include stimulation of phagocytic cells, host-

mediated tumour activity, and a wide range of anti-infective actions through several

different modes of action. Of these, abilities to inactivate microbial adhesins, enzymes and

cell envelop transport proteins, may provide ways of protecting the gut of newly hatched

chickens from pathogenic bacterial species such as clostridium and salmonella, while

allowing beneficial species to proliferate.

Protease inhibitors

Trypsin inhibitors are widespread in plant seeds (Liener 1990). They are found in legumes

as well as most cereal grains. Their nutritional and physiological significance in the latter

has always been questionable due to these much lower levels and activities compared with

their concentrations in legumes, particularly raw soybeans. Ikeda and Kusano (1983)

showed that the inhibition of trylpsin activity in vitro resulted from binding with pectin and
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xylan substrates. Birk (1985, 1987) demonstrated the long- and short-term effects of

soybean trypsin inhibitors on growth rate, and pancreatic enlargement in rats and chickens.

Although trypsin inhibitors can depress bird performance if raw soybean meals are

included in the diet, it is now conìmon practice in the feed industry in Australia to steam

process diets at or above 85oC, which will effectively deactivate protein inhibitors (Liener

1e9o).

a-Amylase inhibitors

hhibitors of a-amylase occur widely in plants (Kneen and Sandstedt 1946). Indeed, plant

materials rich in a-amylase inhibitors or starch blockers have been used to treat obesity and

diabetes mellitus in humans (Pusztai et al. 1995). These workers warned of the potentially

deleterious effects of reduction in starch digestion and microbial overgrowth of digesta in

the intestine and large bowel if livestock were given feed containing naturally-enriched or

transgenic plants with high levels of inhibitor gene expression. On the other hand, a-

amylase inhibitors are moderately heat stable but are inactivated by cooking (Pusztai et al'

1995). However, Ernest et at. (1992) reported that inactivation of a-amylase inhibitors in

wheat by steam treatment improved protein and îat digestibility in broilers by 6.5 and

4.0yo,respectively, but did not affect starch digestibility.

Urease

Urease activity in poorly prepared soybean meals may contribute to variability in digestion

of energy and other nutrients in chickens by degradation of the protective mucus layer in

the small intestine (section 1.2.5), as can occur with urease produced by gut bacteria

(Guslandi 1999; Savage 1983).

Phyto-haemagglutinins

V/illiams and Burgess Q97$ noted that feeding raw navybeans to quail resulted in growth

depression and death. The toxicity was attributed to high concentrations of phfo-

haemagglutinins, which impaired body defence mechanisms and allowed tissue invasion by

normally harmless intestinal microflora.
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Bioactive proteins, peptides and amino acids

The antigenic properties of proteins in legumes were reviewed extensively by Gatel (1993).

Dietary allergy appears to be more important in young animals rather than adults. Prior

exposure to small doses of antigen can predispose an animal to digestive disorders at alatet

age but which may not be manifested in clear clinical signs such as reduced growth and

morbidity (Gatel lgg3). Chickens housed in metabolism cages often experience a period

of reduced growth and feed efficiency when novel ingredients such as lupins and

cottonseed meal are first introduced into the diet (R.J.Hughes et al., unpublished data).

However, it is not clear from these observations whether this response was associated with

immune stress or more related to adaptation of the digestive tract in terms of its digestive

and absorptive capacity.

Cadaverine and putrescine are biogenic amines derived from enz¡rmic decarboxylation of

amino acids during fermentation of plant meals such as silage (Hughes 1970) and animal

protein meals such as fish meal (Bakker 1994; Bryden et al. 1996). The latter product is

used widely in feed for broiler chickens (Dudley-Cash 1993). These amines are known to

have pharmacological activities including alteration of gastric motility (Bakker 1994) añ

remodelling of the villus-crypt axis in chickens (Shinki et al. l99l). Kelly and King

(2001) noted that polyamines produced by bacteria were potent maturation factors

implicated in increased expression of ul,2 fucosylation of mucins in the rat gut at time of

weaning and that bacterial sources of polyamines may affect maturation of the post-weaned

intestine in pigs. Presumably, exogenous polyamines could have similar effects in both

pigs and poultry.

However, it seems unlikely that biogenic amines could have contributed to the wide

variation in energy uptake reported by Hughes and Choct (1997) as their experimental diet

was free of protein meals prone to fermentation prior to processing. However, their diet

contained ßa glkg casein, a high protein food-grade product derived from milk, whieh is

not normally used in commercial diets due to its very high cost. Casein is frequently used

in experimental diets to determine apparent metabolisable energy values of cereal and

legumes (Annison et al. 1996), as it is a highly digestible protein source. The possibility

that constituents of casein could affect energy uptake or gtowth performance of chickens

by affecting barrier function and endocrine regulation, as shown in guinea pigs by
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Malikova et al. (1991), or gut structure, as reported in pigs by Pluske et aI. (1996), has not

been considered previouslY.

In contrast to the deleterious effects of plant proteins as discussed by Gatel (1993), Revell

(1998) outlined the effects of growth factors which provide extra-nutritional benefits such

as reduction in the risk of disease and stimulation of cellular proliferation in the gut. Other

feed components having potential therapeutic effects include lectins, NSP and biogenic

amines (Cowan Iggg), all of which are rcgarded as anti-nutritive factors in other

circumstances. Revell (1998) and (Adams 2000) recoÍrmended that further research was

required on the functionality of foods which they described as "nutraceuticals" and

"nutracines", respectively.

The possibility that bioactive substances ingested by the animal or produced by gut

microflora can contribute to variation in energy uptake in healtþ chickens is worthy of

further study.

1.4 Summary

The diet of broiler chickens provides not only the nutrients essential for maintenance and

rapid growth of the flock as a whole, but the feed itself can also have other chemical and

physical properties which are detrimental to the processes of ingestion, digestion,

absorption, transport and utilisation of nutrients. To date, most of the research conducted

on broiler chickens has been directed at improving the overall health and performance of

the flock, with little attention being paid to the individuality of chickens within the flock.

The general hypothesis examined in this project was "effects of soluble NSP in cereal

grains on gut structure and function, digesta transit time, and gut microflora differ

substantially between individual chickens within a flock, thus contributing to variation in

the digestion of energy by the flock as a whole". A major goal of the research was to

determine what characteristics of the gastrointestinal tract of broiler chickens were the key

determinants of digestion of energy. During the course of my studies I developed the

concept of digestive capacity of the individual chicken as a frame-work for investigation of

the relationships between bird-related and feed related factors which influence energy

metabolism in chickens, as outlined in Figure 1.
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Chapter2. Influence of gut structure on digestion of

energy by broiler chickens

2.1 Generalintroduction

Newly hatched chickens undergo a rapid transition from utilisation of lipids in yolk to

usage of carbohydrate from cereal grains as the major source of energy for maintenance

and growth. Sklan (2001) described the first few days after hatching as a period of intense

morphological and functional development of the small intestine. The preferential growth

of the small intestine relative to the live weight of the chicken is at its peak during this

early period (Sklan 2001). In addition, the relative increase in weight of the duodenum is

greater than that of either the jejunum or ileum (IJni et al. 1999). Iji (1998) studied the

rapid changes in visceral organ weights, and intestinal structure and function in relation to

body mass of rapidly growing broiler chickens, and concluded that uneven growth and

productivity among individual chickens could be traced to variable development and

functionality of the small intestine. Iji (1998) did not differentiate between male and

female chickens in his studies, nor did he measure the AME of the feed'

Chickens reared from hatch in the presence of older chickens can exhibit wide variation in

live weight without showing any signs of clinical disease (R.J. Hughes and D.G. Schultz,

unpublished data), with variation among male chickens usually being much higher than in

female chickens. As the number of prior batches of chickens reared in the shed without

thorough cleaning between batches increased, live weight gain of both sexes decreased, and

the variation between individuals increased. These symptoms are consistent with those of

chickens faced with a sub-clinical challenge which can suppress appetite and result in the

partitioning of nutrients arway from growth to support an immune response (Klasing 1996).

Iji and Tivey (1993) concluded that chickens exposed to some classes of pathogenic

bacteria could benef,rt from addition of synthetic mannan oligosaccharide (MOS) to the

diet. MOS is understood to act mainly through its capacity to provide altemative binding

sites for bacteria with type-l fimbriae (Spring 1997), thus preventing invasion of the gut

tlssue.
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Two experiments were conducted to determine whether energy digestion was influenced by

the structure of the gastrointestinal tract, and whether any relationships between gut

morphology and AME were dependent on the sex of the chicken. Both experiments

involved the rearing of chickens in clean and dirty environments to increase the extent of

between-bird variation in live weight, and any corresponding effects on gastrointestinal

structure and energy digestion. MOS was added to the feed to see whether it was possible

to reverse any deleterious effects of sub-standard rearing conditions on gut structure and

energy digestion.

2.2 Effects of gross structure of the gastrointestinal tract on AME of

commercial broiler feed

2.2.1 Introduction

Cumming (1,gg2)proposed that chickens needs an active gizzard for effective grinding and

acidification of chyme as a prelude to efficient digestion, and as part of its natural

resistance against coccidiosis which can impair intestinal function. He showed that the

relative weight of the gizzard (expressed as a proportion of live weight) was inversely

correlated with the number of Eimeria oocysts in excreta. Cumming (1992) attributed the

reduction in oocyst to their mechanical disruption caused by the greater grinding ability of

larger gizzards.

Plavnik et al. (2002) observed an increase in gizzard weight, and improvements in weight

gain and feed efficiency in broilers given a diet containing 200 glkg whole wheat rather

than milled wheat. In an earlier study, Svihus et at. (1997) showed that the relative weights

of the proventriculus and gizzard were increased in male broilers given a diet containing

whole barley (553 g/kg) rather than ground barley. However, the relative weights of the

crop, small intestine, pancreas, and hindgut were unaffected by milling of the grain. Svihus

and Hetland (2001) showed that starch digestibility in male broilers was higher when they

were given a diet containing whole wheat (385 g/kg) rather than milled wheat. They

attributed the improvement in starch digestibility to increased gizzardweight.

I{ence, there is reason to believe that gizzard size may be related to between-bird variation

in digestion of energy, and that the importance of gizzard size differs between the sexes.
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An experiment conducted at PPPI in 1997 (R.J Hughes, A. Kocher, R.B. Cumming and M'

Choct, unpublished data) showed poor statistical relationships between AME of a wheat-

based diet (mean value 13.2MJlkgDM) and weights of freshly dissected gizzard and other

gut sections, despite high replic ation (n:32) and wide variation in AME values of the diet

(range 8.4 to 15.8 MJ/kg DM). A possible reason for the failure to detect a relationship

between AME and gizzard size was unwanted variation introduced by differing degrees of

drying of tissue between collection and weighing. A further possibility is that the high

standard of hygiene used during the rearing of chickens for that study may have led to only

minor challenge from bacteria and coccidial oocysts.

For the purposes of the following study, it was reasoned that measurements of dissected

sections of the gastrointestinal tract emptied of digesta then dried to constant weight might

better reflect the capacity of that GIT section to perform its respective function in the

digestion of energy. In addition, sub-standard conditions of hygiene were used during

rearing with the intention of increasing the variation in AME and performance of chickens

by exposure to coccidial oocysts and bacteria. The inclusion or not of MOS in the diet was

included as an experimental treatment to see whether it was possible to alleviate any effects

of pathogenic gut bactena.

This experiment tested the hypotheses (a) that AME of commercial broiler feed was

significantly correlated with dried weights of sections of the GIT, and (b) that the

relationships differed according to sex of the chicken.

2.2.2 Materials and methods

Birds, housing and management

Broiler chickens (Ross strain) obtained from the Bartter Steggles hatchery, Cavan SA on

Thursday 22 Apnl1999 were raised on starter crumbles (Ridley Agriproducts, diet code

#503540) from hatch to 19 or 20 days of age in two sets of experimental rearing pens

(Appendix 1). One set of pens was housed in a clean environment and the other in a dirty

environment. The clean rearing environment involved isolation of chickens in a room

cleaned to current industry standards. The dirty environment involved exposure of

chickens to air-borne debris from an older flock of healtþ chickens kept in the room at the

same time.

28



At 19 days of age, chickens were transferred in pairs to 48 single-bird metabolism cages

(Appendix 2) located in a controlled-temperature room set at 25 - 27oC initially, and given

commercial finisher pellets (Ridley Agriproducts, diet code #504540). The following day,

one chicken \Mas removed from each cage. The reason for initially placing two chickens

per cage was that prior experience has shown that chickens adapted more quickly to the

cages when placed with a mate.

The two experimental dietary treatments were 0 and 5 glkg MOS (Bio-mosrM). MOS was

mixed with coarsely milled finisher pellets (Ridley Agriproducts, diet code #504540),

which were then cold-pressed into pellets approximately 6 mm long and 4 mm in diameter.

The control diet was finisher pellets treated in the same manner but without MOS.

All of the above procedures were repeated commencing at 20 days of age with chickens

from the same rearing groups. These chickens were placed in a second set of 48

metabolism cages located in the same controlled-temperature room as the first set of 48

cages. It was necessary to conduct the experiment in two phases in this manner due to

limited availability of staff experienced in these procedures

The temperature setting in the room was reduced daily until it was 22"C at the end of the

expenment.

AME measurement and collection of intestinal tissues

AME value of diets in this and other experiments described in this thesis were determined

in a conventional energy balance study involving measurements of total feed intake and

total excreta output and subsequent measurement of gross energy (GE) values of feed and

excreta by isoperibol bomb calorimetry (Pan Instrument Company, models 126l and

1281).

The first three days enabled the chickens to adapt to the feed. Feed intake was measured

during this period. A sample of pelleted feed (approximately 70 g) was collected on day 3

for subsequent measurement of dry matter and gross energy. During the following four

days, feed intake was measured and all excreta were collected in stainless steel trays

beneath the oages. All excreta was collected daily and transferred to aluminium trays for

dryrng overnight at 90oC in fan-forced ovens. All of the pooled excreta from each pen

were milled (2mm screen) in a stainless steel hammer mill, and then a sub-sample
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(approximately 70 g) was retained for the measurement of gross energy. Moisture content

of fresh excreta collected on day 5 of the metabolism study was measured by overnight

dryrng at 90oC in fan-forced ovens. Dry matter contents of sub-samples of pelleted feed

and milled feed (lmm screen) were determined by d.ytttg overnight at 105oC in a fan-

forced oven for the calculation of AME as shown in the equations in Appendix 3.

On completion of the 7-day AME study, each chicken was killed by intravenous injection

of pentobarbitone into the brachial vein, and then weighed. The body cavity was opened

and the gastro-intestinal tract (GIT) from the proventriculus to the ileo-caecal junction was

dissected. The empty proventriculus, gízzard, duodenum, pancreas, jejunum and ileum

were rinsed with water, dried by blotting, then weighed. The GIT sections were dried at

40oC to constant weight.

Serology

Chickens not required for the 7-day metabolism experiment were transferred at 20 days of

age from the rearing pens in the clean and dirty environments to a shared floor pen in the

dirty environment. They were given finisher pellets without MOS. At seven weeks of age,

blood sera samples were collected from the brachial vein of 20 chickens. The sera were

tested by ELISA methodology for the presence of antibodies against Marek's Disease Virus

(MDV), Infectious Bursal Disease (IBDV) and Chick Anaemia Virus (CAV), courtesy of

Dr Tom Grimes, Steggles Pty Ltd.

Statistics

Base SAS@ software (SAS Institute) was used in this and other studies described in this

thesis. Wilcoxon's test was used to determine whether data were normally distributed.

Analysis of variance (by GLM procedure) was used to examine the effects of rearing

environment, diet and sex, and all possible 2-way interactions and the 3-way interaction.

Duncan's Multiple Range Test was used to separate means of main effects (rearing

environment, diet and sex) and Z-tests (by LSMEANS procedure) were used to separate

means for significant (P<0.05) interactions in analysis of variance. Stepwise regtession

(by REG procedure with maximum -R2 selection) was used to develop prediction equations

for AME and dry matter digestibility (DMD) of the diet from weights of dried gut sections'
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2.2.3 Results

Means, standard deviations, numbers of observations, coefficients of variation, and ranges

of values for dietary AME and dry matter digestibility are shown in Table l. These

included data from one chicken with values of 12.30 MJ/kg DM for AME and 0.588 for

dry matter digestibility coefficient which were considered real and therefore included in all

statistical calculations. The next lowest values were 13.20 MJ/kg DM for AME and 0.616

for di gestibility co efficient.

Table 1 Means, standard deviations (SD), numbers of observations, coefficients of

variation (CV) and ranges of values for dietary AME and dry matter

digestibility.

Mean SD n CV Range

AME of diet DM (MJ/kg)

Dry matter digestibility Gl e)

13.70

0.645

0.29

0.014

2.r

2.2

96

96

t2.30-14.36

0.588-0.678

AME of the diet (13.7 MJ/kg DM) and dry matter digestibility (0.645 g/g) were unaffected

(P>0.05) by cleanliness of the rearing environment, sex of chicken, or addition of MOS to

the diet 1rom22-29 days of age (Table2)'

Live-weights of chickens from the clean environment were greatet at the start (P<0.001)

and end (P<0.05) of the 7-day metabolism study in comparison with those from the dirty

environment (Table 2), bttt the rate of gain in live-weight during the study was greater

(p<0.01) for chickens from the dirty environment. Similarly, feed conversion was

significantly improved (P<0.01) in chickens from the dirty environment (Table 2). Male

chickens were heavier (P<0.001) than females at the start and end of the 7-day metabolism

study (Figure 2), and ate more feed (P<0.001), but there was no difference (Þ0.05)

between sexes in the rate of gain.

There was a significant interaction (P<0.05) between rearing environment and diet on live

weight at the end of the 7-day metabolism study (Figure 2) which resulted in chickens from

the clean environment given MOS being heavier than controls. In contrast, there \Mas no

difference due to MOS in chickens from the dirty environment.
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Table2. Summary of significant main effects of rearing environment, diet and sex.

Means with the same letter within amain effect are not significantly different

(Þ0.0s)

Variable

Rearing

Clean Dirty

Diet Sex

Control MOS Female Male

Pooled

SEM

Live weight at start (g/bird)

Live weight at end (g/bird)

Growth (gibird)

Rate of growth (glkg) I

Feed intake (g/bird/day)

Feed conversion ratio

AME of diet DM (MJlkg)

Dry matter digestibility (g/g)

Gizzard (g/bird)

Proventriculus (g/bird)

Duodenum (gibird)

Pancreas (g/bird)

Jejunum (g/bird)

Ileum (g/bird)

Gizzard' (elueMBw 3)

Proventriculus (g/kg MBW)

Duodenum (g/kg MBW)

Pancreas (g/kg MBW)

Jejunum (glkg MBW)

Ileum (g/kg MBW)

896 a

1305 a

4t3

464

tt4
1.94 a

13.68

0.644

4.09

1.15

2.51

0.93

5.04

3.65

4.tt

1.15

2.50

0.93

4.97

3.64

855 b

1276b

421

495

tt2
1.87 b

13.72

0.646

3.99

1.05

2.39

0.94

4.79

3.63

4.04

1.06

2.43

0.96

4.83

3.67

876

1289

418

48r

113

1.90

t3.73

0.646

3.95

1.09

2.45

0.94

4.81

3.51

4.00

1.09

2.47

0.95

4.78b

3.53

875

r290

416

478

113

1.90

13.67

0.644

4.13

1.1 I

2.45

0.94

5.03

3.78

4.t4

1.1 I

2.45

0.95

5.02 a

3.77

806 b

1191 b

386 b

481

105 b

1.90

t3.71

0.644

3.9r

t.02b

2.30b

0.93

4.67 b

3.44b

4.r7

1.08

2.45

0.99 a

4.94

3.67

939 a

1382 a

446 a

478

I2l a

1.91

t3.69

0.645

4.t7

1.18 a

2.59 a

0.94

5.15 a

3.83 a

3.98

1.12

2.48

0.90 b

4.86

3.64

6.9

9.2

5.8

7.6

r.2

0.015

0.043

0.0020

0.092

0.037

0.056

0.029

0.090

0.138

0.096

0.036

0.054

0.031

0.079

0.136

2

3

Rate of gro*1¡:growthx1000+live weight at start

Adjusted dry weighFdry weightx(live weight at end)O'7s + (mean live weight at end)0'7s

Metabolic body weight (MBW)
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1350

1250

1200

Glean Dirty

Figure 2. Effects of cleanliness of the rearing environment and diet on live weight of

chickens at the end of the 7-day metabolism study (means + SE; n : 24)-

Means with a cornmon letter are not significantly different (^Þ0.05).

4

0
Gzzard Proventriculus Duodenum Pancreas Jelunum lleum

Figure 3. Effects of sex of chicken on dry weights (in glkg metabolic body weight

MBV/) of gastrointestinal tract sections (means + SE; n: 48). N,S indicates not

significant (^Þ0.05).
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lffith the exception of the pancreas (Table 2), dry weights of gastrointestinal sections were

heavier in males than in females. When dry weights of gut sections were adjusted for

metabolic body weight (MBW, weightO 
i5¡, the pancreas was significantly heavier (P<0.05)

for females compared with males (Figure 3). The adjusted dry weights of other sections

did not differ (Þ0.05) between the sexes. The dry weight of the proventriculus tended to

be heavier (P:0.06) for chickens reared in the clean environment (Table 2), and the trend

(P:0.09) was still evident when the data were adjusted to constant metabolic body weight.

There \ryas a significant interaction (P<0.05) between rearing environment and sex for the

adjusted dry weight of the jejunum (Figure a). In the clean environment, adjusted dry

weight was greater (P<0.05) for females than males, but there \Mas no difference (Þ0.05)

between sexes in the dirty environment.

Glean Dirty

Figure 4. Effects of cleanliness of the rearing environment and sex of chicken on the

adjusted dry weight (g/kg metabolic body weight) of the jejunum (means + SE;

n:24). Means with a coÍtmon letter are not significantly different (,Þ0.05).

Step-wise regression analysis was used to develop a prediction equation for AME of the

diet and dry matter digestibility (DMD) from adjusted weights of gut sections. In both

cases, dry weight of the gizzardhad the strongest association (P<0.05) of any variable with

AME and DMD. Gizzardweight accounted for l3o/o and2}o/o of the variation in AME and
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DMD, respectively. Only l7o/o of ttre variation in AME and 24o/o of the variation in DMD

could be accounted for by a combination of measurements of all of the six different gut

sections

ELISA tests showed an absence of challenge from immuno-suppressive agents such as

MDV and IBDV. Three out of 20 chickens tested positive to cAV.

2.2.4 Discussion

There were indications that chickens reared in the dirty environment showed compensatory

growth when moved to the metabolism cages, which were located in a relatively clean

environment. Chickens from the dirty environment had superior performance in terms of

rate of gain in live weight and feed conversion ratio.

The lack of effects of MOS on energy metabolism and growth of chickens observed in this

study is in contrast to the work of Iji (1993; 1999) who obtained improvements in health

and performance of chickens with the same dietary concentration of MOS. The failure to

detect a difference between males and females in the estimation of AME values of the diets

is at odds with previous studies at PPPI (R.J. Hughes and D.G. Schultz, unpublished data).

perhaps the reason for this is that the challenge from bacterial and viral organisms carried

on air-borne dust and dander was too mild, as implied by the ELISA results which showed

an absence of responses by most chickens to three common viral pathogens'

The significant although weak statistical associations between dry weight of the gizzard

and AME and DMD are consistent with the view of Cumming 0992) that larget gizzards

more effectively grind ingested feed with resulting benefits in increased surface area for

attack by digestive enzymes and mechanical disruption of coccidial oocyts'

The results of this study also tend to suggest that any advantage that females might have

over males in terms of energy digestion could be associated with them having a larger

pancreas in relation to metabolic body weight. Recently, Engberg et al. (2002) reported

increased gízzard and pancreas weights relative to live weight, and increased activities of

pancreatic enzymes in chickens given a mash feed compared with those given pellets.

Growth and feed conversion were poorer in the mash-fed chickens, however. Engbetg et

at. (2002) suggested that the feeding of coarsely ground mash may have stimulated
I

Ì
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secretion of hydrochloric acid by the proventriculus, and increased retention time of feed in

the proventriculus and gizzard. Similarly, Ikegami et al. (1990) noted that rats fed dietary

fibre had an enlarged pancreas with increased contents of enzymes and nucleic acids, but

there were no changes in the activities of the pancreatic enzymes when expressed per

milligram of tissue. They concluded that the enlargement of the pancreas and increased

secretion of digestive juices compensated for the decrease in diffusion of substrates and

enzymes in the digesta, and reduced contact with the mucosal surface.

Iskander and Pym (1987) reported that male chickens had a relatively smaller

proventriculus and gizzard. weight (expressed in g/kg live weight) than females. kl

contrast, there were no differences in these organs due to sex of the chicken in the current

study. However, there was an indication that the proventriculus and jejunum might be

reduced in size when chickens were reared in a dirty environment. Nevertheless, none of

the gross characteristics of the gastrointestinal tract were firmly linked with any change in

the digestion of energy metabolism by either sex of chicken, despite there being relatively

wide ranges of normally distributed AME and dry matter digestibility values.

2.2.5 Conclusions

Females appear to have more potential ability than males for digestion and absorption of

carbohydrate and fat as a result of them having a relatively larger pancreas and jejunum

than male chickens. However, gross measurements of dry weights of different sections of

the upper part of the gastrointestinal tract explained only a small proportion of the variation

in AME values across the flock.

2.3 Effects of morphology of the small intestinal epithelium on AME of

commercial broiler feed

2.3.1 Introduction

Irr the previous experiment (reported in section 2.2), chickens were 2l ot 22 days of age

before receiving MOS in the diet. This could have been too late to confer any benefits

from reduction in the numbers of bacteria attaching to the intestinal mucosa and invading

the gut tissue, and that earlier use of MOS may be necessary. Also, it was evident that

gross morphology of the gastrointestinal tract was an insensitive indicator of variation in

l
Ìif
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AME values, and that differential responses by males and females may be masked if the

nutrient specifications of the diet were too high. In the following experiment, changes in

villus/crypt structure of the small intestinal epithelium were measured to determine

whether these were more sensitive indicators of digestive function, as suggested by Iji

(1ee8).

The specific objectives of this experiment were to quantify the variation in gut structure

and energy metabolism associated with cleanliness of the rearing environment and the sex

of chicken, but with MOS added to the diet of half of the birds from day of hatch. The

chickens were reared in clean and dirty environments to 15 days of age, and then given a

wheat-based experimental diet prior to measurement of AME of a commercíal diet with the

same nutrient specifications as that used in the previous experiment. The reasoning behind

this approach was to nutritionally stress chickens by exposure to an experimental diet

comprised mainly of wheat in the expectation that the chickens would subsequently

express a greater degree of variation in digestive capacity than seen in the previous

experiment.

This experiment tested the hlpotheses (a) that AME of commercial broiler feed was

significantly correlated with measurements of villus-crypt architecture of the small

intestinal mucosa, and (b) that the relationships differed according to sex of the chicken.

2.3.2 Materials and methods

Birds, housing and management

Sexed broiler chickens (Ross strain) obtained from the Bartter Steggles hatchery, Cavan,

SA on Thursday 10 June 1999 were raised from hatch to 15 days of age in experimental

rearing pens (Appendix 1) in clean and dirty environments as described previously. Birds

were given eommercial starter crumbles (Ridley Agriproducts, diet code #503540)

containing MOS (Bio-mosrM) at 5 g/kg, or a control diet of starter crumbles without MOS.

At 15 days of age, the chickens were transferred in pairs to 96 single-bird metabolism

cages (Appendix 2) located in a controlled-temperature room set at 25 - 27oC initially, and

given wheat-based experimental diets containing MOS at 0 or 5 glkg. Each kg of diet

contained 8009 wheat,l52 g casein, 20 g dicalcium phosphate, 11 g limestone,T gDI--

methionine, 5 g minerals and vitamins, 3 g salt, and 2 g choline chloride (60%). At 18
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days of age, one chicken was removed from each cage and AME values of the wheat-based

diets with or without MOS were measured over the following 4-day period. At 22 days of,

age, chickens were given one of two commercial finisher diets again with or without MOS'

AME values of these diets were measured over the following 7-day period. Throughout

the period 15 to 29 days of age, chickens were given MOS at 0 or 5 glkg as per the level in

the diet they received during rearing. The temperature setting in the room was reduced

daily until it was 22oC at the end of the experiment.

Collection of intestinal tissue and histology

A total of 24 chickens were selected on the basis of AME values obtained on the wheat-

based diet. Chickens with lowest, highest or average AME value within each combination

of rearing treatment, sex of chicken and dietary addition of MOS were killed by

intravenous injection of pentobarbitone, then weighed. Two 1 cm long sections from the

midpoints of the duodenum, jejunum and ileum were flushed with ice-cold buffered

phosphate saline at pH 7 .4. One section was cut longitudinally. Both sections were fixed

in neutral buffered formalin for 24 hours then retained in 70%o ethanol prior to further

processing. Tissue slices l-2mm thick were enclosed in a plastic tissue cassette then

processed over a 16.5-hour period in an automatic tissue processor. Processing involved

serial dehydration with ethanol, clearance with histolene, then impregnation with wax. The

tissue was imbedded in paraffinwax for sectioning by microtome. Separate 7 ¡tm sections

were placed on a glass slide for staining with haematoxylin and counter-staining with

eosin, then mounted in a xylene-based medium. Villus height and crypt depth were viewed

at x40 and x100 magnifications, respectively, on a compound microscope fitted with a

trinocular head with x10 eyepieces and a colour video camera. Images were analysed with

Video Pro software (Leading Edge Pty Ltd, Adelaide, South Australia). At least 15 villi

and 15 crypts were measured in each type of tissue from each chicken.

