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SUMMARY OF AMENDMENTS
General Response
The Examiners’ Reports highlighted areas of this thesis that required clarification and
areas well presented, and for this I would like to thank all the reviewers for their
important suggestions and critique of the thesis. I found all phases of undertaking the
degree of Doctor of Philosophy extremely rewarding including responding to the
Examiners’ comments, which allowed me to further refine the work presented. Please
note that all the misprints and grammatical errors have been corrected in the thesis
without notification below. My responses are as follows.
Specific Comments and Responses
Examiner:

Professor John Patience

Chapter 1: General Introduction
Comment: Page 2, line16 Schinckel has some excellent modeling papers that are
relevant in defining the lysine requirements.
Response: The relevant paper has now been cited. Referencing this paper does not
alter the wording of the paragraph, because the paper emphasizes that greater than 1.0
g/kg total lysine is required for finishing pigs supplemented with dietary RAC between
80 and 120 kg in order to optimize growth rate and carcass lean yield.
Chapter 2: Review of the Literature
Comment: Reference throughout the thesis is made to limit feeding pigs. If this is
the case then limit feeding is another difference between US and Australian conditions
that probably should be mentioned.
Response:
Limit feeding is not practiced commercially in Australia. The reference
to limit feeding in this thesis comes from the paper by Dunshea et al (2009) in which
finishing pigs housed in individual pens were limit-fed to reflect typical energy intakes
of commercial finisher pigs. Dunshea et al (2009) were investigating whether the
combination of dietary RAC and betaine was additive.
Comment: Define the term “available” lysine.
Response:
At first introduction of the term “available lysine”, Section 2.5.4, p26 the
term has been referenced as a footnote and defined in the footnote as standardized ileal
digestibility of lysine.
Comment: Given the interest in lysine level and ractopamine level, the student
might wish to refer to Ross et al (2011) in which studied both these factors.
Response:
I have included the following paragraph in section 2.5.4 of the Literature
Review: “A recent study in Canada by Ross et al (2011) observed no response in ADG
or G:F for barrows fed dietary RAC across 3 levels of standardized ileal digestible
(SID) lysine : DE ratios of 1.73, 2.14 and 2.63 g Mcal of DE (equivalent to 0.41, 0.51
and 0.63 g available lysine / MJ of DE). The expectation of a RAC x lysine interaction
was not observed by Ross et al (2011) and the authors concluded that this may have
been due to the excellent feed intakes (approximately 4.0 kg/day) providing greater than
22g of available lysine per day on the low lysine diet. Additionally Ross et al (2011)
argued that lysine was not limiting in this experiment as a RAC x Lys interaction was
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not observed for any growth variable, and a 16% improvement in protein gain in RAC
fed pigs over controls was observed.”
Chapter 3:
Comment: I do not think this is a 3 x 5 factorial experiment.
Response:
I have changed the description of the experimental design in section
3.2.1 to read as follows: “The study involved 120 pigs (40 gilts, 40 boars and 40 boars
immunized against GnRF) and was carried out as a randomized complete block design
consisting of three animal types (gilts, boars and boars immunized against GnRF) and
five RAC dose regimes [(i) 0 mg/kg, (ii) 5 mg/kg and (iii) 10 mg/kg for 28 days, (iv) 5
mg/kg for 14 days and 10 mg/kg for 14 days (5/10 mg/kg RAC Step-up), (v) 5 mg/kg for
28 days plus daily pST (5mg/ml) injections (Reporcin®, OzBiofarm, Victoria) for the
last 14 days] with 8 pigs per treatment group.”
Comment: The initial and final weights should be noted either in the tables as an
experiment outcome (final weight) or in footnotes to the table so the reader knows the
initial and final weight.
Response:
Initial and final weights have been included in Table 3.2. I have also
included initial and final live weights in Table 5.4 and initial weights in Table 6.3.
Comment: The chapter discussion and conclusion does not specifically refer back to
the hypothesis and in this instance state that the hypothesis was not supported.
Response:
I have altered the conclusion, section 3.5 as follows: “The results of the
study presented do not support the hypothesis that diets supplemented with RAC over a
4-week period in single dose, step-up or single dose program with the addition of daily
pST treatment in the final 2 weeks will improve feed efficiency as well as increase lean
tissue deposition in boars, boars immunized against GnRF and gilts.”
Chapter 4:
Comment: These data should be analyzed statistically using repeated measures
analysis, since numerous repeated measures were reported.
Response:
The Examiner has commented he has concerns that repeated measures
analysis was not used in Chapter 4, 5 and 7. In response, I would argue that the use of
repeated measures analysis in these chapters is not required. Whilst measurements such
as live weight was obviously repeated on the experimental units at day -7, 0, 7, 14, 21,
and 28, one considers applying repeated measures when:
1. There is an expectation of variability of the trait to differ between treatments. In
all studies presented the variation of the trait measured was expected to be the
same among treatments, and only the treatment mean for the trait was expected
to differ.
2. The repeated measure is likely to have a correlation with the adjacent
measurements. This may have been the case if I had presented average daily
gain (ADG) in the following manner 0-7; 7-14, 14-21, 21-28. However I have
presented ADG for periods: 0 – 7; 0 – 14 and 0 – 21 which are considered
independent estimates of the animals performance.
Reference:
Kaps and Lamberson (2009) Biostatistics for animal science, an introductory
text. CAB International, Wallingford Oxon, U.K.: 405 - 431.
Consultation with Professor Frank Dunshea.
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Furthermore, the DXA information presented in Chapter 5 should not be analysed using
repeated measures as each individual pig in the experiment only underwent a DXA
measurement once (see Section 5.2.4, DXA live animal scanning). The body
composition was determined for boars and gilts from one replicate from each dietary
treatment at Days –1, 15 and 29, by using DXA as described by Dunshea et al. (2009).
All pigs in the study were scanned once only.
Comment: The student indicates the danger of discussing sex effects since gilts and
boars were studied in separate experiments, and then proceeds to compare sex
responses. This should be corrected.
Response:
In section 4.3.2, Experiment 2: Boars, I have excluded the references to
Experiment 1: Gilts. The original paragraph was as follows: “As was seen with the
gilts, the light initial-weight boars had a better FCR than either medium or heavy
initial-weight boars (2.45 vs 2.58 and 2.71, respectively (P<0.001). Similar to the gilts,
the ADFI increased with heavier pigs at the start (2954, 3153 and 3354 g/day for light,
medium and heavy boars, respectively (P<0.001))”. The paragraph has been altered to:
“The light initial-weight boars had a better FCR than either medium or heavy initialweight boars (2.45 vs 2.58 and 2.71, respectively (P<0.001). The ADFI increased with
heavier pigs at the start (2954, 3153 and 3354 g/day for light, medium and heavy boars,
respectively (P<0.001)).”
To improve clarity of section 4.4.3, Effects of start weight and dosage level of RAC on
feed conversion ratio, I have altered the paragraph from: “In the present studies,
dietary RAC improved FCR in gilts (P=0.023) but not in boars (P=0.289), although it is
difficult to compare sexes in the present experiments as the studies were carried out at
different times.” The paragraph has been changed to: “In the present experiments,
dietary RAC improved FCR in gilts, Experiment 1 (P=0.023), but not in boars,
Experiment 2 (P=0.289). However and because the experiments were separate and
carried out at different times, differences in responses to dietary RAC should be viewed
with caution.”
The intent of the discussion in section 4.4.3 was to highlight that although the boars did
not improve FCR when fed dietary RAC in Experiment 2, the result cannot be compared
to the significant improvement in FCR shown by gilts fed dietary RAC in Experiment 1
because the studies were separate. I then referred to the literature to highlight that no
sex effects had been reported in studies measuring FCR in boars and gilts fed dietary
RAC.
Comment: The explanation of no differences observed in PUN is not consistent with
the literature, or our understanding of nitrogen metabolism in pigs.
Response:
In section 4.4.2, Effects of dosage level of RAC on Plasma urea nitrogen,
I have altered the following explanation from: “ A possible explanation for this result
could be that all the diets offered provided excess dietary protein (Table 4.1) for
maximal protein deposition (King et al., 2000), and as such amino acid catabolism
across all treatments resulted in similar levels of PUN.”, to the following explanation:
“The fact that RAC did not alter PUN may indicate disease challenge and pigs that do
not efficiently utilize dietary lysine, and therefore amino acid catabolism occurred
across all treatments resulting in similar levels of PUN.”. The effect of disease is
discussed further in Chapter 6.
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Reference: van Heugten, E., Spears, J. W. &Coffey, M. T. (1994). The effect of dietary
protein on performance and immune response in weanling pigs subjected to an
inflammatory challenge. Journal of Animal Science 72(10): 2661-2669.
Chapter 5
Comment: I found this experiment perhaps a bit complex, given that the primary
question being asked related to the adequacy of the lysine recommendations.
Confounding the experiment with multiple levels of ractopamine seemed to detract from
the ability to clearly answer the question and also reduced the precision of the
experiment as well.
Response:
The complexity of the experiment was quite deliberate because the aim
was to determine whether there were interactions between RAC dosage levels and
dietary lysine on growth performance and carcass characteristics of finisher boars and
gilts using dual energy X-ray absorptiometry (DXA) to measure body composition. The
low level of lysine was chosen because it reflected commercial diets supplemented with
RAC that were used in the Australian industry at that time. The high level of lysine was
chosen to reflect recommendations from the literature which were primarily directed
towards the US swine industry.
Comment:
Response:

Repeated measures should have been used, particularly the DXA data.
I have addressed this issue in Chapter 4 responses (above).

Comment: The methods section states that pigs were fed ad libitum but later states
that blood samples were collected 3 hours after feeding. Please address this apparent
discrepancy.
Response:
In section 5.2.5, Determining Plasma Urea Nitrogen (PUN) content, the
first paragraph has been altered from: “Blood samples were obtained by jugular
venipuncture three hours after feeding on day -2 and day 9.”, to: “Blood samples were
obtained by jugular venipuncture three hours after the morning feed inspection on day 2 and day 9.”
Chapter 6
Comment: Table 6.1 needs an explanation as to how the diet were prepared.
Response:
In section 6.2.2, Experimental Animals and diets, I have included the
following sentence to explain how the five dietary lysine levels were attained: “The
composition of the control diets was formulated to meet the specified lysine:energy
ratios (Table 1), by blending the two extreme lysine level diets A and E in specific ratios
to produce control diets B (25% A and 75%E), C (50% A and 50% E) and D (75% A
and 25%E).”
Comment: What is meant by the term Total available lysine in Table 6.1.
Response:
I have included in the footnotes of Table 6.1 the definition of “Available
Lysine” and “Total Available Lysine”
Comment: Specify whether the broken line model or the quadratic model was used
to define the lysine requirement, furthermore there is no explanation of how the model,
and the model parameters were selected in terms for example of best fit.
Response:
The broken line model was used to define the lysine requirement. I have
reworded and included additional lines in section 6.2.6 to further explain how the
model and the model parameters were selected. The original explanation is as follows:
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“A break point analysis was applied to these data for ADG and FCR for each
sex. The quadratic curves for ADG and FCR for each sex were fitted by a nonlinear
regression computer model using GenStat 11th Edition (Payne et al., 2008).
a + b.(lysine) + c.(Lysine ≥ d).(d-Lysine))
The estimates for a, b, c and d parameters were determined for each quadratic
curve, where:
a = where the graph crosses the y axis at zero
b = (maximum gain – a) ÷ (d)
c = same as ‘b’
d = lysine concentration where maximum gain occurs
The model determined computed values for the parameters a, b, c and d. The
computed values were then used to determine the maximum or minimum response for
each trait using the straight line equation:
Response of trait = a + b (lysine concentration)
The computed value of d is the lysine concentration where maximum gain
occurs, and this is also where the break point occurs on the graph. To determine the
minimum gain, the lowest level of lysine concentration is used in the above equation.”
This has been altered to:
“A break point analysis was applied to these data for ADG and FCR for each sex
without and with dietary RAC. A nonlinear regression computer model (GenStat 11th
Edition (Payne et al., 2008) was used to determine the critical lysine value for each
data set. The regression model was defined as:
a + b.(lysine) + c.(Lysine ≥ d).(d-Lysine))
where:

a = where the graph crosses the y axis at zero
b = (maximum gain – a) ÷ (d)
c = same as ‘b’
d = lysine concentration where maximum gain occurs

Prior values of the non-linear parameters ‘a’, ‘b’, ‘c’ and ‘d’ were estimated by
fitting each ADG and FCR data set to the model. In order to obtain the best fitting
segmented lines the model performs iterative numerical calculations to define the prior
values. The computer model produced a nonlinear regression analysis for the response
trait (ADG or FCR) and estimates of the non-linear parameters and corresponding
standard errors were obtained. The computed values for a, b, c and d were then used to
determine the maximum or minimum response for each trait using the straight line
equation:
Response of trait = a + b (lysine concentration)
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The computed value of d is the lysine concentration where maximum gain occurs
(critical value), and this is also where the break point occurs on the graph. To
determine the minimum gain, the lowest level of lysine concentration is used in the
above equation.
Comment: I would encourage the student to analyze the response to lysine in more
biologically-based outcomes, such as g lysine/g lean tissue accretion.
Response:
I would certainly agree that the application of this type of analysis would
have been invaluable had it been incorporated into the study, however the logistics of
incorporating DXA scanning of live pigs or half carcasses was not possible and was
also too expensive. DXA scanning was incorporated into studies reported in Chapter 5
and 7 where I was able to show differences in lean tissue accretion rate when
differences were not apparent in ADG for pigs fed dietary RAC. To this extent I have
clearly demonstrated the value of reporting lean accretion rates over ADG.
Chapter 7
Comment:
Response:

The issue of repeated measures analysis is relevant to this chapter.
I have addressed this issue in Chapter 4 responses (above).