Serology

Chickens not required for the metabolism experiment were transferred at 15 days of age

from the rearing pens in the clean and dirty environments to a shared floor pen in the dirty

environment and given finisher pellets without MOS. At seven weeks of age, blood sera
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samples were collected from the brachial vein of 48 chickens, and tested for the presence

of antibodies against MDV, IBDV and CAV, as in the previous experiment (section 2.2.2).

Statistics

Analysis of variance (by GLM procedure) was used to examine the effects of rearing

environment, diet and sex as described in section 2.2.2. Stepwise regression was used to

develop prediction equations for AME of the diet and dry matter digestibility (DMD) from

measurements of villus height and crypt depth in the duodenum, jejunum and ileum.

2.3.3 Results

Addition of MOS significantly improved (P<0.05) the live weight of chickens at 18 days of

age (Table 3), irrespective of the cleanliness of the rearing environment.

Table 3. Summary of significant main effects of rearing environment, diet and sex in the

period 22 to 29 days of age. Means with the same letter within a main effect

are not significantly different (Þ0.05).

Rearing

Clean Dirty

Diet

Control MOS

Sex

Female Male

Pooled

SEMVariable

Live weight 18 d (g/bird)

Live weight 22 d(glb¡d)
Live weight 29 d(glbird)

Growth (g/bird)

Rate of growth (gikg) 1

Feed intake (g/bird/daY)

Feed conversion ratio

AME of diet DM (MJ/kg)

Dry matter digestibility Gl e)

Duodenal villus height (Pm)

Jejunal villus height (pm)

Ileal villus height (pm)

Duodenal crypt depth (Pm)

Jejunal cr¡pt depth (Pm)

627 a

835 a

1250 a

415

498b

115

r.96

13.47

0.622

1440 a

1046

543

237

210

190

592b

795 b

r2t2b
417

524 a

113

t.92

t3.59

0.629

1299b

99s

518

230

198

183

603 b

808 b

r225

4t7

517

113

t.92

13.60

0.626

r334

r026

535

241

2rl
190

616 a

822 a

1237

475

506

115

1.95

73.46

0.625

1405

1015

526

226

r97

183

584 b

773b

1162b

389 b

505

107 b

1.94

13.58

0.627

1367

1019

533

248

2t2
192

636 a

859 a

1303 a

444 a

518

I22 a

1.93

13.48

0.624

1372

1022

s28

222

r97

182

4.9

6.4

9.7

6.1

7.9

r.2

0.019

0.060

0.0027
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MOS had no effect (Þ0.05) on the AME of the wheat diet (mean 15.3 MJ/kg DM)

measured in the period 18 to 22 days of age. There rwas a significant interaction (P<0.05)

between cleanliness of the rearing environment and sex of the chicken on AME. Males

reared in the dirty environment showed a significant depression (P<0.05) in AME relative

to females reared in the same environment, but no significant difference between sexes

existed in the clean environment (Figure 5)'

15.8

15.6

15.4

15.2

15.0

Clean Dirty

Figure 5. Effects of rearing environment and sex on AME of a wheat-based diet (mean +

SE; z :24) in the period 18 to 22 days of age. Means with a coÍlmon letter are

not significantly different (P>0.05).

In the 7-day period (22 to 29 days of age), AME of the commercial finisher diet (13'53

MJ/kg DM) and dry matter digestibility (0.626 g/g) were unaffected (P>0.05) by the

cleanliness of the rearing environment, sex of chicken, or addition of MOS to the diet

(Table 3). Means, standard deviations, numbers of observations, coefficients of variation,

and ranges of values for dietary AME and dry matter digestibility are shown in Table 4.

Table 4. Means, standard deviations (SD), numbers of observations, coefficients of

variation (CV) and ranges of values for dietary AME and dry matter

digestibility of the commercial diet fed in the period 22 to 29 days of age.

Mean SD n CV Range

=o
Et
.Y
-)
E
t¡l

=

b

ab

a a

tr Female tr Male

AME of diet DM (MJ/kg)

Dry matter digestibility Gl e)

13.53

0.626

0.41

0.018

3.0

2.9

96

96

12.06-14.82

0.569-0.682
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Live-weights of chickens from the clean environment were greater (P<0.001) at l8 and22

days of age (Table 3). However, the interaction between rearing environment and diet

approached significance (P:0.06) for the 22-day weights, and significantly affected

(P<0.01) live weight at 29 days of age, and feed intake and growth in the period 22 to 29

days of age when chickens were fed the commercial finisher diet (Table 5)'

Table 5 Effects of rearing environment and diet on live weight (g/bird) at 18, 22 and29

days of age, and on feed intake (g/bird) and growth (g/bird) in the penod22 to

29 days of age. Means with a coÍlmon letter in the same row are not

significantly different (,Þ0.05) according to pair-wise /-tests.

Variable

Clean

Control MOS

Dirty

Control MOS

Pooled

SEM

Live weight 18 days

Live weight 22 days

Live weight 29 days

Growth 22 to 29 days

Feed intake 22 to 29 days

622 ab

832 a

1258 a

426 ab

116 a

629 a

833 a

1237 a

403 b

ll4 ab

582 c

781 b

1187b

406b

110 b

606 b

816 a

1249 a

432 a

118 a

7

9

t4

9

2

Effects of cleanliness of the rearing environment on villus height and crypt depth in

duodenal, jejunal and ileal sections are shown in Figure 6. Villus height in duodenal

mucosa was significantly (P<0.05) reduced in chickens reared in the dirty environment

(Table 3). Other morphological features were unaffected (P<0.05) by rearing conditions,

dietary addition of MOS, and sex of chickens.

There \ryas a significant (P<0.05) but weak association (R2:0.I7) between DMD and crpt

depth in ileal tissue (Figure 7). However, AME was not related to crypt depth (Figure 7) or

any other single measurement or any combination of measurements of morphological

features of the small intestine. AME and DMD values for individual chickens ranged from

12.7 to 14.3 MJ/kg DM and 0.59 to 0.66, respectively (Figure 7).

ELISA tests showed' an absence of challenge from immuno-suppressive agents such as

MDV and IBDV. Eight out of 48 chickens tested positive to CAV.
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Figure 6. Effects of cleanliness of the rearing environment on villus height (pm) and

crypt depth (pm) in duodenum, jejunum and ileum (mean + SE; n : 48). l/S

indicates not significant (,Þ0.05).
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2.3.4 Discussion

Addition of MOS (5 g/kg) to the rearing diet improved the live weights at 18, 22 and 29

days of age for chickens reared in the dirty environment. The benefit of adding MOS to the

diet did not extend into changes in gut structure. This lack of response to dietary MOS on

intestinal morphology is not consistent with the results of Iji (1998) who observed a 25o/o

increase in villus height of the jejunal mucosa (from 1246 to 1554 ¡rm) when MOS was

added at the rate of 5 glkg to a sorghum based diet. Villus height and crypt depth in

duodenal, jejunal and ileal mucosa were all unaffected by MOS in the current work.

The significant reduction in villus height in the duodenal mucosa from chickens reared in

the dirty environment (Figure 7) is consistent with a general inflammatory response arising

from accumulation of inhaled or ingested non-pathogenic microbes, dust and dander in the

dirty environment (Klasing et al. 1999). However, while there was a general tendency for

reductions in villus height in jejunal and ileal mucosa, neither of these was significant.

Similarly, crypt depth was numerically lower (but not significantly so) in all intestinal

segments in chickens from the dirty environment. The lack of change in the villus/crypt

architecture tends to suggest that, while this particular rearing environment was dusty, it

was not biologically dirty in the sense of promoting overt responses to bacteria, coccidia or

viruses. The ELISA results from this and the previous experiment imply an absence of

responses in most chickens to three common poultry viruses. The level of exposure to

oocysts and bacteria would have been limited to viable organisms carried on air-bome

particles settling in the rearing pens which were otherwise clean at the start. In retrospect,

a better approach may have been to use re-cycled litter from previous batches of chickens

to induce a response by chickens to a dirty environment.

As in the first experiment (described in section 2.2),no single measurement or combination

of measurements of morphology of the gastrointestinal mucosa were firmly linked with any

change in the energy metabolism by either sex of chicken, despite there being wide ranges

of values for AME and dry matter digestibility.

Relatively high AME values for tho experimental wheat diet and the commercial diet

indicate a low level of nutritional stress experienced by the chickens used in these two

experiments. This may explain why the variation in gut structure was less than expected,
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and that poorer quality feedstufß are required in experiments in order to determine whether

gut morphology of the intestinal mucosa becomes a limiting factor in the digestive eapacity

ofchickens.

2.3.5 Conclusion

Villus height and crypt depth of different sections of the small intestinal mucosa are poor

indicators of the digestive capacity of broiler chickens given commercial broiler feeds.

2.4 General discussion

The relative weight of the pancreas of female chickens was gleater than that in males,

irrespective of dietary addition of MOS or cleanliness of the rearing environment. The

relative weight of the jejunum in female chickens was greater than that in males, but only

when chickens were reared in a clean environment. Other morphological features of the

intestine did not differ between the sexes.

Relationships between AME and DMD of the diet and gut structure were examined in two

experiments intended to reveal the extent of potential variation in energy digestion by

application of treatments involving cleanliness of the rearing environment, sex of chickens

and addition of MOS to the diet. Less than 20o/" of the variation in AME or DMD was

associated with gross structural characteristics such as the dry weights of duodenum,

jejunum or ileum relative to metabolic body weight, or with finer morphological

measurement of villus height and crypt depth in these sections of the small intestine,

despite there being relatively wide ranges of normally distributed AME and DMD values in

both experiments.

There were no indications that the statistically significant although weak assocations

between AME or DMD and some morphological features of the small intestine differed

according to sex of the chicken.

2.5 Conclusions

The relative weights of the pancreas and jejunum of female chickens were greater than

those of the males, but no other morphological features of the intestine differed between

the sexes. The possibility that variation in AME is associated with differences in gut
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morphology \¡¡arrants further investigation with experimental diets known to contain

relatively hrglr levels oI anu-numtive factors such assol-ùble IIISP in or<ler toqan:ti$rthe

extent that the morphology of the intestinal tract and its mucosa can affect digestion of

energy in chickens.
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Chapter 3. Variable responses in digestion of energy

from a wheat-based diet are associated with

sex and strain of chicken and morphology

of the small intestinal mucosa

3.1 Introduction

Results of the experiments described in Chapter 2 to examine relationships between gut

structure and energy digestion were inconclusive, probably because the diets contained

insufficient levels of anti-nutritive factors to affect AME. A main conclusion was that

further investigation was required with poorer quality feedstuffs to determine whether

soluble NSP affected the digestion of energy by altering the morphology of the sma1l

intestine

Hughes and Choct (1997) demonstrated wide variation in AME (8.8 to 14.9 }i/'Jlkg DM) in

a single experiment involving a sample of wheat containing a high level of soluble

arabinoxylan given to broilers hatched and reared under identical conditions. They

concluded that the "low-ME" wheat phenomenonlvas not entirely dependent on the

physico-chemical nature of wheat but it was a multi-faceted problem associated with

characteristics of digestive physiology of individual broiler chickens. More recently,

Hughes et al. (2001) reported AME values ranging from 12.3 to 13.5 MJlkg DM for a

single barley sample. That is, individual birds demonstrated quite different responses in

energy metabolism when fed the same diet.

The experimental diets used in the studies reported by Hughes and Choct (1997) and

Hughes et at. (2001) were comprised of grain, casein, limestone, dicalcium phosphate, salt,

and a mineral and vitamin supplement. Carbohydrate was the main source of energy in

these diets, with fat making a relatively small contribution. Hence, large variation in AME

was probably associated with similarly large variation between individual birds in starch

digestion (as noted by Mollah et al. 1983 and Rogel et al. 1987) and absorption of sugars,

rather than by reduced lipid absorption due to the removal of bile salts from digesta by

microflora in the small intestine as described by Smits (1996).
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A likely explanation for the reduced and variable digestion of starch is the anti-nutritive

effect of soluble NSP in the foregut (Choct and Annison 1992). The mechanism of action

of soluble NSp is thought to involve increased viscosity of digesta which limits contact

between digestive enzymes and substrates, and contact between nutrients and absorption

sites on the intestinal mucosa (Annison 1993; Bedford and Morgan 1996; Smits er a/'

reeT).

The effects of sex of the chicken on AME values and gut morphology described in Chapter

2 poínt to the possibility that responses to soluble NSP may also differ between male and

female chickens. To date, no one has quantified differences between individual birds in the

way that they respond to soluble NSP. If large differences exist, it would help explain the

wide between-bird variability in AME observed by Hughes and Choct (1997). ten

Doeschate et al. (1993) reported a genotype by sex interaction on energy digestion; hence it

seems reasonable to assume that not only the sex of the bird but also its strain may be an

important factor in how individual chickens respond to anti-nutritive components such as

soluble NSP

The following experiment tested the hypotheses (a) that individual birds would respond

differently in digestion of energy from a diet based on wheat with soluble NSP content 11.3

g/kg DM, (b) that the responses would differ according to strain and sex of chicken, and

(c) that morphology of the small intestinal mucosa was associated with digestion of energy.

3.2 Material and methods

3.2.1 Birds, housing and management

Cobb (Strain #1) and Ross (Strain #2) broiler chickens were obtained from the Bartter

Steggles hatchery, Cavan SA and the Baiada hatchery, Willaston SA, respectively, on

Thursday 4 November 1999. Chickens were raised from hatch in four floor pens in a

controlled temperature room. Male and female chickens of each strain were reared

separately. All birds were given commercial starter crumbles (Ridley Agriproducts, diet

code #503540).

At 18 days of age, chickens were transferred in pairs to 48 single-bird metabolism cages

(dimensions shown in Appendix 2) located in a controlled-temperature room set at25-27"C

initially, and given commercial starter crumbles (Ridley Agriproducts, diet code #503540)'
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The temperature setting in the room was reduced daily until it was 22oC at the end of the

experiment.

Previous experience showed that chickens quickly adjusted to the cages when accompanied

by at least one other chicken. One bird was removed from each cage just prior to

commencement of the exPeriment.

The 7-day experiment commenced at 2l days of age for chickens in the first set of 24

cages, and on the following day for chickens in the second set of 24 cages. All chickens

were given free access to a wheat-based diet (Table 6) and water throughout the

experiment. Chickens were weighed at the beginning and end of the experiment.

Table 6. Composition of the experimental diet

Ingredient elke

Wheat

Meat and bone meal

Soybean meal

Sunflower oil

Sodium chloride

L-lysine HCI

DL-methionine

Vitamin and mineral premix with millrun diluent

Choline chloride (60%)

700

76

t70

40

2.5

2.5

J

5

0.8

Dr Mingan Choct (LINE) supplied the wheat soon after harvest in the 1996197 growing

season. A subsequent experiment in August 1997 involving 32 individually housed

chickens at PPPI verified that it had a low AME value (13.1 MJ/kg DM)' The wheat was

kept in a cool room (4"C) between AME testing and its subsequent use in this experiment

to minimise any post-harvest change in AME (Choct and Hughes 1997). The diet was

pelleted (4 mm diameter and 6 mm lengtþ in a cold-press to avoid selective feeding.

3.2.2 AME procedures, digesta collection and measurement of viscosity

The AME of the wheat-based experimental diet described in Table 6 was determined in a

conventional energy balance study involving measurements of total feed intake and total
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excreta output, and subsequent measurement of gross energy (GE) values of feed and

excreta, as per the procedures described in section 2.2.2.

On completion of the 7-day AME study, each chicken was killed by intravenous injection

of pentobarbitone, and then weighed. The gastro-intestinal tract (GIT) from the base of the

gizzard, down to the ileo-caecal junction was dissected. Sections of the duodenum,

jejunum and ileum were placed in fixative for histology by procedures outlined in

section 2.3.2.

The ileal digesta was removed by gentle squeezing, and kept on ice prior to centrifugation

(12,000 g, 10 min, 20"C). Supernatant and pellet from each sample were frozen and stored

at JyoC. Viscosity of thawed supernatants was measured with a Brookfield DVm

viscometer at25oCwith a CP40 cone and a shear raterangeof 5-500 s-t. The samples did

not exhibit shear thinning at these shear rates. Previous studies (M. Choct, P. Zviedrans

and R.J. Hughes, unpublished) indicated that initial differences in viscosity of fresh digesta

were retained by fteezing and thawing provided thawed supematants were measured

immediately.

King (1998) described the relationship between energy excreted (EE) and gross energy

intake (GEI) as a linear model:-

EE:cr+BxGEI

where ü : energy voided at fasting and p : rate of increase in EE as GEI increases. This

approach was used to examine whether sex and strain of chicken influenced energy

balance.

3.2.3 Statisticalanalysis

Analysis of variance (by GLM procedure) was used to examine the effects of strain and

sex, and the strain by sex interaction. Duncan's Multiple Range Test was used to separate

means of main effects (block, strain and sex) and Z-tests (by LSMEANS procedure) were

used to separate means for the strain by sex interaction when significant effects (P<0.05)

were evident in the analysis of variance. Stepwise regression (by REG procedure with

maximum R2 selection) was used to develop prediction equations for AME of the diet from

measurements of villus height and crypt depth in the duodenum, jejunum and ileum.

Analysis of covariance (by GLM procedure) was used to determine whether the linear
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coefficients of regression for EE on GEI differed between the two strains and between

males and females.

3.3 Results

Results of statistical analysis are summarised in Table 7. The strain by sex interaction was

not significant (,Þ0.05) except for jejunal villus height.

Table 7 . Summary of main effects in analysis of variance

Variable Strain r

2

Sex'

Female Male

Pooled

SEM1

Live weight at start (g/bird)

Growth (g/bird)

Rate of gaitt (g/kg) 1

Feed intak e (glbirdl day)

Feed conversion (g feed: g gain)

AME of diet DM (MJ/kg)

Dry matter digestibility (g/g)

Ileal viscosity (cP) 2

Duodenal villus height (Pm)

Jejunal villus height (pm)

Ileal villus height (pm)

Duodenal crypt depth (¡rm)

Jejunal crypt depth (¡rm)

Ileal crypt depth (pm)

928 a

403 a

439 a

108 a

1.90 a

14.43 a

0.699 a

14.8 a

1299 a

1027 a

596 a

22I a

237 a

231 a

874b

392 a

450 a

I04 a

1.86 a

14.24 a

0.693 a

19.6 a

1199 b

1001 a

577 a

229 a

239 a

237 a

846 b

377 b

449 a

98b

I.84 a

14.63 a

0.708 a

15.0 a

1245 a

l0l7 a

560 b

223 a

233 a

226 a

956 a

418 a

440 a

113 a

1.92 a

t4.04b

0.685 b

19.4 a

1253 a

I0l2 a

613 a

228 a

243 a

242 a

72.0

tr.4

13.5

2.1

0.043

0.146

0.0071

2.60

26.7

22.3

15.5

6.1

9.2

9.3

2

3

Rate of gain: Growth x 1000 + Live weight at start of experiment

Data were log. transformed to normalise the distribution prior to analysis

Means with the same letter within a main effect are not significantly different

(Þ0.0s)
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Males weighed more than the females, and chickens of Strain #1 were heavier than Strain

#2 atthe start of the experiment (Table 7). Males ate more feed and gained more weight

than the females during the 7-day experiment, however, the females rvere superior to males

in AME and digestibility of dry matter (Table 7). AME values for individual male and

female chickens of both strains are shown in Figure 8. The coeffrcients of variation for

Strain #1 females and males were 3.1 and 5.5o/o, respectively, and those for Strain #2 werc

2.4 and 8.ÙYo, resPectivelY.

There were no effects (^Þ0.05) of sex or strain on viscosity of ileal digesta, and the

regression between AME and viscosity (Figure 9) was not significant (Þ0'05). The

coefficients of variation for viscosity and AME across sex and strain werc 74%o and 5.4Yo,

respectively.

Significant differences (p<0.05) due to sex and strain were detected in villus height of the

mucosa in different sections of the small intestine (Table 7). Males had significantly

greater ileal villus height than females. Chickens from Strain #1 had significantly greater

duodenal villus height than Strain #2 chickens. Jejunal villus height was significantly

affected by the interaction between strain and sex (Figure 10) with male chickens of Strain

#1 having significantly greater jejunal villus height than male chickens of Strain #2,brut no

difference due to strain was evident for females.

u,

o
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E

!
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o
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1 000
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800
Strain #l female Strain #1 male Strain #2 female Strain #2 male

Figure 10. Effects of strain and sex of chicken on villus height in the jejunal mucosa

(means + SEI n : I2). Means with a common letter are not signifrcantly

different (Þ0.05).
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Best one-variable model:-

AME :15.73 - 0.0059 x ileal crypt depth

P < 0.01, R2 : 0'179, r : - 0.42, n : 48

Best two-variable model: -

AME : 14.37 - 0.0068 x ileal crypt depth

+ 0.0013 x duodenal villus height

P < 0.01, R2 : 0.227, r : 0'48, n : 48

Best three-variable model : -

AME : 13.82 - 0.0047 x ileal villus height

+ 0.0015 x duodenal villus height

- 0.54 x ileal villus to crYPt ratio

P < 0.01, R2 :0.290,r:0.54, n:48

Best four-v aiable model : -

AME : 13.14 - 0.0056 x ileal villus height

+ 0.0015 x duodenal villus height

+ 0.66 x ileal villus to crYPt ratio

+ 0.0036 x duodenal crYPt dePth

P < 0.01, R2 : 0.313, r : 0.56, n : 48

Best five-v aiable model : -

AME :16.02 - 0.0052 x ileal villus height

+ 0.0020 x duodenal villus height

+ 0.60 x ileal villus to crYPt ratio

- 0.0061 x jejunal crYPt dePth

- 0.27 x jejunal villus to crypt ratio

P < 0.01, R2 : 0.330, r : 0.5'7, n : 48

Figure 11. Relationships between dietary AME and morphological features of the small

intestinal mucosa in chickens, as indicated by step-wise regression analysis'
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Results of step-wise regression analysis to explore possible relationships between energy

metabolism and villus/cry4pt architecture are summarised in Figure 11 and Figure 12.

Analysis of covariance of the effects of sex and strain of chicken on the relationship

between energy intake and excretion (Figure 13) showed that strain was unimportant

(Þ0.05) but there was a significant effect (P<0.05) due to sex. Observation of the plot of

data points for males (Figure 13) suggested that the relationship was curvilinear. Various

curvilinear functions were fitted separately to the data from male and female chickens. An

increase in R2 value indicated a better fit for an exponential function (R2:0'60) compared

with a linear function (,R2:0.55). That is, there appeared to be an exponential increase in

excreted energy with increase in gross energy intake (Figure 13). None of the curvilinear

functions improved the R2 value for females. The estimates for energy voided at fasting

were 46 kJ/bird/day for females, and 101 kJ/bird/day for males. Even after correction for

differences in live weight due to sex, the value for males was approximately 70%o greater

than that for females. Care is needed with the use of these estimates of endogenous energy

loss as the models were extrapolated well beyond the range of measurements of energy

intake.

3.4 Discussion

AME values for females were 4o/o higher than for males, with such a difference being

highly significant in commercial terms. Furthermore, it is clear from the patterns of AME

values obtained with individual chickens (Figure 8), and the corresponding coefficients of

variation for strain by sex combinations, that females are more uniform than males. Some

individual chickens, particularly males, responded poorly to the wheat diet compared with

others. On the other hand, some males responded just as well as the best performing

females. This is despite chickens being reared in the same room from hatch, and receiving

the same rearing diet prior to the experiment. One would expect that all chickens would

have been exposed to similar levels of challenge from pathogens in the environment and

from effects of dust and dander in the air (Klasing et al. 1999), and any anti-nutritive

oomponents in the feed. Sex effects may be due to differences in energy costs to repair and

maintain the gut (Wright and Alison lg84b), or in response to inflammatory effects of

microflora (Koutsos and Klasing2002). 'Whether effects of sex extend into the absorption

and transport of nutrients remains to be determined.
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Regression analysis showed no significant relationship (Þ0.05) between AME and

viscosity of ileal digesta. The lack of effects of sex and strain on viscosity of ileal digesta

(Table 7), and the absence of a significant relationship between AME and viscosity (Figure

9) suggest that variation in AME values was not related to the gelling properties of NSP

but that other factors rvere responsible.

Up to one third (33%) of the variation in AME was associated with physical features of the

small intestinal mucosa (Figure 12). Ileal crypt depth was the single most important

feature of the small intestinal mucosa associated with variation in AME (Figure 11)' The

strain and sex of chicken significantly affected villus heights of the mucosa in the jejunum

and ileum, respectively. Villus/crypt architecture differed between strains for male

chickens, but there were no differences observed in female chickens. These results imply

that gut morphology may be an important determinant of digestion of energy but that other

factors responsible for at least two thirds of the variation in AME are collectively more

important.

Ileal crypt depth was the single most important predictor of AME (Figure 11) among the

various measurements of small intestinal structure examined in this study. While ileal

crypt depth per se accounted for only 18% of the variation in AME, it is possible that

changes in the rates of proliferation of crypt cells in other sections of the small intestine,

and in the maturation of cells during migration along the villus, may have occurred (V/right

and Alison lg84b). Other possibilities include changes in the numbers of goblet cells on

the villus surface (Langhout 1998), the amount and type of mucins secreted (LanghotÍ et

al. 1999), and the microbe-binding characteristics of the mucins (Kelly and King 2001).

Changes such as these could affect the unstirred water layer (Johnson and Gee 1981) and,

hence, limit the contact between nutrients and absorption sites on the mucosa (Smithson ef

al. 1981). Biochemical examination of mucosal tissue was planned in this project;

however, this was prevented when tissue samples were lost during a power failure in the

PPPI Nutrition Research Laboratory

Both Johnson (1987) and King (1998) pointed out that endogenous energy loss (EEL)

could be a large source of error in measurements of AME and TME in assays involving the

allocation of fixed amounts of test diet considerably less than ad libitum feed intake. The

size of the EEL error relative to the AME value of the test diet diminishes as the amount of

t
Ì

;

l
56



feed allocated is increased and becomes trivial in fully fed birds. AME values obtained in

all of the experiments described in this thesis were obtained with fully-fed birds not fasted

at any stage. In a separate series of experiments (not reported in this thesis), I was unable

to improve precision or accuracy of measurement of AME by incorporating periods of

fasting at the start or end of the excreta collection period as advocated by Farrell (1999).

Fasting did, however, significantly depress growth rate and feed effrciency, and greatly

reduced the amount of digesta that could be collected for measurement of nutrient

digestibility.

The curvilinear relationship between energy intake and energy excretion for male chickens

(Figure 13) shows an apparent departure from linearity at higher intakes of energy'

Explanations for this include a possible disturbance to a physiological process such as

negative feedback control over flow rate of digesta, or increased proliferation of gut

microflora. Svihus and Hetland (2001) concluded that overloading the digestive tract with

starch can result in incomplete digestion of starch ,large losses of energy due to microbial

fermentation in the hindgut, and impaired feed conversion. They demonstrated that these

losses could be avoided by inclusion of unground grain in the diet, presumably because

whole grain enhanced gízzardsize and function, which is a point that Cumming (1992) has

advocated for many years.

It is worth pointing out that Svihus and Hetland (2001) used male broiler chickens only in

their studies. Recent findings by Yaghobfar (2001) that males had higher endogenous

energy losses than females, and the increased rate of energy excretion by males in

comparison with females shown in Figure 13 indicate that key findings reported in recent

publications ought to be verified with chickens of both sexes in order to maximise the

value of this information for application in commercial industry practice.

3.5 Conclusions

These results are indicative of sex-related differences in gut morphology and digestion of

energy, irrespective of the strain of the chicken. Possible reasons why female chickens

have a 4o/o advantage over males in apparent digestion of energy are explored further in

subsequent sections.
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Chapter 4. Breath tests as non-invasive indicators of

digestive function of broiler chickens and

metabolic activity of gut microflora

4.1 General introduction

Previous attempts (described in Chapters 2 and 3) to identify key factors in the digestion of

energy were hampered by the lack of variation between groups of chickens induced by the

environmental treatments. Success or otherwise of experimental treatments \¡/as evident

only after chickens were sacrificed for tissue samples, thus limiting the usefulness of the

data and samples collected during that experiment. This indicated the need for a non-

invasive tool or measurement that can be used to pre-select individual birds on the basis of

their phenotpic traits, and for repeated application over time to track changes due to

experimental treatments on gastro-intestinal functions such as gastric emptying, pancreatic

enzqe activity, digesta transit time, and microbial proliferation in the small intestine.

Clinicians have known for many years that unusual breath odour is often an indication of

gastrointestinal dysfunction in patients (Butler 1996). Analysis of expired breath for non-

odorous gases is now a commonly used, non-invasive diagnostic method in human

medicine (Amarri and 'Weaver 1995; Swart and van den Berg 1998). Tivey and Butler

(1999) concluded that breath tests should prove to be powerful analytical tools for nutrition

research and veterinary diagnostics in domestic and agricultural species.

Breath tests involving stable isotopes are safe alternatives to radio-scintigraphy,

particularly for infants and pregnant rwomen, and when multiple or frequent tests are

required (Amarri and Weaver 1995; Swart and van den Berg 1993). The tests involve

ingestion of a substrate enriched in a stable isotope such as t'C, thut is relevant to the

particular rate-limiting intestinal process under investigation, followed by serial breath

sampling. For example, l3c-triglyceride is used to examine pancreatic lipase function

(Vantrappet et al. 1989), and lactose l3C-ureide is used for measuring small intestinal

transit time (Heine et al. 1995). Isotope is released as t'CO, by a series of metabolic

processes following digestion and absorption of labelled feedstuffs, then transported via the
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blood stream to the lungs for excretion. The breath samples are analysed with an isotope-

ratio mass spectrometer. The ratio of 13C and 12C isotopes in the breath is directly related

to functionality of the gut in terms of release of digestive enzymes, epithelial function or

digesta transit time, all of which are measured individually by this technology (Ama:ri and

Weaver 1995; Swart and van den Berg 1998)'

Other types of breath test used routinely in medical practice are based on expiration of

hydrogen following microbial fermentation of non-labelled carbohydrates such as

lactulose, a s¡mthetic disaccharide, which is not absorbed by the small intestine (Robb and

Davidson 1987; 'Wutzke et al 1997). Studies on humans and other species indicate that

samples of breath can be taken with simple, inexpensive equipment and remain stable for

long periods, enabling these tests to be used in the field (Tivey and Butler 1999)'

To date, there is scant information in the scientific literature on the use of breath tests on

agricultural species of animals. A search of the scientific literature prior to commencement

of these studies failed to find any published papers on stable isotope breath testing of birds'

One paper (ten Doeschate et at. 1995) reported the measurement of lacOz expired by

broiler chickens housed in respiration chambers to study the effect of nutritional status on

oxidation of rac-labelled amino acids injected intraperitoneally or subcutaneously.

In the early stages of the studies reported in this thesis it was anticipated that the most

useful breath tests for chickens would be those based on measurement of t'CO, in order to

study digestive function of the small intestine in relation to energy metabolism. That is, the

initial hypothesis was that variation in energy metabolism in broilers given diets high in

soluble NSP with or without gþanase enzymes was attributable mainly to differences in

structure and/or function of the upper portion of the small intestine responsible for

carbohydrate digestion and absorption. The evidence presented in Chapters 2 and 3 tended

to suggest otherwise. Furthermore, during the course of these studies it became

increasingly clear from other reports in the scientific literature that gut microflora play a

highly significant role in energy metabolism in chickens through effects on gut tissue and

rate of passage of digesta (Langhout et al. 1999; Bedford, 2000; Bedford and Apajalahti,

2001). Hence it was deemed necessary to put more emphasis on development of hydrogen

breath tests for measurement of metabolic activity of gut microflora and transit time of

digesta in the latter period of these studies.
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This part of the thesis summarises the development of breath tests for chickens for non- 
,

invasive measurement of gastro-intestinal function and metabolic activity of gut

microflora. The following sections describe the development of equipment and methods

for collecting breath samples for l3COz measurement (section 4.2), measurement of

hydrogen and methane in breath samples (section 4.3), and development of breath tests

based on hydrogen to measure passage rate of digesta and metabolic activity of gut

microflora in chickens (section 4.4).

4.2 Development of equipment and methods for collecting breath

samples from chickens

4.2.1 Introduction

Breath testing in adult humans usually involves the collection of samples by asking the

patient to blow through a tube into a collection vessel. When it is not possible to get a

sample by voluntary means from human or animal subjects, face masks can suffice. An

alternative approach is to use a nasal prong to draw breath into a syringe during exhilation.

Initial attempts to construct face masks quickly highlighted some of the practical

difficulties associated with this approach to collect breath samples from chickens. It soon

became clear that masks needed to fit closely in order to gather a sufficient quantity of

breath without contamination from ambient air. Furthermore, the awkward profile of the

head and beak of chickens made this difficult to achieve in a mask that could be taken on

and off easily without stressing the birds. The alternative of leaving the mask in place for

up to three or more hours required either a pressurised air supply or a system of one-way

valves to enable the chicken to breath ambient air between the taking of serial breath

samples. Other approaches described in the literature such as insertion of a tracheal

cannula (Scheid and Piiper 1969) or the gluing of tubes into the nostrils (Itabisashi 1981)

were considered extreme from an animal welfare point of view and otherwise impractical

or inappropriate for use in this project. The nasal prong approach was also rejected due to

the smallness of the nostril openings in chickens.

The idea of using a helmet to collect breath samples came serendipidously when the author

and his technician (Mrs Christine Adley) noticed that a cardboard tube from a paper towel
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dispenser fitted neatly over the head of a chicken. From there the idea developed into

construction of a rigid helmet of the style used by early divers.

4.2.2 Helmets for collecting breath samples from chickens

Plastic helmets were constructed from standard PVC plumbing pipe and caps. A sample of

re-breathed air was taken by placing the helmet over the head and neck of the chicken. The

helmet was then held firmly against the shoulders and breast of the chicken. After a

predetermined period (e.g., 15 seconds) measured by stopwatch, a 10 mL gas sample was

drawn through Luer lock fittings into an evacuated tube (Appendix 4).

Helmets of different internal diameter and length were constructed for chickens of different

sizes. The choices of helmet size and the period that it was placed over the head of the

chicken were based on an estimation of the time taken for re-breathing of air to raise

carbon dioxide concentration in the enclosed space to reach at least 2o/obut not exceed 5olo

(section 4.2.3). Achievement of these limits was considered important, firstly, to ensure

accurate analysis by mass spectroscopy (with COz>L%) and, secondly, to avoid disruption

to normal respiration by the chicken from excess COz in re-breathed air in the helmet'

4.2.3 Development of methodology for the use of helmets

The period of time that the helmet was placed over the head was determined mainly by the

volume of the empty helmet, the space occupied by the head of the chicken, respiratory

characteristics of the chicken (Table 8), and the COz content of expired air (Table 9).

Preliminary estimates indicated that 30-45 seconds were suffrcient. Subsequent trials with

t'CO, measurements confirmed these estimates. In contrast, experiments (sections 4'3 and

4.4) involving hydrogen and methane indicated shorter periods (15-30 seconds) of re-

breathing were adequate for accurate measurements. The comfort of the chickens was also

an important consideration in the decision over re-breathing time. Experience showed that

ehickens readily tolerated 15 seconds but during longer periods chickens tended to struggle

after about 25-30 seconds. This was attributed to an involuntary reflex to raised COz

concentration in the headspace. Hence, the shortest possible period was used in

experiments.
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Table 8. Respiratory characteristics of poultry (Freeman 1984)

Male Female

Respiratory frequency (breaths/minute)

Tidal volume (mL)

Ventilation rate (L/minute)

Lung capacity (mL)

Air sacs (mL)

t2-2I

33-46

0.5-0.7

70

425

20-37

15-33

0.5-0.7

35

260

Table 9 partial pressure of carbon dioxide in air spaces and blood (Mclelland and

Molony 1983)

mm Hg

29

39

28

15

24

42

44

Arterial blood

Venous blood

Mean expired air

Abdominal air sac

Caudal thoracic air sac

Cranial thoracic air sac

Clavicular air sac

4.2.4 Proof of the concept of breath testing chickens

Introduction

preliminary experiments were conducted to determine whether it was possible to detect

"C1rin the breath of chickens. Two substrates labelled with "C, u stable isotope of

carbon, were ehosen for these experiments. The first, l3C-octanoic acid, is given as a

liquid meal to measure gastric emptying time for the liquid phase of ingested food in

human subjects (Swart and van den Berg 1998). The main reason for choosing t'C-

octanoic acid was that it it contains the highest ratio of t'C to t'C of the readily available

substrates, and hence, likely to produce a relatively high concentration of 13COz that could

be detected by mass spectroscopy. The second substrate, corn, is naturally enriched in 13C

through the metabolic pathway described by Hatch and Slack (1966), and has been used

experimentally to examine solid phase gastric emptying and starch hydrolysis in the small
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intestine of rats (Symonds et at. 1998). This substrate is readily available and cheap

compared with labelled probes normally used in clinical practice (Swart and van den Berg

lee8).

Materials and methods

Birds, housing and management

Ross broiler chickens were purchased from the Bartter Steggles hatchery, Cavan, SA on

Thursday 8 April Iggg. These chickens were reared to 15 days of age in separate sex

groups in two floor pens in a controlled temperature room. All birds were given

commercial starter crumbles (Ridley Agriproducts, diet code #503540) during this period.

At 15 days of age, 18 male chickens were transferred in groups of three to metabolism

cages in a room maintained at 24-26oC. All birds continued to receive commercial starter

crumbles. Birds had free access to feed when not involved in experimental procedures and

drinking water was available at all times. Room temperature was adjusted as required to

suit the comfort of the chickens.

Exp er iment al pr o cedur es

l3 13
a. atf

At 18 days of age, two chickens in one cage v/ere fasted from 5 pm until 9 am the

following day. The third chicken in the cage was transferred to a separate cage in readiness

for test procedures involving naturally labelled starch in corn (see section below).

The helmet was constructed from 40 mm PVC tube and a close-fitting cap. A gas sample

was taken directly into a 10 mL evacuated tube (Exetainer cat. No. EX10ZL0) via a

Vacutainer holder fitted rryith an 18 gauge needle inserted through a luer septum connected

by flexible tube to a luer lock fitting attached to the helmet. Each breath sample was taken

45 seconds after a prototlpe helmet was placed over the head of the chicken and held

firmly against the shoulders to minimise loss of expired CO2. It was assumed that both

isotopic forms of COz would diffuse at a similar rate under these circumstances; hence any

leakage should not have affected the ratio of r3COz tor2COzin the sample.

Following overnight fast, three breath samples taken at 3-minute intervals from the chicken

were taken to establish the baseline 13Clt2C isotope ratio. At 9 am the chicken was
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administered a gelatine capsule containing a weighed amount (approximately 95 mg) of

vegetable oil containing l3C-octanoic acid (37.8 Vglmg vegetable oil). That is, eaeh

chicken received approximately 3.6 mg l3c-octanoic acid. The test chicken was denied

feed until completion of breath sampling at 1 pm. The other chicken in the cage was given

feed immediately. Breath samples were taken at l0-minute intervals for one hour,

followed by samples at l5-minute intervals over the next hour, and then samples at 30-

minute intervals for another two hours. After the breath sample was taken the helmet was

removed and the chicken was returned to the metabolism cage. Care was taken during

handling and breath sampling to minimise any variability associated with stress on the

chickens and/or disruption to normal breathing patterns. This set of procedures \¡/as

repeated on subsequent days using a different chicken each day. Data were obtained from

four chickens.

b. 13 CO" in expired breath followine insestion of corn.

At25 days of age, one chicken was fasted from 5 pm to 9 am the following day. Following

overnight fast, three breath samples taken at 3-minute intervals from the chicken were

taken to establish the baselinettcl"C isotope ratio. At 9 am the chicken was administered

with 10 mL of homogenised corn kernel (Edgel brand; high in naturally-occurring l3C

labelled starch) via a disposable syringe fitted with a plastic tube that was inserted 4 cm

into the oesophagus. Breath samples were taken at l5-minute intervals for two hours

followed by samples at 30-minute intervals for another two hours. This set of procedures

was repeated on subsequent days using a different chicken each day. Data were obtained

from a total of three chickens. It was necessary to resort to use of the feeding tube because

chickens refused to eat the corn.

Results and discussion

Enrichment of 13C in breath COz (defined as delta over baseline, the increase in the ratio of

t'C to 12C relative to the baseline determined for each chicken) following ingestion of 13C-

octanoic acid is shown in Figure 14. The results are consistent with observations in

humans and experimental mammals in which l3C-octanoic acid is rapidly absorbed in the

intestine, metabolised, then excreted by the lungs (Tivey and Butler 1999). Peak

enrichment in chickens between 5 and 30 minutes is comparable with mice (Symonds et al.

1993) and considerably less than the 53 minute delay observed in adult humans given a
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semi-solid test meal containing sodium [13Cr]-acetate to measure emptying of the liquid

phase (Braden et al. 1995). Presumably, these different intervals of time to reach peak

enrichment reflect the relative lengths of the GIT in mice, chickens and adult humans' The

flattened, delayed peaks for two chickens (Figure 14) might indicate true variation between

birds in terms of gastric emptying time because no problems occurred during

administration of the isotope or serial breath sampling.

The enrichment of t'C in breath following ingestion of l3c-starch in corn is shown in

Figure 15. Peaks were observed 60-90 minutes post-ingestion. This was much quicker

than the mean time of 153 minutes observed in human infants 7-16 months of age with

mean weight of 8.6 kg given a test meal made from maize flour (Weaver et al' 1995).

Hiele et al. (1989) reported peaks in 13COz excretion at 3 arrd 5 hours in healtþ volunteers

and patients with pancreatic disease, respectively, following consumption of a test meal

made from corn starch suspended in water. As with the results in Figure 14, the main

difference between chickens and humans was the shorter time to peak enrichment of t'C itt

breath COz in chickens.

The degree of enrichment of "CO, in breath samples from chickens in both experiments

was similar to those found with humans and other experimental animals dosed with these

labelled substrates. The smooth transitions in Figure 14 and Figure 15 from zero

enrichment to peaks and subsequent declines to baseline imply that the sampling

procedures produced representative samples of expired breath.

Conclusion

Preliminary experiments using simple PVC helmets to collect breath from individual birds

provided proof of the concept of using "C)rbreath tests as non-invasive tools for studying

gut physiology in broiler chickens.
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Figure 14. Enrichment of l3COz in breath following ingestion of a gelatine capsule

containing 3.6-3.8 mg r3C-octanoic acid dissolved in vegetable oil. Delta over

baseline is the increase in the ratio of t'C to 12C relative to the baseline ratio in

each chicken prior to dosing. Each of the four curves represents results from an

individual chicken.
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Figure 15. Enrichment of l3COz in breath following ingestion of cooked corn kernel

naturally enriched with l3C-starch. Each of the three curves represents results

from an individual chicken.
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4.3 Measurement of hydrogen and methane in breath samples from

chickens

4.3.1 Introduction

Breath tests based on release of hydrogen and methane are used in medical practice (Robb

and Davidson l9g7). These tests rely on production of hydrogen by bacterial fermentation

of undigested carbohydrate and other nutrients in the large bowel, as hydrogen and methane

are not produced by mammalian tissue. A preliminary experiment was conducted with

chickens to see whether the commensal gut microflora included bacteria able to synthesise

hydrogen and methane to the extent that these gases would emerge in measurable

concentrations in breath samples. This experiment tested the hypotheses (a) that hydrogen

andlor methane will appear in the breath of chickens given a normal diet, and (b) that an

oral dose of lactulose, a syrthetic disaccharide used in diagnostic tests in human subjects,

would cause an increase in hydrogen concentration in breath of chickens'

4.3.2 Materials and methods

Birds, housing and management

Ross broiler chickens were purchased from the Bartter Steggles hatchery, cavan, sA on

Thursday 15 July lgg9. These chickens \ryere reare d to 22 days of age in a floor pen in a

controlled temperature room. All birds were given commercial starter crumbles (Ridley

Agriproducts, diet code #503540) to 19 days of age then commercial finisher pellets

(Ridley Agriproducts, diet code #504540).

Af 22 days of age, 16 chickens (8 male and 8 female) were transferred in pairs to

metabolism cages in a room maintained at 24-26"C. Al1 birds continued to receive

commercial finisher pellets. tsirds had free acoess to feed when not involved in

experimental procedures. Drinking water was available at all times. Excreta trays were

cleaned daily. Room temperature \ryas adjusted as required to suit the comfort of the

chickens. At 25 days of age, one chicken \¡r'as removed from each cage and placed alone in

another cage, then all chickens \ilere weighed. Chickens continued to have access to feed

and water prior to test procedures described in the following sections.
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Experimental procedures

Hydrogen and methane in expired airfrom chickens given a normal diet

Prior to the experiment, Exetainer tubes wero opened and flushed with air to remove

gaseous hydrocarbons generated in the sterilisation process, then re-evacuated by removal

of air via needle and syringe. When chickens were 25 days of age, two l0 mL breath

samples were taken from 12 chickens (6 male and 6 female). Chickens were not fasted

beforehand. Each breath sample was taken 30 seconds after a helmet (40 mm PVC tube

and cap) was placed over the head of the chicken. The second breath sample was taken

within 2 - 3 minutes of the first sample, and then the chicken was returned to its

metabolism cage for further tests described in the section below. Care was taken during

handling and breath sampling to minimise any variability associated with stress on the

chickens and/or disruption to normal breathing patterns.

Breath samples were kept cool (0 - 4"C) to minimise gas diffusion during transport and

storage prior to analysis. Hydrogen and methane concentrations in breath were measured

by gas chromatography (QuinTron Microlyzet).

Hydrogen and methane in expired airfollowing ingestion of lactulose

The chickens rwere fasted overnight from 5 pm on day 26. Commencing at 8.30 am the

following day (27 days of age), each chicken was weighed and breath tested (two 10 mL

samples as per the procedures described in the section above) to establish the pre-dosing

baseline levels of hydrogen and methane. Each chicken was then administered with 5 mL

of diluted lactulose solution via a disposable syringe fitted with a plastic tube that was

inserted 4 cm into the oesophagus. A total of 12 chickens (6 male and 6 female) were

given approximately 130 mg lactulose in 5 mL water while the other four chickens were

given double the dose (260 mg lactulose), or quadruple the dose (520 mg lactulose), in 5

mL water. The lower dose rate (0.1 g carbohydrate per 1 kg body weight) was equivalent

to that given to human subjects to assess earbohydrate malabsorption. The higher dose

rates (0.2 glkg and 0.4 glkg) were used to determine whether carbohydrate loading needed

to be higher to achieve measurable levels of hydrogen or methane in expired breath. The

lactulose solutions were made from Duphalac synrp (Solvay-Duphar B.V., Holland; 3.34 g

lactulose/5 mL) diluted in deionised water.
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Each chicken was breath tested (two 10 mL samples) three hours post-dosing with

lactulose. The choice of timing was based on a combination of extrapolation from results

of a previous experiment with chickens, where the time taken for peak ttCO, output in

expired breath was approximately 60 - 90 minutes post-feeding of homogenised corn

kernel, and by comparison of results from experiments with rats (Ross Templeman,

personal communication).

4.3.3 Results and discussion

There was large between-bird variability in hydrogen (Figure 16) and methane (Figure 17)

concentrations (in ppm) in breath samples from non-fasted chickens given a commercial

diet, and the same chickens two days later just before and 3 hours after dosing with

lactulose. Means, standard deviations (SD), coefficients of variation (CV) and ranges of

concentrations of hydrogen and methane in breath samples are summarised in Table 10.

Table 10. Means, standard deviations (SD), coefficients of variation (CV) and ranges of

concentrations of hydrogen and methane in breath samples fuom 12 chickens.

Mean SD CV Range

Fully fed

Fasted and before dosing with lactulose

Fasted and 3 h after dosing with lactulose

Fully fed

Fasted and before dosing with lactulose

Fasted and 3 h after dosing with lactulose

34.3

3.6

11.3

Hydrogen (pp-)

37 .7 110

2.2 6l

15.5 136

Methane (ppm)

0.6 82

1.1 6r

2.3 119

7.0 - 115.0

0.5 - 7.5

1.0 - 56.5

0-5.5

0-3.0

0-8.0

0.7

1.8

1.9

In 9 out of 12 chickens studied, there \ilas an increase in hydrogen concentration in the 3-

hour period following dosing with lactulose. There was no change in one chicken (number

4 in Figure 16) and the other two chickens (numbers 6 and 7 in Figure 16) showed a

decline. Overnight fasting resulted in a reduction in between-bird variability, presumably

because of the reduced amount of fermentable material reaching the hindgut.
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il Fasted and before dosing with lactulose
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Figure 16. Breath hydrogen concentration (in ppm) in chickens fed ad libitum and then

two days later from the same chickens fasted overnight immediately before and

3 h after dosing with lactulose (130 mg in 5mL water)
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Figure 17. Breath methane concentration (in ppm) in chickens fed ad libitum and then two

days later from the same chickens fasted ovemight immediately before and 3 h

after dosing with lactulose (130 mg in 5mL water)

tr Fully fed

I Fasted and before dosing with lactulose

tr Fasted and 3 h after dosing with lactulose
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Methane (up to 8 ppm) was detected in the breath of each of the 12 chickens at some stage

during this experiment, either before or after dosing with lactulose.

These results imply that additional factors such as the rate of passage of digesta,

proliferation of facultative anaerobes (Choct et al. I996a,b), and combinations of these

may have contributed to the large coefficients of variation in breath hydrogen and methane

(Table l0). The hypotheses that digesta transit time and metabolic activity of gut

microflora affect energy metabolism afe developed in chapter 5 and chapter 6,

respectively.

4.3.4 Conclusions

All chickens hosted microflora þresumably in the caeca) capable of producing hydrogen

and methane from naturally occurring carbohydrate in the diet and a synthetic disaccharide

(lactulose) administered orally. Fasting reduced the between-bird variability in breath

hydrogen and methane concentrations.

4.4 Development of breath tests based on hydrogen for measuring

transit time of digesta and metabolic activity of gut microflora in

chickens

4.4.1 Introduction

Breath tests fall into two broad pu{poses of use; these are (a) the examination of some

particular aspect of the metabolic function of host tissue, and (b) the examination of the

metabolic activity of the gut microflora. Results of initial experiments (described in

sections 4.2 and4.3) suggest that breath tests involving labelled and non-labelled substrates

have potential as analytical tools in broiler nutrition.

Breath hydrogen measurement is used as an indicator of carbohydrate malabsorption in

humans and is used for estimating the rate of passage of digesta through the small intestine.

These breath tests, used routinely in medical practice, are based on release of hydrogen

following microbial fermentation of carbohydrates such as lactulose, which is a synthetic

disaccharide not absorbed in the small intestine (wutzke et al. 1997).
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Preliminary experiments described in section 4.3 indícated that all of the chickens hosted a

microflora able to produce hydrogen and methane from fermentation of undigested

carbohydrate but the results were variable. This experiment tested the hlpotheses that

precision of the hydrogen breath test during serial collections from chickens would be

increased by (a) priming the gut microflora with a prior dose of lactulose as a source of

fermentable substrate, and (b) fasting the chickens prior to test dosing with lactulose.

4.4.2 Materials and methods

Birds, housing and management

Ross broiler chickens were obtained from the Bartter Steggles hatchery, Cavan, SA on

Thursday 8 March 2001. Chickens were raised from hatch in two rearing pens in a

controlled temperature room. Male and female chickens were reared separately' All birds

were given commercial starter crumbles (Ridley Agriproducts, diet code #503540).

At 20 days of age, 24 male chickens \¡/ere transferred in pairs to 12 metabolism cages

located in a controlled-temperature room maintained set at 24-26oC, and given finisher

pellets (Ridley Agriproducts, diet code #504540) for the duration of this experiment. Birds

had free access to feed and water during the experimental period except for a 3-hour period

of fasting immediately before dosing with lactulose. At 22 days of age, one chicken was

removed from each cage. Commencing at25 days of age, four chickens entered the testing

cycle that was run over two days. This cycle was repeated twice commencing on

subsequent days with a separate set of four chickens entering each 2-day cycle of tests to

give a total of 12 chickens in the experiment.

In each 2-day cycle, two fully-fed chickens þrimed group) were given a dose of lactulose

at 11 am on the day prior to serial breath testing. Each chicken was dosed with

approximately 130 mg lactulose in 5 mL of water administered via a disposable syringe

fitted with a soft plastic tube that will be inserted 4 cm into the oesophagus. Two other

chickens were not dosed at that point. On day 2, two chickens (one prime-dosed and one

not dosed) were fasted from 8 am. The other two chickens (also one prime-dosed and one

not dosed) had free access to feed. These became the non-fasted group. Commencing at

l l am on day 2, all four chickens were test-dosed with approximately 130 mg lactulose in

5 mL of water.
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Sampling of breath

Serial breath testing of each chicken commenced immediately before test dosing at 1tr am

thenat 60,90, I05, 120,135, 150, 165, 180,210,240 and300minutesthereafter. A'50

mL gas sample from the headspace was taken 15 seconds after a helmet was placed over

the head of the chicken. Then 10 mL aliquots were transferred to Exetainer tubes for

determination of hydrogen and methane concentrations. Breath samples were analysed for

hydrogen and methane (QuinTron Microlyzerl).

Oro-caecal transit time was taken as the time elapsed in minutes from oral dosing until the

first of the serial samples showing a consecutive rise in breath hydrogen.

4,4.3 Results and discussion

Al1 chickens showed an increase in breath hydrogen after test dosing with lactulose

whether or not they received a priming dose on the previous day (Figure 18 and Figure

19). The size of the standard deviation for treated birds þrimed or fasted) expressed as a

percentage of the standard deviation for untreated birds (not primed or not fasted) was used

to assess whether there was any change in variation. The numbers shown in italics in

Figure 18 and Figure 19 represent the relative sizes of the standard deviations at discrete

times after test dosing. Fasting prior to test dosing appeared to reduce variation in

hydrogen concentration between chickens at each point in time after test dosing. On the

other hand, priming appeared to increase variation in the period 90 to 150 minutes, and at

210 minutes after test dosing.

Results of serial breath sampling of fasted chickens are shown in Figure 20' Estimates of

oro-caecal transit time for lactulose following fasting ranged from 165 mins for chicken E,

180 mins for chickens B and F, to 210 mins for chickens A, C and D. The mean and

standard error for transit time were 193 + 8 mins. The above estimate is likely to be biased

upwards because the interval between serial breath samples was 15 minutes up to 180

minutes post dosing, then 30 minutes thereafter. That is, mean transit time occurred after

the period of frequent sampling.
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Figure 20. Breath hydrogen concentration (in ppm) in male chickens fasted for 3 h prior to

test dosing with lactulose (130 mg in 5mL water)'

The hydrogen profile for chicken D with two peaks in hydrogen concentration at 180 and

240 minutes (Figure 20) is very similar in appearance to breath profiles observed in rats

and humans with small bowel bacterial overgrowth (proliferation of facultative anaerobes

in the small intestine). Choct et at. (1996a) observed microbial proliferation in the small

intestine of chickens associated with an increase in digesta transit time as a result of the

gelling properties of soluble non-starch polysaccharides in wheat.

4.4.4 Conclusions

Prior dosing with the s¡mthetic disaccharide lactulose was not necessary, as all chickens

appeared to contain hindgut microflora immediately able to utilise lactulose passing out of

the small intestine. Fasting for three hours prior to dosing reduced between-bird variability

in breath hydrogen concentration. Oro-caecal transit time was 180 minutes (,SE':8 minutes,

n:6).
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4.5 General discussion and conclusions

Preliminary experiments using simple PVC helmets to collect breath from individual birds

provided proof of the concept of using breath tests as non-invasive tools for study of the

gastroenterology of broiler chickens.

The patterns of recovery of the stable isotope in the form of ttCO, in breath samples were

comparable with those seen in humans, with the exception of the shorter time delay to peak

enrichment in breath compared with adult humans. This is not surprising given the

shortness of the GIT relative to body weight in chickens compared with mammals (Hill

lgTl), more rapid transit of digesta in chickens than mammals (Vergara et al' 1989), and

the higher metabolic rate of chickens compared with adult humans, as indicated by aYerage

body temperatures of 42" and 37"C, respectively. The similar recovery patterns suggest

that there are no fundamental differences between avian and mammalian species in terms

of basic physiologic a! and biochemical processes under-pinning t'CO, breath tests for

gastric emptying and pancreatic function. Likewise, the appearance of measurable

concentrations of hydrogen in breath collected from chickens, and the comparability of the

breath profiles over time with that reported in other animals, indicate the potential for

development of breath tests to aid in the diagnosis of maldigestion, malabsorption and

dysbacteriosis in commercial flocks.

The hydrogen breath test is an inexpensive, non-invasive way of assessing the overall

metabolic activity of the gut microflora without the need to administer additional

indigestible carbohydrate to individual chickens. It provides a simple way of tracking

changes in metabolic activity of microflora in experimental animals prior to, during and

after administration of different dietary treatments and other therapies likely to alter the

profile of gut microflora.

Whether or not dosing with lactulose is necessary for accurate and precise measurements of

digesta transit time remains to be determined'
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Chapter 5. Effects of rate of passage of digesta on the

digestion of energy in chickens

5.1 Generalintroduction

Genetic selection for rapid growth and increased feed efficiency over many generations has

resulted in the modern broiler chicken having a relatively greater capaclty to eat than other

breeds of domestic fowl such as egglayer strains (Mahagna and Nir 1996). As the relative

differences between broilers and layers in intestinal weight (expressed in g/kg live weight)

and length (Mitchell and Smith I99l; Nir e/ al. L993) are small, it follows that digesta

transit time in broilers is shorter than that in layers. Mitchell and Smith (1991) also

pointed out that selection for rapid growth rate and increased feed conversion efficiency in

domestic fowls was associated with a reduction in the relative mass (in glkglive weight) of

the small intestinal mucosa but, in contrast, absorptive capacity was improved to

compensate.