Comment: In the second experiment, is it possible that the absence of a response to
ractopamine in boars was due to inadequate lysine? Also the quantity of added lysine
HCL is very high; could this have been an issue as well?
Response:
The boars in the second experiment did respond to dietary RAC in the
first 14 days, however this was expressed as a reduced ADFI rather than an improved
ADG, the outcome being a significant (P=0.033) improvement in G:F. In this regard, I
wonder whether the Examiner is referring to the first Experiment? If so, then I have
proposed that lysine may have been limiting to boars in section 7.4 Discussion, p144.
The quantity of Lysine HCL in the second experiment was not high. In this thesis
addition rates of Lysine HCL for most diets was expressed as a % of the composition of
the diet, however in Table 7.4 Lysine HCL is presented in g/kg, therefore the value of
0.9 g/kg is equivalent to 0.09% which is lower than additional Lysine HCL in
experiments in Chapter 4 (Table 4.1; 0.16%); Chapter 5(Table 5.1; 0.3%); Chapter 6
(Table 6.1; 0.26%) and Chapter 7 (Table 7.1; 0.23%).
Chapter 8
Comment: More details on biopsy collection methods would be helpful.
Response:
In section 8.2 I have included the following sentences:
“Immediately prior to tissue sampling, the pig was anaesthetised as described in section
3.2.6 and a whole body DXA scan (Suster et al., 2004) was taken to determine fat,
muscle and ash content. Specific to this chapter, immediately after DXA scanning,
approximately 1 g of muscle (Gluteus Maximus) and 2 g of subcutaneous fat was taken
from the same incision site on the hind leg. All samples were individually wrapped in
foil and labelled: study number, date of sample, pig number. Samples were placed in
liquid nitrogen and stored at -80ºC until required for tissue analysis.”
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Specific Comments and Responses
Examiner:

Professor Martin Sillence

Declaration
Comment 1: The author is an employee of the company that markets ractopamine. As
such I recommend that the issue of potential conflict of interest should be addressed
and/or declared.
Response:
I have added the following statement to the original Declaration: “All
experiments were planned and all results shared in full consultation with, and
disclosure to, my supervisors Professor John Pluske and Professor Frank Dunshea”
Summary:
Comment 2: The summary is too long and should be re-written with a focus on the
main aims and conclusions of the work as a whole body.
Response:
I disagree with the Examiner’s appraisal of the Summary. A total of
seven separate experiments were conducted all of which required a brief description of
experimental procedures and the main results and their significance highlighted. The
thesis presents “a cogent description of a large body of work” and hence the Summary
reflects the volume presented. The summary had also been read, reviewed and
suggestions made by my supervisor, Professor John Pluske, prior to submission for
examination.
Comment 3: pIII. It is stated that RAC had no effect on ADG, but it is unclear
whether this applies to RAC alone, RAC with pST, or both.
Response:
I have amended the sentence to include the treatment RAC+pST: “The
results of Experiment 1 were surprising in the fact dietary RAC and RAC+pST had no
effect on average daily gain (ADG) (P=0.543) or feed conversion ratio (FCR)
(P=0.255) on these fast-growing, high-health-status finishing pigs.”
Comment 4: p6. The American terms epinephrine and norepinephrine should be
replaced with English terms adrenaline and noradrenaline throughout the review.
Response:
The English terms have been used throughout the thesis.
Comment 5: p6. Note that noradrenaline is both a neurotransmitter and a hormone
released from the adrenal gland.
Response:
I have altered the sentence to read as follows: “Noradrenaline is both a
neurotransmitter molecule and a hormone that is released from the adrenal gland and
also the nerve endings of both the central nervous and sympathetic nervous systems,
and is biosynthesised from tyrosine.”
Comment 6: p6. The term β-adrenergic is used throughout the thesis without regard to
its precise meaning. ‘ergic’ refers specifically to a nerve, and so the term is appropriate
when discussing ‘adrenergic nerves, or neurotransmitters’. The correct term for the
corresponding receptors is β-adrenoceptors (β-AR), and the term for a compound such
as ractopamine is β-adrenoceptor agonist.
Response:
The term “β-adrenergic receptors” and “β-adrenergic agonist” have
been replaced with “β-adrenoceptors” and “β-adrenoceptor agonist” respectively
throughout the thesis.
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Comment 7: p12. Down regulation refers to long-term processes where there is
significant receptor degradation and a decrease in the rate of receptor synthesis. Using
the term desensitisation in a global sense to describe both short and long term events is
not helpful.
Response:
I have altered the introductory paragraph in section 2.3.2,
Desensitization of β-AR signalling, such that there is a clear distinction between the
processes of ‘desensitisation’ and ‘down regulation’ of the β-adrenoceptors in the
presence of a β-adrenoceptor agonist. The altered introductory paragraph is as follows:
“Desensitisation is the reduction of response despite the continued presence of the
stimulus. The mechanism that contributes to desensitisation involves the “uncoupling”
of the receptors from G-protein, which is initiated in seconds to minutes of agonist
exposure. The term down regulation refers to long-term processes and develops more
slowly than uncoupling, taking hours to days (Mills, 2002b). Down regulation involves
receptor degradation and a decrease in the rate of receptor synthesis. Both
desensitisation and down regulation restricts the use of stimuli such as β-adrenoceptor
agonists in animal production today, and research to circumvent these processes are
discussed in section 2.6 of this review.”
Comment 8: p14. The discussion of theophylline shows good evidence of critical
thinking. It is also worth mentioning that much of the work conducted on adipose tissue
β-AR during the early 1990’s led to erroneous conclusions based on flawed assumptions
about sub-type selectivity in porcine tissue, of various compounds that had been used in
the past to characterise these receptors in humans and other species.
Response:
In section 2.4.1, Lipolysis in adipose tissue, I have inserted a final
paragraph: “Much of the work conducted on adipose tissue β-AR during the 1990s led
to erroneous conclusions based on flawed assumptions about subtype selectivity in
porcine tissue of the various compounds that had been used in the past to characterise
these receptors in humans and other species (Sillence et al., 2005). β-ARs are well
characterized in many mammalian species, however they have been difficult to define in
porcine adipose tissue either through the adrenergic control of lipolysis (Liu et al.,
1989) or direct ligand binding experiments (Coutinho et al., 1992; Mersmann, 1992).
Researchers have reported that porcine β-AR do not show the degree of selectivity for
classic β-AR ligands typical of other animal species (Coutinho et al., 1992; Liang and
Mills, 2002; Mersmann, 2002). Furthermore the radioligands that have been proved to
be ideal for labelling β-AR in some tissues and species, in swine can profoundly
influence the characterization of the receptor (Mersmann and McNeel, 1992).”
Comment 9: p18. Use isoprenaline throughout not the American “isoproterenol”
Response:
The English terms have been used throughout the thesis.
Comment 10: p18. Provide some further interpretation or explanation of the results
cited by Ding et al (2000). How do you reconcile the decrease in β-AR number caused
by isoprenaline in the absence of any decrease in mRNA?
Response:
I have consulted the paper by Ding et al. (2000). The following
paragraph has been inserted in section 2.4.3, Down regulation of β-AR in adipose
tissue: “A plausible explanation for the decrease in β-AR number caused by
isoprenaline in the absence of any decrease in β-AR mRNA is discussed by Ding et al.
(2000). The β-AR have cAMP response elements (CRE) in the′ 5 -untranslated region
that are stimulated by phosphorylated CRE binding proteins. The role of cAMP is to
activate protein kinase A (see section 2.3.1), which then phosphorylates the CRE
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binding protein. Thus, increased cAMP can increase β-AR transcription. Nothing is
known about the function of the CRE in porcine β-AR subtypes, however, the
intracellular concentration of cAMP is increased when porcine adipocytes are
incubated with isoprenaline (Hu et al., 1987). Speculatively, the modest isoproterenolstimulated desensitization of porcine adipocyte βAR with no change in the β1AR and
β2AR transcript concentrations may represent a relatively high rate of cAMPstimulated transcription and translation coupled with modest rates of receptor
phosphorylation and sequestration from the membrane. These experiments help explain
the lack of response recorded in many studies measuring fat deposition in pigs treated
with dietary RAC.”
Comment 13: p38. What instrument/detection system is was used for the amino acid
analysis?
Response:
In section 3.2.3, Determining amino acid contents of each diet, I have
included the following sentences to clarify the detection system used for the amino acid
analysis: “Each separated amino acid was then mixed with the detection reagent
ninhydrin and converted in a reaction loop (post-column) at 130°C to a ready
measurable, characteristic blue violet or yellow colour. The amino acids were then
detected by a photometer at a light of wavelength of 570 nm (or 440 nm for yellow
proline derivatives) and through an integrated computer, a chromatogram was
produced from which the concentration of the amino acid is determined.”
Comment 14: p40. Presumably the RAC diets were specially formulated for this trial
by adding a known quantity of RAC to a known quantity of feed? Explain why it is
necessary to measure actual RAC content of the feed by chemical analysis. Note that
chemical analysis is subject to error and provides an estimate of the actual
concentration.
Response:
RAC diets were specially formulated for this trial by the addition of a
known quantity of RAC to a known quantity of feed. It was necessary to measure actual
RAC content (parts per million) to verify uniform distribution of RAC in the final feed.
In section 3.2.4. I have added the following opening sentence: “In order to verify that
RAC premix addition was uniformly distributed throughout each treatment diet at the
expected concentration, samples from each treatment (and control) diet were taken for
laboratory analysis of RAC concentration.”
Comment 15: p42. The first paragraph should cite the relevant tables and figures that
appear on the subsequent pages.
Response:
I have cited Table 3.2 in the first paragraph.
Comment 16: p42. Define “empty body tissue”
Response:
The term has been defined in section 3.2.6, DXA live animal scanning.
Comment 17: p48. Reproductive quality of the figures throughout the thesis is very
poor, particularly the axis labels, which are hardly legible in my copy.
Response:
All figures checked – legibility is fine in both pdf version and Microsoft
Word program. The unclear axis may have been a result of the printed copy. I consulted
with Professor John Pluske in the construction and final presentation of each chapter,
and all figures have been presented in the same format. The figures presented in
Chapters 5 and 6 are from published papers and accepted by Animal Production
Science.
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Comment 18: Figures 3.1 and 3.2 could easily fit on one page.
Response:
Figures 3.1 and 3.2 are now on one page.
Comment 19: p50. There appears to be a problem with the reference management
system as the citations appear with a # symbol, a citation number and curly brackets.
Response:
This simply means that Endnote references and citations require
updating. This has been done and should now not occur at all in the thesis.
Comment 23: p54. It is unclear if the 96 pigs were 96 gilts, or 96 gilts or boars.
Rephrase.
Response:
I have described experimental numbers in section 4.2.1 as “A total of 96
gilts (Experiment1) and 96 boars (Experiment 2) were allocated to 12 treatments with 8
replicates per treatment per experiment.”
Comment 25: Statistics. In this chapter and all others there is no explanation of how
means are separated i.e. was a multiple comparison test used such as least significant
difference (LSD), or Tukey’s Test? This should be explained in the statistics sections
and specified in the figure and table legends whenever multiple superscripts are used to
denote differences.
Response:
Means have been separated by using least significant difference (LSD)
procedures and statistical significance was accepted at p<0.05. I have employed this
method to separate the means in figures or tables in Chapters 4; 5; 7 and 8. Therefore
in sections 4.2.5; 5.2.6; 7.2.5 and 8.2.4 headed ‘Statistical analysis’, I have included the
following sentence: “Where appropriate, means were separated using the least
significant difference (LSD) procedures and statistical significance was accepted at
P<0.05.”
Comment 26: p62. I think it is stretching the imagination/misleading to state that the
relationship between RAC and ADG was linear (even if linear equation was fitted to the
data), as the effect of RAC shows a distinct plateau in light and medium pigs according
to Fig 4.1.
Response:
The main effects of initial live weight and RAC dose are presented in
Table 4.2. The main effect of RAC dose on ADG is significant (p=0.023). Inspecting the
ADG closer one notes that as RAC dose increases ADG increases, therefore checking
for a linear relationship between RAC and ADG is very relevant as the relationship has
been reported in early studies (see discussion, section 4.4.1). It is not misleading to
state that the relationship between RAC and ADG is linear and this is supported by the
strong probability value attached to the relationship (P=0.006). As there were no
significant dietary RAC x initial weight interactions in Experiment 1 (Gilts) there was
no need to separate out the initial start weights for each RAC dosage levels as
presented in Fig 4.1. However I did this because of the commercial relevance, to
indicate graphically that responses to dietary RAC for ADG occur across all initial
start weights.
Comment 27: p68. In section 4.3.3. modify last sentence which currently reads “… at
different conducted.”
Response:
Last sentence has been altered to read: “As both experiments were
conducted separately and only included one sex, PUN values cannot be compared
between sexes.”
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Comment 29: Discussion, Section 4.4. The discussion would benefit from more critical
analysis in terms of providing possible reasons why the current results were not those
expected or not consistent with some earlier reports:
a. In particular there is no discussion on the strengths and weaknesses of the
experimental design
b. Discuss the likelihood that there was no real difference between light medium
and heavy weight boars in ADG. The response to RAC of medium pigs?
c. Given the amount of variation in this initial experiment, it is surprising that the
subsequent studies were not designed with fewer treatment combinations and
more replicates to ensure more robust conclusions.
Response:
Part a. and b. I have included the following as the second paragraph in
the Discussion section 4.4: “It was unfortunate that the experimental design involved
two separate experiments in succession with one sex per experiment, and only 8
replicates per treatment, which reduced the power of the experiments. Therefore, a
reasonable argument for the observed high growth rate exhibited by the 5 mg/kg lightweight boars compared to control, 10 or 20 mg/kg groups may in fact be an anomaly,
and the apparent lack of response to RAC by the medium start weight boars a
consequence of their unusually fast ADG. However had each experiment included both
sexes, the experiments could have been blocked by time and would have doubled the
treatment size to 16 replicates and provided sufficient power to the study. Unfortunately
combining boars and gilts into the one experiment was not possible due to their
different source herds and disease status. Using the abbreviated equation described by
Morris (1999) to determine approximate minimum replicate number required to achieve
a significance between treatment means,
n = 8 x (CV%)2 / (d%)2
Where n = minimum number animals; CV% = (standard deviation) / (mean) x 100 ; and d = expected
difference between treatment and control as a percentage.

and applying improvements in FCR of 8% and a coefficients of variation (CV) of 10%
(Rikard-Bell et al., 2009a), a minimum of 12 replicates per treatment is calculated.
However, it was argued that an analysis of the main effects would provide sufficient
power to determine whether start weight (32 replicates per weight category) or RAC
dosage level (24 replicates per dosage level) were factors that influence the magnitude
of response to dietary RAC in finisher pigs.
Response:
Part c. The lessons learnt from the initial start weight x RAC dosage
studies were incorporated into the lysine studies that followed. For example, both sexes
were included in each lysine study that were blocked by time due to space allowances,
and therefore increased the power of each study. Unfortunately as in many studies, I
was having to compromise when designing each study. Referral to the unifying
hypothesis enabled careful consideration, so whilst most studies were intricate in their
factorial design, in all studies sufficient replication occurred when analysing main
effects.
Comment 30: p80 and p81. The introduction is presented in journal format. If the
intended format of the thesis is ‘thesis by publication’ style and this is acceptable by the
University, then this section can stand as is.
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Response:
The formatting of this thesis was done in consultation with my
supervisors, Professors John Pluske and Frank Dunshea. The style of formatting
adopted is one that allows for publication in peer-reviewed journals.
Comment 32: p81. As the lysine content was modified by altering the total protein mix,
it would be helpful to acknowledge that this may have altered the level of amino acids
in the diet and to comment on whether any of these other amino acids could be limiting.
Response:
I have altered the following sentence in section 5.2.2, Experimental
Animals and Diets, from: “The concentrations of dietary lysine were altered by
changing the protein content of the diets through adjustments to the amount of wheat,
soybean and tallow.”, to the following: “The concentrations of dietary lysine were
altered by changing the protein content of the diets through adjustments to the amount
of wheat, soybean and tallow and formulated based on an ideal pattern of amino
acids.” This discussion negates further comment regarding whether any other amino
acid could have been limiting.
Comment 35: p88. Suggest a comment to be included about why the gilts fed the high
lysine diet appeared to grow more slowly than the gilts fed a low lysine diet. Was this
difference real, and if so, what physiological explanation could there be? Or was it a
likely artefact caused by too few animals or an outlying observation?
Response:
I have altered the paragraph in section 5.3.1, Live phase results, from:
“A sex by lysine interaction was observed for the period 0 to 14 days for ADG (P =
0.038) such that boars fed high lysine diets grew more quickly than boars fed the low
lysine diet, whereas gilts fed high-lysine diets grew more slowly than gilts fed low-lysine
levels.”, to the following: “A sex by lysine interaction was observed for the period 0 to
14 days for ADG (P = 0.038) such that boars fed high lysine diets grew more quickly
than boars fed the low lysine diet (1375 and 1278 g/day respectively), whereas gilts fed
high-lysine and low-lysine diets grew at a similar rate (1170 and 1210 g/day,
respectively).
This suggests that the difference is a real effect. Furthermore, I have discussed the
lysine x sex interactions in the discussion of section 5.4.5, Increasing dietary lysine:
“An interesting outcome of this study were the observed sex x lysine interactions for
ADG and lean tissue deposition indicating that the current recommendation of 0.56 g
available lysine / MJ DE may limit the potential response of the boar in these traits. The
present study showed that the rate of lean tissue deposition was not affected by
increasing available lysine levels in gilts, however, boars showed increased lean
deposition with the high-lysine diet (Fig 3), indicating that boars have a greater
propensity for lean tissue deposition than gilt.”
Comment 37: p88. Paragraph 2 states that “over the study duration dietary RAC
increased ADG” whereas Table 5.2 shows that ADG for the low lysine boars given 20
mg/kg RAC (1291 g/day) was less than that observed for the control boars (1330g/day).
Response:
Paragraph 2 implies that I am discussing main effects, however because
there is an interaction between lysine and dietary RAC in the first 0 to 7 days, for ADG
and FE, I am prohibited in discussing main effects of dietary RAC. Therefore I have
deleted the references to ADG and FE over the first 0 to 7 days. As there are no
observed lysine x dietary RAC interactions over the 28 days, I can refer to the main
effects of dietary RAC. Table 5.2 presents a further partitioning of the data, with
probabilities of the main effects of Sex, RAC and Lysine and their respective
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interactions. The examiner has highlighted a difference between two treatment means
presented in Table 5.2. that are contrary to the probability of the main effects of dietary
RAC. This is of course possible, however the main effect of dietary RAC in the
population of pigs in the study presented was to increase ADG. However for greater
clarity I have altered this paragraph to read as follows: “Over the study duration (0 to
28 days) the main effects of dietary RAC improved daily gain (P=0.026, Table 5.2).
Additionally, as dosage of dietary RAC increased the ADG increased in a linear
(P=0.072) and a quadratic (P=0.041) manner. However, FE was not altered (P=0.555)
over the 28-day period. Further analysis of these data indicated there was a linear
response for increased FE in the first 21-day period (P=0.015) (data not shown) with
increasing levels of dietary RAC.”
Comment 38: p95. Stating that fat deposition was reduced by RAC in a quadratic
manner (which implies a reduction leading to a nadir or low point) is misleading, when
data show an apparent increase, then a decrease relative to controls. There is the
likelihood that no real effect occurred here, and again the experiment might have
suffered from a lack of statistical power.
Response:
I agree with the comment, and I am only reporting the results in this
section. To address the issue that there may be no real effect of dietary RAC on adipose
tissue deposition rate due to lack of statistical power, I have altered the following
sentences in the discussion, section 5.4.4 Dietary RAC and adipose tissue, from:
“Although fat tissue deposition as determined by DXA did not show a reduction after 14
days of treatment for RAC-fed pigs, fat tissue tended to be reduced (P = 0.074,
quadratic) in the 20 mg/kg RAC-fed pigs after 28 days.”, to the following: “Although
fat tissue deposition as determined by DXA did not show a reduction after 14 days of
treatment for RAC-fed pigs, fat tissue tended to be reduced (P = 0.074, quadratic) in the
20 mg/kg RAC-fed pigs after 28 days compared to the control pigs. Although the fat
tissue deposition rate of the 20 mg/kg RAC treatment group supports the corresponding
carcass data, the DXA data is reporting the results of only 3 pigs per treatment and
hence interpretation of the result needs to be treated with some caution.”
Comment 39: p96. The following statement needs to be qualified “the study confirmed
that increasing RAC dose improves FE and ADG in a linear manner” e.g. focusing on
the high lysine groups, ADG does not appear to be linear with RAC during any of the 3
periods for either boars or gilts.
Response:
I have qualified this statement by referring specifically to the main
effects of dietary RAC on FE and ADG after 21 and 28 day respectively, and as such I
have altered the following sentence in section 5.4.1, Dietary RAC and ADG, FE and
ADFI, from: “The study presented confirmed earlier observations that increasing RAC
dose improves FE and ADG in pigs in a linear manner”, to the following: “This study
reported that the main effects of dietary RAC improved FE and ADG and that
increasing RAC dose improved FE and ADG in pigs in a linear manner after 21 and 28
days respectively, confirming the observations of earlier studies.”
Comment 42: p99. Having a greater sensitivity to β-adrenoceptor agonists,
different density of β-adrenoceptors is not a plausible explanation for why
regulation would be delayed.
Response:
Yes, I would concur. Firstly, this sentence does not make sense
have changed the sentence in section 5.4.4, Dietary RAC and adipose tissue,
“Dunshea et al. (2009) proposed several plausible reasons for this delay in
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regulation.”, to read as follows: “Dunshea et al. (2009) proposed several plausible
reasons for the observed reduction in the rate of fat deposition in the presence of
dietary RAC.”
Comment 42 ctd: p99. The discussion about the different responsiveness of adipose
tissue in the pigs over time to dietary RAC is focussed entirely on receptor numbers,
which are not measured here. Although this is an important aspect, it is disappointing
that other concepts such as potency, intrinsic activity and efficacy, and the factors that
influence these, are not mentioned.
Response:
I would agree there is a strong focus on receptor numbers in the
discussion, and the reason for this was because the study had been designed to measure
the β-andrenoceptor gene expression in fat and muscle tissue (Chapter 8). I would also
argue that I did discuss potency as the following sentence in the same paragraph
indicates: “Second, the use of lower doses of RAC than used in the 1990s (5 or 10
mg/kg versus 20 mg/kg) may delay the down regulation of β-adrenoceptors, allowing
the expression of a reduction in fat deposition.”
Moreover, and as this thesis is presented in the format of “thesis by publication” and
this chapter has now been published in Animal Production Science, I would propose
that the argument suggested by the examiner not be included as it is out of the scope of
this chapter. I have also addressed other factors such as age and gender throughout the
thesis. I would point out that sex x RAC interactions were not observed in this chapter,
and therefore I see no reason to put forward this as a possible factor.
Comment 43: p101. The conclusion is inaccurate (see comment 39 about ADG)
Response:
I have qualified this conclusion in comment 39 above, and I have
therefore not altered this conclusion.
Comment 45: p113. The statements concerning the critical level of lysine in gilts fed 5
and 10 mg RAC are confusing and appear contradictory. If the critical lysine level for 5
mg RAC was 0.51, and the level for 10 mg RAC was 0.50, then 10 mg did not increase
the critical lysine level.
Response:
I have altered the following sentence from: “The 10 mg/kg RAC diet
resulted in higher critical lysine levels compared to 5 mg/kg RAC diet of 0.50 and 0.52g
available lysine/MJ DE for ADG and FCR respectively.”, to the following: “The 10
mg/kg RAC diet resulted in similar critical lysine levels when compared to 5 mg/kg RAC
diet of 0.50 and 0.52g available lysine/MJ DE for ADG and FCR respectively.”
Comment 45 ctd: Similarly, the statement concerning boars that “higher critical lysine
levels of 0.56 versus 0.65 versus 0.65 and 0.54 versus 0.59 appears to be nonsense.
Response: I appreciate the examiner’s confusion, however I found this section difficult
to write clearly and succinctly.. I have therefore rewritten the following paragraph:
“The boars offered the higher level RAC diet of 10 mg/kg had improved response
plateaus for ADG and FCR compared to boars fed the 5 mg/kg RAC diet, however, the
improvements required higher critical lysine levels of 0.56 versus 0.65 and 0.54 versus
0.59 g avail Lysine/MJ DE for ADG and FCR respectively.”, to the following: “The
boars offered the higher level RAC diet of 10 mg/kg had improved response plateaus for
ADG and FCR compared to boars fed the 5 mg/kg RAC diet, however the improvements
required higher critical lysine levels. For example, in order to support the elevated
responses observed when dietary RAC increased from 5 to 10 mg/kg, the critical lysine
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levels needed to increase from 0.56 to 0.65 g available lysine with respect to ADG and
from 0.54 to 0.59 g available lysine with respect to FCR.”
Comment 46: p114. The figure legend is difficult to read. Formatting issue with graphs
in this chapter.
Response:
Legends have been reformatted.
Comment 47: p114. For this figure and several more the Y axis does not start at zero.
This has the effect of exaggerating any difference between the treatment groups. While
it can make a genuine difference more visible, it can also mislead the reader into
believing there was a real difference when in fact the data just show random variation. I
recommend reformatting all figures using a range commencing at 0.
Response:
In this instance I do not agree with the examiner’s comments. The range
of the Y-axis has been selected to make a genuine difference visible. I would refer the
examiner to King et al. (2000), Mullan et al. (2011), and Dunshea et al. (2009) in which
similar graphs are presented with the Y-axis not starting at zero. In all cases the range
of the Y-axis has been selected to make genuine differences more visible.
Comment 48: p116. The results for 5 mg RAC at 0.64 g lysine do not seem to fit a
logical pattern in boars. This suggests the presence of random variation caused by the
undue influence of one or more outlying observations, again calling into question the
power of the experimental design, which deserves some comment in the discussion.
Response:
I have included the following comment in the discussion section 6.4.3,
Supplementation with dietary RAC: “The lack of response observed for boars fed 5
mg/kg RAC diet at 0.64 and 0.72 g available lysine were not as expected. A more
logical response pattern to dietary RAC would have shown a continuance of
improvement at these higher dietary lysine levels. These results can most likely be
explained due to the random variation exhibited by the small number of 9 replicates per
treatment group”
Comment 49: p123. This page summarises the results nicely, but presents no critical
analysis or any reference to other findings.
Response:
I have left this page as presented to the examiner. The introduction to the
discussion was intended to briefly summarise the results of the study. I then critically
addressed each of the major discussion points: increasing lysine, sex differences and
supplementation with dietary RAC using references where appropriate. This chapter
has been recently published in the journal Animal Production Science.
Comment 50: p124. The Rikard-Bell citation should refer to an earlier chapter of the
thesis rather than a paper “submitted for publication”
Response:
The citation has been deleted and replaced with “In Chapter 5 it was
found that …”
Comment 51: p125. I disagree with the statement that RAC supplementation increased
ADG linearly in gilts. The statement that “Pigs fed the higher lysine diets only
responded to the higher RAC diets” is also misleading.
It should be pointed out that the ADG response of gilts to RAC was equally good at 5
and 10 mg/kg up to 0.56 g lysine (hence this is not a linear response), and that the
response at 0.56g lysine was in fact equal to the response seen at the highest level of
0.72 g lysine.
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Response:
The statement does not refer to gilts per se, but to both sexes and is
drawn from Table 6.2 which indicates that as dietary RAC levels increase then ADG
increases in gilts and boars; in this case, the linear relationship is supported by the pvalue of 0.001. What is interesting in the analysis in Table 6.2 is the effect of increasing
lysine on ADG, which shows not only a strong linear relationship (P<0.001) indicating
that as dietary lysine increases ADG increases, but also a quadratic relationship
(P=0.001). The presence of the quadratic relationship suggests that as dietary lysine
increases the incremental increases in ADG become smaller (in gilts), whilst the linear
relationship is probably more influenced by the boar responses.
To incorporate the suggestions of the examiner and for better clarity I have changed the
first paragraph in section 6.4.3 from: “Supplementation of diets with increasing levels
of RAC increased ADG and FCR linearly (P=0.001 and P=0.002, respectively) and did
not affect VFI (P=0.333), which is in agreement with previous studies conducted at the
same research institute (Rikard-Bell et al., 2007; Rikard-Bell et al., 2009d). Pigs fed the
high lysine diets of 0.64 and 0.72 g available lysine/MJ DE only responded to the
higher RAC diets, which is in agreement with the study of Webster et al. (2002)…”, to
the following: “Supplementation of diets with increasing levels of RAC increased ADG
and FCR linearly (P=0.001 and P=0.002, respectively) and did not affect VFI
(P=0.333) of the pigs in this experiment, which is in agreement with previous studies
conducted at the same research institute (Rikard-Bell et al., 2007; Rikard-Bell et al.,
2009d). However, the ADG response of gilts to RAC was similar at 5 and 10 mg/kg for
the lower lysine diets of 0.40, 0.48 and 0.56g available lysine / MJ of DE, and therefore
not suggestive of a linear response to dietary RAC. The lack of response observed for
boars fed 5 mg/kg RAC diet at 0.64 and 0.72 g available lysine were not expected. A
more logical response pattern to dietary RAC would have shown a continuance of
improvement at these higher dietary lysine levels. These results are most likely be
explained due to the random variation exhibited by the small number of replicates
(n=9) per treatment group. However, it is intriguing that gilts also exhibited a similar
response when fed the 5 mg/kg diet which may highlight a dietary issue, although RAC
and lysine levels were within specification for these diets. Pigs fed the high lysine diets
of 0.64 and 0.72 g available lysine/MJ DE only responded to the higher RAC diets,
which is in agreement with the study of Webster et al. (2002)”
Comment 52: p126. The notion that a higher RAC dose “stimulated a greater
availability of β-adrenoceptors” is a radical one, even if there are data to support this.
Although glucocorticoids are known to cause upregulation of their own receptors, as far
as I am aware this is contrary to the observed effects of β-adrenoceptor agonists in every
other system or species and should be acknowledged as such.
Response:
I have inserted the following sentence after the proposal of the notion:
“This notion, however, is speculative and is contrary to the observed effects of βadrenoceptor agonists in swine (Spurlock et al., 1994).”
Comment 54: p126. The statement that “β1-AR may play an agonist or an antagonist
role” is confusing as the terms agonist and antagonist refer to the properties of a drug
not a receptor.
Response:
This was an oversight, and the sentence has been corrected to read:
“Therefore, depending on dietary RAC concentration, RAC may play the role of an
agonist or antagonist”.
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Comment 54 ctd: More likely explanations for the larger response caused by the 10
mg/kg RAC is that the higher dose caused a stronger stimulus by occupying more
receptors, compensating for any desensitizing effect of RAC; showed less β1/β2 subtype specificity and stimulated both types of receptors; or that the pigs were less able to
metabolize or excrete the higher dose.
Response:
I have included these more likely suggestions in section 6.4.3,
Supplementation with dietary RAC.
Comment 57: p138. Specify means separation test.
Response:
See response to comment 25.
Comment 58: p140, 145. Suggest modifying the stated objective. The experimental
design allowed the author to test if the response to pST plus RAC was greater than the
response to RAC alone. However, by excluding a ‘pST alone’ group the design did not
allow him to determine if the response to pST and RAC was additive. In theory the
response to the combined treatment could have been all due to pST.
Response:
The experiment was able to measure the additive effect of pST+RAC
because the comparison was made to a RAC treatment and a control treatment. I do
agree that without the ‘pST alone’ treatment I was not able to account for the pST effect
without RAC, which I have discussed as a limitation in section 7.4.
The application of pST was in the final 2 weeks of the treatment regimens, and I am
therefore able to observe the dietary RAC response in the initial 2 weeks, followed by
dietary RAC ‘with pST’ or ‘without pST’ for the final two weeks. To that extent I am
able to comment on the additive effects of pST to a RAC regimen. I therefore have not
modified the stated objective.
Comment 59: p142. The statement that pST is dose responsive is curious. In theory, all
drugs that act through specific receptors should demonstrate a dose-response
relationship, obeying the principles of binding kinetics.
Response:
I wanted to make the statement that studies have been conducted to show
the dose response nature of pST, and that the low dose used in the experiment may have
contributed to the small responses observed. In order to improve clarity I have added
the following sentence to begin the paragraph: “Beermann et al. (1990) reported that
pST increases skeletal muscle mass by muscle fibre hypertrophy and reduces muscle
lipid concentration in a dose dependent manner. In general, my results have smaller
responses to pST with respects to lean deposition rates when compared to the
literature.”
Comment 60: p143. The term β-cell receptors is used several times instead of βadrenoceptors.
Response:
All amendments have been made.
Comment 61: p144. The discussion of possible interactions between pST and RAC is a
little superficial and missing several key references such as Etherton and Walton, 1986;
Watt, 1991 and Sillence, 2002.
Response:
I have included in the discussion section 7.4, Interactions between pST
and RAC, and cited the key references. I have changed the original sentences from:
“These results are typical of those cited in the literature (Campbell et al., 1991;
Campbell et al., 1989; King et al., 2000). Likewise the addition of pST to RAC-treated