Iskander and Pym (1937) reported that broiler chickens selected for improved feed

efficiency had a slower digesta transit time and improved retention of dietary energy and

protein compared with broiler chickens selected for increased feed intake. Hence it is

possible that the different selection objectives and strategies used over the years to produce

the current commercial lines of broiler chickens may well have produced differences

between the lines in transit time, and consequently in energy metabolism. There is a lack

of published data on the variation that may exist between strains and between individual

birds within a strain in the relationship between rate of passage of digesta and digestion of

energy. If large differences exist, it would help explain, at least in part, the wide between-

bird variability in AME observed by Hughes and Choct (1997). Similarly, there may be

differences between males and females in transit time, as well as in gut structure, as was

reported in Chapters 2 and3.

Results of experiments described in Chapter 4 suggest that it is possible to use breath

hydrogen to measure the time taken for ingested food to pass from the mouth through the
Ì
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small intestine into the caeca where undigested carbohydrate is fermented by bacteria to

produce hydrogen (oro-caecal transit time).

Two experiments are described in this chapter. The first experiment was designed to

validate the use of breath testing as a non-invasive measure of rate of passage of digesta,

and the second experiment examined whether rate of passage had any effect on energy

metabolism. Both experiments took into account the possibility that transit time differed

between the sexes, in an attempt to explain some of the sex-related difference in AME

observed in ChaPter 3.

S.Z Relationship between oro-caecal transit time and whole tract transit

time

5.2.1 Introduction

Whole tract transit time is often measured by serial collection of excreta samples for

detection of non-digestible dietary markers that are not normally found in poultry diets in

high concentrations. Iskander and Pym (1937) described one such method that involved

dosing chickens with ferric oxide (200 m/kg liveweight) enclosed in a gelatine capsule.

They reported mean transit times ranging from I32 to 166 minutes in four selection lines of

chickens. This technique has the advantages that a precise starting point in time can be

established for individual chickens, it is not necessaryto prepare special diets, and does not

require serial collection and analysis of excreta to determine the presence or otherwise of

non-digestible markers such as chromium oxide (Almirall and Esteve-Garcia 1994),

titanium oxide (Hetland and Svihus 2001), or long-chain hydrocarbon (Choct et al. 1995).

preliminary trials at pppl (R.J. Hughes, unpublished data) with ferric oxide indicated that it

was always voided with faecal matter and never with material evacuated from the caeca.

The easily observed characteristic red appearance usually showed in one or two

consecutive faecal dropping only, which suggests that the ferric oxide moved down the

tract in a bolus and bypassed the caeca. This is consistent with the report of Yetgata et al'

(19g9) that only liquids and soluble compounds enter the caeca in significant amounts'

That is, the termination time for passage through the tract could be determined precisely by

simply increasing the frequency of observations of faecal droppings after about 2 hours

following dosage. Furthermore, the emergence of ferric oxide was assumed to coincidei

I
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with the time of arrival of undigested carbohydrate in the caeca of previously fasted

animals to replenish the supply of fermentable substrate for the gut microflora.

This experiment tested the hlpotheses that (a) oro-caecal transit time (OCTT) determined

by rise in breath hydrogen and whole tract transit time (WTTT) determined by appearance

of ferric oxide in excreta were similar in duration, and (b) estimates of transit time

measured by either method differed between males and females'

5.2.2 Materials and methods

Birds, housing and management

Ross broiler chickens obtained from the Bartter Steggles hatchery, Cavan, SA on Friday l1

May 2001 were raised from hatch in two rcanng pens in a controlled temperature room'

Male and female chickens were reared separately. All birds were given commercial starter

crumbles (Ridley Agriproducts, diet code #503540).

At 14 days of age, a total of 32 chickens were transferred in single-sex pairs to 16

metabolism cages (with males and females in altemate cages) located in a controlled-

temperature room kept at 25-27oC initially, and given starter crumbles for the duration of

this experiment. The temperature setting in the room was reduced daily until it was 22oC

at the end of the experiment.

At 17 days of age, one chicken was removed from each cage, leaving atotal of 16 chickens

for this experiment. Birds had free access to feed and water during the experimental period

except for a 3-hour period of fasting immediately before dosing with lactulose. The results

presented in Chapter 4, which suggested that it may not be necessary to administer

additional non-digestible carbohydrate, were not available when the current experiment

coÍìmenced, hence it was thought that lactulose ìvas needed to produce sufficient hydrogen

for measurement in breath.

Commencing at 18 days of age, eight chickens of the 16 chickens were fasted for three

hours from 8 am. At 11 am, all chickens were administered with a gelatine capsule

containing ferric oxide (Fe2O3, 200 mglkg liveweight) as described by Iskander and Pym

(1937). Six of the eight chickens were dosed also with approximately 130 mg lactulose in

5 mL of water administered via a disposable syringe fitted with a plastic tube that was
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inserted 4 cm into the oesophagus. The two chickens not dosed with lactulose (controls)

provided a measure of base-line variation in hydrogen production from undigested

carbohydrate by gut microflora. These procedures were repeated on day 19 with the

remaining seven chickens (one female chicken died prior to testing). No chicken v/as

fasted or dosed with lactulose and ferric oxide more than once.

Estimation of whole-tract transit time and oro-caecal transit time

Excreta trays were examined at 5-minute intervals or more frequently for signs of ferric

oxide in voided droppings. Whole-tract transit time for each chicken was taken as the time

elapsed (in minutes) from time of administration of ferric oxide in a gelatine capsule to

time of first observation of the distinctive red colouration in droppings. Oro-caecal transit

time was taken as the time elapsed in minutes from oral dosing until the first of two or

more consecutive samples showing a numerical rise in breath hydrogen'

Sampling of breath

Serial breath testing of each chicken coÍrmenced immediately before test-dosing at 11 am

then at I20,150,165, 180, lg5,2l0 and24}minutes thereafter. A 50 mL gas sample from

the headspace was taken 15 seconds after ahelmet (50 mm diameter) was placed over the

head of the chicken. The gas sample was drawn into a pre-evacuated 60 mL syringe

attached to the helmet. Then 10 mL aliquots were transferred to two Exetainer tubes. Care

was taken during handling and breath sampling to minimise aîy variability associated with

stress on the chickens and/or disruption to normal breathing patterns. Breath samples were

analysed for hydrogen and methane (QuinTron Microlyzer)'

Statistics

Wilcoxon's test was used to determine whether the data were noÍnally distributed. The

difference (TTDIFF, in minutes) between V/TTT and ocTT was calculated for each

chicken. WTTT and TTDIFF data required log " transformation to normalise the

distribution prior to further analysis. OCTT data were also log tranformed for comparative

purposes. Analysis of variance (by GLM procedure) was used to examine the effects of

sex, dosing with the lactulose, and the sex by dosing interaction on transit time. The

combined effects of sex and dosing on transit times were examined by the LSMEANS
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procedure. The relationship between log transformed WTTT and OCTT was examined by

regression analysis.

5.2.3 Results

Sex of the chicken and dosing with lactulose had no effect (Þ0.05) on'WTTT, OCTT or

TTDIFF, nor was the sex by dosing interaction significant (P>0.05). These results are

summarised in Table 11. Breath hydrogen profiles for individual male and female chickens

dosed with lactulose are shown in Figure 2I and Figure 22, rcspectively. Breath hydrogen

concentrations at various times after dosing with lactulose are shown separately for male

and female chickens in Figure 23.

Methane was not detected in the breath from any chicken at any stage, which is in contrast

with results presented in section 4.2.2, and in other experiments described later in this

thesis.

Table 11 Oro-caecal transit time (OCTT in minutes), whole tract transit time (WTTT in

minutes), and the difference (TTDIFF in minutes) between WTTT and OCTT

in male and female chickens dosed with lactulose (130 mg in 5 mL water) or

not dosed after a 3 hour fast.

Lactulose Sex n

OCTT

Mean

V/TTT

Mean

TTDIFF

Mean SESE SE

Dosed

Dosed

Control

Control

Female

Male

Female

Male

Overall

5

6

2

2

15

r66

t65

150

t63

t63

10.6

9.7

16.8

16.8

5.6

184

r64

r77

168

173

19.1

t7.4

30.2

30.2

10.0

18

-1

27

5

10

17.2

15.7

27.2

27.2

9.2

Results in Table 1l are expressed as untransformed data for simplicity. Statistical analyses

were done on log transformed data. The mean difference of 10 minutes between OCTT

and WTTT was not significant (Þ0'05).

One female chicken (shown as J in Figure 22) had a long V/TTT (285 minutes) in

comparison with other chickens. 'When the data for chicken J were omitted, WTTT was

158 + 13.4 minutes and TTDIFF was -8 t 9.0 minutes for the remaining four female
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chickens dosed with lactulose. OCTT was unchanged (166 minutes). The overall mean

values for 'WTTT and TTDIFF then became 165 + 6.5 minutes, and 2 + 5.2 minutes,

respectively, and the effects of sex and dosing remained non-significant (Þ0.05). That is,

the removal or inclusion of data for chicken J did not affect the outcome of statistical

analysis.

The linear relationship between log transformed WTTT and OCTT was not significant

(p:0.06, R2:0.25). On removal of data for chicken J as mentioned above, the relationship

became statistically significant (P<0.01), but remained weak (R2:0.45).

o 15 30 45 60 75 90 105 'l2o 'lg5 150 165 l8o 195 210 225 240 255 270 285 300

Time in minutes after dosing with lactulose

Figure 21. Breath hydrogen concentration (in ppm) in male chickens (n:6) fasted for 3 h

prior to test dosing with lactulose (130 mg in 5mL water). The vertical affows

indicate whole tract transit time for ferric oxide marker'
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Figure 22. Breathhydrogen concentration (in ppm) in female chickens (n: 5) fasted for

3 h prior to test dosing with lactulose (130 mg in 5mL water)' The vertical

affo\rys indicate whole tract transit time for ferric oxide marker.
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Figure 23. Concentrations of hydrogen in breath of male (n:6) and female chickens (n:5)

at various times after dosing with lactulose (means + SE)'
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5.2.4 Discussion

Oro-caecal transit time (mean + SE) was 163 + 5.6 minutes and whole tract transit tirne

was 173 + 10.4 minutes. Neither measurement was affected by the sex of the chicken or by

dosing with lactulose. The lack of effect from dosing indicates that it is possible to

measure OCTT by breath analysis without the need to add indigestible carbohydrate to the

diet, which supports the conclusion reached in Chapter 4.

V/TTT appeared to be approximately 10 minutes longer than OCTT (Table 11), but that

mean difference was not significant and became negligible when the results for chicken J

(Figure 22) were omitted. In fact, for 6 out of 15 individual chickens, whole tract transit

time was 4 to 28 minutes shorter than oro-caecal transit time, whereas it might be expected

that whole tract transit time would be slightly longer, assuming that the passage of ferric

oxide was not delayed by entering the caeca. A possible explanation for this anomalous

observation is that there was a lag phase between commencement of bacterial fermentation

of substrate on arrival of digesta in the caeca and emergence of hydrogen in breath.

Hence, on the basis of these results, the estimates of OCTT given by rise in breath

hydrogen and V/TTT by excretion of ferric oxide can be regarded as comparable.

However, neither estimate of transit time differed between male and female chickens.

There was a significant but weak positive correlation between oro-caecal transit time

determined by rise in breath hydrogen and whole tract transit time measured by appearance

of ferric oxide marker in excreta. The possibility that ferric oxide and lactulose moved

through the tract in a manner atypical of normal chyme cannot be dismissed. Úr humans,

lactulose acts as laxative but this was not indicated in this experiment as chickens produced

droppings with normal appearance. Presumably then, transit time was not shortened by any

laxative properties of lactulose. However, feric oxide may have irritated the gut, thereby

resulting in a shortened period of residence. In contrast, the delay in excretion of ferric

oxide by one female chicken in particular may have arisen from the reason noted by

Tuckey et at. (1958) that the rate of passage of ferric oxide can be retarded if birds become

agitated during the experiment. This seems unlikely here as none of the birds seemed

agitated during the breath collection period. However, the mean value for all other birds

(165 minutes) was at the high end of the range (138 to 162 minutes) reported by Tuckey er

a/. (1958) and the range (132 to 166 minutes) reported by Iskander and Pym (1987), but
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within the range (111 to 190 minutes) reported by Golian and Polin (1984) for 3-week old

chickens fed diets without added fat. If there was a delay in V/TTT due to agitation or

stress in the present study, then it was reflected in OCTT also. The implication is that the

total times for passage of ferric oxide and lactulose were similarly affected by peristaltic

movements in the gut.

The hydrogen profile for one female chicken (represented as H in Figure 22) showed two

peaks in hydrogen concentration (at 150 and 195 minutes), a pattern which is similar to that

seen in humans with small bowel bacterial overgrowth (R.N. Butler, personatr

communication). It is also consistent with proliferation of facultative anaerobes in the

small intestine as noted by Choct et at. (1996a) in chickens fed a diet with high soluble

NSp content. The first peak occurred well before appearance of ferric oxide in excreta.

The results shown in Figure 21 to Figure 23 suggest that the output of hydrogen from males

exceeded that of females. It may mean that the overall metabolic activities of gut

microflora differed between males and females, and also between individual chickens

irrespective of gender. This could help explain why no chicken in this study had a

measurable concentration of methane at any stage, and also why breath hydrogen

concentrations tended to be higher, in contrast to the results presented in section 4'3. The

relative importance of gut microflora activity is discussed in the next chapter.

5.2.5 Conclusions

The rate of passage of digesta appears not to be the reason for differences between males

and females in the digestion of energy. However, differences between males and females

in breath hydrogen concentrations point to sex-dependent differences in fermentation

patterns in the hindgut.

A non-invasive breath test for estimation of oro-caecal transit time can be devised without

the need to dose chickens with lactulose. That is, caeca| microflora can produce

measurable concentrations of hydrogen in breath by fermentation of existing levels of

complex carb ohydrates in t¡,pic al broiler feed.
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5.3 Relationship between whole tract transit time and AME value of

wheat

5.3.1 Introduction

As pointed out in section 5.1, modern broilers have a prodigous capacity to eat (Mahagna

and Nir 1996), a relatively short retention time for ingested food, and gteater absorptive

capacity (Mitchell and Smith 1991) compared with layers. Among broilers, a selection line

with slower transit time retained more energy and protein than another line with faster

transit time (Iskander and Pym 1987). Therefore, it can be hlpothesised that slower transit

times are associated with higher AME values in individual broiler chickens of the same

strain given the same feed.

A relatively slow transit time, however, is not always associated with comparatively faster

growth and more efficient feed conversion. For example, barley p-glucan slowed the rate

of passage of digesta in chickens and depressed AME, whereas dietary addition of B-

glucanase ameliorated the problem (Salih et at. l99I; Almirall and Esteve-Garcia 1994;

Attia et at. 1996). The anti-nutritive effects of soluble NSP such as arabinoxylans in wheat

and B-glucan in barley are associated with the formation of viscous gels in the lumen of the

gastrointestinal tract which impedes the diffusion of ingested food particles, digestive

enzymes and bile salts, and hinders the interaction between digested particles and

absorption sites on the intestinal mucosa (Annison 1993a; Bedford and Morgan 1996;

Smits et at. 1997). Hence, it is possible that soluble NSP in concentrations commonly

found in broiler diets can slow the passage of digesta and reduce AME, thereby interfering

with the relationship between transit time and energy retention.

A wheat-based diet with and without feed enzyrnes was chosen for this experiment in the

expectation that individual chickens would respond in a variable manner to the gelling

properties of soluble NSP and that enzymes would ameliorate any negative effects of the

NSP. The wheat was grown at Narrabri under relatively waÍn, dry conditions, which were

linked previously with occurrence of low AME wheats as a result of the raised

concentration of soluble NSP and associated increase in digesta viscosity (Hughes and

Choct 1999).
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This experiment tested the hlpotheses that (a) AME values and V/TTT were related, and

(b) the relationship between AME and V/TTT differed between males and females.

The hlpothesis in respect to gender differences was retained for this study because, despite

the lack of evidence in section 5.2 to support this, it remained possible that a sex-related

difference in transit time could help explain a difference between males and females in

AME as was observed in Chapter 3.

5.3.2 Materials and methods

Birds, housing and management

Ross broiler chickens obtained from the Bartter Steggles hatchery, Cavan on Friday 11

May 2001 were raised from hatch in two rearing pens in a controlled temperature room.

Male and female chickens were reared separately, and maintained on commercial starter

crumbles (Ridley Agriproducts, diet code #503540).

At 17 days of age, a total of 32 chickens were transferred in single-sex pairs to 16

metabolism cages located in a controlled-temperature room set at 25-27"C initially, and

given starter crumbles. The temperature setting in the room was reduced daily until it was

22oC at the end of the experiment. Birds had free access to feed and water prior to and

during the experimental period. Chickens were placed one per cage in 24 cages for the

experiment when they were 19 days old, and continued to receive the starter crumbles'

Experimental diets and AME procedures

The basal diet comprised (in glkÐ,800 wheat (variety Oxley grown at Narrabri, NSW in

2000), 155 casein , 20 dicalcium phosphate, 1l limestone, 7 Dl-methionine, 2 vitamin and

mineral premix, 3 salt, and. 2 choline chloride (60%). Enzyme products with xylanase

activity were added to the basal diet to provide four dietary treatments comprising control

(no enzyrne), Avizyme 1300 (lkg/tonne), Kemzyrne Wl (lkg/tonne), and Bio-Feed'Wheat

CT (200gltonne). In addition to xylanase activity, Avizyme 1300 had protease activity and

Kemz¡rme W1 had B-glucanase, protease, amylase, cellulase and lipase activities. The four

experimental dietary treatments were replicated six times (three female and three male

chickens) in a randomised complete block layout. Experimental diets were pelleted (4 mm

diameter and 6 mm length) in a cold-press to avoid selective feeding.
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The /-day metabolism experiment com,menced when the chickens were 2l days of age.

AME values for diets were determined in a classical AME study involving measurements

of total feed intake and total excreta output and subsequent measurement of gross energy

values of feed and excreta by isoperibol bomb calorimetry. The values for AME of,wheat

were calculated by subtraction of energy contributed by casein (assumed to be 20.1 MJlkg

dry matter) from the overall energy content of the experimental diet which was measured

directly from total energy intake in the feed and total energy ouþut in excreta (see

Appendix 3).

Estimation of whole-tract transit time

Results from the previous experiment (section 5.2) índicated the potential of breath testing

as a non-invasive measure of rate of passage of digesta. However, because the estimates of

whole tract transit time and oro-caecal transit time were not different, it was decided that

the ferric oxide method would be used in this experiment to examine the effect of rate of

passage of digesta on energy metabolism. The rationale for this choice at that time was

that ferric oxide was simpler to apply and considerably quicker and cheaper than the breath

hydrogen technique when time and costs of analysis were taken into account.

On day 6 of the experiment commencing at 8.15 am, chickens (26-days of age) were

administered with a gelatine capsule containing fertic oxide (FezO¡ 200 mg/kg live-

weight). Chickens were given 2-3 mL of water via a disposable syringe fitted with a plastic

tube inserted 4 cm into the oesophagus to ensure that the capsule was not regurgitated.

Excreta trays were examined frequently for signs of red colouration from ferric oxide in

voided droppings. Whole-tract transit time for each chicken was taken as the time elapsed

(in minutes) from time of administration of ferric oxide in a gelatine capsule to time of first

observation ofred colouration in droppings.

Statistics

'Wilcoxon's test was used to determine whether the data were norrnally distributed. Whole

tract transit time data required log . transformation to normalise the distribution prior to

further analysis. Analysis of variance (by GLM procedure) was used to examine the effects

of diet and sex, and the diet by sex interaction. Analysis of covariance (by GLN/ï
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procedure) rwas used to determine whether the linear coefftcients of regression for energy

excreted versus gross energy intake between the diets and between males and females.

5.3.3 Results

Effects of diet, and the interaction between diet and sex, were not significant (.Þ0.05) for

any measurement (Table 12). Males were significantly greater in live weight (in g/bird)

than females at the start (948 vs 831), and at end of the experiment (1425 vs1'217), gained

moreweight (476vs386)andatemorefeed(99.1 vs84.6 glbfud/day}respectively' The

mean AME value for the wheat was extremely high (15.56 MJ/kg dry matter) and ranged

from 14.4 to 16.3 MJ/kg DM for individual birds.

Table 12. Summary of the effects of diet and sex on the performance, AME, dry matter

digestibility and digesta transit time.

Variable Mean Diet (D) Sex (S) DxS

Live weight at start (g/bird)

Live weight at end (g/bird)

Growth (gibird)

Feed intake (g/bird)

Feed conversion (g feed: g gain)

AME of wheat (MJikg DM)

Dry matter digestibility @l e)

Whole tract transit time (WTTT, minutes)

Log transformed WTTT

890

I32T

431

91.8

1.506

15.56

0.751

206

5.27

**:*

***

*t<{.

t€**

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS NS NS

**x P<0.0.001; NS not significant (P>0.05)

89



o
(E

E
à!t
o)J
I

=
(ú
o
ì

t¡J

=

16.5

16.0

15.5

15.0

14.5

14.0

0 100 200 300 400 500

Whole tract transit time (minutes)

Figtxe24. Plots of values for AME of wheat and whole tract transit time (V/TTT) for

individual chickens (n:24). Males are represented by ! and females by f '

Data shown here are untransformed values for V/TTT. Similar statistical

results were obtained for log. transformed WTTT.

1.8

1.6

1.4

1.2

1.0

0.6

5.5 6.0 6.5 7.0 7 -5 8.0 8.5 9'0

Gross energy intake (MJ Per bird)

Figure 25. Relationships between energy excreted and gross energy intake for male (!)
and female (l) chickens.

0.8

E
l¡
o
CL

a
=t,o
o
oxo
E¡L
c)
E

IJJ

a

a
a

a
n no

a

a

AME = 15.20 + 0.OO22x WTTT
R2 =0.21, P <0.05

Energy out = 0.022 + 0.179 x energy intake

P<0.05, R2=0.60, n=24

oa

tr
tr

a

o
tr

i Female

E Male

90



The relationship between AME of the wheat and whole tract transit time is shown in Figure

24. Analysis of covariance indicated that the linear relationship between AME and WTTT

shown in Figure 24 was the same for males and females. The omission of data from one

female bird with the lowest AME value (14.4 MJlkg DM) shown in Figure 24 did not alter

the overall result. The two chickens with longest transit time were females and are shown

in Figure 25 as the points with lowest energy excretion values. The chicken with the

lowest AME value in Figure 24 was also a female and had a higher energy excretion value

than any other female (Figure 25).

Analysis of covariance indicated that the linear relationship between energy intake and

energy excretion shown in Figure 25 was the same for males and females' Endogenous

energy loss estimated by extrapolation to zero energy intake was 22 kJ/bird/day, which is

considerably less than 46 and 101 kJ/bird/day estimated for females and males,

respectively, in section3.4, for chickens given a diet based on low AME wheat'

5.3.4 Discussion

AME increased linearly with whole tract transit time. This relationship was unaffected by

the sex of the chicken.

The lack of response to enzymes by chickens given the wheat-based diet was probably due

to the unusually high AME value of the wheat. An AME value of 15.6 MJ/kg DM is atthe

high end of the ranges for Australian wheats reported by Mollah et al. (1983) and Rogel er

al. (1987). Repeated measurements of AME values for this wheat in subsequent

experiments (data not shown) confirmed this high value.

In this experiment, chicken were not fasted prior to dosing but continued to eat cold-

pressed pellets containing S00 g/kg wheat which was not milled prior to pelleting. The

resulting pellets were easily broken during feeding activity by the chickens. Svihus and

Hetland (2001) pointed out that ileal starch digestibility was increased when cold-pressed

pellets were crushed to mash prior to feeding, and when some of the wheat component of

the diet was fed as whole grain. Hence, it is possible that the physical form of the feed

used in the present experiment contributed to the high AME value.
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Although not measured, it is highly likely that this particular wheat had a relatively low

concentration of soluble NSP given its very high AME value. This could explain why

energy excretion by both males and females in this experiment increased linearly with

increasing energy intake, and why it was comparatively lower than that for rnost of the

chickens fed a diet based on low AME wheat as shown in Figure 13 (section 3.3). This

adds strength to the conclusion reached in section 3.4 that some key findings reported in

recent publications ought to be verified with chickens of both sexes in order to maximise

the value of this information for application in commercial industry practice. The example

given was the work of Svihus and Hetland (2001) who showed that overloading the

digestive tract of male chickens with starch can result in incomplete digestion of starch,

and impaired feed conversion, with the possibility that microbial fermentation in the

hindgut could result in large losses of energy. There was no indication in the present study

that a high starch intake overloaded the digestive tract of either sex in contrast to the

observations made on male chickens by Svihus and Hetland (2001). This tends to suggest

that it is the soluble NSP component of a high grain intake rather than the starch content

per se that causes the impairment in starch digestion and leaves the chickens vulnerable to

microbial overgrowth of the small intestine as noted by Choct et al' (1996a).

The relatively long WTTT of 206 minutes observed here with a wheat diet compared with

WTTT of 165 minutes for a commercial broiler feed reported in section 5.2.3 is difficult to

explain on the basis of what is known about the effects of soluble NSP and addition of

enzqe to the diet on transit time (Salih et al. l99l; Almirall and Esteve-Garcia 1994;

Attia et al. 1996; Bedford and Morgan 1996; Smits et al. 1997). The commercial broiler

diet used previously and the experimental wheat diets contained recommended dosages of

enzymes so it seems unlikely that digesta viscosity would contribute to a difference in

transit time. Similarly, it seems unlikely that soluble NSP was the cause because this

would require the wheat diet to contain a higher concentration of soluble NSP than the

commercial diet which is not consistent with the very high AME value of the wheat'

Perhaps the difference in transit time was associated with fasting prior to dosing with ferric

oxide in the previous experiment (section 5.2) but not in the present experiment, or the

physical form of the feed offered (relatively hard, steam-treated starter crumbles compared

with soft cold-pressed pellets used in the present experiment), or the physical and chemical

attributes of the different diets. A further possibility is the insoluble NSP content of the
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respective diets. Hetland and Svihus (2001) recently pointed out that inclusion of oat hulls

in the diet shortened digesta transit time but did not affect nutrient digestibility. Insoluble

NSP in flour mill offal added to the commercial broiler diet may have reduced the transit

time.

5.3.5 Conclusions

Because the AME value of wheat used in this experiment was high, the work ought to be

repeated with wheat of lower energy value (e.g., in the range 13 to 14 MJ/kg DM) in order

to determine the relative importance of rate of passage of digesta on degree of

completeness of digestion and absorption of nutrients in individual chickens of both sexes.

5.4 General discussion and conclusions

Whole tract transit time measured by first appearance of marker in faecal droppings and

oro-caecal transit time by first rise in breath hydrogen provide a useful basis for studying

the comparative effects of treatments such as dietary concentrations of NSP (Almirall and

Esteve-Gar cia t994) and fat (Mateos et aL 1982) which can influence the rate of passage of

digesta and, hence digestibilities of nutrients. However, some workers have preferred to

use serial collection of faeces to derive cumulative excretion curves to estimate Tso (time

taken for 501l,o of excretion of marker) and the mean retention time (Almirall and Garcia

1994; Danicke et at. 1999). A more sophisticated approach may also be required with

hydrogen breath testing. This would serve the dual purpose of measuring mean retention

time of digesta, and indicate whether there were any signs of microbial overgrowth of the

small intestine

A major disadvantage of any method involving a indigestible marker is that it provides an

estimate of whole tract transit time, including an unknown period in the hindgut, which

would affect the extent of bacterial fermentation of undigested carbohydrate, fat and other

nutrients. Danicke et al. (1999) observed a decrease in mean retention time due to

xylanase supplementation in different segments of the digestive tract. The most

pronounced effects of the etiz;vrr.rre were in the jejunum and ileum where starch digestion

and absorption take place. A non-invasive estimate of time of residence in the small

intestine would be more advantageous as this is where most of the energy and other

nutrients are digested and absorbed (Levin 1984) and because it does not require serial
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killing of animals to determine residence time in any given segment of the tract. Hence, it

is desirable to develop a hydrogen breath test based on serial collection of samples to

derive an accurate estimate of oro-caecal transit time (i.e., digesta residence time in the

upper part of the gastrointestinal) to avoid any confounding effects on retention of nutrients

associated with proliferation of microflora in the hindgut. On the other hand, a case can be

made for a hydrogen breath test based on a single sample to assess overall metabolic

activity of gut microflora.

In conclusion, the rate of passage of digesta is an important determinant of energy

metabolism in chickens, but it does not explain why females have any advantage over

males as observed in Chapter 3. Also, it is clear that sex-dependent differences in gut

microflora profiles warrant further study
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Chapter 6. Influence of gut microflora on digestíve

function of broiler chickens

6.1 Generalintroduction

Results presented in previous chapters indicate the likelihood that the gut microflora proñle

is a key factor in variation in energy digestion by chickens. An exponential increase in

energy excretion with increasing energy intake by males, but not by females, was observed

in Chapter 3. This is consistent with the observations of Svihus and Hetland (2001) that

excessive feed intake can overload the digestive tract with starch, which can result in large

losses of energy due to microbial fermentation, as described by Choct et al. (1996a). Large

differences between individual chickens in concentrations of hydrogen in exhaled breath

were observed in sections 4.3 and 5.2. Prior to breath testing, both flocks of chickens were

reared in a similar maru:ler in the same room, but at different times, and were fed

commercial broiler feed. As explained in Chapter 4, hydrogen in the breath is produced by

microbial fermentation of undigested feed reaching the hindgut. It follo',,vs that variation in

hydrogen concentration in the breath is indicative of individual chickens hosting

coÍrmensal microflora differing widely in fermentation patterns. In addition, variable

concentrations of methane were detected in the breath of chickens in one experiment

(section 4.3), but methane was not detected in the breath of chickens in a later experiment

(section 5.2). These results point to the existence of differences in the range of species

and/or numbers of organisms within each species, and hence differences in the overall

metabolic activity of the gut microflora, as a result of previous rearing and feeding

conditions. Furthermore, differences between males and females in breath hydrogen

concentrations indicate sex-dependent differences in gut microflora profiles in addition to

wide between-bird variation within each sex'

The gut of the newly hatched broiler chicken is free of organisms (Yamauchi et al', 1990)

and relatively immature in terms of absorptive capacity and immunocompetence compared

with older animals (Jin et a1.,1998;IJni et al.,1999). Shortly after hatching, chickens are

exposed to ubiquitous micro-organisms in the hatchery and on arrival on the farm. These
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organisms proliferate as they compete for various niches in the micro-environment of the

gut (Ewing and Cole 1994). In addition to maturation of intestinal function and the

immune system in the first two weeks of life (Vieira and Moran 1999), the profile of the

gut microflora is also likely to change with the age of the chicken in response to ingestion

of various types and amounts of substrates such as carbohydrate in the diet. Also, as

chickens age they will continue to ingest a raîge of organisms, some of which could be

pathogenic (Ewing and Cole 1994), from a rapidly changing environment as viable

organisms are shed by other birds and possibly introduced to the farm from neighbouring

properties. McBurney et at. (2003) reported that the profile of organisms in the small

intestine stabilised at about three weeks of age, with lactobacilli predominating in healtþ

chickens.

The opportunity for proliferation of microflora in the small intestine increases as the

viscosity of digesta increases. Glycanase enzrarlre products that depol¡rmerise NSP such as

arabinoxylan in wheat and B-glucan in barley can reduce the viscosity of digesta and thus

control microbial overgrowth of the small intestinal contents by facultative anaerobes

(Choct et al. l996a,b). Feedenzymes have proven to be a very effective tool for increasing

the digestible energy value of grains for poultry and for improving the uniformity of growth

and feed efficiency of broiler flocks.

This chapter describes the effects of the strain, sex and age of the chicken, tlpe of grain

used in the diet, and dietary addition of NSP-degrading enzymes and antibiotics, on

microbial fermentation patterns in the gut, and whether the overall metabolic activity of the

gut microflora influenced the digestion of energy. Hydrogen and methane breath testing

(as described in Chapter 4 and Chapter 5) was used as a non-invasive way of gauging

changes in the overall or net metabolic activity of the gut microflora.

6.2 Metabolic activity of gut microflora in male and female chickens of

two different strains given a diet based on low AME wheat

6.2|1, Introduction

AME values v/ere on average 4Yo higher in females compared with males when given a

diet based on low AME wheat, but there rilas no difference observed between two
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commercial strains of chickens (Chapter 3). The possibility that the overall metabolic

activity of the gut microflora influenced these results was examined by analysis of breath

samples taken during the course of the experiment described in Chapter 3. This analysis

tested the hypotheses that (a) a decrease in AME value was associated with an increase in

breath hydrogen from microbial fermentation in the intestinal tract, and (b) metabolic

activity of the gut microflora, as indicated by inereased expiration of hydrogen in the

breath, differed according the sex and strain of chickens'

6.2.2 Materials and methods

A total of 24 Cobb and 24 Ross chickens (22 or 23 days of age) were used in this 7-day

metabolism study. Other details, including the composition of the wheat-based diet (Table

6), arc described in section 3.2.

Each chicken was breath tested on days 0 and 6 of the 7-day study period as per the

procedures described in Chapter 4, in order to quantiff initial differences between chickens

due to prior rearing conditions, as well as any effects induced by the wheat-based diet

during the course of the experiment. Hydrogen and methane concentrations in breath were

measured by gas chromatography (QuinTron Microlyzer)'

6.2.3 Statistics

Wilcoxon,s test was used to determine whether the data were normally distributed.

Hydrogen and methane concentrations in breath at the start and end of the experiment, and

the change in concentrations during the experiment required log . transformation to

normalise the distribution prior to further analysis. Analysis of variance (by GLM

procedure) was used to examine the effects of sex, strain, and the sex by strain interaction.

The relationships between log 
" 

transformed hydrogen concentration on day 6 and AME,

feed intake, growth and feed conversion were examined by regression anaþsis. Analysis

of covariance (by GLM procedure) was used to determine whether the linear coefficients of

regression differed according to sex and strain.

ilìi
I

I

r

97



"1,

6.2.4 Results

Hydrogen and methane concentrations in breath were highly variable between birds within

each strain by sex combination (Table 13, Figure 26 and Figure 27). Breath hydrogen and

methane concentrations at the start and end of the experiment, and changes during the

experiment, were not affected (Þ0.05) by sex or strain of the chicken, or the sex by strain

interaction.

Table 13. Means, standard deviations (SD), coefficients of variation (CV) and ranges of

concentrations of hydrogen in breath samples taken from male and female

chickens of two commercial strains on days 0 and 6 of the 7-day experiment'

Strain Sex n Mean SD CV Range

1

2

1

2

Female

Male

Female

Male

Female

Male

Female

Male

12

t2

12

t2

29

36

31

32

Hydrogen (ppm) on daY 0

20.8 72

32.2 89

19.4 63

t4.3 45

Hydrogen (ppm) on daY 6

18.8 79

62.8 138

ts.z 67

9.7 79

7-72

7-r25

5-76

t6-63

2-69

5-234

9-59

1-3 1

I
rif t2

t2

12

t2

24

45

23

t2

I
I

There were no significant relationships (,Þ0.05) between breath hydrogen concentration

on day 6 of the 7-day feeding period and AME, but the relationship between feed

conversion ratio and breath hydrogen was highly significant (Figure 28)' Growth rate and

breath hydrogen were negatively correlated (P<0.01) but the relationship was not as strong

(42:0.15) as that for feed conversion (R2:0.44; Figure 28). There ìwas no relationship

(Þ0.05) between feed intake and hydrogen concentration, nor were there any differences

in the relationships due to sex or strain of chickens.The parabolic relationship between feed

conversion and breath hydrogen remained significant (P<0.01) but was weaker 1n2:O.tt¡

when the result for one chicken with the highest breath hydrogen concentration (234 ppm)

was omitted from the analysis.

?
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figure is the result for one chicken.
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Figxe 27 . Change in methane concentration in breath from day 0 to day 6 in chickens

given a low AME wheat diet for seven days. Each bar in the figure is the result

for one chicken. Zerc values indicate no change in breath methane between

days 0 and 6 (n:4 chickens) or no methane in breath on days 0 and 6 (n:15).
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Figure 28.

0123456
Log e (breath hydrogen in PPm)

Relationship between feed conversion ratio (FCR) and hydrogen concentration

in samples taken on day 6 from chickens given a low AME wheat diet for a 7-

day feeding period. Each point in the figure is the result for one chicken.

6.2.5 Discussion

There was no evidence to support the first hypothesis that AME value of the wheat-based

diet and concentration of hydrogen in the breath were inversely correlated. However, it

was apparent that when breath hydrogen concentration exceeded about 10 ppm (Iog 
":2.3

in Figure 28), feed conversion rate increased (i.e., feed efficiency was reduced), as growth

was reduced but feed intake was unchanged. These observations are consistent with the

chicken and its gut microflora competing for energy and possibly other nutrients thus

slowing the rate of growth and reducing feed efficiency in the chicken. Likewise' there

r,vas no evidence to support the second h¡pothesis that the relationships between breath

hydrogen and growth and feed efficiency were influenced by the sex or strain of the

chickens.

The results are in general agreement with the findings of Bird et al. (2002) who questioned

whether gut bacteria, beneficial or otherwise, stimulated responses by the host animal that

increased its energetic needs through immune reactions and repair of gut damage. Their
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conclusion'was based on studies with mice that indicated that the gut microflora did not

alter whole-animal energy balance. That appears to be the case in the current experiment

as there was no detectable increase in feed intake with increasing expiration of hydrogen,

nor was AME affected. An alternate possibility is that the microflora influenced the

partitioning of energy in the host animal. Klasing (1996) explained how a homeorhetic

response to pathogenic bacteria involved the partitioning of dietary nutrients to support the

immune system at the expense of growth, skeletal muscle accretion and reproduction. F{e

also pointed out that there was a significant cost in terms of energy and certain nutrients to

repair tissue damage and to support compensatory growth post-challenge. 'Whether

repartitioning of energy could occur in response to sub-acute inflammation of mucosal

tissue as a result of proliferation of non-pathogenic species in healtþ ehickens remains to

be seen. Taylor (2003) reported that an abrupt change in the type of grain used in the diet

of laying hens at peak production led to a decrease in luminal pH and a colitis-like

condition accompanied by the presence of orange-coloured mucus, blood and particles of

undigested grain in the droppings. Feed intake and egg production were unaffected by the

change in the diet.

Kelly and King (2001) noted that in pigs up to 6%o of net energy in the diet could be lost

due to microbial fermentation in the stomach and small intestine. The possibility that

losses of short chain fatty acids from fermentation of undigested carbohydrate leaving the

small intestine were as variable as the production of hydrogen and methane production

needs further study in chickens. Although uptake of energy through absorption of short

chain fatty acids in the hindgut of chickens is not as effective as that in pigs and rats

(Jorgensen et al. 1996), nevertheless, it could amount to a small but relevant source of

variation in AME. In addition, losses of volatile products could reduce the gfoss energy

content of excreta and henee result in an overestimation of the AME value. Furthermore,

variation in these volatile losses could contribute to variation in AME values obtained with

individual chickens.

As hydrogen is a precursor for methane formation by certain species of gut bacteria, then it

could be assumed that increased methane concentration would be associated with reduced

hydrogen concentration in breath. The low concentrations of methane relative to hydrogen

in individual chickens shown in Figure 26 suggests that this was not the case in the current
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study. A decline in production of hydrogen independently of methane production could

indicate that numbers of and/or activities of hydrogen producers declined, or that hydrogen

usage by other species increased.

Large changes in methane production were observed in some chickens (Figure 27), whích

may indicate a shift in fermentation patterns in the hindgut, such as the formation of acetate

and other short chain volatile fatty acids, and in the metabolic activities of bacteria which

utilise sulphate. Changes such as these could alter pH of the luminal environment, which

in turn could favour some species of bacteria over others. Furthermore, variation in the

subsequent losses of volatile fermentation products from voided excreta prior to collection

in energy balance experiments could lead to variation in the effors associated with

measurement of gross energy, and hence, variation in AME values obtained with different

chickens. This possibility is explored further in section 6.6.

6.2.6 Conclusions

The observations in regard to expiration of hydrogen and methane point to remarkably

different metabolic activities of gut microflora in birds reared on commercial diets with the

same nutrient specifications (but not necessarily the same ingredient composition), and to

wide variation between chickens in the metabolic activity of the gut microflora following a

change in the composition of the diet.

6.3 Effects of NsP-degrading enzymes on AME of wheat and metabolic

activity of gut microflora

6.3.1 Introduction

Despite the huge success of feed enzqe technology, questions remain about the specific

modes of actions of enzymes (Smits and Annison 1996; Williams 1997), and why enzylrles

can reduce but do not eliminate variation in energy values for grains (Bedford 1996;

Kocher et at. 1997). It is plausible that some of the variation in AME remaining after

treatment by exogenous enzymes is due to indigestible fragments from partial

depolymerisation of NSP providing a food source for commensal gut microflora.
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The lack of an association between AME value of the diet and expiration of hydrogen in

the breath (reported in section 6.2) may have arisen because the gut microflora had already

reached a stable equilibrium as the chickens were four weeks of age at the time of breath

testing (McBurney et at.2003). Hence, it was considered worthwhile to repeat aspects of

the previous study, this time with chickens 15 days of age at the start of the experiment,

and to use a feed enzyme treatment in an attempt to alter the amounts of fermentable

substrate reaching the distal part of the intestine.

This experiment was a further test of the hypotheses examined in seetion 6.2 that (a)

decrease in AME value is associated with an increase in breath hydrogen from microbial

fermentation in the intestinal tract, and (b) the inverse relationship between AME and

breath hydrogen differs between male and female chickens.

6.3.2 Material and methods

A total o124 Ross chickens were obtained from the Bartter Steggles hatchery, Cavan, SA

on Thursday 6 July 2000 and raised from hatch in two rearing pens in a controlled

temperature room. Male and female chickens were reared separately. All birds were given

commercial starter crumbles (Ridley Agriproducts, diet code #503540)' At 12 days of age,

chickens were transferred in pairs to 24 metabolism cages located in a controlled-

temperature room set at 25-27"C initially, and given starter crumbles (Ridley Agriproducts,

diet code #503540) for 3 days while they adapted to the cages. At 14 days of age, one bird

\ryas removed from each of the 24 cages. The chickens were 15 days of age at the start of

the 7-day metabolism study. The temperature setting in the room was reduced daily until it

was22oC at the end of the experiment.

The composition of the basal diet is shown in Table 6. The two experimental diets were

unsupplemented basal diet as the control and the basal diet supplemented with a feed

enzqeproduct (Avizyme 1302 added at 500 g/tonne) as the treatment. This product had

xylanase and protease activities according to the manufacturer's product safety sheet'

The AME value of the wheat-based experimental diet was determined in a conventional

energy balance study involving measurements of total feed intake and total excreta output,
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and subsequent measurement of gross energy (GE) values of feed and excreta, as per the

procedures described in section 2.2.2.

Each chicken was breath tested on days 0 and 6 of the 7-day study period as per the

procedures described in Chapter 4 in order to quantiff any initial differences between

chickens due to prior rearing conditions, as well as any effects of dietary treatments during

the experiment. Hydrogen and methane concentrations in breath were measured by gas

chromatography (QuinTron Microlyzer).

6.3.3 Statistics

Distribution of data, transformation if required and subsequent analyses of variance and

covariance were conducted as described in section 6.2.3'

6.3.4 Results

Results of statistical analysis are summarised in Table 14. Responses to enzWfire in growth

approached significance (P:0.09). The sex by diet interaction was significant (P<0.05) for

AME of the diet and dry matter digestibility. Enzyme inclusion significantly increased

AME for males (15.0 vs 15.7 MJ/kg DM; P<0.05) but there was no response in females

(15.3 vs 15.4 MJ/kg DM; Þ0.05). Similarly, enzyrne inclusion significantly increased dry

matter digestibility for males (0.77 vs 0.74; P<0.05) but there was no response in females

(0.76 vs 0.75; Þ0.05). The sex by diet interaction approached significance (-F0.06) for

feed conversion ratio. Elzyme inclusion improved feed conversion in males (1'53 vs 1.64)

but there was no response in females (1.65 vs 1.65). The change in breath hydrogen from

day 0 to day 6 tended (P:0.10) to be greater in females than males but in opposite

directions, i.e., breath hydrogen increased in males, but decreased in females, during the

6-day period between tests.

Eight chickens (six female and2 male) of the 24 inthe study had no detectable methane in

breath at the commencement of the study (day 0). However, all 24 chickens produced

methane on day 6, which points to a shift in the metabolic activity of the gut microflora as

discussed in section 6.2.5.
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There were no significant relationships (,Þ0.05) between breath hydrogen and AME, feed

intake or growth. This is in contrast to results described in section 6.2,where there was an

indication that microflora competed for energy. Despite improvements in AME, growth,

and feed conversion due to addition of enzyme to the diet, there were no effects of enzyrne

on hydrogen or methane concentrations in breath on day 6 of the 7-day experiment"

Table 14. Summary of main effects in analysis of variance

Variable Diet 3

Control Enzyme

Sex 3

Female Male SEM

Live weight at 15 days of age (g)

Growth (g/bird)

Rate of gain (g/kg) 1

Feed intake (glbírd/ day)

Feed conversion (g feed: g gain)

AME of diet DM (MJ/kg)

Dry matter digestibility (g/g)

Breath hydrogen on daY 0 (PP-) t

Breath hydrogen on day 6 (PPnt) t

Change in breath hYdrogen (PPm)

525 a

321 a

6Il a

75.4b

1.646 a

15.19 b

0.747 b

59a

52a

-7a

524 a

340 a

650 a

76.7 a

1.589 b

15.53 a

0.765 a

81 a

70a

-11 a

497 b

298b

s99b

70.1b

1.650 a

15.38 a

0.755 a

9Ia
55a

-35 a

551 a

363 a

662 a

82.0 a

1.585b

15.34 a

0.757 a

49b

66a

17a

8.3

7.3

16.6

r.46

0.0210

0.086

0.0046

12.4

13.9

21.5

t Rate of gain: Growth x 1000 + Live weight at start of experiment

2 Datawere 1og. transformed to normalise the distribution prior to analysis

3 Means with the same letter within a main effect are not significantly different

(Þ0.05)

6.3.5 Discussion

There rwas no evidence to support the hypothesis that AME value of the wheat-based diet

and concontration of hydrogen in the breath were inversely correlated, or that the

relationship differed in male and female chickens. In contrast to the results reported in

section 6.2, there \ryas no indication in the current experiment that the gut microflora

competed with the chicken for dietary energy.
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The difference between females and males in breath hydrogen at the start and end of the

experiment support earlier conclusions that metabolic activity of gut microflora is sex-

dependent. Metabolic activities of microflora, as indicated by breath hydrogen, appeared to

be independent of erlzpe addition to the feed. The enzyme product used in this

experiment is understood to work primarily by cleaving the xylose backbone of

arabinoxylan, the main soluble NSP in wheat (Bedford 1995). It is possible that a

substantial reduction in viscosity occurred as a result of only a limited number of cleavages

of the xylose backbone, but that this reduction in molecular weight was sufficient to reduce

the anti-nutritive effects of NSP (as discussed in section 1.3.2), thus enabling an increase in

AME in this experiment. Nevertheless, under these circumstances in both control and

treated chickens, it is likely that similar amounts of undigested fragments of arabinoxylan

reached the hindgut to be fermented by gut microflora, hence the lack of a difference on

hydrogen concentration in the breath from chickens fed the control diet compared with

those given the diet supplemented with the enzyme product.

6.3.6 Conclusions

The feeding of a commercial starter diet led to the development of different metabolic

activities of gut microflora in 15-day old male and female chickens, with female chickens

exhaling almost twice the concentration of hydrogen compared with males' These pattems

changed when chickens were given a diet containing a high level (700glkg) of wheat.

Presumably, the viscosity reducing action of exogenous enzymes contributed to enhanced

starch digestion in the small intestine, but did not alter the amounts of complex

carbohydrate reaching the hindgut.
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6.4 Effects of age of chicken and exogenous enzymes on AME and

metabolic activity of gut microflora of chickens given wheat and

barley diets

6.4.1 Introduction

The results in sections 6.2 and,6.3 showed that chickens reared in a single group on litter

and fed a commercial broiler feed hosted gut microflora with different fermentation

pattems as indicated by large between-chicken differences in exhalation of hydrogen and

methane. Breath hydrogen from chickens at 15 days of age was 70 ppm and fell to 61 pprn

after consuming an experimental wheat diet for six days (section 6.3). In older chickens

(22 days of age), breath hydrogen was 32 ppm initially then fell to 26 ppm after six days on

an experimental wheat diet (section 6.2). Also, breath hydrogen concentrations differed

between male and female chickens l5-days of age but not in chickens 22-days of age.

These observations are consistent with the findings of McBurney et al' (2003) that the

bacterial profiles in healtþ chickens stabilise with age, if not in overall metabolic activity,

as noted previously.

The beneficial effects of feed en4lmes are thought to be partially dependent on the age of

the chickens, with the best responses often being seen in older chickens (Bedford and

Morgan 1996). AME value of a wheat-based diet was improved by the use of a viscosity-

reducing enzqe product in the previous experiment (section 6'3), but there was no

apparent effect on the amount of undigested carbohydrate reaching the hindgut' It was

considered worthwhile to repeat some aspects of the previous experiment, this time with an

enzqeproduct with a wider range of activities in an attempt to release other NSP from the

cell wall structure of the grain in the diet, in addition to viscosity reduction' Wheat and

barley were chosen as these contain two different types of soluble NSP, mainly

arabinoxylan and B-glucan, respectively, in an attempt to alter the flow of undigested

carbohydrate into the hindgut to promote different patterns of microbial fermentation.

This experiment tested the hlpotheses that (a) AME values increased with age of the

chicken, (b) hydrogen concentration in breath decreased with age of the chicken.
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6.4.2 Materials and methods

Birds, housing and management

Ross broiler chickens were obtained from the Bartter Steggles hatchery, Cavan, SA on

Thursday 11 January 2001. Chickens were raised from hatch in two rearing pens in a

controlled temperature room. Male and female chickens wore reared separately' All birds

were given commercial starter crumbles (Ridley Agriproducts, diet code #503540).

At 15 days of age, chickens were transferred in groups of five to 24 metabolism cages

located in a controlled{emperature room set at 25-27"C initially, and given experimental

diets. One chicken in each pen was selected at random, weighed, and identified by a leg-

band for subsequent breath testing on days 0 and 6 of the 7-day experimental period. The

temperature setting in the room was reduced daily until it was 22oC at the end of the

experiment.

The above procedures were repeated commencing at 22 and 29 days of age with new

cohorts of chickens taken from the original rearing groups housed in floor pens'

Experimental procedures

The basal diets comprised (in g/kg) S00 new season wheat or barley (Jatu or Chebec

cultivars, respectively, gloìwn on the Roseworthy Campus), 152 casein, 20 dicalcium

phosphate, 11 limestone, T Dl-methionine,5 vitamin andmineralpremix,3 salt, and2

choline chloride (60%). Kemzyme V/l provided by Kemin Australia Pty Ltd was added to

each basal diet at the rate of 1000 f,tonne to provide a total of four dietary treatments. The

en4lme product had p-glucanase, protease, amylase, cellulase and lipase activities

according to the manufacturer. Each dietary treatment was allocated to three cages of male

chickens and three cages of female chickens in a randomised complete block design.

Weighed experimental diet was given on day 0 after breath sampling was completed. The

first three days enabled the chickens to adapt to the feed. Feed intake was measured during

this period. During the following four days feed intake was measured and all excreta

collected and dried daily. Moisture content of excreta collected on day 5 of the metabolism

study was measured. Birds were weighed at the start and end of the 7-day period. The
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respective values for AME of wheat and barley in the diets were calculated by subtraction

of energy contributed by casein (assumed to be 20.1 MJ/kg dry matter) from the overall

energy content of the experimental diet which was measured directly from total energy

intake in the feed and total energy output in excreta.

Breath samples were collected from the selected chickens commencing at 8.30 am on days

0 and 6 of each of the 7-day metabolism studies. Abreath sample was taken 15 seconds

after aprototype helmet (50 mm diameter) was placed over the head of the chicken as per

the procedures described previously'

Statistics

Distribution of data, transformation if required and subsequent analyses of variance and

covariance were conducted as described in section 6'2'3.

6.4.3 Results

The only significant (P<0.05) interaction involving sex was with age on live weight at the

start of each7-day experiment, feed intake, and feed conversion. These interactive effects

were significant because the respective differences between males and females differed

with age (Table 15). Males were significantly (P<0.05) heavier and ate more feed than

females in each 7-day experimental period, but there were no significant (Þ0.05)

differences between the sexes in feed conversion. For simplicity, all datawere re-analysed

with a reduced linear model without interactions involving sex. The results of this anaþsis

of variance are summarised in Table 16.

Female chickens had significantly higher (P<0.001) values for AME of the diet (14.44 vs

14.21 M¡lkg DM; S¿:0.03) and dry matter digestibility (0.713 vs 0.709; SE:0'002)

compared with males when data were pooled across age of chicken, grain type and enzYm.e

addition.

The combined effects of age of chicken, grain and enzpe on AME value of the grain, feed

intake, and growth are summarised in Figure 30, Figure 29 and Figure 31, respectively.

Dry matter digestibility showed a similar pattern of results as AME of grain (results not

presented). The AME value of the wheat diet was greater than barley for each age of
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chicken, and the response to enzymes increased as chickens aged. However, the AME

values for barley and wheat not supplemented with feed enzymes were significantly

(P<0.05) lower for chickens four weeks of age compared with those two weeks of age

(Figure 29). Addition of enzyme to the barley diet significantly (P<0.05) increased feed

intake of chickens 2- and 3-weeks of age, but not in chickens 4-weeks of age (Figure 30)"

In contrast, addition of enzyme to the wheat diet significantly (P<0.05) increased feed

intake in 4-week old chickens, but not in younger chickens (Figure 30). Signifieant

(P<0.05) improvement in growth was observed when chickens were given the barley diet

from 2- and 3-weeks of age (Figure 31). Growth was significantly (P<0'05) reduced by

enzqe addition to the wheat-based diet given to 3-week old chickens (Figure 31).

Feed conversion was significantly (P<0.05) affected by the interaction between grain tlpe

and enzyrne addition (Figure 32). Enzymes significantly (P<0.05) improved feed

conversion in chickens given the barley diet, whereas feed conversion in chickens given

wheat was not affected (P>0.05) by enzyme addition.

Hydrogen (114 ppm; SE:11) and methane (32ppm; SE:2.4) concentrations in breath at the

start of each 7-day metabolism experiment did not differ with age of the chickens (Table

16). Hydrogen concentration in breath at the end of each 7-day experiment was

significantly affected by the interaction between age and enz)¡mes, and there was a trend

(p:0.11) towards an effect from the ageby enzqe interaction. The combined effects of

age of chicken, grain and enzqe on breath hydrogen concentration on day 6 are shown in

Figure 33. Addition of enzqeto the barley diet resulted in signifrcant (P<0.05) reduction

in breath hydrogen, but there \ryas no effect (Þ0.05) in chickens fed the wheat diet. For

both the wheat and barley diets not supplemented with enz)¡mes, breath hydrogen

concentrations increased significantly (P<0.05) from week 2 to week 4.

Methane concentration in breath on day 6 of each 7-day experimental period was not

affected (Þ0.05) by sex of the chicken, grain type or enzyrne addition. However, there

was a highly significant effect of age of the chicken (Table 16). Chickens 4 weeks of age

at the start of the experimental period had a significantly (P<0.001) higher methane

concentration on day 6 (57 ppm; SZ':3) than chickens 2- and 3-weeks of age (20 and 13

ppm, respectively; SE:3).
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Table 15. Effects of age and sex of chicken on initial live weight, and feed intake and

feed conversion ratio during the 7-day experimental period

Age

(in days)

Sex Live weight

(g/bird)

Feed intake

(s/bird)

Feed oonversion

(g feed: g gam)

t5-22

22-29

29-36

Table 16. Reduced model analysis of variance of data showing significance of main

effects of sex (S) and age (A) of chicken, type of grain in the diet (G) and

dietary addition of enzyme (E), and interactions between age, grain and

enzyme.

Female

Male

Female

Male

Female

Male

Pooled SEM

506

530

918

r014

1,452

1534

5

67.3

74.9

83.4

r00.2

103.5

114.8

7.4

r.678

t.639

1.855

\.923

2.315

2.208

0.051

Variable S A G E AXGAXE GxE AxGxE

Live weight (g/bird)

V/eight gain (g/bird)

Feed intake (g/bird/daÐ

Feed conversion ratio

AME diet (MJ/kg DM)

Dry matter digestibility

Breath H2 day 0 (ppm) I
Breath Hz day 6 (ppm) T

Breath CHa day 0 (PPm) t
Breath CHa day 6 (ppm) T

***

**:Ë

***

***

*:ßt

*á<{<

{<* *

***

***

***

***

*rF*

*

x:f :l€

***

***

*

*{<

*

* *t!

d€**

t<* d€

tc*

t(

t< ¡F:1.

***

d€:f *

*t<t<

d<*

{.xt<

{< {.

T All statistical analyses were done on log 
" 

transformed data

x P<0.05, x* P<0.01, t<** P<0.001

111



o
(E

E
à
!t
Et
.Y
I
=ul

=

17

16

15

14

13

12

234
Age of chicken (in weeks) at start of experiment
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6.4.4 Discussion

The hl,potheses that AME values increase with age of the chicken, and that the flow of

undigested carbohydrate into the hindgut decreases with age, are not supported by the

results of this study. In fact, the direct opposites occurred. The significant reductions with

age of chicken on AME value of the diet, and increases in hydrogen and methane

concentrations, imply a greater uptake of energy by the small intestine arrd a reduction in

the amount of undigested substrate for fermentation by microflora in the hindgut.

The large increases in hydrogen and methane in breath from older chickens after

consuming experimental diets for one week (from 29-36 days of age) arc not consistent

with the findings of McBumey et al. (2003) that gut microflora profiles stabilise by about

four weeks of age.