Page| XIX

pigs markedly reduced delta P2 back fat readings. This study also observed that in the
final 14 days, dietary RAC also reduced the expected increase in P2 in boars
(P<0.05).”, to the following: “These results are typical of those cited in the literature
(Campbell et al., 1991; Campbell et al., 1989; King et al., 2000). Likewise the addition
of pST to RAC-treated pigs markedly reduced delta P2 back fat readings. It is possible
that in the study presented the lipolytic effects of RAC are enhanced by the coadministration of pST. This is consistent with the observation that growth hormone has
no direct lipolytic action in porcine adipose tissue, but increases the tissue’s
catecholamine sensitivity (Etherton and Walton, 1986). Sillence et al. (2002) confirmed
that growth hormone can attenuate the down regulation of β-adrenoceptors, seen in
pigs treated with the β2-adrenoceptor agonist clenbuterol.”
Comment 62: p147. Part 2 of this chapter presents a separate experiment with different
aims to the experiment described in part 1. It is not clear why this is not presented as a
separate chapter.
Response:
Part 1 and Part 2 of Chapter 7 refer to the two combination studies. In
consultation with Professor John Pluske I decided to report the studies separately but
under one chapter, as both technologies are metabolic modifiers and are used in
combination with dietary RAC in the Australian pig industry.
Comment 64: p152. All previous chapters have reported FCE values, whereas G:F
values are reported here. This is doubtless due the requirements of the Journal of
Animal Science, but altering the terminology here hinders comparisons with earlier data
and disrupts the cohesiveness of the thesis.
Response:
I do agree. However, I would respectively request that the paper(s)
remains as presented. My argument is that I requested to my supervisors Professor
John Pluske and Professor Frank Dunshea that I would like to submit this thesis in the
format of “Thesis by publication” with the intention of publishing in several journals.
Unfortunately in doing so one has to follow the requirements of the specific journal. I
believe this is an excellent way to present a thesis because the student becomes skilled
in the practice of scientific writing whilst preparing the thesis. I would like to point out
that the Journal of Animal Science requires reporting of G:F (Chapter 7), whereas
Animal Production Science is satisfied with FE (Chapter 5); both are the same ratio. In
all other chapters I have reported FCR.
Comment 65: p164. β-adrenoceptors feature heavily throughout the thesis, yet the
abbreviation β-AR is not introduced until chapter 8. For consistency and cohesiveness
in presentation this needs to be amended.
Response:
I have introduced the abbreviation when the term β-adrenoceptor is first
used in each chapter.
Comment 67: p164. There are a few illogical statements. “ligand binding studies
provide little evidence for functional receptors of the β3 sub-type”
a. Ligand binding studies are not intended to identify functional receptors by their
nature – only the presence of specific binding.
b. “Gunawan et al were not able to detect β3-AR in muscle and concluded that β3
were expressed at undetectable levels” If they were not detected, what evidence
is there that they were expressed at all?
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Response:
part a: I have deleted the word “functional”; part b: This was a direct
quote from the paper by Gunawan et al. However, I have altered the sentence to read as
follows: “Recently, Gunawan et al. (2007) did not detect β3-AR in porcine skeletal
muscle using real-time PCR and the primer was specifically designed to porcine
sequences.” I wanted to cite the result obtained by Gunawan et al. because I was not
able to observe β3-AR gene expression in adipose or muscle tissue using PCR
techniques.
Comment 69: Chapter 9. No experiment is perfect and the chapter would be improved
by acknowledgement or insight into the weaknesses inherent in the research in terms of
experimental design, housing conditions, availability of pigs etc as well as some
recommendations on how the methodology could be improved for future studies.
9.1 Response:
I have added the following to Chapter 9: “Weaknesses of this
thesis
The weaknesses of this thesis in my opinion were as follows:
I.

II.

III.

IV.

V.

The dose response studies were conducted as separate studies for boars and gilts.
This reduced the power of the study, as I was not able to compare interactions
between sex and dosage rate. However, in later studies I was able to include sex as
a factor and determine sex x RAC dose interactions.
The current gene expression data set and the corresponding DXA scan information
only allows me to comment on effects at day 15, the first data point post-treatment.
The greatest response to dietary RAC is within the first week. Animal numbers, and
limitations of space in the finisher test station, restricted the number of data points.
In particular DXA scans and tissue biopsies at Day 7 to coincide with live animal
measurements would have been useful as there were RAC x lysine interactions for
day 0-7 data.
The combination study involving porcine somatotropin and dietary RAC ideally
should have included an additional treatment of pST without dietary RAC.
However, availability of animals and space within the testing station influenced the
experimental design. It has also been acknowledged, for the traits measured, that
statistical significance (p<0.05) for differences in treatment means may not have
occurred due to a low number of replicates per treatment.
The combination study involving boars immunized against GnRF did not have an
acclimatisation period prior to commencement of treatment. The taking of
measurements, allocation to treatment, and mixing of pigs on Day 0 may have
affected responses to treatment. Additionally and due to pen numbers, I was
restricted on treatment number, and therefore a straight 5 mg/kg RAC treatment
was not included.
The incorporation of DXA scan measurements for the lysine titration study would
have enabled measuring grams of available lysine/gram of tissue accretion in boars
and gilts with or without dietary RAC. However, the logistics of transporting and
handling carcasses and the related costs prevented incorporation of DXA scanning
into this experiment.
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Specific Comments
Examiner: Professor Gary Allee
I would like to thank Professor Gary Allee for his comments regarding this thesis.
Comment: The information in this dissertation would be more valuable to the
Australian pig industry if there were an economic appraisal of dose and duration of
RAC feeding and lysine levels
Response:
Whilst I would agree with this comment it is out of the scope of this
dissertation.
Comment: How does dietary lysine level with RAC change in group housed pigs?
Response:
Interestingly the lysine titration study reported in this dissertation
(Chapter 6) was extended to a group housed environment. Mullan et al (2011) reported
that ADG in finisher gilts began to plateau at 0.56 g available lysine/MJ of DE, which
was similar to the controls in chapter 6. However with the addition of dietary RAC the
finisher gilts continued to respond with increasing dietary lysine levels up to 0.72 g
available lysine. Mullan et al concluded that higher levels than 0.56g available lysine /
MJ of DE are required to maximize performance in finisher gilts supplemented with
dietary RAC. Similar to the individual pen study Mullan et al (2011) also reported
responses to dietary RAC at low levels of dietary lysine (0.48 g available lysine / MJ of
DE)
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SUMMARY
The series of experiments presented in this dissertation were conducted to
evaluate the optimal responses to dietary RAC in the Australian pig industry. The
unifying hypothesis was proposed in two parts: first, optimal responses to dietary
ractopamine (RAC) depends on factors that include the level of dietary lysine, level of
dietary RAC and gender, whilst the inclusion of specific metabolic modifiers porcine
somatatropin (pST) and anti-GnRF immunization vaccine (Improvac) has synergistic
effects on growth and performance. Second, the β-adrenoceptors (β) in adipose and
skeletal muscle respond differently to RAC dose and therefore the down regulation of
specific βs mediates the responses observed in fat and muscle tissue deposition rates.
Experiment 1 (Chapter 3) was

conducted to compare current commercial

applications of dietary RAC and dietary RAC+pST and their responses in growth
performance as well as lean and fat tissue deposition at day 0, 14 and 28 in boars, gilts
and boars immunized against GnRF. The study was also designed to confirm whether
RAC decreases fat deposition in boars and boars immunized against GnRF. The results
of Experiment 1 were surprising in the fact dietary RAC and RAC+pST had no effect
on average daily gain (ADG) (P=0.543) or feed conversion ratio (FCR) (P=0.255) on
these fast-growing, high-health-status finishing pigs. The effect of dietary RAC on
tissue deposition rates were also unexpected as a reduction in fat deposition rate
occurred (P=0.064) but no effect on lean deposition rate was observed (P=0.642). The
results of experiment 1 influenced the design of the experiments that followed in which
factors that affect responses in production and tissue deposition responses to dietary
RAC were examined.
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Experiment 2 (Chapter 4) comprised of two RAC dose studies to determine the
response in light, medium and heavy initial-weight gilts (study 1) or boars (study 2) fed
four levels of dietary RAC (0, 5, 10, and 20mg/kg) over a 28-day feeding regime. The
hypothesis examined was that light, medium and heavy initial-weight pigs have similar
responses to increasing levels of dietary RAC. The major findings were:
In gilts for all initial weight categories:
•

Dietary RAC improved ADG, FCR compared to controls (P=0.023 and P=0.029,
respectively).

•

A linear relationship was observed for ADG (P=0.006) and FCR (P=0.003) with
increasing dose of RAC

•

Carcass weights improved linearly (P linear =0.006) and tended to improve
dressing percentage (P=0.098) with increasing dose of dietary RAC, and
In boars for all initial weight categories,

•

Incremental increases of RAC resulted in linear increases for ADG (P=0.003),
HSCW (P=0.018) and dressing percentage (P=0.045).

•

Dietary RAC did not alter FCR (P=0.289), however there was a tendency
(P=0.082) for FCR to decrease linearly as dosage level of dietary RAC increased.

Experiment 3 (Chapter 5) was conducted to investigate whether there are
interactions between RAC dosage levels and two levels of dietary lysine (low and high,
0.56 and 0.65 g of available lysine / MJ DE, respectively) on growth performance and
carcass characteristics of finisher boars and gilts using dual energy X-ray
absorptiometry (DXA) to measure body composition. The hypothesis examined was
that low lysine diets of 0.56 g available lysine/MJ DE are sufficient to optimize the
response in feed efficiency, growth rate and tissue deposition in boars and gilts fed high
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(20 mg/kg) or low (5 mg/kg) levels of dietary RAC at initial weights of 65 kg. The
major findings were:
• There were significant interactions (P = 0.023 and P = 0.025) between dietary RAC
and lysine levels in the first seven days for ADG and feed efficiency (FE)
respectively, such that pigs fed high-lysine diets supplemented with dietary RAC had
improved ADG and FE, whereas pigs fed low-lysine diets did not respond to RAC
supplementation in the first seven days.
• Over the study duration dietary RAC improved daily gain (P=0.026).
• As RAC dose increased ADG increased in a linear (P = 0.072) and a quadratic (P =
0.041) manner.
• In the first seven days dietary RAC improved FE (P = 0.002), but not over the study
duration (P = 0.555).
• Dietary RAC reduced change in P2 backfat (P=0.002) as well as indicating a linear
(P = 0.033) and quadratic (P = 0.003) reduction with increasing dose in both boars
and gilts over the duration of the study.
• A lysine x sex interaction (P=0.043) indicated that lean deposition rate increased in
boars but not gilts when fed the high lysine diet.
• Dietary RAC tended (P < 0.1) to increase lean deposition rate only in boars fed high
lysine diets.
• Dietary RAC tended to alter lean tissue deposition rates over the initial 14-day period
(P = 0.067) and as RAC dose increased lean tissue deposition increased over 14 (P =
0.035) and 28 days (P = 0.044).
• Fat deposition tended to be reduced in a quadratic manner (P = 0.074) as dietary
RAC increased over 28 days.
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Experiment 4 (Chapter 6) was conducted to investigate the responses of finisher
pigs offered a wider range of dietary lysine levels (0.40, 0.48, 0.56, 0.64 and 0.72 g
available lysine/MJ DE) and three levels of dietary RAC (0, 5 and 10 mg/kg) over 28
days duration, to determine the optimal level (critical value) of dietary lysine with or
without RAC, after which the response to increasing dietary lysine is insignificant in
male and female finisher pigs. The major findings were:
• The critical value of dietary lysine for gilts without RAC supplementation for ADG
and FCR was 0.54 and 0.52 g available lysine/MJ DE, respectively.
• The critical value of dietary lysine for gilts offered 5 mg/kg RAC supplementation
for ADG and FCR was 0.51 and 0.49 g available lysine/MJ DE, respectively.
Increasing RAC supplementation to 10 mg/kg increased the critical values to 0.51
and 0.52 g available lysine/MJ DE for ADG and FCR respectively
• A response plateau was not calculated for control boars because the data set did not
display diminishing responses for ADG or FCR over the range of dietary lysine
concentrations offered.
• Boars offered the 10 mg/kg RAC diet had improved response plateaus for ADG and
FCR compared to boars fed the 5 mg/kg RAC diet, however, the improvements
required higher critical lysine levels of 0.65 versus 0.56 and 0.59 versus 0.54 g avail
Lysine/MJ DE for ADG and FCR respectively.

Experiment 5 (Chapter 7) consisted of two combination studies. The first study
examined the combination of dietary RAC and porcine somatatropin (pST) and the
second study examined the effect of anti-GnRF immunisation vaccine (Improvac) and
dietary RAC. The hypothesis tested for the first study was that the combination of a 28day dietary RAC regimen with the addition of daily injections of pST in the final 14
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days will have additive effects on pig performance when compared to a 28 day dietary
RAC regimen. The major findings were:
• Over the study duration FCR was reduced by the RAC + pST treatment (P<0.05) and
tended (P<0.09) to be reduced by the RAC only treatment.
• The ADG of the RAC and the RAC+pST treated gilts increased (P<0.05) compared
to the control gilts, whereas the ADG of the treated boars did not differ from control
boars (Treatment x sex interaction, P=0.025)
• In the second half of the study both dietary RAC and the combination treatments
increased (P<0.001) lean tissue deposition in gilts by 165 and 286 g/day respectively.
• The RAC + pST treatment increased lean tissue deposition in boars by 202 g/day
when compared to respective controls.
• The RAC + pST treatment also reduced (P<0.001) fat tissue deposition by 87 g/day
(gilts) and 118 g/day (boars) when compared to controls in the final 14 days.
• The dietary RAC treatment did not alter fat deposition significantly in gilts and
boars.
The hypotheses to be tested for the second study were that 1) anti-GnRF
immunization would increase average daily feed intake (ADFI) around 2 wk after
secondary vaccination, and that 2) a simultaneous step-up in dietary RAC concentration
would allow the additional energy intake to be deposited as lean tissue rather than fat.
The major findings were:
• Boars immunized against GnRF had greater ADG and ADFI, but a reduced
Gain:Feed (G:F) than the entire boars (P<0.001) over the study duration.
• Pigs fed RAC had greater ADG and Gain:Feed (G:F) (P< 0.001) and tended to eat
less (P<0.076) than the controls.
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• The change in ultrasound P2 backfat during the study was greater (P<0.001) in boars
immunized against GnRF and tended to be reduced (P=0.076) by RAC in boars
immuniszed against GnRF.
• Percent lean in the half carcass was increased (P=0.006) by dietary RAC, conversely,
percent fat in the half carcass was decreased (P=0.004) by dietary RAC.
Experiment 6 (Chapter 8) was conducted to examine the β gene expression using
PCR techniques in adipose and skeletal muscle tissues of boars and gilts fed dietary
RAC at either a low (5 mg/kg) or high (20 mg/kg) level compared to control pigs fed (0
mg/kg RAC).. The pigs used in this study were from Experiment 3. The hypotheses
was that adipose and skeletal muscle tissue respond differently to dose level of RAC
with respects to down (or up) regulation (as measured by the abundance of mRNA
transcripts) of the specific βs in finisher boars and gilts. The major findings were:
Within adipose tissue:
• The β1-AR gene was not affected by duration of treatment (P=0.88) or sex (P=0.54),
however the addition of dietary RAC reduced the expression (P=0.04).
• The β2-AR gene was not affected by dietary RAC (P=0.66), or sex (P=0.22),
however day of treatment increased β2-AR expression at day 29 of treatment
compared to day 15 (P=0.06).
Within skeletal muscle tissue:
• The β1-AR gene was not affected by sex (P=0.43) or day of the study (P=0.69) but
increased expression with the addition of dietary RAC (P=0.04).
• A sex x RAC dose x Day interaction was observed (P=0.12). Only the boars fed the
low RAC diet increased β1-AR expression at day 15 whereas gilts fed high RAC at
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day 15 and the low RAC at day 29 had increased β1-AR expression compared to
controls.
• A sex effect was observed for β2-AR expression (P=0.05), in that the control gilts
had a greater expression of the β2-AR gene after 29 days than control boars.
• The addition of dietary RAC tended to reduce the expression of the β2-AR gene
(P=0.07) particularly at the high inclusion level (20 mg/kg) of dietary RAC.

From the results obtained in this thesis, I conclude that:
1. RAC dose rates are effective in improving production indices and carcass traits in
light (65 kg), medium (80 kg) and heavy (95 kg) initial-weight boars or gilts.
2. Dietary lysine levels are critical in the first 7 days of the dietary RAC regimen.
3. The lysine requirements for boars are higher than gilts between 65 and 95 kg live
weight in order to maximise growth and lean tissue deposition.
4. The combination of pST in the final 14 days of a 28-day RAC feeding regime was
synergistic in gilts for FCR, ADG and lean deposition, whereas boars further
declined their P2 backfat levels with the addition of pST.
5. The additional growth in boars immunized against GnRF was as fat tissue, and that
this could be attenuated by supplemental dietary RAC.
6. The β2-AR has a more critical role as the age of the finisher pig advances as
expression of the gene increases over time whereas the β1-AR expression is constant.
7. The β2-AR was less sensitive to dietary RAC in fat tissue than the β1-AR gene
which down regulated independent of RAC dose at day 15 and may explain the
lipolytic response observed in Experiment 3, Chapter 5.
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8. The down regulation of β2-AR expression observed in muscle by pigs treated with
RAC suggested that the β2-AR may mediate the decline in response observed for
ADG (8.6% to 3.7%) and FE (7.1% to 5.8%) in Chapter 5.
9. Low level of dietary RAC has a stimulatory effect on the expression of the β1-AR
gene. The up regulation of β1-AR may explain why only small differences between
responses in lean meat deposition rates occurred for pigs fed either a high (20 mg/kg)
or low (5 mg/kg) RAC diet.
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CHAPTER 1
General Introduction
Ractopamine hydrochloride (Paylean1, RAC) is a beta-adrenoceptor agonist from
the chemical family of phenethanolamines, and was registered as an oral metabolic
modifier for use in the US pig industry in 1999 and in the Australian pig industry in late
2003. When fed to pigs, dietary RAC improves average daily gain, feed efficiency and
enhances carcass traits by increasing lean meat yield and dressing percentage (Watkins
et al., 1990; Armstrong et al., 2004). Diets supplemented with RAC are fed to pigs in
the final 2 to 4 weeks before slaughter to compensate for the decline in response to
growth and feed efficiency over time that is thought attributable to down regulation of
the β-adrenoceptors (β) located in the membranes of adipose and muscle tissue (Bark et
al., 1992; Dunshea et al., 1993b; Spurlock et al., 1994). The majority of research on
RAC has occurred in the US and consequently commercial recommendations are
directed towards the US market.
The Australian finisher pig market differs to its counterpart in the US in several
areas including the slaughter weight, dietary lysine requirements, genotypes, gender of
the slaughter generation, and adoption of other metabolic modifiers. In order for RAC to
be utilized affectively in Australia, research suited to Australian conditions is required.
Additionally, research into the effects of dietary RAC on the βs in fat and muscle tissue
will increase understanding of the mechanisms and effects of dietary RAC on lean
tissue deposition of finishing pigs.
The Australian pork industry requires optimal slaughter weights between 95 and
105 kg live weight, in contrast US pigs are slaughtered between 125 to 135 kg live
weight. Initial start weights for RAC regimens are therefore markedly different between
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the two countries. Early research involved diets containing high inclusion levels of 20
mg/kg RAC fed to pigs with initial weights of 60 kg suitable for the Australian and US
markets of that era (Anderson et al., 1987; Dunshea et al., 1993a; Dunshea et al.,
1993b; Dunshea et al., 1998a). Recent research has involved feeding lower levels of
dietary RAC (5, 7.5 and 10 mg/kg) but with initial weights of 80 kg or greater, suitable
only for US markets (Armstrong et al., 2005; Apple et al., 2008; Fernandez-Duenas et
al., 2008). Additionally, the early RAC dose-response research was applied to US
genotypes (Watkins et al., 1990; Armstrong et al., 2004) and requires reappraisal for
Australian genotypes.
In Australia, a minimum requirement of 0.9 g/kg total lysine is recommended for
finisher pigs supplemented with dietary RAC between 65 and 100 kg live weight. This
recommendation comes from research (King et al., 2000) and field observations. In
contrast US researchers have determined that greater than 1.0 g/kg total lysine is
required for finishing pigs supplemented with dietary RAC between 80 and 120 kg in
order to optimize growth rate and carcass lean yield (Schinckel et al., 2000; Webster et
al., 2002; Schinckel et al., 2003; Apple et al., 2004). More rigorous research is required,
therefore, to determine whether optimal responses to dietary RAC are achieved at 0.9
g/kg total lysine in the Australian finisher herd.
Some Australian herds use porcine somatotropin (pST) and an anti- GnRF
immunisation vaccine (Improvac®) at the end of the finishing stage to improve
production efficiencies and reduce boar taint respectively. The combination of dietary
RAC with these metabolic modifiers may be synergistic with respects to production and
carcass traits. For example, the combination of pST and RAC may overcome the decline
in response reported in the latter stages of a dietary RAC regimen (Bark et al., 1992;
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See et al., 2004). Additionally, Armstrong et al (2005) reported that an effective method
to overcome the decline in response to dietary RAC was to increase the level of RAC
after 2 weeks (Step-up regime). The application of a RAC step-up regime to coincide
with the expected increased surge in feed intake reported 2 weeks after the second
Improvac injection (McCauley et al., 2003) may improve feed efficiency resulting in
reduced fat deposition.
In general, fat deposition is not altered by dietary RAC in gilts but a tendency
for reduced P2 and fat deposition has been reported in boars (Dunshea et al., 1993b;
Dunshea et al., 1998a; Dunshea et al., 2005b). The poor responses in fat deposition for
pigs treated with dietary RAC has been attributed to rapid down regulation of the βs in
adipocytes. The βs in muscle tissue of pigs treated with dietary RAC are less susceptible
to down regulation (Spurlock et al., 1994). Assessment of down regulation of the βs in
fat and muscle tissue has only occurred with diets containing 20 mg/kg RAC (Spurlock
et al., 1994; Dunshea and King, 1995; Gunawan et al., 2007). Moreover, it is not clear
whether down regulation of the βs is affected by dose of RAC, age, or whether there are
notable sex differences.
In this thesis, a series of experiments has been designed to test the following
propositions:
1.

To determine RAC dose-response relationships for different initial live weight
categories in boars and gilts over a 28-day feeding regime. The respective factors
were initial live weight (light = 65 kg, medium = 80 kg, heavy = 95 kg) and RAC
level (0 mg/kg = Control, 5 10, and 20 mg/kg.)
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2.

To determine whether responses to growth, feed efficiency and tissue deposition in
light initial-weight boars or gilts are dependent RAC dose, dietary lysine level, or
both.

3.

To determine the optimal level (critical value) of dietary lysine with or without
RAC for finisher gilts and boars between live weights of 65 and 100 kg.

4.

To determine the synergistic affects when dietary RAC is combined with the
metabolic modifiers pST and Improvac.

5.

To determine the effect of RAC dose on down regulation of β1, β2 and β3adrenoceptors in fat and muscle tissue of 65 kg initial weight finisher boars and
gilts after 2 and 4 weeks of treatment using PCR techniques. The changes in
expression levels of the β-ARs over time may suggest the specific β-receptors that
mediate the responses observed in muscle and fat deposition.
These experiments were conducted to determine whether to accept or reject the

unifying hypothesis of this dissertation, which is in two parts:
1.

Optimal responses to dietary RAC in initial live weight pigs of 65 kg is dependent
upon factors that include the level of dietary lysine, level of dietary RAC and
gender, whilst the inclusion of specific metabolic modifiers (pST and Improvac)
has synergistic effects on growth and performance.

2.

The β-ARs in fat and muscle respond differently to RAC dose and therefore the
down regulation of specific β-ARs mediate the decline in response observed in fat
and muscle tissue deposition rates.