The beneficial effects of feed enzymes in improving the AME values of barley and wheat

(Bedford and Morgan 1996) were observed in this study also, but the relative improvement

seemed to arise from enzymes limiting the reduction in AME with age observed in the
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unsupplemented control group. The sparing effect of enzymes on AME with age appears

to be related to significant reduction in hydrogen concentration in breath ftom chickens fed

the barley diet, whereas no changes at any stage were evident in chickens fed wheat.

It is possible that the p-glucanase activity of the enz¡ralire product used in this study resulted

in release of absorbable sugars from the p-glucan in the barley diet (Bedford 1995). This

would allow both an increase in energy uptake by the chicken, and a reduction in the

substrate available for bacterial fermentation in the hindgut, thus lowering breath hydrogen

concentration. In the case of wheat-fed chickens, the beneficial effects of enzymes on

AME are likely to have arisen through a different mode of action as the branched structure

of arabinoxylan is more difficult to degrade than the simpler structure of B-glucan Bedford

1995). In this case, the amount of complex carbohydrate reaching the hindgut would be

unaffected by enzyme treatment and, hence, breath hydrogen would be similar in both

control and treated groups, as was observed in section 6.3'

Hydrogen in breath prior to feeding the experimental diets (day 0) was higher in older

chickens, but methane content on day 0 was not affected by age of the chicken. On the

other hand, breath hydrogen and methane concentrations did not differ between males and

females given commercial broiler feed which is in contrast to results reported in sections

6.2 and 6.3. Nevertheless, the observations in this experiment support the general

conclusion from the two experiments described in sections 6.2 and 6.3 that remarkably

different metabolic activities of gut microflora can occur in birds reared on starter diets

with the same nutrient specifications (but not necessarily the same ingtedient composition).

6.4.5 Conclusions

Different t¡pes of NSp in grains fed to chickens will influence the metabolic activity of the

gut microflora. The specific activities of exogenous enzymes used to improve digestibility

of energy will also have a bearing on the fermentation profiles of gut microflora.

!
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6.5 Effects of antibiotics in the feed on the site of digestion of

carbohydrate from different types of grain

6.5.1 Introduction

Different tlpes of NSP in grains fed to chickens can influence the fermentation profiles the

gut microflora, and exogenous enzymes used to improve digestibility of energy can also

have a bearing on the metabolic activity of gut microflora, depending on the tlpe of grain

(section 6.4).

Hughes et al. (2001) measured AME and ileal DE values for a selection of samples of

Australian barley, oats, sorghum, triticale and wheat. They noticed that for each sample of,

barley and oats AME exceeded ileal DE by about 0.4 MJ/kg, whereas for sorghum

samples, ileal DE rwas approximately 0.3 MJ/kg higher than AME. They concluded that

for barley and oats, microbial proliferation in the hindgut utilised energy in the form of

otherwise non-digestible carbohydrates. This was thought to lower the gross energy

content of the excreta through losses of volatile fermentation products, as discussed by

Choct (1999). In the case of sorghum, there was little loss of energy through microbial

proliferation in the hindgut, and the difference between DE and AME was assumed to

represent endogenous energy losses.

It follows that if microbial overgrowth of viscous digesta in the small intestine can be

avoided by use of feed enzymes in order to reduce variation in energy metabolism (Kocher

et aL 1997), then therapeutic use of antibiotics in the feed ought to reduce variation in

energy metabolism by retardation of growth of bacteria, pafüculatly facultative anaerobes

(Choct et at. 1996a), inthe distal region of the small intestine. This experiment tested the

hypothesis that dietary addition of antibiotics reduced the difference between measured

values for ileal DE and AME.

6.5.2 Materials and methods

Ross broiler chickens were obtained from the Bartter Steggles hatchery, Cavan, SA on

Thursday 9 March 2000. Chickens were raised from hatch in two floor pens in a controlled
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temperature room. Male and female chickens were reared separately. All birds were given

commercial starter crumbles (Ridley Agriproducts, diet code #503540).

At 22 days of age, chickens were transferred in weighed, single-sex groups of six to 48

metabolism cages located in a controlled-temperature room set at 25-27oC initially. The

temperature setting in the room was reduced daily until it was 22oC at the end of the

experiment. Chickens had free access to the experimental diets (Table 17) andwater.

Table 17. Composition of the experimental basal diets

fngredient elke

Cereal grain (sorghum, barley, triticale or wheat)

Casein

Dicalcium phosphate

Limestone

Sodium chloride

DLmethionine

Vitamin and mineral Premix

Choline chloride (60%)

773

t52
20

1l

J

7

2

2

30Digestibility marker (Celite)
,.}

1i.f

I

The grains were barley (control FG96B.3815), sorghum (FG99S.7S32), tntica\e (frosted

FG9ST.6805) and wheat (low AME, LS97W.1906) from the GRDC Premium Grains for

Livestock Program.

Emtryl (500 ppm) and Lincospectin (aa ppm) were included in the premix of ingredients

for the antibiotic treated diets. These antibiotics were selected for their broad spectrum

activity against a wide range of gut bacterial species. The intention was to reduce the

bacterial population as much as possible by using readily available antibiotic products in a

prescribed manner. Each of the eight experimental diets was replicated six times (three

groups of female and three groups of male chickens)'

The AME values of the experimental diets were determined in a conventional energy

balance study involving measurements of total feed intake and total excreta output and

subsequent measurement of gross energy values of feed and excreta as per the procedures

described in previous section .
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One chicken in each cage ìwas selected at random and tagged for repeated breath testing.

Hydrogen content of breath \ryas measured on days 0 and 6 of the 7-day experimental

period to gauge the changes in the metabolic activity of the gut microflora in response to

antibiotics and t¡pe of grain in the diet. A breath sample was taken 30 seconds after a

helmet was placed over the head of the chicken and held firmly against the shoulders as per

the procedures described in previous sections.

At the end of the |-day metabolism study, three chickens from each cage were weighed

then killed by intravenous injection of pentobarbitone. The ileum (from L cm below

Meckel's diverticulum to 4 cm above the ileo-caecal junction) was dissected from each

bird. lleal digesta were pooled and stored on ice. Ileal digesta was centrifuged at 1'2,000 g

for 12 minutes at 4oC for viscosity measurement of fresh supernatant using a Brooffield

DVItr model viscometer with a CP40 cone and shear rate of 5-500 t-t. The.t samples were

re-constitut ed, lrozen and stored at -20oC pending analyses to determine GE and acid-

insoluble ash (digestibilitymarker) for calculation of ileal DE (Appendix 3)'

Statistics

Distribution of data, transformation if required and subsequent analyses of variance and

covariance were conducted as described in section 6.2'3'

6.5.3 Results

The inclusion of antibiotics in the feed did not significantly affect AME values for the diet

or the cereal grain,ileal DE, or AME and DE as fractions of gross energy (GE) of the diets

(Table 18 and Figure 34).
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Table 18 Reduced model analysis of variance of data showing significance of main

effects of tpe of grain in the diet (G), dietary addition of antibiotics (A), sex of

the chicken (S), and interactions between grain, antibiotics and sex.

Variable GASGxAGxS
Feed intake (g/bird/day)

V/eight gain (g/bird)

Rate of gain

Feed conversion ratio

Excreta moisture content (%)

AME diet (MJ/kg DM)

AME grain (MJ/kg DM)

Dry matter digestibilitY

Ileal digestible energy (DE, MJ/kg DM)

Ratio of AME to gross energy

Ratio of DE to GE

Ratio of DE to AME

Log. transformed ileal viscosity (cP) T

Log 
" 

transformed breath hydrogen day 6 (ppm) T

Log 
" 

transformed breath hydrogen change (ppm) T
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However, antibiotic treatment improved, or tended to improve, weight gain (Figure 35) and

feed conversion (Figure 36) for each cereal gtain except triticale, but had no effect on feed

intake. The effects of antibiotic treatment on metabolic activity of the microflora as

indicated by breath hydrogen measurements differed across grain types (Table 18).

Antibiotic treatment resulted in a significant (P<0.05) decrease in breath hydrogen ftorn

chickens given barley compared with the respective control diet, but there was no

significant (Þ0.05) response to antibiotics observed in chickens fed triticale or wheat

(Figure 37). There \ryas a tendency (P:0.08) for an increase in breath hydrogen due to

antibiotic supplementation of the sorghum diet (Figure 37).

Feed conversion, live weight gain and energy uptake on different cereal grains were

significantly (P<0.05) influenced by the sex of the chicken (Table 18). Males ate more

feed and grew faster than females on the same grain type, but converted less efficiently

than females when given sorghum, barley or wheat diets (Figure 38)' Male chickens had

significantly (p<0.05) lower AME values than females when given barley and wheat diets

(Figure 39). Ileal DE values for wheat tended (P:0.07) to be lower for males than females

(Figure 39).

6.5.4 Discussion

It was evident that antibiotics did not reduce the differences between AME and DE values

for any of the grains, hence the hlpothesis was not supported' The lack of an effect of

antibiotics on excreta moisture content suggests that administration of therapeutic levels of

antibiotics did not induce scouring, which may otherwise have influenced energy

metabolism.

Antibiotic treatment resulted in a numerical increase in hydrogen concentration in breath of

chickens given sorghum but a decrease in chickens given barley (Figure 37) compared with

the respective control diets. Any increase in breath hydrogen in chickens given a sorghum

diet supplemented with antibiotics would tend to suggest that there was an increase in

fermentable substrate reaching the distal part of the intestinal lract. This is difficult to

explain on the basis of an increased amount of carbohydrate or NSP reaching the hindgut

because AME and DE were unaffected by dietary addition of antibiotics. The decrease in

breath hydrogen in chickens fed the barley diet supplemented with antibiotics looks similar
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to the response to enzyme addition to a barley diet reported in section 6.4. In that case, it

rwas suggested that the reduction in breath hydrogen was related to the reduction in the

amount of B-glucan reaching the hindgut and an associated increase in AME. This is not a

plausible explanation for the present response to antibiotics unless one of the end products

of bacterial fermentation included aî enzyme able to degrade B-glucan (Choct and Kocher

(2000). The possibility that gut microflora can produce NSP-degrading enzymes is

explored in section 6.6.

Differences in the amounts of hydrogen produced are indicative of changes in the numbers

and/or species of bacteria in the gut population, and/or changes in the metabolic activities

of those bacteria. Furthermore, these changes in hydrogen concentration in response to

antibiotics were also dependent on the type of grain used in the diet. Presumably, the t¡rpes

and amounts of undigested nutrients flowing into the hindgut provided different substrates

for growth of bacterial species surviving antibiotic treatment' As pointed out in section

6.2.5,shifts in the production of volatile fatty acids and sulphates could affect the pH of the

luminal environment.

The lack of a significant difference (P>0.05) in the DE:GE ratio between males and

females on sorghum, barley, wheat and triticale diets (Figure 39) implies that digestive and

absorptive processes in the small intestine were unaffected by the sex of the chicken' On

the other hand, male chickens had significantly lower AME values than females when

given barley and wheat diets (Figure 39). Therefore, the differing effects of sex on DE and

AME values for these grains suggest that post-intestinal processes and events associated

with gut microflora were influenced by the sex of the chicken.

6.5.5 Conclusions

The influence of gut microflora on energy metabolism differed according to the type of

grain, and is at least partially dependent on the sex of the chicken. This implies

..communication" between the host and gut microflora that affects the metabolic activity of

the bacteria, and possibly the function of the host mucosal tissue' Alteration of the balance

between the host and its commensal microflora by feeding different grains or antibiotics is

likely to result in patterns of growth and nutrient utilisation that are diffrcult to predict.
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6.6 Synthesis of NSP-degrading enzymes by gut microflora in chickens

given wheat and barley diets

6.6.1 Introduction

Choct and Kocher (2000) reported that the ability of gut microflora to produce enzyrnes

able to degrade NSP influenced between-bird variation in AME. They found that xylanase

activity produced by microflora degraded NSP in the caeca and lowered the viscosity of

excreta below that of ileal digesta collected from the same bird. However, they did not

observe an inverse relationship between AME and viscosity of ileal digesta. Kocher and

Choct (2000) concluded that excreta viscosity was a non-invasive indicator of microbial

enzqe activity in the hindgut. It seems reasonable to believe that some of the between-

bird variation in AME reported in Chapter 3, and an increase in breath hydrogen observed

in chickens given a sorghum diet supplemented with antibiotics (section 6.5), could have

arisen from microbial production of NSP-degrading enz)rmes, and hence worthy of further

investigation.

The possibility was raised in section 6.2.5 that losses of volatile products could reduce the

gross energy content of excreta and hence result in an overestimation of the AME value'

Also, variation in any volatile losses could contribute to variation in measured values for

AME depending on the metabolic activity of the microflora in different chickens.

The experiment tested the hlpotheses that (a) AME was inversely correlated with viscosity

of ileal digesta, and with viscosity of freshly-voided excreta, and (b) that losses of volatile

fatty acids from excreta were variable.

6.6.2 Materials and methods

Birds, housing and management

Ross chickens were obtained from the Bartter Steggles hatchery, cavan, SA on Thursday

lg Novemb er 1999 and raised from hatch in floor pens in a controlled temperature room.

Male and female chickens were reared separately. All birds were given commercial starter

crumbles (Ridley Agriproducts, diet code #503540)'
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At 18 days of age, chickens were transferred in pairs to 96 metabolism cages located in a

controlled-temperature room set at 25-27oC initially, and given oommercial starter

crumbles (Ridley Agriproducts, diet code #503540) for 2-3 days while they adapted to the

cages. The temperature setting in the room was reduced daily until it was 22oC at the end

of the experiment.

At 2I days of age, one bird was removed from each of the first 48 cages. The 48 chickens

remaining were weighed, and then returned to the cage. Chickens had free access to the

experimental diet (Table 19) and water throughout the study. These chickens were killed

on day 7 (at 28 days of age) for digesta and tissue samples. Chickens in the other 48 cages

were treated in the same manner in the period 22to 29 days of age.

Experimental diets and AME measurement

Table 19. Composition of the basal diet

Ingredient elke

Grain (wheat or barley)

Meat and bone meal

Soybean meal

Vegetable oil

Sodium chloride

L-lysine HCI

DL-methionine

Vitamin and mineral premix with millrun diluent

Choline chloride (60%)

700

76

t70

40

2.5

2.5

J

5

0.8

Dr Mingan Choct (UNE) supplied the wheat soon after harvest in the 1996197 growing

season. A subsequent experiment in August 1997 involvíng 32 individually housed

chickens at pppl verified that it had a low-AME value (13.1 MJ/kg DM). The wheat was

kept in a cool room (4"C) between AME testing and its subsequent use in this experiment

to avoid any post-harvest change in AME (Choct and Hughes 1997). Similarly, a sample

of barley (FG96B.3S15) with AME (12.9 MJ/kg DM) was chosen from the collection of

grains used in the GRDC Premium Grains for Livestock Program. The AME value of

barley was measured in an experiment conducted at PPPI in October 1999 (Hughes et al'
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2001). The diets were cold pressed into pellets approximately 6 mm in length and 4mm in

diameter

The AME values of the experimental diets were determined in a conventional energy

balance study involving measurements of total feed intake and total excreta output and

subsequent measurement of gross energy (GE) values of feed and excreta by isoperibol

bomb calorimetry (Parr Instrument Company).

Collection and measurement of digesta and excreta

On day 5 of the metabolism study, fresh excreta (12 g) samples were collected on plastic

sheets placed in the excreta collection trays for 1-2 hours. Approximately l0 g samples

were weighed in tared plastic screv/-cap jars, treated with 0.5 M sulphuric acid (0.5 mL per

g excreta), then securely sealed in a plastic jar to minimise the loss of volatile components,

and kept on ice until placed in a freezer at -20oC. Approximately 2 gfresh excreta samples

was placed in untared tubes and centrifuged at 12,000 gfor 12 minutes at 4oC. Viscosity of

supematant was determined on 0.5 mL of supematant using a Brookfield DVItr model

viscometer at 25oCwith a CP40 cone and shear rate of 5-500 s-1.

At the end of the 1-day metabolism study, each chicken was weighed then killed by

intravenous injection of pentobarbitone. The ileum, from 1cm below Meckel's

diverticulum to 4cm above the ileo-caecal junction, and the caeca was dissected'

Approximately 3 g ileal digesta was weighed in a tared centrifuge tube, and stored on ice

pending viscosity measurement of fresh supernatant'

Excreta samples were sent to the University of New England for measurement of volatile

fatty acids by gas liquid chromotography as described by Kocher (2000).

Statistics

Distribution of data, transformation if required and subsequent anaþses of variance and

covariance were conducted as described in section 6'2'3'

6.6.3 Results

The results of anaþsis of variance are summarised in TabIe2o
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Table 20. Analysis of variance of data showing significance of main effects of sex of the

chicken (S), and of type of grain in the diet (G), and the interaction between sex

and grain.

Variable SGSXG

Live weight at start (g/bi@

Feed intake (g/birdiday)

Weight gain (g/bird)

Feed conversion ratio

Excreta moisture content (%)

AME diet (MJ/kg DM)

Dry matter digestibilitY

Log, transformed ileal viscosity (cP) t
Log 

" 
transformed excreta viscosity (cP) I

Difference between excreta viscosity and ileal viscosity (cP)

* *rF

**x

**

*

¡l€**

***

***

*{.*

*:k*

**+

*x:ß

*

*{.

* {€

*

T All statistical analyses were done on log 
" 

transformed data

P<0.05, x* P<0.01, *x* P<0.001

Male chickens were significantly heavier than females at the start of the experiment (938 vs

827 glb¡d; P<0.001), and ate more feed (108 vs 95 glbitd; P<0'001). There were no

differences (Þ0.05) due to sex in excreta moisture (74%), viscosity of ileal digesta (24.8

cP) viscosity of fresh excreta (7.8 cP), or change in viscosity 17cP)' Chickens given the

barley diet ate less feed (94 vs 109 ghírd;P<0.001), gained less weight (291 vs 432 glbítd;

P<0.001), had higher excreta moisture (74.6 vs 13.1%; P<0'001), and more viscous ileal

digesta (30.1 vs 19.3 cP; P<0.001) compared with chickens fed wheat'

The grain by sex interaction was significant for live weight gain, feed conversion ratio' and

dietary AME. For weight gain there was no difference (Þ0.05) due to sex for chickens

given the barley diet (291glbird) whereas males given the wheat diet were significantly

heavier than females (466 vs 397 glbird; P<0.001). Úr contrast, feed conversion (1.78 g

feed: g gain) and AME (14.S MJ/kg DM) were unaffected (.Þ0.05) by sex of chicken

given wheat, whereas there were large differences in favour of females given barley for

128



feed conversion (2.16 vs 2.48 g feed: g gain; P<0.001) and AME (12.8 vs 12.0 MJlkg DM;

P<0.01).

There was no significant (P>0.05) statistical relationship between AME and excreta

viscosity in contrast to the earlier work of Choct and Kocher (2000). However, there were

statistically significant (P<0.01) but weak inverse relationships between AME and

viscosity of ileal digesta (AME : 16.0 - 0.7g x log 
" 

transformed ileal viseosity; A2:0.i0)

and between AME and the difference between viscosities of ileal digesta and fresh excreta

(AME : I4.7 - 0.028 x change in viscosity; R2:0.O9,Figure 40)'

-40 -20 o 20 40 60 80

Ghange in viscosity (ileal viscosity minus excreta viscosity)

Figure 40. Association between AME (MJ/kg DM) of diet and change in viscosity as

digesta passed through the hindgut.

The data for acetic acid and butyric acid concentrations in excreta were so highly skewed

that it was not possible to transform these sufficiently to conduct analysis of variance. The

raw data are plotted in Figure 41. The two male chickens with the highest concentrations

of acetic acid in Figure 4I eachhad an AME value of 12.8 MJ/kg DM for the barley diet

compared with a mean value of 12.0 MJ/kg DM for male chickens.
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chicken. Each bar represents results from one chicken'

6.6.4 Discussion

The hypothesis that AME is inversely related to ileal viscosity is supported, whereas the

hlpothesis concerning the relationship between AME and excreta viscosity is not

supported. An increase in viscosity of excreta relative to viscosity of ileal digesta (Figure

40) could be explained by the release of viscosity-inducing NSP from cell walls from

wheat, but not from barley, through the action of microbial enzymes on undigested

remnants leaving the small intestine. Clearly, this response was not evident in all chickens

given the wheat diet. Also, production of acetic and butyric acids in fresh excreta differed

widely between individual male and female chickens and between chickens fed the wheat

and barley diets (Figure 41). If these observations are indicative of changes in the profiles

of bacterial populations in these chickens then it follows that variation in production of

microbial enzymes could also contribute to the variability in measurements of AME.

6.6.5 Conclusions

Viscosity of excreta was a poor predictor of the AME value of the diet. An increase in

viscosity of excreta relative to viscosity of ileal digesta could be explained by microbial
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production of enzymes capable of cleaving NSP from cell walls in wheat but not in barley.

Hence, the in situ microbial synthesis of NSP-degrading enzyrnes could add to the

variability in measurements of AME.

6.7 General discussion and conclusions

Large differences in concentrations of hydrogen and methane occurred between individual

chickens which had been hatched and reared under the same conditions. This was noted in

several different experiments reported in this thesis. Between-chieken variation in

composition of the breath points to the possibility of other differences in the fermentation

patterns in the hindgut, such as the formation of acetate and other short chain volatile fatty

acids, lactic acid, and in the metabolic activities of bacteria which utilise sulphate.

Changes such as these could alter pH of the luminal environment, which in turn could

favour some species of bacteria over others. \ù/hen chickens were subjected to abrupt

dietary changes, large changes in breath composition were observed which indicates a

fuither shift in the metabolic activities of the microflora. Between-chicken variation in

concentrations of acetate and butyrate in freshly-voided excreta \Ã/as a further indication of

variable shifts in the metabolic activities of the microflora andlot changes in the bacterial

population.

The influence of gut microflora on the nutritive value of different cereal grains is at least

partially dependent on the sex of the chicken. This implies "communication" between the

host and gut microflora that affects the metabolic activity of the bacteria' and possibly the

host tissue. The site of receival of chemical messages broadcast by microflora could be

distally remote from the site of transmission. Conversely, in the case of proliferation of

microflora in the small intestine (Choct et al. 1996c), it is feasible that the influence is felt

in upper regions of the tract, which could be detrimental to the uptake of energy and other

nutrients, thus affecting growth and feed efficiency. Alteration of the balance between the

host and its commensal microflora by feeding different grains or antibiotics is likely to

result in patterns of growth and nutrient utilisation that are difficult to predict'

Bacterial overgrowth of the gut is likely to have detrimental effects partly due to significant

losses of nutrients. In addition, increased concentrations of toxic waste products and cell
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wall antigens from proliferating commensal organisms could ultimately lead to health

problems through general inflammation of the gut, thus paving the way for invasion of

tissue by other organisms pathogenic to the bird.

During the course of these studies, the overall or net metabolic activity of the gut

microflora was assessed indirectly through non-invasive methods such as measurement of

breath hydrogen and methane, and volatile acids in voided excreta. The non-invasive

approach could be taken further through in vitro studies involving metabolic inhibitors of

bacteria taken from excreta to elucidate the effects of different dietary components on

fermentation patterns of the commensal bacteria in the hindgut. If faeces and caecal

contents wore separated then it may be possible to distinguish between the activities of

microflora from the lower small intestine and those from the caeca. These non-invasive

methods need to be validated against direct measurements of various fermentation products

in different regions of the intestinal tract.

In summary, a fuller understanding of the role of the gut microflora on energy metabolism

of the chicken is required. This will be an essential step towards knowing how to control

the colonisation of the gut in newly hatched chicks and to how to maintain an ideal

microflora for the life of the bird, which would be beneficial for the health, welfare and

performance of commercial flocks.
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Chapter 7. General discussion and summary

7.1 Introduction

A diet for broiler chickens that provides all of the nutrients essential for maintenance and

growth of the flock as a whole may also have other chemical and physical properties that

are detrimental to the processes of ingestion, digestion, absorption, transport and utilisation

of nutrients (Hughes and Choct Iggg). The Australian chicken meat industry is highly

dependent on supply of energy from cereals such as wheat and barley that are known to

vary widely in apparent metabolisable energy (Choct 1999). In contrast, sorghum is

generally assumed to be a relatively consistent source of energy. To date, triticale has

proven to be a relatively reliable source of energy not subject to the low AME phenomenon

observed in some samples of wheat (Hughes and coopet,2002)'

cereal grains are a major source of anti-nutritive components that are likely to have

significant bearing on how effectively all dietary components are utilised by poultry' of

the known causes of variation in energy value of grains, soluble NSP stand out as a major

determinant of the availability of energy and other nutrients (Hughes and choct 1999)'

one of the modes of action of soluble NSP is to form a viscous gel in the gut, which in turn

affects the rates of digestion and absorption of nutrients. Also, rates of gastric emptying

and transit time of digesta are thought to be influenced by increased digesta viscosity,

thereby providing hind-gut microflora with an opportunity to colonise the small intestine to

the detriment of the host in terms of diminished use of nutrients and reduced ability to ward

off ingested pathogens (choct 1,999). Exogenous glycanases are able to depolymerise NSP

thereby reducing the deleterious effects resulting from increased viscosity of digesta (Choct

et al. 1996a). Feed enzymes have proven to be a very effective tool for not only increasing

the energy values of grains for poultry but also for improving the uniformity of growth and

feed efficiency of broiler flocks. Despite the global success of feed eîzyme technology,

questions remain about the specific modes of actions of enzymes (Smits and Annison

1996; Williams I9g7), and why enzymes can reduce but do not eliminate variation in

energy values for grains (Bedford 1996; Kocher et al' 1997)'

133



The broad objective of this project was to develop a clearer understanding of the

physiological limitations to digestive function of broiler chickens particularly in relation to

energy metabolism. The general hlpothesis examined in this project was that feed-related

factors such as NSp induce variable responses among individual chickens within the flock

in the usage of carbohydrate from cereal grains as a source of energy. The work carried out

during the course of these studies is described in five chapters, and is summarised in the

following sections.

The most important findings in these studies were that the sex of the chicken and the

overall or net metabolic activity of the gut microflora were major contributors to variation

in energy digestion. Furthermore, it became apparent from the results of several different

experiments described in this thesis that gut microflora profiles differed between male and

female chickens.

These and other findings conceming the effects of interactions between bird- and feed-

related factors on energy metabolism are summarised in the following sections'

7.2 Influence of gut structure on digestion of energy by broiler chickens

The relative importance of the structure of the small intestines of chickens as a potential

source of variation in energy metabolism was examined in Chapter 2' Gross morphology

of the small intestine and the finer structure of the intestinal mucosa differed between male

and female chickens. Females appeaÍ to have more potential ability than males for

digestion and absorption of carbohydrate and fat as a result of them having a relatively

larger pancreas and jejunum than males. However, between-bird variation in AME could

not be fully explained by differences in the weights of duodenum, jejunum and ileum

relative to metabolic body weight, or by changes in villus height or crypt depth in these

sections of the small intestine. It was concluded that factors other than gut morphology

were responsible for up to 670/o of the variation observed in AME.
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7.3 Variable responses in digestion of energy from a wheat-based diet

are associated with sex and strain of chicken and morphology of the

small intestinal mucosa

AME values for females were 4o/o higher than for males, with such a difference being

highly significant in commercial terms. The patterns of AME values obtained with

individual chickens and the corresponding coefficients of variation for the strain by sex

combinations, indicated that females are more uniform than males. Some individual

chickens, particularly males, responded poorly to the wheat diet compared with others. On

the other hand, some males responded just as well as the best performing females. This is

despite chickens being reared in the same room from hatch, and receiving the same rearing

diet prior to the experiment. It seems that female chickens were better adapted than males

to handle a poor quality diet, but there was no difference between males and females when

a high quality feed was given. These results point to the existence of a fundamental

difference between males and females in overall energy metabolism, irrespective of the

strain, possibly associated with differences in energy costs to repair and maintain the gut,

endogenous losses, or responses to inflammatory effects of microflora.

7.4 Breath tests as non-invasive indicators of digestive function of

broiler chickens and metabolic activity of gut microflora

A specific objective in this project was the adaptation of breath tests used for clinical

diagnosis of intestinal disorders in humans for use as non-invasive methods for assessing

digestive functions in chickens. It was expected that breath tests would provide more

insight than the usual snapshot view obtained in conventional nutrient balance studies, and

that these non-invasive tools would allow the study of the dynamic interplay between

various factors affecting energy uptake in broilers. It was shown in Chapter 4 that with

breath tests, it was possible to identiff certain characteristics of individual chickens prior to

experimentation with soluble NSP and endogenous enzymes in order to follow the

resulting changes in gastro-intestinal functions such as digesta transit time, and microbial

proliferation in the small intestine'
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7.5 Effects of rate of passage of digesta on the digestion of energy in

chickens

There was good agreement between oro-caecal transit time determined by rise in breath

hydrogen and whole tract transit time measured by appearance of ferric oxide marker in

excreta, although whole tract transit times were generally shorter than oro-caecal transit

times. Other results obtained in the work described in this chapter were inconclusive

probably because the concentration of NSP in the wheat used in this experiment was too

low to produce a viscous digesta. Despite the wheat having a very high AME value

overall, some chickens with longer transit times seemed able to extract more energy from

the diet than those with shorter transit times'

The rate of passage of digesta appears not to be the reason for differences between males

and females in the digestion of energy. However, differences between males and females

in breath hydrogen concentrations pointed to sex-dependent differences in fermentation

patterns in the hindgut.