Page| 4

CHAPTER 2
A Review of the Literature
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CHAPTER 2

2.1 A brief history of phenethanolamine repartitoning agents.
In mammals there are two catecholamines, noradrenaline and adrenaline, that
circulate within the plasma at comparatively high and low levels respectively.
Noradrenaline is both a neurotransmitter molecule and a hormone that is released from
the adrenal gland and also the nerve endings of both the central nervous and
sympathetic nervous systems and is biosynthesised from tyrosine. The hormone
adrenaline is secreted by the adrenal gland. These organic molecules behave as agonists
when they bind to receptors called β-adrenoceptors (β-AR) which are present on the
surface of almost every type of mammalian cell (Mersmann, 1998). The agonistreceptor complex initiates a physiological response within the cell and as such both
molecules play an important role in the regulation of a mammals growth, development
or response to the environment.
In 1901, Jokichi Takamine, an industrial chemist, successfully isolated and purified
adrenaline from the adrenal glands of sheep and oxen (Takamine, 1902). The product
was patented as Adrenalin, although British physiologists referred to this active
principle as Adrenaline. Friedrich Stolz and Henry Drysdale Dakin independently
synthesised adrenaline in their respective laboratories in 1904 (Bennett, 1999).
Adrenaline is a nonselective agonist of all adrenoceptors including α1, α2, β1, β2, and
β3-ARs and once bound to these receptors, triggers a number of metabolic changes. The
effects of adrenaline on animals have been known since the early 1960s; for example,
adrenaline injections increased nitrogen retention and lowered fat deposition in pigs
(Cunningham et al., 1963).
The discovery of exogenous β-AR agonists in the early 1970s at several
pharmaceutical laboratories enabled these compounds for use in human medicine. Much
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of the interest in β-AR agonists (and antagonists) focused on the production of
compounds that have relative specificity to stimulate the β-AR of bronchialtracheal
musculature, causing relaxation and dilation of the airways (relieve asthma), or that
have relative specificity to change cardiovascular function by moderating heart rate,
contractility, or blood pressure. The compounds are classed as phenethanolamines (or
beta-adrenoceptor agonists, βAA) and have similar structural and pharmacological
properties as adrenaline and noradrenaline.
Salbutamol was the first selective β2-AR agonist to be marketed in 1968 and is
primarily used for the relief of bronchospasm in conditions such as asthma and chronic
obstructive pulmonary disease (Bryan, 2008). Another β2-AR compound is clenbuterol,
which was researched for use in human medicine by Tschan et al. (1979) as a
bronchodilator. The BAAs continue to be widely used in human medicine (Hoffman
and Lefcowitz, 1996).
The early research also reported the repartitioning effects of the βAAs in many
livestock species, particularly their ability to divert nutrients away from adipose tissue
and toward muscle. One of the first βAAs to demonstrate a potent repartitioning effect
across several species was clenbuterol in sheep (Baker et al., 1984), pigs (Ricks et al.,
1984a), steers (Ricks et al., 1984b) and poultry (Dalrymple et al., 1984). Using a nonobese rodent model as a screening tool, Baker and Keirnan (1983) lodged US Patent
#4,404,222 for a series of BAA derivatives and acid addition salts that markedly
reduced fat deposition and also increased muscle accretion of homeothermic animals.
Several patents were issued and data began to be generated defining the physiological
effects and the parameters needed to optimise the response. The potential use of these
βAAs in improving the efficiency of livestock production have been evaluated
(Mersmann, 1998; Moloney et al., 1991).
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The compounds most commonly studied include cimaterol, clenbuterol, L-644,969,
ractopamine, salbutomol and zilpaterol. Regulatory authorities have only granted
approval for use in livestock to zilpaterol for cattle in Mexico and South Africa and
ractopamine for pigs in 26 countries (including the US and Australia) and for cattle in
the US.

2.2 Chemistry of ractopamine hydrochloride, a β-adrenoceptor agonist ligand.
Phenethanolamines are one class of compounds that bind to β-AR and are
characterized by a substituted aromatic ring and an ethanolamine side chain with
various substitutions on the aliphatic nitrogen (Fig 2.1)(Smith, 1998; Ruffolo, 1991).
Adrenaline, noradrenaline, and ractopamine hydrochloride (RAC) belong to this class.
The commercially synthesised phenethanolamines are mostly mixtures of sterioisomers
and the biologically active stereoisomers are levorotatory, whilst the inactive or less
potent are the dextrorotatory stereoisomers (Ruffolo, 1991). The commercial
preparation of RAC contains four stereoisomers (RR, RS, SR and SS) resulting from the
presence of two chiral carbons (Fig 2.1). RAC is a racemic mixture and it has been
suggested that the biological activity of each isomer may be affected by the presence of
competing isomers. In pigs, Mills et al. (2003a) showed that the RR isomer
(levorotatory at both chiral carbons) is the functional stereoisomer of RAC, but its
effectiveness may be compromised by the presence of competing isomers, in particular
the RS stereoisomer. Likewise, Ricke et al. (1999) showed that the RR isomer of RAC
is responsible for a majority of the leanness-enhancing effects of RAC in rats.
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Fig 2.1

Ractopamine HCL

Asterisks indicate the locations of the two chiral carbons in RAC. The chiral carbon
denoted “α” to the phenol ring and the chiral carbon denoted “β” to the aliphatic
nitrogen is common to all phenethanolamine β-adrenoceptor agonists. Two
conformations can exist at each chiral carbon (R or S); therefore, RAC exists as a
mixture of four stereoisomers. Ractopamine is an equilmolar mixture of four
stereoisomers. Modified from (Mills et al., 2003a).
2.3 β-adrenoceptors (β-AR)
Cell surface receptors bind circulating neurotransmitters, hormones and growth
factors as the first step in mediating a variety of intracellular effector functions. Cell
surface receptors can be classified according to the types of signal transduction
pathways they stimulate. The β-AR are members of the membrane-bound protein that
couple and signal through guanine nucleotide binding proteins (G-proteins). The Gprotein consists of 3 subunits (Gα, Gβ, and Gγ, respectively) and is termed a
heterotrimeric protein (Strosberg, 1992; Morris and Malbon, 1999). The β-ARs are
characterised by a seven transmembrane domain structure (Fig 2.2). Models for the βAR indicate seven relatively hydrophobic trans-membrane domains that anchor the
receptor in the plasma membrane. These receptors have greater than 400 amino acids in
a continuous chain. The exposed hydrophilic loops of the amino acid chain are of
variable length, and occur alternately intracellularly and extracellularly. The aminoterminal region is exposed on the extracellular face of the membrane and the carboxylterminal region on the cytoplasmic face (Fig 2.2) (Strader et al., 1989). Almost every
mammalian cell type has β-AR embedded in the plasma membrane (Mersmann, 1998).

Page| 9

Fig 2.2
AR)

Model for the transmembrane topology of the β-adrenoceptor (β-

Horizontal lines represent the limits of the plasma membrane of the cell, with the region
at the top of the page corresponding to the extracellular space and the region at the
bottom representing the cytoplasm. The amino terminus of the protein is exposed
extracellularly and the carboxyl terminus exposed intracellularly. The amino acid
residues represented by squares could be deleted from the protein without affecting
ligand binding or protein folding, whereas the deletion of those residues shown in
circles adversely affected either the folding or binding properties of the receptor. The
residues shown in bold face circles are proposed to be involved in interactions with the
ligand. The region delineated by the broken stripe was required for agonist-mediated
sequestration (separation from receptor) (Strader et al., 1989).
2.3.1

β-adrenoceptors and signalling

To date the presence of 3 unique receptor genes coding for the different subtypes
β1, β2, and β3-AR have been cloned in several species including the pig (Cao et al.,
1998; Liang et al., 1997; Smith et al., 2001). Homology among these receptor subtypes

Page| 10

is relatively low (30 – 50%), however individual subtypes are highly conserved across
species (Moody et al., 2000). The regions in which greatest sequence similarities occur
are within the transmembrane domains with the hydrophilic loop regions being more
divergent (Strader et al., 1989). The transmembrane domains of the β-ARs have been
implicated in receptor subtype-specific ligand binding. For example transmembrane
domains 2 and 7 were implicated in affinity for the β2-AR while transmembrane
domain 2 was critical for β1-AR receptor affinity (Kikkawa et al., 1998; Kurose et al.,
1998).
All three of the subtypes signal in a similar manner. The binding of the β-agonist
promotes the interaction between intracellular domains of the β-AR and the
heterotrimeric G-protein, Gs. This interaction catalyses the exchange of guanosine
triphosphate (GTP) for guanosine diphoshate (GDP) in the Gα subunit and leads to the
dissociation of Gα from Gβγ. The activated Gα activates adenylyl cyclase, catalysing
the synthesis of cAMP from ATP. The cAMP in turn activates protein kinase A (PKA)
leading to subsequent phosphorylation events that either increase lipolysis by activation
of hormone sensitive lipases, or decrease lipogenesis by reduction of malic enzyme and
fatty acid synthetase (Merkel et al., 1987; Mills et al., 1990). Activation of adenylyl
cyclase is terminated by hydrolysis of GTP by an intrinsic GTPase and Gα recombines
with Gβγ (Mills, 2002a) (Fig 2.3).
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Fig 2.3
A schematic detailing the signaling process which occurs as a result
of the binding of a β-adrenoceptor agonist with a β-adrenoceptor (β-AR).
A Resting state, heterotrimeric G-protein bound to the intracellular loops of the
receptor; B The binding of the β-agonist catalyses the exchange of guanosine
triphosphate (GTP) for guanosine diphosphate GDP in the Gα subunit; C Dissociation
of the Gα subunit from the Gβγ; D The Gα activates the effector enzyme, adenylyl
cyclase (AC) which initiates the synthesis of cyclic adenosine monophosphate (cAMP)
from adenosine triphosphate (ATP). The cAMP in turn activates protein kinase A
(PKA), initiating subsequent phosphorylation events. An adaption from (Mills, 2002a)

2.3.2

Desensitization of β-AR signalling

Desensitisation is the reduction of response despite the continued presence of the
stimulus. The mechanism that contributes to desensitisation involves the “uncoupling”
of the receptors from the G-protein, which is initiated in seconds to minutes of agonist
exposure. The term down regulation refers to long-term processes and develops more
slowly than uncoupling, taking hours to days (Mills, 2002b). Down regulation involves
receptor degredation and a decrease in the rate of receptor synthesis. Both
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desensitisation and down regulation restricts the use of stimuli such as β-AR agonists in
animal production today and research to circumvent these processes are discussed in
section 2.6 of this review.
The primary mechanism for uncoupling involves phosphorylation of the β-AR by
two kinases, PKA and a specific enzyme βARK1 (β-AR kinase 1, a G-protein coupled
receptor kinase), which phosphorylates serine-threonine residues on the carboxyl tail of
the β-AR. The PKA-mediated phosphorylation alters the conformation of the β-AR and
its affinity for Gs, whilst the βARK1 enzyme phosphorylates only β-ARs with altered
conformation induced by agonist binding (Liggett and Lefkowitz, 1994; Lefkowitz,
2006). Phosphorylation by βARK1 increases the affinity of the β-AR for the binding of
β-arrestin that uncouples the receptor from further G-protein activation (Gsα). The
uncoupled β-AR has reduced affinity for agonists which in turn may result in a reduced
signalling response if the agonist is below maximal concentration (Lefkowitz, 2006).
Reactivation of β-ARs involves sequestration and internalization in intracellular
vesicles, dephosphorylation, and recycling to the plasma membrane (Mills, 2002b;
Lefkowitz, 2006).
Down regulation is defined as the reduction in the total number of β-ARs on the
cell membrane and is also part of the desensitisation process. Down regulation occurs
after chronic exposure to agonists and results in decreased responsiveness to agonists. In
pigs prolonged exposure to agonists results in decreased sensitivity of the β-AR
(Spurlock et al., 1994). It is postulated that down regulation can involve modulation of
the rates of receptor synthesis or destruction and can be cAMP dependent or
independent (Lefkowitz et al., 1990). The rate of decline in β-AR binding sites is related
to potency and efficacy of the agonist.
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2.4 Metabolic effects of β-AR agonists
2.4.1

Lipolysis in adipose tissue

The effects of βAA on stimulating lipolysis in porcine adipose tissue have been
equivocal, and what has been demonstrated in vitro has not always occurred in vivo. In
vitro studies by Mersmann et al. (1974; 1975) and Weisenburg and Allen (1973)
reported catecholamine (adrenaline) induced lipolysis in adipose tissue from 45- and
160-day-old swine, respectively. Most synthetic β1 and β2 adrenoceptor agonists did
not stimulate lipolysis in vitro but were active in rat adipose tissue (Mersmann, 1984a).
In a separate study Mersmann (1984b) reported that in addition to adrenaline,
noradrenaline and isoprenaline several other catecholamines stimulated swine adipose
tissue lipolysis. For example of βAA that was able to induce lipolysis in swine adipose
tissue, β1AA (dobutamine), was more potent and efficacious than the β2AA
(terbutaline, metaproterenol and fenoterol). In this study lipolytic activity was inhibited
by various antagonists specific to β1, β2, or β1 and β2 regardless of the agonist used in
the test system. For example the β1AAs (metoprolol and practolol) were more effective
than the β2AAs (butoxyamine and ICI 118,551) at inhibiting isoprenaline-stimulated
lipolysis when infused in vivo. Compounds such as clenbuterol and zinterol did not
stimulate lipolysis in vitro but elevated plasma free fatty acid concentrations in vivo,
implying indirect effects. Mersmann (1984b) concluded that the swine adipose
adrenoceptor is not readily classified into a β1 or β2 subtype.
Some of the ambiguity of results and difficulty in interpreting data from in vitro
systems involving isolated adipocytes were due to several factors affecting the medium.
For example there is an accumulation of adenosine in the medium that acts in reducing
the response of adipocytes to βAAs by lowering the levels of cAMP (Smellie et al.,
1979). Accumulated adenosine is removed from the medium by adenosine deaminase
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(ADA) or inactivated by the addition of theophylline (THEO), which can act as an
inhibitor of adenosine receptors to decrease the inhibition by endogenously produced
adnenosine. THEO may also act as a phosphodiesterase inhibitor and enhances
effectively the cAMP produced. Regardless, THEO and/or ADA when added to the
medium enables the lipolytic and antilipogenic activities of βAA to be demonstrated.
Hu et al. (1987) observed that the stringent specificity for stimulation of adipose
tissue lipolysis was due to the capacity of βAAs to elevate porcine adipose tissue cAMP
concentrations through an effective coupling of ligand and the β-AR. Hu et al. (1987)
verified that the βAAs that stimulated lipolysis in the study of Mersmann (1984b) were
able to raise the tissue cAMP concentrations provided THEO was present in the
incubation medium. Furthermore clenbuterol, a β2AA, which did not stimulate fatty
acid release in the study of Hu et al. (1987) or Mersmann (1984b; 1987) was found not
to increase cAMP concentration in porcine adipose tissue, which suggests a poor
interaction with the β-AR.
Similarly, Lui et al. (1989) investigated the lipolytic effect of adrenaline, RAC
and clenbuterol in the presence of THEO or adenosine deaminase (ADA) in swine
adipose tissue in vitro, and found that only adrenaline increased lypolysis in the absence
of THEO or ADA. When THEO was present in the medium both RAC and adrenaline
increased lipolysis with similar potency and lipolysis was prevented with the addition of
the antagonist propranolol, indicating that RAC binds with the β-AR of the swine
adipocyte. Consistent with the data of other researchers (Mersmann, 1984b; Mersmann,
1987; Hu et al., 1987), clenbuterol displayed the least responsiveness of the βAA tested
by Lui et al. (1989).
Much of the work conducted on adipose tissue β-AR during the 1990’s led to
erroneous conclusions based on flawed assumptions about subtype selectivity in porcine
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tissue of the various compounds that had been used in the past to characterise these
receptors in humans and other species (Sillence et al., 2005). β-ARs are well
characterized in many mammalian species, however they have been difficult to define
in porcine adipose tissue either through the adrenergic control of lipolysis (Liu et al.,
1989) or direct ligand binding experiments (Coutinho et al., 1992; Mersmann, 1992).
Researchers have reported that porcine β-AR do not show the degree of selectivity for
classic β-AR ligands typical of other animal species (Coutinho et al., 1992; Liang and
Mills, 2002; Mersmann, 2002). Furthermore the radioligands that have been proved to
be ideal for labelling β-AR in some tissues and species, in swine can profoundly
influence the characterization of the receptor (Mersmann and McNeel, 1992).
2.4.2

Lipogenesis in adipose tissue
Adipocytes (and myocytes) are strongly influenced by insulin with respect to the

stimulation of glucose uptake and as such, insulin is involved in the regulation of
lipogenesis and lipolysis. However the effects of insulin treatment in vitro on porcine
adipose tissue are equivocal. Some studies have shown that insulin stimulates glucose
uptake and lipid synthesis (Walton and Etherton, 1986; Liu et al., 1989) whilst other
studies have shown small or no glucose uptake (Mersmann and Hu, 1987; Rule et al.,
1987).
In the late 1980s researchers were interested in determining whether βAAs affect
adipocyte sensitivity to insulin in order to explain whether the observed reduction in fat
accretion in pigs (Anderson et al., 1987; Merkel et al., 1987) may in part be due to
decreased lipogenesis as well as lipolysis. In mouse adipocytes, clenbuterol stimulated
lipolysis and insulin-stimulated lipogenesis was inhibited (Orcutt et al., 1989), and a
similar effect was found in sheep adipocytes (Thornton et al., 1985). In rat adipocytes
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RAC reduced sensitivity to insulin in a dose dependent manner and consequently altered
fat metabolism by decreasing lipogenesis (Hausman et al., 1989).
In in vitro studies involving porcine adipose tissue, inhibition of lipogenesis in
the presence of a βAA is variable. Lui et al. (1989) showed that both adrenaline and
RAC inhibited fatty acid synthesis in the presence of THEO, whilst clenbuterol was not
inhibitory under any condition. Several researchers have confirmed that under suitable
conditions RAC has been shown to have both lipolytic and antilipogenic activities in
swine adipocytes (Liu et al., 1989; Mills and Liu, 1990). Further, Mills et al. (1990)
observed that adipocytes of RAC-fed pigs had lower lipogenic rates than adipocytes of
control pigs as denoted by reduced malic enzyme and fatty acid synthetase activities of
40% and 15% respectively. These observations were independent of body weight and
genotype.
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2.4.3

Down regulation of β-AR in adipose tissue
Some in vivo studies have shown that the lack of response to dietary RAC

reported for fat tissue deposition (Dunshea et al., 1993a; Dunshea et al., 1993b;
Dunshea et al., 1998a; Sainz et al., 1993b) is probably associated with rapid
desensitisation (or down regulation) of the adipose β-ARs. Dunshea and King (1995)
showed the lipolytic response (measured by plasma levels of non-esterified fatty acids,
NEFA) to a single dose of fenoterol (β2-agonist) is markedly reduced during RAC
treatment of growing pigs, and that attenuation of this response was evident four days
after commencement of feeding a diet with 20 mg/kg RAC. The lipolytic response to
fenoterol at day 4 was 44% that of controls, and was maintained at 25% and 34% at day
9 and 24 respectively. Dunshea and King (1995) attributed the reduction in lipolytic
response to fenoterol to down regulation of the adipose tissue β-ARs. Further evidence
of down regulation of the β-AR’s over time was observed by Dunshea et al. (1998b). In
the first of two experiments a 1.5-fold reduction in sensitivity to fenoterol for pigs fed
RAC (20 mg/kg) after 10 days was observed, and in the second experiment a 10-fold
reduction in sensitivity was observed after 34 days. The experiments found that feeding
20 mg/kg dietary RAC for 34 days reduced NEFA concentrations demonstrating that
RAC had not stimulated lipid mobilization but rather had possibly decreased it.
Experiments measuring the density of the β-AR (per milligram of protein) or
gene expression of specific β-ARs by measurement of mRNA levels using PCR
techniques have verified desensitisation of the β-AR in fat tissue. Spurlock et al. (1994)
reported a 50% reduction in the density of the β-ARs in pigs fed a 20 mg/kg RAC diet
as early as 1 day with respects to the middle layer of subcutaneous adipose tissue, with
an overall linear reduction in middle and outer subcutaneous adipose tissue reported for
measurements taken at 0, 1, 8 and 24 days of treatment. Ding et al. (2000) observed in
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vitro that when porcine adipocytes were treated with the β-AR agonist isoprenaline, the
β-AR number decreased by 43%. However in the study of Ding et al. (2000) β1 and β2AR mRNA transcript concentrations were not reduced after the addition of isoprenaline.
This observation was different to other mammalian β1-AR and β2-AR where a decrease
in number is accompanied by a decrease in the mRNA transcript concentration during
short-term incubation with isoprenaline (Hadcock and Malbon, 1988; Bouvier et al.,
1989). A plausible explanation for the decrease in β-AR number caused by isoprenaline
in the absence of any decrease in β-AR mRNA is discussed by Ding et al (2000). The βAR have cAMP response elements (CRE) in the 5′-untranslated region that are
stimulated by phosphorylated CRE binding proteins. The role of cAMP is to activate
protein kinase A (see section 2.3.1), which then phosphorylates the CRE binding
protein. Thus, increased cAMP can increase β-AR transcription. Nothing is known
about the function of the CRE in porcine β-AR subtypes, however, the intracellular
concentration of cAMP is increased when porcine adipocytes are incubated with
isoprenaline (Hu et al., 1987). Speculatively, the modest isoproterenol-stimulated
desensitization of porcine adipocyte β-AR with no change in the β1AR and β2AR
transcript concentrations may represent a relatively high rate of cAMP-stimulated
transcription and translation coupled with modest rates of receptor phosphorylation and
sequestration from the membrane. These experiments help explain the lack of response
recorded in many studies measuring fat deposition in pigs treated with dietary RAC.
In pigs, assessments of down regulation in the literature have involved
treatments with pigs fed diets containing 20 mg/kg RAC. It is not clear whether down
regulation of the β-AR in adipose tissue is affected by dose of RAC, age, or whether
there are notable sex differences. Therefore, in this dissertation I will examine the β-AR
gene expression in adipose tissue of boars and gilts fed dietary RAC at either a low (5
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mg/kg) commercial application rate or a high rate (20 mg/kg) commonly used in
published research. By examining the mRNA expression levels of β1, β2 and β3-AR in
swine adipose tissue a clearer picture on the effects of dietary RAC concentration on fat
accretion can be determined.
2.4.4

Hypertrophy in muscle fibre – protein synthesis

The primary affect of the βAAs is to cause muscle fibre hypertrophy without a
simultaneous increase in DNA, indicating that protein synthesis, degradation, or both
are affected. Protein synthesis and degradation have been implicated as contributing to
increased muscle tissue gain. In muscle cells the mechanisms and effects of βAA on
porcine muscle tissue are not fully understood. Evidence of an increase in protein
synthesis and/or a decrease in protein degradation has been reported in vivo for pigs fed
βAA (Bergen et al., 1989; Bergen and Merkel, 1991; Adeola et al., 1992; Sainz et al.,
1993a). An increase in myofibrillar protein in the longissimus muscle was demonstrated
by Helferich et al. (1990) and Grant et al. (1993) for pigs fed 20 mg/kg RAC for 3 and 4
weeks respectively, and in part can be accounted for by an increase in mRNA
abundance of alpha-actin. Adeola et al. (1992) demonstrated that pigs fed a 17% crude
protein diet with the inclusion of RAC (20 mg/kg) had increased (P<0.05) protein
contents in longissimus dorsi and biceps femoris muscles. These authors attributed this
to increased fractional synthesis rates of myofibrillar proteins (P<0.05) but not that of
sarcoplasmic proteins.
The effects of dietary RAC on the different muscle fibre types have also been
undertaken. Aalhus et al. (1992) observed that pigs fed 20 mg/kg dietary RAC had
similar proportion of red muscle fibres (P = 0·21), decreased proportion of intermediate
fibres (P = 0·01) and increased proportion of white muscle fibres increased (P = 0·02)
compared to the control pigs. In addition the pigs fed dietary RAC had similar red
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muscle fibre diameters, however the intermediate and white fibre diameters increased (P
= 0·01 and 0·02, respectively) when compared to controls. Furthermore Depreux et al.
(2002) fed 0, 20 and 60 mg/kg RAC to pigs over 42 days and showed that RAC
increased myosin heavy chain (MyHC) composition in various skeletal muscles. The
changes involved increased MyHC types that are associated with faster, white muscle
fibre types whilst the slower IIA and IIX fibre types decreased over time. Depreux et al.
(2002) reported that RAC alters the MyHC muscle fibre types over time in a dosedependent manner.
A more detailed exploration of the effect of dietary RAC on MyHC types was
reported by Gunawan et al. (2007). Using real-time PCR, Gunawan et al. (2007)
measured the relative abundance of mRNA transcripts of individual MyHC type I, IIA,
IIX, and IIB, and total MyHC, in the longissimus dorsi muscle of 44 pigs fed RAC (20
mg/kg) for 0, 1, 2, or 4 weeks. Type I MyHC expression was unaffected (P > 0.73) by
RAC administration. Type IIA MyHC expression decreased (P < 0.0001) by 96 h, was
lower (P < 0.0001) by 1 wk, and returned to normal by 4 wk. Type IIX MyHC mRNA
decreased (P < 0.001) by 2 wk and continued to decrease (P < 0.0001) by 4 wk. Most
interesting was an increase (P < 0.0001) in type IIB MyHC by 12 h, which was
maintained at an elevated level throughout the 4-wk feeding period. These data show
MyHC genes are differentially regulated by RAC and suggest that the βAA
repartitioning effect is, in part, mediated by changing muscle fibre type-specific gene
expression. These data help provide a mechanism by which β-AR agonists induce
muscle growth in swine.
2.4.5

Hypertrophy in muscle fibre – decreased protein degradation

Protein degradation rates have been predicted based on the expression and activity
of proteolytic degradative enzymes. The calpains (µ-calpain and m-calpain) are
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intracellular non-lysosomal proteases that contribute to protein degradation, and
calpastatin is an endogenous inhibitor of the calpains (Goll et al., 1998). The calpains
are sensitive to calcium, which is required for their activation. The physiological active
isoform is µ-calpain (Goll et al., 1998). Growth trials using the βAAs cimaterol and
clenbuterol with cattle, sheep, chicken and rat reported a general mechanism whereby
the βAAs reduced µ-calpain activity, and increased m-calpain and calpastatin activity in
skeletal muscle (Bardsley et al., 1992). However with respect to swine the research is
equivocal, with for example Bergen et al. (1989) observing no change in total activity of
calpains following 20 mg/kg RAC treatment, whilst Ji et al. (1991a) fed 20 mg/kg RAC
to finishing pigs and failed to show increased calpastatin activity or mRNA. In contrast,
Sainz et al. (1993a) reported a decrease in µ-calpain activity in pigs fed 20 mg/kg RAC
for 3 weeks compared to controls. Beermann (2002) reviewed the effects of βAAs on
protein synthesis and degradation in skeletal muscle and concluded that because
accurate direct methods for measurement of protein degradation rates are not available,
definitive conclusions regarding effects of βAAs is at present not clear.
2.4.6

Down regulation in muscle tissue

Down regulation of β-ARs was observed by Kim et al. (1992) in muscle tissue of
Sprague-Dawley rats fed cimaterol at 10 mg/kg. However in pigs down regulation of βARs for specific BAAs appears to be equivocal. Smith et al. (1989) reported down
regulation of β-ARs when pigs were fed cimaterol but only observed a trend in down
regulation of the β-ARs when pigs were treated with dietary RAC. However, Spurlock
et al. (1994) reported that β-AR number was not down-regulated in skeletal muscle of
pigs fed a 20 mg/kg RAC diet for 28 days, despite high affinity binding. Similarly,
Gunawan et al. (2007) reported that the gene expression of β1-AR in the muscle tissue
of swine was not affected by feeding 20 mg/kg RAC, although the β2-AR gene
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expression was decreased (P < 0.05) after 2 weeks of feeding indicating down
regulation.
As is the case with adipose tissue all of the research on the affect of dietary RAC
on β-ARs is on pigs treated with 20 mg/kg RAC, and therefore there is no indication
whether lower dose rates of dietary RAC affect down regulation of β-ARs in a similar
manner. Therefore this dissertation will determine the affect of low and high levels of
dietary RAC on the expression of the β1 β2 and β3-AR using PCR techniques after 2
and 4 weeks of treatment in boars and gilts initially weighing 65 kg. These data
collected are expected to further add to the current literature and in particular determine
whether dosage level of RAC influence down regulation of specific β-ARs, which in
turn may influence muscle and fat tissue deposition rates of finishing pigs.

2.5 Factors affecting a response to ractopamine in finisher pigs
2.5.1

Duration – time on treatment

Dietary RAC is consumed during the finishing phase and responses in growth (Fig
2.4) and efficiency traits decline with duration of treatment. Bark et al. (1992) reported
the addition of RAC to the diet of finisher pigs increased daily gain by approximately
200g during the initial 14 day period in high and low lean genotypes, however the
magnitude of response decreased with time such that during the 28 to 42 day period
daily gain of the treatment groups was similar to controls. Similarly, Dunshea et al.
(1993a) reported the greatest improvement in ADG for finisher gilts occurred during the
first 3 to 4 weeks of treatment and after approximately 4.5 weeks, the ADG of the RACtreated pigs was less than that of the control pigs. Williams et al. (1994) found that the
greatest growth response to RAC occurred during the period from day 6 to 22, after
which time there was a linear decline in the magnitude of the response. See et al. (2004)
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reported reduced ADG in the periods of week 1 and 2, week 3 and 4, and week 5 and 6
of 0.21, 0.07 and -0.06 kg/d respectively, in pigs fed a constant RAC diet of 11.7 mg/kg.
Similarly, Armstrong (2005) reported a reduction in response in weekly ADG for pigs
fed a 5 mg/kg RAC diet of 0.13, 0.13, 0.01, 0.06 and -0.01 kg/day respectively over 5
weeks. There is little doubt that growth responses to RAC decline with increasing
duration of treatment, suggesting that the greatest improvements are obtained in
growing pigs towards the end of the finishing phase and therefore market live weight
requirements determine the initial age and weight of dietary RAC treatment.
The reduction in response has been attributed to the desensitisation and downregulation of the β-ARs located within the membranes of fat and muscle cells as
discussed in section 2.4.3 and section 2.4.6, respectively.