A non-invasive breath test for estimation of oro-caecal transit time can be devised without

the need to dose chickens with lactulose. That is, caecal microflora can produce

measurable concentrations of hydrogen in breath by fermentation of existing levels of

complex carbohydrates in tlpical broiler feed'

7.6 Influence of gut microflora on digestive function of broiler chickens

hr Chapter 6, hydrogen and methane breath tests were used as indicators of the metabolic

activity of the gut microflora in a series of five experiments' Responses to low AME wheat

by individual chickens were highly variable in terms of acetic acid and butyric acid

concentrations in freshly voided excreta in one experiment, and in hydrogen and methane

concentrations in breath in two subsequent experiments with differont batches of,chickens'

Observations in tegatd to expiration of hydrogen and methane pointed to remarkably

different metabolic activities of gut microflora in birds reared on commercial diets with the

same nutrient specifications (but not necessarily the same ingredient composition)' and to
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wide variation between chickens in the metabolic activity of the gut microflora following a

change in the composition of the diet.

The feeding of a commercial starter diet led to the development of substantially different

gut microflora profiles in 15-day old male and female chickens, with female chickens

exhaling almost twice the concentration of hydrogen compared with males. These patterns

changed when chickens were given a diet containing a high level (700glkg) of wheat'

presumably, the viscosity reducing action of exogenous enzymes contributed to enhanced

starch digestion in the small intestine, but did not alter the amounts of eomplex

carbohydrate reaching the hindgut. That is, feed enzymes did not appear to influence the

fermentation patterns of the gut microflora in this experiment.

The effect of age of chickens on responses to enzqe addition to wheat and barley diets

were examined in the fourth experiment described in Chapter 6. Enzymes improved

gtowth, feed conversion and AME for each age of chickens. Hydrogen and methane in

breath prior to the feeding of experimental diets did not change with the age of chicken'

However, large increases in hydrogen and methane in breath from older chickens during

the 1-day experiment point to an increase in carbohydrate escaping digestion in the small

intestine leading to increased metabolic activity of the gut microflora. Different tlpes of

NSp in grains fed to chickens influenced the metabolic activity of the gut microflora' The

specific activities of exogenous enzymes used to improve digestibility of energy also had a

bearing on the fermentation profiles of gut microflora, in contrast to the result described in

the paragraph above.

The influence of gut microflora on the nutritive value of different types of cereal grains was

studied in the fifth experiment described in Chapter 6. Antibiotics were added to the feed

in an attempt to reduce the population of bacteria in the hindgut and thereby promote more

uniform usage of carbohydrate from the grains. The effects of antibiotic treatment on

metabolic activity of the microflora was indicated by breath hydrogen measurements

differing across grain types. Antibiotic treatment resulted in an increase in hydrogen

production in chickens given sorghum but a decrease in chickens given barley. On the

other hand, antibiotic treatment failed to affect either ileal DE or AME'
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The influence of gut microflora on the site of digestion of carbohydrate differed between

male and female chickens, and according to type of grain used in the diet' Ileal DE values

for wheat and barley were unaffected by sex, whereas AME values were lower in male

chickens compared with females. These contrasting effects strongly imply that post-

intestinal processes and events associated with gut microflora were critically influenced by

the sex of the host chicken.

This poses questions as to what occurs at the organ or cellular level that enables the gut

microflora to change so radically in terms of numbers, species or activities according to the

nature of the feed consumed and the sex of the host animal. Kelly and King (2001)

remarked that the molecular basis for how the gut distinguishes between commensal and

pathogenic bacteria was poorly understood but that there was "bi-directional

communication" between epithelial cells, cells in the immune system, and gut bacteria'

Likewise, Bedford and Apajalahti (2001) referred to a "two-way negotiated process"

between host tissue and microflora resident in the small intestine. The likely signalling

compounds involved in cross-talk, md deserving of further study, are clokines and

polyamines (KellY and King 2001).

Differences in the amounts of hydrogen produced are indicative of changes in the numbers

andlor species of bacteria in the gut population, and/or changes in the metabolic activities

of those bacteia. Furthermore, these changes in hydrogen concentration in response to

antibiotics were also dependent on the type of grain used in the diet' It is also evident from

these results that antibiotics did not bridge the gap between AME and DE values'

presumably, the differential flow of undigested nutrients into the hindgut created different

growth media for those hydrogen-producing species of bacteria surviving antibiotic

treatment.

The influence of gut microflora on the digestive function of the chicken was partially

dependent on the composition of the diet. Inherent characteristics of grains induced

different responses in energy metabolism in male and female chickens. The likelihood that

requirements for nutrients other than energy are also sex-dependent warrants investigation'

It seems reasonable to suggest that some of the between-bird variation in AME observed in

this and other studies could have arisen from microbial production of NSP-degrading
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enz)¡rnes, and that high concentrations of arabinoxylans and ß-glucans in wheat and barley

can induce gene expression for xylanase and ß-glucanase activities in gut bacteria"

Hydrogen and methane concentrations in the breath of chickens were highly variable

within and between experiments described in this thesis. It is possible that some of this

variation can be attributed to the movement of digesta in the entire gastrointestinal tract,

and how faecal matter from the intestine and caecal matter are voided'

Sklan et at. (1978) observed a shuttling of digesta between the gizzard and duodenum in 4-

and 7-week old male chickens. Godwin and Russell (1997) demonstrated a reverse flow of

caecal material to the crop in 6-week old chickens fasted for as little as four hours, but not

in fully-fed birds. The observations of Godwin and Russell (1979) are at odds with those

of Akester et al. (1967) who claimed that retrograde movement of material from the cloacal

region was a mechanism for caecal filling but that no material passed into the ileum'

Clarke (lg7g) noted that caecal evacuation could cause fluctuations in the gut environment

by altering factors such as oxygen tension and concentration of fermentative substrates' He

observed that in healthy birds given a l2-hlight-dark cycle there was a periodicity in caecal

emptying with caecal faeces passed frequently at certain times during the light period and

nevef passed at night. Perhaps variation in breath hydrogen, methane and other

fermentation products can be attributed to a reduction in fermentation immediately

following caecal evacuation and a subsequent increase in metabolic activity following the

frlling of the caecawith a re-newed supply of fermentable substrate'

7.7 Key determinants of variation in the digestion of energy by broiler

chickens

The sex of the chicken and the overall or net metabolic activity of the gut microflora \Mere

the major contributors to variation in energy digestion. Furthermore, gut microflora

profiles differed between male and female chickens'

Two broad conjectures can be developed in relation to these findings to indicate directions

for future research. These are termed the "nutrient flow conjecture" and the "cross-talk

conjecture".
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The "nutrient flow conjecture" is based on observations that male and female chickens

from feather-sexable crosses have different rates of growth of feathers in ovo which

indicates that the sexes utilise differently the same nutrient stores in eggs during

incubation. After hatch, they continue to have different rates of feather growth and, hence,

different utilisation of nutrients during the first 2-3 weeks post-hatch at least" The

conjecture is that this results in sex-related differences in the composition of undigested

material reaching the hindgut which in turn results in differences in the population profiles

of gut bacteria.

The "cross-talk conjecture" is based on the assumption that the nature of chemical

signalling between host mucosal tissue and gut microflora differs between males and

females, particularly during the two week post-hatch period when the digestive and

immune systems are maturing, and the gut microflora populations are reaohing a stable

equilibria.

If the principle of Occam's razor is taken into account then the nutrient flow conjecture

would seem to be the simpler way of explaining sex-dependent differences in gut

microflora profiles. Nevertheless, recent advances in our understanding of the role of

cytokines in mucosal immunity in chickens (Lowenthal et al' 2000; Muir e/ a|.2000;Bean

et a1.2003) increases the appeal ofthe cross-talk conjecture as an avenue ofresearch into

the effects of gut microflora on energy metabolism in chickens.

It seems reasonable to propose that if evidence can be found in chickens to support either

or both of these conjectures, then it is likely that sex-dependent differences such as these

will be present also in other animal species, including humans.

7.8 Summary and Conclusions

It is apparent that gender can influence the digestive capacity of chickens through

endogenous energy losses, gut structure and function, and metabolic activity of gut

microflora. This raises the question "Is there sexual dimorphism in other physiological and

biochemical systems also?" There are important scientific and commercial implications

should such differences exist. Firstly, future research should include an examination of any

gender-related influences. Secondly, the commercial implications are that males and
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females may have different nutrient requirements, and may respond differently to feed

additives such as prebiotics, probiotics and feed enzyrnes.

The effect of the gender of the individual chicken on its functional capacity to digest and

absorb nutrients has received little attention by researchers until recently. Hughes (2001)

noted that much of our current knowledge of nutrient utilisation and nutrient requirements

of broiler chickens was gained by study of males only. Experiments designed around

chickens of the same sex may have some advantages, however, it is possible that only one

half of the true story will be revealed, or less, if underlying interactions involving sex go

undetected.

Bacterial overgrowth of the gut is likely to have detrimental effects partly due to significant

losses of nutrients. In addition, microbial proliferation could ultimately lead to health

problems through general inflammation of the gut, thus paving the way for invasion of

intestinal tissue by organisms pathogenic to the bird, such as Eimeria spp and clostridium

perfringens.

The influence of gut microflora on the nutritive value of different cereal grains is at least

partially dependent on the sex of the chicken. This implies a form of "communication"

between the host and its bacterial population which influences the metabolic activities of

both the bacteia and host tissue. Alteration of the balance between the host and its

commensal microflora by feeding different grains, and various dietary additives such as

antimicrobials, enzyrnes, betaine, acidifiers, prebiotics and probiotics, is likely to result in

patterns of growth and nutrient utilisation that ate difficult to predict'

A fuller understanding of the role of the gut microflora is required, particularly in regard to

what induces shifts in fermentation patterns, and the consequences on the integrity of the

mucosal barrier. Further work is needed to determine the fundamental reasons why

bacterial colonisation of the gut is variable and why it can differ substantially between male

and female chickens. This is a necessary step towards being able to control the

colonisation of the gut in newly hatched chicks and to maintain an ideal microflora for the

life of the bird, which will be beneficial for the health, welfare and performance of

commercial flocks, and for enhancement of product uniformity quality and safety.
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7.9 Recommendations

A key conclusion reached in this investigation was that the sex of the chicken strongly

influenced digestive physiology and energy metabolism. Several practical

recommendations can be made as a result:-

For all intents and purposes, male and female chickens should be regarded as if

they are entirely dffirent "strains" and hence should be fed and managed

dffirently, as is the usual practice for current commercial strains such as Cobb

and Ross chickens, which are known to differ substantially in growth rate and

carcass yield.

placement of males and females in separate sheds in order that sex-specific

feeding and management programs can be applied, in order to optimise growth,

carcass yield, and composition within each sex'

(Jndertake segregated rearing on a trial basis on commercial farms to validate

the experimentalfindings observed in this study'

During large-scale commercial trials, it is recommended that records be kept on

any sex-dependent dffirences in environmental control settings needed for flock

comfort, susceptibility to disease, behavioural changes, water consumption, litter

condition, hock burn and breast blisters, uniþrmity of live weight with age'

uniformity of carcass yield, and incidence of condemnations'

The importance of sex on gut structure and function and bacterial colonisation of the gut in

otherwise healthy, high performing chickens observed in this study leads to the following

recommendation for further research:-

The relative importance of gut epithelial function needs to be established more

clearly in experimental work in which other key determinants of digestive

capacity such as digesta transit time and gut microflora size and activity are

me asur ed s imult aneous lY.
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During this study, all experimental work was done with feather-sexable strains of ohickens.

Clearly, a differenti al rale of feather growth in ovo implies that male and female embryos

utilise the same supply of nutrients in eggs differently. Furthermore, differential feather

growth persists long after hatch. It follows that males and females utilise feed differently,

and that the flow of specific undigested nutrients into the hindgut will differ between males

and females. This may be a feasible explanation for why males and females hosted gut

microflora with the widely differing metabolic activities observed in this study. Similar

work to that described in this report should be undertaken to:-

Determine whether sex-dependent differentiation occurs in the gut microflora in

non-feather sexable crosses ofbroiler chickens in order to better understand the

relative importance of the gut microflora in the productivity and health of

chickens. Such a study should compare a feather sexable cross with the non-

feather sexable reciprocal cross, and should include simultaneous measurements

of other key determinants of the digestive capacity of chickens.

preliminary experiments using simple PVC helmets to collect breath from individual birds

provided proof of the concept of using breath tests as non-invasive tools for study of the

gastroenterology of broiler chickens. Breath testing of chickens prior to use in experiments

highlighted the fact that colonisation of the gut with commensal bacteria differed

substantially from batch to batch, and that the gut microflora had a big impact on

subsequent productivity of chickens in experimental flocks. These observations lead to

two avenues for further research' The first involves:-

Characterisation of the gut microflora of chickens and its changes in relation to

feed composition and gut health, and study of the nature of interactions between

microbes and the mucosal immune system. Further work in this area should take

into account recent advances made in our understanding of cytokines and it will

require development of DNA-based tools for identification and quantification of

anaerobic organisms that are dfficult to enumerate using conventional

microbiolo gic al t echniques'
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Investigation of the factors that influence how the gut of newly hatched chickens

is colonised initially and how early nutrition influences this process'

The other avenue of approach involves exploitation of breath testing techniques for

experimental and commercial use. However, it is likely that breath testing will have most

use as a research tool initially. Further research is needed to:-

Develop breath tests for detection of specific gastrointestinal disorders such øs

pancreatic insfficiency, maldigestion, and malabsorption, and for semi-

quantification of gastrointestinal functions such as rate of passage of digest, and

bacterial proliferation in the small intestine. Breath tests need to be validated

against conventional techniques involving slaughter of animals for collection of

tissue and digesta samPles'

Breath analysis has potential for commercial applications also:-

Examine the feasibility of monitoring productivity and health of entire flocks by

analysis of air exhausted from the shed. Initially, samples of air can be collected

for analysis with specialised laboratory instruments housed offsite' For example'

samples could be analysed for hydrogen and methane to indicate gut microbial

activity, for stable isotopes to gauge catabolic reactions, or for short chain

hydrocarbons to monitor oxidative stress in chickens' In the long term, it is

envisaged that in situ probes will be installed in computer hardware for

controlling the shed environment

Finally, chickens were raised in clean and dirty environments in this study in an attempt to

magniff differences within and between sexes. The chickens appeared to be unaffected by

immuno-suppressive viruses that cause Marek's disease, infectious bursal disease and

chick anaemia, or by bacterial infections. There was, however, clear evidence that

chickens reared in a dirty environment grew slower and were less uniform in weight than

chickens reared in a clean environment. Furthermore, male chickens fared far worse than

females in terms of uniformity. These observations indicated that there were significant

levels of potentially harmful agents in the environment, such as feather scurf and dander,
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dust from feed, and non-pathogenic microorganisms with antigenic or inflammatory

properties. It is recommended that applied research be undertaken to:-

Compare used versus fresh litter from both an economical and a biological point

of view. These investigations should measure effects on the health and welfare of

animals and humans who work in the sheds and near surrounds'

Develop recycling processes that reduce or eliminate potentially karmful

properties of re-used litter. These investigations should identify the source ønd

nature of hazardous components of litter materials, and should determine the

number of cycles litter can go through beþre disposal is necessary, and how

disposal should be carried out.
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Appendices

Appendix 1. Descriptions of rearing pens

The modular pen system consists of three floor modules each 1800 x 1200 mm, with 600

mm high mesh sides and 300 mm floor height. The system is easy to assemble, clean and

operate with self-locking height a-djustment mechanisms for the feeders and drinkers. The

main floor section comprises three sub-sections each 1800 x 1200 mm with two legs 300

mm high and covered with 25 x 25 mm plastic floor mesh. Sawdust and wood shavings

can be spread over stiff brown paper to provide bedding material. End wall panels are

1800 mm long x 600 mm high with the bottom 150 mm made from solid steel sheet and

the remainder made from 25 x 25 mm steel mesh. Side panels ate 1200 mm long x 600

mm with the bottom 150 mm made from solid steel sheet and the remainder made from 25

x 25 mm steel mesh. All steel components were hot dipped galvanised after welding

Drinker units are 1000 mm long with seven nipple drinkers and splash trays complete with

pressure regulators, end sight tube, hose and adjustable rail support' Hopper feeders are

plastic and supported from a steel cross rail that fits onto the top of side panels. The heater

assembly comprises three 240Y AC heater elements with reflectors and power cord, and is

mounted on a steel cross rail that fits onto the top of side panels.

Figtxe42. Experimental rearing pen 3600 mm long and 1800 mm wide split cross-wise

into three sub-sections
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Appendix 2. Description of metabolism cages

Figure 43. Single-bird cages with dimensions 26 cm in width, 40 cm in height and 36 cm

in depth.

Figure 44. Multiple-bird cages with dimensions 60 cm in width, 38 cm in height and 45

om in dePth.

All cages had individual feed hoppers and drinking nipples. Each cage was shielded from

others to prevent birds eating from the adjacent hopper and cross-contamination with

excreta.
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Appendix 3. Calculation of dry matter digestibility'

apparent metabolisable energy (AME) and

ileal digestible energy (DE)

Drymatterdigestibility = (g feedx DMp,'"t - g excreta)/ (g feedx DMoo,".)

g feed x DM penet X gross energydiet / DM nnu"d
- gross oflefgY"*".eto x g excreta

AME*", =
g feedx DMp"l",

AMEdi"t -AME"u."in x casein level
AMEtno"o,"n, =

ingredient level

Where:-

AME .ur.in iS assumed to be 20.1 MJ/kg dry matter basis (Annison ef al' 1996)'

DM penet refers to dry matter of the pelleted feed

DM mine¿ refers to dry matter of the milled feed

and AME diet and AME ingredient are in MJ/kg dry matter basis

GEit"ut / (DM 
'.urx 

AIA¡ra)
Gross energy digestibility coefficient (GEDC) =1-

GEo,* / (DM .*"¿x AIA¿i"t)

GEDC x GE*",
Ileal digestible energy (in MJ/kg dry matter basis) = -5M;;-

148



Appendix 4. Helmet and fittings for collection of

samples of breath from chickens.

t49



Bibliography
Abrams G.D., Hauer H. and Sprinz H. (1963). Influence of the normal flora on mucosal

morphology and cellular renewal in the Ileum: A comparison of germ-free and

conventional mice. Lab oratory Investigations 12, 3 5 5 -364.

Adams C.A. (2000). The role of nutricines in health and total nutrition. Australian Poultry

Science SymPosium 12, 17 -24'

Almirall M. and Esteve-Garcia E. (1994). Rate of passage of barley diets with chromium

oxide: Influence of age and poultry strain and effect of p-glucanase

supplementation. P oultry Science 7 3, I 433 -l 440'

Amarri S. and Weaver L.T. (1995). l3C-Breath tests to measure fat and carbohydrate

digestion in clinical practice. clinical Nutrition 14,149-154.

Angkanapoffi K., Choct M., Bryden W.L., Annison E.F. and Annison G' (1994)' Effects of

wheat pentosans on endogenous amino acid losses in chickens- Journal of the

Science af Food and Agriculture 66,399-404'

Annison G. (1993a). The chemistry of dietary fibre. In 'Dietary Fibre and Beyond -

Australian Perspectives'. (Eds S. Samman and G. Annison) pp' 1-18' (Nutrition

Society of Australia).

Annison G. (1993b). The role of wheat non-starch polysaccharides in broiler nutrition.

Australian Journal of Agricultural Research 44,405-422.

Annison G. and Choct M. (1991). Anti-nutritive activities of cereal non-starch

polysaccharides in broiler diets and strategies minimizing their effects. l(orld's

Poultry Science Journal 47, 232-242.

Annison G., Hughes R.J. and choct M. (1996). Effects of enzyrne supplementation on the

nutritive value of dehulled þins. British Poultry Science 37,157-172.

Attia y.A. and Abd El Rahman S.A. (1996). Effect of enzyme supplementations on

performance, carcass characteristics and digesta passage time of broiler chicks fed

different cereal grains. Egyptian Journal of Animal Production 33,125-744'

Bakker N.p.M. (lgg4). Biogenic amine threat in high proten feed. Feed Mix 2,7 -IL.

150



Baranyiova E. and Holman J. (1976). Morphological changes in the intestinal wall in fed

and fasted chickens in the first week after hatching. Acta Veterinary Brno 45, t5L-

158.

Bean A.G.D, Jenkins, K.4., Asif, M., Thomas, J., Hilton, L.S., O'Neil, T.E. and Lowenthal,

J.W. (2003). Innate immunity: recognition and response. Australian Poultry Science

Symposium L5, 50.

Bedford M.R. (1995). Mechanism of action and potential environmental benefits from the

use of feed enzymes. Animal Feed science and Technolog1,,53, 145-155.

Bedford M.R. (1996). Interaction between ingested feed and the digestive system in

poultry. Journal of Applied Poultry Research 5, 86-95'

Bedford M.R. and Apajalahti J. (2001). Microbial interactions in the response to

exogenous enzyme utilization. In 'Enzymes in Farm Animal Nutrition'. (Eds M'R'

Bedford and G.G. Partridge) pp.299-314. (CABI Publishing, Wallingford, UK).

Bedford M.R. and Morgan A.J. (1996). The use of enzymes in poultry diets' World's

Poultry Science Journal 52,61-68'

Beery J.T., Hugdahl M.B. and Doyle M.P. (1988). Colonization of gastrointestinal tracts of

chicks by Campylobacter jejuni. Applied and Environmental Microbiologt 54,

2365-2370.

Befus A.D., Johnson N., Leslie G.A. and Bienenstock J. (1930). Gut-associated lymphoid

tissue in the chicken. L Morphology, ontogeny and some functional characteristics

of Peyer's patches. Journal of Immunology 125,2626-2632'

Benson 8.N., Calvert C.C., Roura E. and Klasing K.C. (1993)' Dietary energy source and

density modulate the expression of immunologic stress in chicks. Journal of

Nutrition 123, 17 14-17 23.

Bienenstock J. and Befus A.D. (1980). Mucosal immunology. Immunology 41,249-270'

Bird A.R., croom w.J. and McBride B.w. (2002).Díetary management of the intestinal

microbiota using probiotics and prebiotics in humans and animals. Australian

Poultry Science Symposium 14,35-43 '

Birk y. (1935). The Bowman-Birk inhibitor: trypsin and chymotrypsin-inhibitors from

soybeans. International Journal of Peptide Protein Research 25,113-131'

i51



Birk Y. (1987). Protease inhibitors. In 'Hydrolytic Enzymes'. (Eds A. Neuberger and K'

Brocklehurst) pp. 257 -30 5 . (Elsevier: Amsterdam).

Black I.D. (1995). 'A compendium of Benefit/Cost Analyses of SARDI Projects 1992-95;

South Australian Research and Development Institute, Research Report Series

No.10, Adelaide.

Boyd R. and Siatskas C. (1996). Improvement of chicken disease resistance by

haemopoietic cytokines. In'Australian Poultry Science Symposium'' {Jniversity of

Sydney, Australia. (Ed. D. Balnave) pp' 22-32

Braden 8., Adams S., Duan L.P., Orth K.H., Maul F'D., Lembcke B., Hor G' and Caspary

W.F. (1995). The [13C] Acetate breath test accurately reflects gastric emptying of

liquids in both liquid and semisolid test meals. Gastroenterology 108, 1048-1055'

Brenes 4., Marquardt R.R., Guenter V/. and Rotter B.A. (1993). Effect of enzyme

supplementation on the nutritional value of raw, autoclaved, and dehulled lupins

(Lupinus albus) in chicken diets. Poultry science72,228l-2293.

Brunsgaard G. and Eggum B.O. (1995). Small intestinal tissue structure and proliferation

as influenced by adaptation period and indigestible polysaccharides. Comparative

Biochemistry and Physiology A 112,365-377 '

Brunsgaard G., Eggum B.O. and sandstrom B. (1995). Gastrointestinal growth in rats as

influenced by indigestible polysaccharides and adaptation period. comparative

Biochemistry and Physiology A lll,369-377 '

Bryden w.L., Rayner c., Den Brinker c.A. and skurray G.R' (1996)' Biogenic amines:

occu11ences and significance in meat products. In 'Proceedings of the Tenth

. Australian Poultry and Feed Convention'. Melbourne, Australia pp' 100-104

Butler R.N. (1996). On the breath. Today's Life Science,36-40'

ChessonA.(1993).Feedenzl,mes.AnimalFeedscienceandTechnology45,65-79.

Chicurel M. (2000). Live and let die' New Scientist 165,7 '

Choct M. (1999). Soluble non-starch polysaccharides affect net utilisation of energy by

ohickens. Recent Advances in Animal Nutrition in Australial2,3l-35.

Choct M. and Annison G. (1992). The inhibition of nutrient digestion by wheat pentosans.

British Journal of Nutrition 67,I23-I32'

r52



Choct M., Hughes R., J., Wang J., Bedford M.R., Morgan A.J. and Annison G. (1996a).

Increased small intestinal fermentation is partly responsible for the anti-nutritive

activity of non-starch polysaccharides in chickens . British Poultry Science 37, 609'

621.

Choct M., Hughes R.J. and Bedford M.R. (1996b). Effects of feed enzymes on between

bird variation and ileal and caecalvolatile fatty acid levels in broilers fed wheat' hr

'XX'World's Poultry Congress'' New Delhi, India pp' 218-219

Choct M., Hughes R.J. and Bedford M.R. (1999). Effects of a xylanase on individual bird

variation, starch digestion throughout the intestine, and ileal and caecal volatile

fatty acid production in chickens fed wheat. British Poultry Science 40,419-422"

Choct M., Hughes R.J., Trimble R.P., Angkanaporn K. and Annison G' (1995)' Non-starch

polysaccharide-degrading enzymes increase the performance of broiler chickens fed

wheat of low apparent metabolizable energy. Journal of Nutrition 125,485-492'

Choct M. and Kocher A. (2000). Excreta viscosity as an indicator of microbial eruyme

activity in the hindgut and as a predictor of between-bird variation in AME in

broilers. Australian Poultry Science Symposium 12,2Il'

choct M., wang J., Hughes R.J. and A¡nison G. (1995). Hydrocarbon marker: a new tool

for transit time studies. In'AustruIian Poultry Science Symposium'. University of

Sydney, Australia. (Ed. D. Balnave) p' 200

Clarke R. (1967). On the constancy of the number of villi in the duodenum of the post

embryonic domestic fowl. Journal of Embryology and Experimental Morphology

17,131-138.

Clarke R.M. (1972). The effect of growth and of fasting on the number of villi and crWts

in the small intestine of the albino tat. Journal of Anatomy 112,27-33'

Classen H.L. (1996). Enzyrnes in action. Feed Mix (Special series) 4,22-28'

clench M.H. and Mathias J.R. (1992). A complex avian intestinal motility response to

fasting. American Journal of Physiology 262, G498-G504'

Cook M.E. (2002). The interface between management and the chicken: the role of the

immune system. In 'Australian Poultry Science Symposium'. University of Sydney.

(Ed. R.A.E. PYm) PP.24-34

153



Corrier D.E., Hinton A.,Zipnn R.L., Beier R.C. and Deloach J.R. (1990). Effect of dietary

lactose on cecal pH, bacteriostatic volatile fatty acids, and Salmonella typhimurium

colonization of broiler chicks. Avian Diseases 34,617-625.

Cowan M.M. (1999). Plant products as antimicrobial agents. Clinical Microbology

Reviews, 564-582.

cox J.M. and chung B.L. (2000). competitive exclusion: Probiotic preparations for

poultry. Australian Poultry Science Symposium 12, 32-39'

Cumming R.B. (1992). Mechanisms of biological control of coccidiosis in chickens' In

,Australian poultry Science Symposium'. University of Sydney, Australia pp' 46-51

Davidson J., McFadyen M. and Milne E. (1981). The nutritive value of the forage pea

Pisum a1.vense cv. 'Rosakrone' for layrng hens. Journal of Agricultural science 97,

143-146.

Drochner w., Stadermann B. and yildiz G. (1993). Influence of pectins on performance

and metabolism of poultry. Ubersichten zur Tierernahrung2l,l2l-180'

Dudley-cash w.A. (1993). Biogenic amines maybe affecting field performance of poultry'

Feedstuffs, Issued September 6: p' 11'

Duke G.E. (1986). Alimentary canal: Anatomy, regulation of feeding, and motility' In

,Avian Physiology'. (Ed.P.D. sturkie) pp. 269-288' (Springer-verlag: New Yorþ'

Duke G.E. (1gg2). Recent studies on regulation of gastric motility in turkeys' Poultry

Science 71,1-8.

Dunshea F.R., Brown W.G., Gough C.D. and Eason P.J. (199s). Female pigs better handle

weaningthanmalepigs.In'NutritionSocietyofAustralia'.Adelaidep.103

Elkin R.G., Freed M.8., Hamaker 8.R., Zhang Y. and Parson c.M' (1996)' Condensed

tannins are only partially responsible for variations in nutrient digestibilities of

sorghum grain cultiv ats. Journal of Agricultural and Food chemistry 44'848-853'

Engberg R.M., Hedemann M.S. and Jensen B.B. (2002). The influence of grinding and

pelleting of feed on the microbial composition and activity in the digestive tract of

broilerchickens.BritishPoultryScience44,569-579.

Ernest T., Zegarck z. andKosmala I. (Igg2). The effect of alpha-amylase inhibitors on the

nutritive value of wheat grains for broiler chickens. Roczniki Naukowe Zootechniki

19,1..31-142.

t54



Evers 4.D., Blakeney A.B. and O'Brien L. (1999). Cereal structure and composition.

Australian Journal of Agricultural Research 50,629-650'

Ewing V/.N. and Cole D.J.A. (1994).'The Living Gut.' (Context: Tyrone, Northem

heland).

Farell D.J. (1ggg).In vivo and in vitro techniques for the assessment of the energy content

of feed grains for poultry: a review. Australian Journal of Agricultural Research

50, 881-888.

Fedde M.R. (1976). Respiration. In 'Avian Physiology'. (Ed. P.D. Sturkie) pp. 722-145.

(Springer-V erlag" New-Yorþ.

Ferrer R., planas J.M. and Moreto M. (1995). Cell apical surface area in enterocytes from

chicken small and large intestine during development. Poultry Science 74, 1995-

2002.

Flores M.P., Castanon J.LR. and McNab J.M. (1994). Effect of tannins on starch

digestibility and TMEn of triticale and semipurified starches from triticale and field

beans. British Poultry Science 35,28I-286'

Forrester J.M. (1972). The number of villi in rats jejunum and ileum; effect of normal

growth, partíalenterectomy and tube feeding. Journal of Anatomy lll,283-297'

Freeman B.M. (1984). Appendix: biochemical and physiological data.In 'Physiology and

Biochemistry of the Domestic Fowl'. (Ed. B.M. FreemaÐ pp' 407-424' (Academic

Press: London).

Gatel F. (1993). Protein quality of legume seeds for non-ruminant animals: a literature

review'AnimalFeedscienceandTechnology45,3lT-348.

Godwin LR. and Russell w.J. (1997). Reverse peristalsis in the chicken digestive tract.

Recent Advances in Animal Nutrition in Australiall,229.

Gohl B. and Gohl I. (Ig77). The effect of viscous substances on the transit time of barley

digesta in rats. Journal of the science of Food and Agriculture 28,91 1 -91 5 '

Gualtieri M. and Rapaccini s. (1990). sorghum grain in poultry feeding. Ilorld's Poultry

Science Journal 46, 246-25 4'

Guirguis N. (1975). Evaluating poultry feedstuffs in terms of their metabolizable energy

content and chemical composition. Australian Journal Experimental Agriculture

and Animal HusbandrY 15,773-779'

155



Guirguis N. (1976). Metabolizable energy values of fats and protein concentrates for

poultry: effect of sex and inclusion level of feedstuffs. Australian Journal

Exp eriment al Agriculture and Animal Husb andry 16, 69 I -69 5'

Guslandi M. (lgg9). A radical view of Helicobacter pylori. American Journal of

G as tro enter olo gY 9 4, 27 97 -27 98.

Hatch M.D. and Slack C.R. (1966). Photosynthesis by sugar-cane leaves: a new

carboxylation reaction and the pathway of sugar formation. Biochemical Journal

101,103-111.

Heine V/.E., Berthold H.K. and Klein P.D. (1995). A novel stable isotope breath test: r3C-

labeled glycosyl ureides used as noninvasive markers of intestinal transit time.

American Journal of Gastroenterologt 90, 93-98'

Hetland H. and Svihus B. (2001). Effect of oat hulls on performance, gut capacity and feed

passage time in broiler chickens. British Poultry science 42,354-361.

Hiele M., Ghoos Y., Rutgeerts P. and Vantrappen G. (1989)' Starch digestion in normal

subjects and patients with pancreatic disease, using a "co, breath test'

Gastro enterologY 96, 503-509'

Hill K.J. (1971). Structure of the alimentary tract. In 'Physiology and biochemistry of the

domesticfowl'.(EdsD.J.BellandB.M'FreemaÐpp.|-22.(AcademicPress:

London).

Hoerr F.J. (2001). Intestinal integrity and the impact of losing tL World Poultry - Elsevier

17,16-18.

Hughes A.D. (1970). The non-protein nitrogen composition of grass silages' tr' The

changes occurring during the storage of silage. Journal of Agricultural Science,

Cambridge 75,421-431'

Hughes R.J. (2001a). Variation in the digestive capacity of the broiler chicken. Recent

Advances in Animal Nutrition in Australia 13, t53-161'

Hughes R.J. and choct M. (1997). Low-ME wheat or low-ME chickens? - Highly variable

responses by birds on the same low-ME wheat diet. Australian Poultry Science

Symposium 9, 138-141'

d
ì,:

,t

I

156



Hughes R.J. and Choct M. (1999). Chemical and physical characteristics of grains that are

related to variability in energy and amino acid availability in poultry. Australian

Journal of Agricultural Research 50,689-70L.

Hughes R.J., Choct M. and van Barneveld R.J. (2001). Factors influencing the energy

values of Australian cereal grains fed to broilers. Australian Poultry Science

Symposium 13,30-38.

Hughes R.J. and Cooper K.V. (2002). Nutritive value of triticale for broiler chickens is

affected by variety, weather conditions and growth síte. Australian Poultry Science

Symposium 14,l3l-134.

Hughes R.J., Kocher 4., Acone L., Langston P. and Bird J.N. (1996). Attainable AME and

physico-chemical characteristics of xylanase-supplemented wheat. h'Tenth

Australian Poultry and Feed Convention'' Melbourne, Australia pp' 232-235

Hughes R.J., Kocher A. and Choct M. (1993). Nutritive value of lupins for broilers'

Australian Poultry Science Symposium 10, t40-I43'

Hughes R.N. (2001b). Experimental research with laboratory animals: one sex or both?

ANZCCART News, Issued March 2001: p' 5-6'

Hughes R.N. and Beveridge I.J. (1990). Sex- and age-dependent effects of prenatal

exposure to caffeine on open-field behaviour' emergence latency and adrenal

weights in rats. Life Sciences 47 , 207 5-2088 '

Husband A.J. (1996). Immunity as a homeostatic mechanism influencing growth and

production. In 'Australian Poultry Science Symposium'. IJniversity of Sydney,

Australia. (Ed. D. Balnave) pp. t4-2I

Iji p.A. (1993). Natural development and dietary regulation of body and intestinal growth

in broiler chickens. PhD thesis, Adelaide university, Australia.

Iji p.A. (1999). The impact of cereal non-starch polysaccharides on intestinal development

and function in broiler chickens. World's Poultry Science Journal 55,375-387 '

Iji P.4., saki A. and Tivey D.R. (2001). Body and intestinal growth of broiler chickens on

a coÍtmercial starter diet. 1. Intestinal weight and mucosal development. British

Poultry Science 42, 505-513'

Iji p.A. and Tivey D.R. (1998). Natural and s¡mthetic oligosaccharides in broiler chicken

diets. l|torl d's P oultry S ci ence Journal 54, 129 -l 43'

,'I

u
'x

i

I

r

r57



Ikeda K. and Kusano T. (1983). In vitro inhibition of digestive enzymes by indigestible

polys acchari des. C er e al Ch emi s try 60, 260 -263 .

Ikegami S., Tsuchihashi F., Harada H., Tsuchihashi N., Nishide E. and Innami S. (1990)'

Effect of viscous indigestible polysaccharides on pancreatic-biliary secretion and

digestive organs in rats. Journal of Nutrition 120, 353-360'

Iskander S. and pym R.A.E. (1987). Study on appetite regulation and nutritional

physiology in chickens selected for feed efficiency or its components" ftr 'Reoent

Advances in Animal Nutrition in Australia'. University of New England, Armidale

NSV/ 2351 Australia. (Ed. D.J. Farrell)pp.252-259. (University of New England).

Itabisashi T. (1931). Breath-by-breath analysis of expiratory gas concentration in chickens.

National Institute of Animal Health Quarterly 21,42-51'

Jin S.-H., Corless A. and sell J.L. (1993). Digestive system development in post-hatch

poultry. World's P oultry Science Journal 54, 33 5 -3 45'

Johnson I.T. and Gee J.M. (1gg1). Effect of gel-forming gums on the intestinal unstirred

layer and sugar transport in vitro. Gut 22,398-403'

Johnson I.T. and Gee J.M. (1936). Gastrointestinal adaptation in response to soluble non-

available polysaccharides in the rat. British Journal of Nutrition 55,497-505'

Johnson R.J. (1937). Metabolisable energy: recent research with poultry' In 'Recent

Advances in Animal Nutrition in Australia'. (Ed. D.J. Farrell) pp. 228-243'

(University of New England, Armidale NSW)'

Jorgensen, H., Zhao,x-Q., Bach Knudsen, K.E. and Eggum, B.O' (1996)' The influence of

dietary fibre source and level on the development of the gastrointestinal ftact,

digestibility and energy metabolism in broiler chickens. British Journal of Nutrition

75,379-395.

Kannan Y., Maeda M. and Toyosawa K. (1993). Effect of thyroid hormone on the

development of the duodenal epithelium of chick embryo. Science Reports of

Faculty of Agriculture, Kobe University 20,259-264'

Kelly D. and King T.F. (2001). A review - luminal bacteria and regulation of gut function

and immunity. In'Manipulating Pig Production'. (Ed. P.D. cranwell) pp. 263-276"

(Australasian Pig Science Association: Werribee, Vic')'

,'}
il,f
,f

i

r

158



I

ll

King R.D. (1998). Linear model of nitrogen balance and examination of the nature of true

metabolisable energy and its nitrogen corrected form. British Poultry Science 39,

70-78.

Klasing K. (1996). Interactions between nutrition and the immune system' Australian

Poultry Science SYmPosium 8, 8-13.

Klasing K.C. (1983). Nutritional aspects of leukocytic cytokines. Journal of Nutrition 11.8"

1436-1446.

Klasing K.C., Johnstone B.K. and Benson B.N. (1999)' Implications of an immune

response on growth and nutrient requirements of chicks. In 'Recent Developments

in Poultry Nutrition 2'. (Eds P.c. Gamsworthy and J. v/iseman) pp' 35-47 '

(Nottingham University Press : Nottingham)'

Klasing K.C., Laurin D.E., Peng R.K. and Fry D.M. (1987)' Immunologically mediated

growth depression in chicks: Influence of feed intake, corticosterone and

interleukin-l' Journal of Nutrition ll7,1629-1637 '

Kneen E. and Sandstedt R.M. (1946). Distribution and general properties of an amylase

inhibitor in cereals. Archives of Biochemistry 9,235-249.

Kocher A. (2000). Enzymatíc degradation of non-starch polysaccharides in vegetable

proteins in poultry diets. PhD thesis, university of New England.

Kocher 4., Hughes R.J. and Barr A.R. (lgg7). p-glucanase reduces but does not eliminate

variation in AME of barley varieties. Australian Poultry Science Symposium 9,142'

r45.

Kondos A.c. and Foale M.A. (1986). Variation in sorghum grain composition and its

utilisation by pigs. Úr 'Proceedings of the First Australian sorghum conference''

Gatton, Australia. (Eds M'4. Foale and R'G' Henzell)

Koutsos E.A. and Klasing K.C. (2002). Modulation of nutritional status by the immune

system. Australian Poultry Science Symposium 14,18-23'

Langar P.N., Virk R.S. and Gill S.P.S. (1993). Effect of poultry dropping uric acid on

nutrient utilization by broiler chick. Indian Journal of Animal Sciences 63,339-343 '

Langhout D.J. (1998). The role of intestinal microflofa as affected by non-starch

polysaccharides in broiler chicks. PhD thesis, Agricultural University'Wageningen'

159



Langhout D.J., Schutte J.8., van Leeuwen P.,'Wiebenga J. and Tamminga S. (1999). Effect

of dietary high- and low-methylated citrus pectin on the activity of the ileal

microflora and morphology of the small intestinal wall of broiler chicks. British

Poultry Science 40, 340-347 .

Levin R.J. (1984). Absorption from the alimentary tract. Úr'Physiology and Biochemistry

of the Domestic Fowl'. (Ed. B.M. Freeman) pp.l-26. (Academic Press: London).

Liener LE. (1990). Naturally occurring toxic factors in animal feedstuffs' In 'Feedstuffs

Evaluations'. (Eds J. Wiseman and D.J.A. Cole) pp" 377-394" (Butterworths:

London).

Lillehoj H.S. (1997). Gut-associated lymphoid tissues and local immunity to enteric

pathogens in chickens . zootecnica International 20, 48-5 3.

Lowenthal J.w., Lambrecht B., van den Berg T.P., Andrew M.E., Strom A'D' and Bean

A.G. (2000). Avian cytokines - the natural approach to therapeutícs' Developmental

and Comparative Immunologt 24, 3 5 5 -365'

Mahagna M. and Nir I. (1996). Comparative development of digestive organs' intestinal

disaccharidases and some blood metabolites in broiler and layer-t1pe chicks after

hatching. British Poultry Science 37 , 359-37I '

Malikova N.4., Marokko I.N., samenkova N.F., Gmoshinskii I.v. and Mazo v'K' (1991)'

The effect of cow milk proteins and their hydrolysates on the metabolism of l7-

oxycorticosteroid and gastrointestinal function in guineapigs' Voprosy Pitaniya' 48-

52.

Marquardt R.R. (1979). Factors affecting faba bean utilisation. FABIS Newsletter 1,28'

Marquardt R.R., ward 4.T., campbell L.D. and cansfield P.E' (1977)' Purification,

identification and charactenzation of a growth inhibitor in faba beans (Vicia fabaL'

var. minor) . Journal of Nutrition 107,1313-1324'

Mateos G.G., Sell J.L. and Eastwood J.A. (1982). Rate of food passage (transit time) as

influenced by level of supplemental fat. Poultry Science 61, 94-100'

McBurney w., Tannock G.w. and Ravindran v. (2003). A culture-independent approach

to the analysis of the gut microflora of broilers. Australian Poultry Science

Symposium 15,l3I-I34'

160



Mclelland J. and Molony V. (1983). Respiration. Úr'Physiology and Biochemistry of the

Domestic Fowl'. (Ed. B.M. Freeman) pp. 63-89. (Academic Press: London)'

McNab J.M. (1996). Factors affecting the energy value of wheat for poultry. World's

Poultry Science Journal 52,69-73.

Meyers S.G. (1995). 'Feed Grains Study - Volume I.' Grains Research and Development

Corporation, C anb erra.

Miller v/.s. (1974). The determination of metabolisable energy. In 'Energy Requirements

of Poultry'. (Eds T.R. Morris and B.M. FreemaÐ pp. 9l-I12. (British Poultry

Science Ltd: Edinburgh).

Mollah Y., Bryden w.L., wallis I.R., Balnave D. and Annison E.F. (1983)' Studies on low

metabolisable energy wheats for poultry using conventional and rapid assay

procedures and the effects of processing. British Poultry Science 24,8I-89'

Moran E.T.J. (1985). Digestion and absorption of carbohydrates in fowl and events through

perinatal developme nt. Journal of Nutrition ltí, 665 -67 4.

Mosenthin R., Sauer W.C. and Ahrens F. (1994). Dietary pectin's effect on ileal and fecal

amino acid digestibility and exocrine pancreatic secretions in growing pigs. Journal

of Nutriti on 124, 1222-1229 .

Muir W.L (lg9g). The challenge of intestinal immunity and vaccination. Úr 'Australian

Poultry Science Syrnposium'. University of Sydney, Australia' (Ed' D'J' Fanell) pp'

45-52

Muir w.I., Bryden v/.L. and Husband A.J. (2000). Immunity, vaccination and the avian

intestinal tract. D evel opmental and C omp ar ativ e Immunol ogy 24, 325 -3 42'

Nickels R., Schummer A. and Seiferle E. (1977). 'Anatomy of the Domestic Birds.' (Verlag

Paul CareY: Berlin).

Nicol N.T., Wiseman J. and Norton G. (1993). Factors determining the nutritional value of

wheat varieties for poultry. carbohydrate Polymers 2l,2lI-215.

Nir I., Nitsan z. and Mahagna M. (1993). Comparative growth and development of the

digestive organs and of some enzymes in broiler and egg type chicks after hatching'

British Poultry Science 34, 523-532'

Nurmi E. and Rantala M. (1973). New aspects of salmonella infection in broiler

production . Nature 241, 210-2lI'

161



Nyachoti C.M., Atkinson J.L. and Leeson S. (1997). Sorghum tannins: a review. '[lorld's

Poultry Science Journal 53, 5-21.

Oakenfull D.G. (1993). Physical properties of dietary fibre. In 'Dietary Fibre and tseyond -

Australian Perspectives'. (Eds S. Samman and G. Annison) pp' 47-56. (Nutrition

Society of Australia).

osbome D.L. and Seidel E.R. (19s9). Microflora-derived polyamines rnodulate

obstruction-induced colonic mucosal hlpertrophy. American Journal of Physiology

256, G1049-G1057.

parker D.S. and Armstrong D.G. (1987). Antibiotic feed additives and livestock

production. Proceedings of the Nutrition society 46,415-421.

piiper J. (197g). Origin of carbon dioxide in caudal airsacs of birds' In 'Respiratory

function in birds, adult and embryonic'. (Ed. J. Piiper) pp' 148-153. (Springer-

Verlag: Berlin).

Plavnik L, Macovsky B. and Sklan D. (2002). Effect of feeding whole wheat on

performance of broiler chickens. Animal Feed Science and Technologlt 96, 229-

236.

pluske J.R., Williams LH. and Aherne F.X. (1996). Villous height and crypt depth in

piglets in response to increases in the intake of cows' milk after weaning' Animal

Science 62,145-158.

Pusztai 4., Grant G., Duguid T., Brown D.S., Peumans w.J., van Damme E'J'M' and

Bardocz S. (1995). Inhibition of starch digestion by alpha-amylase inhibitor reduces

the efficiency of utilization of dietary proteins and lipids and retards the growth of

rats. Journal of Nutrition 125,1554-1562'

Ravindran V., Thomas D.V., Camden B.J. and Voon S.H. (2001). Apparent metabolisable

enorgy content of New Zealandwheats. Australian Poultry Science Symposium 13,

240.

Reid S.N.M. and Juraska J.M. (1995). Sex differences in the number of synaptic junctions

in the binocular area of the rat visual cortex. Journal of Comparative Neurology

352,560-566.

Revell D.K. (1998). protein-derived bioreactive factors in food. In 'Proceedings of the

Nutrition Society of Australia'' Adelaidepp' 254-261

t62



Robb T.A. and Davidson G.P. (19S7). Two-hour lactose breath hydrogen test. Journal of

P edi atr i c G a s tr o ent er ol o gy and Nutriti on 6, 48 | - 482.

Rogel 4.M., Annison E.F., Bryden W.L. and Balnave D. (1987). The digestion of wheat

starch in broiler chickens. Australian Journal of Agricultural Research 38' 639-

649.

Salih M.E., Classen H.L. and Campbell G.L. (1991). Response of chickens fed on hull-less

barley to dietary B-glucanase at different ages. Animal Feed Science and

Technolog,t 33, 139 -149.

Satchithanandam S., Klurfeld D.M., Calvert R.J. and Cassidy M'M. (1996). Effects of

dietary fibres on gastrointestinal mucin in rats. Nutrition Research 16,7L63-7I77 '

Savage D.C. (1972). Associations and physiological interactions of indigenous

microorganisms and gastrointestinal epithelia. American Journal of Clinical

Nutrition 25, I37 2-137 9'

savage D.C. (1983). Mechanisms by which indigenous microorganisms colonize

gastrointestinal epithelial surface s. Progress in Food and Nutrition Science 7, 65-

74.

Scheid p. and piiper J. (1969). Volume, ventilation and compliance of the respiratory

system in the domestic fowl. .Røspiration Physiology 6, 298-308.

Schoeni J.L. and 
'wong A.C.L. (lgg4).Inhibition of campylobacter jejuni colonization in

chicks by defined competitive exclusion bacteria. Apptied and Environmental

MicrobiologY 60, ll9I-1197 .

Sharma R. and Schumacher U. (1995). Morphometric analysis of intestinal mucins under

different dietary conditions and gut flora in rats. Digestive Diseases and Sciences

40,2532-2539.

shinki T., Tanaka H., Takito J., Yamaguchi 4., Nakamura Y., Yoshiki S' and suda T'

(1991). putrescine is involved in the vitamin D action in chick intestine'

GastroenterologY 100, I 13-122.

silva S.S.p. and Smithard R.R. (1996). Exogenous enzymes in broiler diets: crypt cell

proliferation, digesta viscosity, short chain fatty acids and xylanase in the jejunum'

British Poultry Science 37, 577 -579.

163



Silva S.S.p. and Smithard R.R. (2002). Effect of enzyme supplementation of a rye-based

diet on xylanase activity in the small intestine of broilers, on crypt cell proliferation

and on nutrient digestibility and growth performance of the birds. British Poultry

Science 43,274-282.

Sklan D. (2001). Development of the digestive tract of poultry. World's Poultry Science

Journal 57,415-428'

Smithson K.Vy'., Millar D.B., Jacobs L.R. and Gray G.M. (1981). Intestinal diffusion

barrier: Unstirred water layer or membrane surface mucous coat? Science 214,

r24r-r244.

Smits C.H.M. (1996). Viscosity of dietary fibre in relation to lipid digestibility in broiler

chickens. PhD thesis, wageningen Agricultural university.

Smits C.H.M. and Annison G. (1996). Non-starch plant polysaccharides in broiler nutrition

- towards a physiologically valid approach to their determination. World's Poultry

Science Journal 52, 203 -221'

smits H.M., veldman 4., verstegen M.w.A. and Beynen A.c. (1997). Dietary

carboxyrnethyl cellulose with high instead of low viscosity reduces macronutrient

digestion in broiler chickens. Journal of Nutrition 127, 483-487 '

Snoeyenbos G.H.,'weinack o.M. and smyser c'F. (1979). Further studies on competitive

exclusion for controlling Salmonellae in chickens . Avian Diseases 24,904-914'

Spring P. (1997). Understanding the development of the avian gastrointestinal microflora:

an essential key for developing competitive exclusion products. In 'Biotechnology

in the Feed Industry'. Nicholasville, Kentucky USA. (Ed. T.P.L.a'K.A. Jacques) pp'

313-324. (Nottingham University Press, UK)'

Stavric S., Gleeson T.M., Blanchfield B. and Pivnick H' (1987)' Role of adhering

microflora in competitive exclusion of Salmonella from young chicks' Journal af

F o o d Pr ot e ction 50, 928-932.

steenfeldt s., Knudsen K.E.B., Borsting c.F. and Egg.tm B'O' (1995)' The nutritive value

of decorticated mill fractions of wheat. 2. Evaluation with raw and enzyme treated

fractions using adult cockerels. Animal Feed Science and Technology 54,249-265'

1,64



Sturkie p.D. (1976). Alimentary canal: anatomy, prehension,deglutition, feeding, drinking,

passage of digesta, and motility. In'Avian Physiology'. (Ed.P.D. Sturkie) pp. 185-

195. (Springer-Verlag: New YorÐ.

Svihus 8., Herstad o., Newman c.w. and Newman R.K. (1997). Comparison of

performance and intestinal characteristics of broiler chiokens fed on diets

containing whole, rolled or ground barley. British Poultry Science 38,524-529.

Svihus B. and Hetland H. (2001). Ileal starch digestibility in growing broiler chickens fed

on a wheat-based diet is improved by mash feeding, dilution with cellulose or

whole wheat inclusion. British Poultry science 42,633-637.

swart G.R. and van den Berg J.'W.O. (1993). r',c breath tests in gastroenterological

practice. scandinavian Journal of Gastroenterology 33, 1 3 - I 8.

Symonds 8., omari T., Butler R. and Davidson G. (1998). A novel technique for

monitoring breath, applied to assessment of gastric emptying in the mouse' Journal

of Gastroenterology and Hepatology 13, Al l 11'

Taylor R.D. (2003). Effects of dietary cereal change on hindgut pH, organic acids and a

,,colitis-like,, response in layers at peak production ' Australian Poultry Science

SymPosium 15,139-144'

ten Doeschate R.A.H.M., Schreurs v.v.A.M., Boekholt H.A', Scheele C'W' and

Schoonman A.T. (1995). toCO, breath test measurements in broilers:

methodological aspects. In 'Protein metabolism and nutrition: Proceedings of the

7th Ilrternational syrnposium'. vale de santarem - Portugal pp' 331-334

Tivey D.R. and Butler R.N. (1999). Breath anaþsis - a key to understanding intestinal

function. Recent Advances in Animal Nutrition in Australia 13,45-52'

Tuckey R., March B.E. and Biely J. (1953). Diet and the rate of food passage in the

growing chick' Poultry Science 37,786-792'

IJni Z.,Gal-Garber O., Geyra 4., Sklan D' and Yahav S' (2001)' Changes in growth and

function of chick small intestine epithelium due to early thermal conditioning'

Poultry Science 80, 438-445'

IJni Z.,Ganot S. and Sklan D. (1998). Posthatch development of mucosal function in the

broiler small intestine. Poultry Science 77,75-82'

165



IJni Z.,Noy Y. and Sklan D. (1995). Posthatch changes in morphology and function of the

small intestines in heavy- and light-strain chicks. Poultry Science 74,7622-1629.

IJniZ.,Noy y. and Sklan D. (1996). Development of the small intestine in heavy and light

strain chicks before and after hatching. British Poultry Science 37,63-7\"

rJni Z.,Noy y. and Sklan D. (1999). Posthatch development of small intestinal function in

the poult. Poultry Science 78,215-222.

van Barneveld R.J. (1999). Physical and chemical contaminants in grains used in livestock

feeds. Australian Journal of Agricultural Research 50, 807 -823 '

van der Klis J.D. and van voorst A. (1993). The effect of carboxy methyl cellulose (a

soluble polysaccharide) on the rate of marker excretion from the gastrointestinal

tract of brollers' Poultry Science 72,503-512'

Vantrappen G.R., Rutgeerts P.J., Ghoos Y.F. and Hiele M.I. (1939)' Mixed triglyceride

breath test: A noninvasive test of pancreatic lipase activity in the duodenum'

Gas tr o enter ol o gY 9 6, I I24-l 13 4'

Yazquez c.M., Rovira N., Ruiz Gutierrez v. and Planas J.M' (1997)' Developmental

changes in glucose transport, lipid composition, and fluidity of jejunal BBM'

American Journal of Physiology 273, R1086-R1093'

vieira S.L. and Moran E.T.J. (1999). Effects of egg of origin and chick post-hatch nutrition

on broiler live performance and meat yields. world's Poultry science Journal 55,

125-142.

'weaver L.T., Dibba B., Sonko 8., Bohane T.D. and Hoare s. (1995)' Measurement of

starch digestion of naturally t'C-e*iched weaning foods, before and after partíal

digestion with amylase-rich flour, using a'3C breath test. British Journal of

Nutrition74,53l-537 '

v/illiams D.J. and Burgess c.D. (1974). Further observations on the toxicity of navy beans

(Phaseolus vulgaris) for Japanese quail (coturnix coturnix japonica)' Journal of

APPtied B acteriologY 37, 149-169'

williams P.E.V. (1995). Digestible amino acids for non-ruminant animals: theory and

recent advances. Animal Feed science and Technology 53,173-187 '

williams P.E.V. (lgg7). Poultry production and science: future directions in nutrition'

World's Poultry Science Journal53, 33-48'

166



Wiseman J. and Blanch A. (1994). The effect of free fatty acid eontent on the apparent

metabolisable energy of coconut/palm kernel oil for broiler chickens aged 12 and 52

days. Animal Feed Science and Technologt 47,225-236'

Wiseman J., Nicol N.T. and Norton G. (2000). Relationship between apparent

metabolisable (AME) values and in vivo/in vitro starch digestibility of wheat for

broilers. World's Poultry Science Journal56, 305-318'

Wootton M., Acone L. and V/ills R.B.H. (1995). Pentosan levels in Australian and North

American feed wheats. Australian Journal of Agricultural Research 46,389-392'

Wright N. and Alison M. (198aa). 'The biology of epithelial cell populations.' Volume 1"

(Oxford University Press: Oxford).

wright N. and Alison M. (19S4b). 'The biology of epithelial cell populations'' Volume 2'

(Oxford University Press: Oxford)'

wutzke K.D., Heine w.E., Plath c., LeítzmawtP., Radke M., Mohr c., Richter I', Gulzow

H.U. and Hobusch D. (1997). Evaluation of oro-caecal transit time: a comparison of

the lactose-lt'C, lsN]ureide t'COr- and the lactulose H2-breath test' European

Journal of Clinical Nutrition 51, I 1- I 9'

Yaghobfar A. (2001). Efect of genetic line, sex of birds and the type of bioassay on the

metabolisable energyvalue of maize. British Poultry Science 42,350-353'

yamauchi K., zhouz.x.,Ibatdolazaq.I.,Isshiki Y. and Nakahiro Y. (1990)' comparative

anatomical observations on each intestinal segment in chickens and waterfowls'

Technical Bulletin of the Faculty of Agriculture, Kagawa (Jniversity 42,7-13'

Yu F., Moughan P.J. and BarryT.N. (1996). The effect of cottonseed condensed tannins on

the ileal digestibility of amino acids in casein and cottonseed kernel. British Journal

of Nutrition 75, 683-698.

t67