Fig 2.4
Weekly increase in body weight (kg) for pigs fed RAC diets of 5
mg/kg and 10 mg/kg over controls (0 mg/kg).
Adapted from (Kelly et al., 2003)
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2.5.2

Initial live weight

Most of the recent research on responses to dietary RAC is from the USA where
pigs are slaughtered heavier than Australian pigs, and hence pigs in these studies have
commenced a dietary RAC regimen at approximately 80 kg or greater (Brumm et al.,
2004; Carr et al., 2005b; Mimbs et al., 2005; Weber et al., 2006; Fernandez-Duenas et
al., 2008; Kutzler et al., 2011). Recent research in Australia by Dunshea et al. (2009)
reported no response to a low level dietary RAC (10 mg/kg) for feed efficiency and
ADG in boars and gilts fed 80% ad libitum from 15 to 17 weeks of age with initial live
weights of 59.5 kg. In the study by Dunshea et al. (2009), whilst no main effects were
observed for dietary RAC, differences in response to dietary RAC were reported
between the sexes (as noted by sex x RAC interactions) such that gilts fed dietary RAC
increased lean deposition and reduced fat deposition rates whilst boars fed dietary RAC
had similar lean and fat deposition rates compared to controls. Whilst the earlier studies
in Australia also involved light boars, gilts and/or barrows with initial live weights of
60.0 kg or less, the studies only used high dosage levels (20 mg/kg) of dietary RAC
(Dunshea et al., 1993a; Dunshea et al., 1993b; Sainz et al., 1993b; Dunshea et al.,
1998a). Similarly most of the early studies conducted in the USA that investigated the
response of lighter pigs to dietary RAC did not include boars and only used a high
dosage level (20 mg/kg) of RAC (Anderson et al., 1987; Bergen et al., 1989; Adeola et
al., 1990; Mitchell et al., 1990; Gu et al., 1991a; Yen et al., 1991; Bark et al., 1992;
Williams et al., 1994). The earlier research therefore may not adequately reflect the
responses to dietary RAC of today’s genotypes which have improved growth, efficiency
and carcass traits and are fed rations containing dietary RAC at low inclusion levels of 5
or 10 mg/kg.
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There has been little research reported in the literature comparing responses in light
(approximately 60 kg) and heavy initial live weight (above 80 kg) pigs fed a low level
dietary RAC. Gu et al. (1991a) reported no significant interactions between RAC dose
(0 and 20 mg/kg), 5 commercial genotypes and three initial live weights (59, 73 and 83
kg) for ADG, FCR, and muscle quantity traits in barrows. More recent studies have
reported growth responses in barrows for a range of dietary RAC concentrations and
initial live weights and slaughtered at a constant final live weight of 109 kg (Armstrong
et al., 2004; Carr et al., 2005a). The later research cited is more directed to the USA
market and is therefore limited to USA genotypes and slaughter generation, which do
not include boars (approximately 50% of the Australian slaughter generation).
Consequently one of the major objectives of this dissertation is to examine the
effect of dietary RAC in modern commercial genotypes with initial live weights of 65
kg, which reflect the requirements for adoption of dietary RAC in the Australian
market. Additionally there is a need to determine whether differences exist between the
sexes, and whether the magnitude of response is determined by initial live weight or
dosage level of RAC or both.
2.5.3

Dosage level of ractopamine

Pigs fed a high level (20 mg/kg) of RAC at light initial live weights have improved
feed conversion efficiency (FCE), ADG and carcass traits; this research originates from
the late 1980s and early 1990s and is cited in section 2.5.2. Dose-response studies in the
USA by Watkins et al. (1990) and Armstrong et al. (2004) reported dose-dependent
improvements in ADG and FCE in pigs fed a range of dosage levels of dietary RAC (0
to 30 mg/kg). The dose response studies have led to more recent research in which pigs
have been fed low levels of dietary RAC (between 5 and 10 mg/kg), and confirmation
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of improvements in performance results have been reported (Mimbs et al., 2005; Weber
et al., 2006; Apple et al., 2008; Fernandez-Duenas et al., 2008; Kutzler et al., 2011).
However this research is directed towards the US market and involves higher initial live
weights and a slaughter generation consisting of barrows and gilts. Clearly there is a
need for dose response studies on light initial weight gilts and boars that are more
reflective of the Australian market. Furthermore, it would be of interest to determine
whether interactions occur between initial live weight and dosage level.
The effects of dietary RAC on fat deposition are equivocal. Occasionally, fat
deposition has been reduced by dietary RAC in boars or immunocastrated boars
(Dunshea et al., 1993b; Dunshea et al., 2005b). Earlier studies by Dunshea et al.
(1993a; 1993b; 1998a) using slaughter balance techniques to measure body composition
reported that high levels of RAC (20 mg/kg) increased lean tissue mass in both sexes,
but did not affect rate of fat deposition in gilts. In contrast a recent study by Dunshea et
al. (2009) using dual X-ray absorptiometry, DXA (Suster et al., 2004), reported an 8%
reduction in fat deposition (P=0.05) in pigs fed a 10 mg/kg RAC diet which was found
to be attributed to gilts only. Dunshea et al. (2009) proposed that the ambivalent effects
of dietary RAC on fat deposition may be due to genetic selection strategies for reduced
fat indirectly altering the number or sensitivity of the β-ARs. Alternatively, the use of
lower doses of 5 and 10 mg/kg RAC in later studies on light initial weight pigs
(Dunshea et al., 2009; Dunshea et al., 2005b) compared to 20 mg/kg RAC used in the
studies of the 1990s may delay the down regulation of the β-ARs, resulting in greater
opportunity for the β-AA to bind with β-AR resulting in a reduction in fat deposition.
Studies determining the degree of down regulation of β-ARs in fat and muscle
tissue have been described in section 2.4.3 and section 2.4.6, respectively, however
there is no research comparing the effects of high and low level dietary RAC on the
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expression of β-ARs in fat or muscle tissue. Therefore an objective of this dissertation is
to determine whether a delay in down regulation of the β-AR occurs in fat or muscle
tissue.
2.5.4

Lysine:Energy requirements

The National Research Council (1998) determined 0.65 g/kg total lysine
(equivalent to 0.40 g available lysine 1/MJ DE) to be the minimal requirement for pigs
between 80 and 120 kg. The commercial recommendation in Australia for dietary lysine
requirements for pigs supplemented with RAC, based on industry observations and
research (Dunshea et al., 1993a; King et al., 2000; Schinckel et al., 2000), is 0.91 g/kg
of total lysine (equivalent to 0.56 g available lysine/MJ DE). Earlier studies have
indicated that responses to dietary RAC depend on the level of dietary protein. Adeola
et al. (1990) found that pigs fed dietary RAC improved growth rate and carcass leanness
when the diet contained 17% crude protein but not 13% crude protein. Similarly,
Dunshea et al. (1993a) observed that gilts fed low levels of dietary protein (8.5 and
11.5%) did not respond to RAC-supplemented diets for growth and carcass traits,
however these traits were markedly increased by dietary RAC at higher levels of dietary
protein (>16.7%). In addition, Dunshea et al. (1993b; 1998a) observed responses to
dietary RAC in ADG, FCR and carcass traits when diets contained total lysine levels of
1.07 and 1.2%, respectively. Webster et al. (2002) compared dietary RAC across a
range of lysine levels (0.80, 1.00, 1.20, and 1.40% total lysine) and indicated that for
gilts and barrows to optimize growth, carcass parameters and tissue accretion dietary
lysine needs to be at least 1.0%. Further verification of the minimal lysine requirements
for pigs fed dietary RAC were reported by Apple et al. (2004), who observed

1

The term “Available lysine” is defined as standardized ileal digestibility lysine.
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performance and carcass composition increased with increasing total lysine from 1.02 to
1.08 % (equivalent to 0.62 to 0.66 g available lysine/MJ DE).
A recent study in Canada by Ross et al (2011) observed no response in ADG or
G:F for barrows fed dietary RAC across 3 levels of standardized ileal digestible (SID)
lysine : DE ratios of 1.73, 2.14 and 2.63 g Mcal of DE (equivalent to 0.41, 0.51 and
0.63 g available lysine / MJ of DE). The expectation of a RAC x lysine interaction was
not observed by Ross et al (2011) and the authors concluded that this may have been
due to the excellent feed intakes (approximately 4.0 kg/day) providing greater than 22g
of available lysine per day on the low lysine diet. Additionally Ross et al (2011) argued
that lysine was not limiting in this experiment as a RAC x Lys interaction was not
observed for any growth variable, and a 16% improvement in protein gain in RAC fed
pigs over controls was observed. Research in Australia by Rikard-Bell et al. (2005)
reported positive responses to dietary RAC in growth, feed efficiency and carcass traits
over 31 days, but no response in the first 14 days of treatment, in pigs fed a diet
containing 0.91 g/kg total lysine (0.56 g available lysine/MJ DE). Dunshea et al. (2009)
saw no effect of dietary RAC on daily gain or feed efficiency in restrictively-fed boars
and gilts using a basal diet containing 0.56 g available lysine/MJ DE. However these
authors reported that when restricted intakes were raised from 80 to 85% in the final 3
weeks an increase in lean meat deposition in gilts fed dietary RAC occurred. RikardBell et al. (2005) and Dunshea et al. (2009) used low inclusion levels of RAC and total
lysine levels of 0.91 g/kg and observed no response in growth or feed efficiency in the
initial 2 weeks of the feeding regime, a period when response to dietary RAC is
expected to be greatest (see section 2.5.1). In contrast the earlier Australian research by
Dunshea et al. (1993a; 1993b; 1998a) used high inclusion levels of RAC (20 mg/kg)
and higher total lysine (greater than 1.0 g/kg) and observed responses in growth and
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feed efficiency. These inconsistencies in responses to dietary RAC in light initial-weight
pigs appear to suggest that the diets containing 0.91 g/kg total lysine (0.56 g available
lysine/MJ DE) were insufficient to optimise a response in growth and feed efficiency
when a low level of RAC is included in the diet.
Research in this dissertation, therefore, will be undertaken to determine whether
any interactions exist between high and low levels of dietary lysine and RAC when fed
to boars and gilts of initial live weights of 65 kg. Further research will also be
conducted to examine the performance responses of finisher pigs offered a wider range
of dietary lysine levels (0.40, 0.48, 0.56, 0.64 and 0.72 g available lysine/MJ DE) for
diets having a low inclusion level of RAC, with the aim of determining the optimal level
(critical value) of dietary lysine with or without RAC in male and female finisher pigs.

2.6 Methods to overcome down regulation
The effects of RAC are most pronounced in the first 2 weeks of feeding and decline
thereafter (see section 2.5.1) due to down regulation of ß-receptors (Watkins et al.,
1990; Spurlock et al., 1994; Dunshea and King, 1995). A possible way to counter
down-regulation is to increase the dose of RAC during the treatment period. Research in
the USA has reported that increasing dietary RAC levels during a treatment regime
(step-up programs) optimises responses to dietary RAC. A comparison between two
step-up dietary RAC feeding programs 2, a constant 5mg/kg RAC diet and a control
reported improved ADG, FCE and carcass traits for pigs fed the step-up RAC regimes
compared to the constant 5mg/kg RAC or controls (Armstrong et al., 2005).
Additionally, others have reported similar responses for constant RAC regimes when
compared to step-up or step-down RAC regimens (Herr et al., 2001; See et al., 2004).
2

(5 mg/kg RAC diet for 2 weeks stepped up to 10 mg/kg for the following 3 weeks, and 5 mg/kg RAC
diet for 3 weeks stepped up to 10 mg/kg for the following 2 weeks)
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A dietary RAC step-up regimen for light start weight boars and gilts has not been
assessed in Australia to date. This dissertation will examine the effects of a dietary RAC
step-up regimen for the Australian slaughter generation.

2.7 Combing dietary RAC regimens with other metabolic modifiers.
In some herds in the Australian pig industry the use of metabolic modifiers such as
porcine somatotropin (pST) and an anti-GnRH immunisation vaccine (Improvac) has
been adopted. However there is a limited amount of information assessing growth and
efficiency traits in finishing pigs when these products are combined with a dietary RAC
regime.
Exogenous porcine somatotropin (pST) unequivocally inhibits lipogenesis,
improves daily gain and feed efficiency, and increases the ratio of lean to fat in
carcasses of boars, gilts and barrows (Campbell et al., 1989; Campbell et al., 1990;
King et al., 2000; McCauley et al., 2003). Similar to the application of a dietary RAC
feeding regime, pST administration is applied at the end of the finishing phase;
therefore, it is of interest to determine whether a combination of RAC and pST has
additive effects on pig performance and therefore overcome the decline in response
characteristic of dietary RAC regimens. Experiments evaluating the combined use of
(pST) and β-AR agonists are limited, particularly in gilts and boars. Jones et al. (1989)
found that dietary RAC when combined with pST had additive effects in carcass
muscle. Likewise, Hansen et al. (1994; 1997) reported that salbutumol when combined
with pST had similar additive effects on carcass muscle in barrows. The studies
published have been carried out on barrows and with either non-commercial genotypes
or genotypes common to the USA market. Both technologies are applied at the end of
the finishing phase and have different modes of action. Therefore, an objective of this
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dissertation is to determine whether a combination of dietary RAC fed for 28 days and
daily administration of pST in the final 14 days have additive effects on growth, feed
conversion ratio and the rate of tissue deposition in light initial weight gilts and boars of
a commercial genotype.
The anti-GnRF immunization vaccine, Improvac (Pfizer Animal Health, Parkville,
Australia), is used commercially in Australia as well as other countries to reduce the
accumulation of boar taint compounds, androstenone and (or) skatole, in carcasses from
entire male pigs (Dunshea et al., 2001; McCauley et al., 2003; Oliver et al., 2003). The
associated decrease in testosterone affects sexual, aggressive and feeding activities,
which in turn may be responsible for the increased ADFI, ADG and backfat observed
(Cronin et al., 2002; Dunshea et al., 2001). Therefore the combination of anti-GnRF
immunisation and a step-up RAC feeding regimen may reduce the increase in fatness
observed after immunocastration and ensure optimal improvements are gained in
growth and feed efficiency commonly observed in dietary RAC regimes.
Therefore another objective of research in this dissertation is to determine whether
the increase in ADFI commonly observed two weeks after the secondary vaccination of
anti-GnRH immunization is deposited as lean tissue rather than fat when a simultaneous
step-up in dietary RAC concentration is applied.

2.8 Conclusions
On the basis of the information provided in this review of the literature, the major
conclusions that can be drawn are as follows:
I.

More research is required on the effects of RAC dose on down regulation of the
specific β-ARs in adipose and muscle of finisher pigs, and whether sex type
influences the expression of β-ARs in these tissues.
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II.

The majority of research on the effects of dietary RAC is directed towards the
US market and does not take into account light initial-weight pigs or assess
boars, which comprise up to 50% of the Australian slaughter generation. Earlier
research involves only high dosage levels of RAC that do not adequately reflect
the application of dietary RAC in the Australian pig industry. There is little
research, therefore, on the effects of dietary RAC on light initial-weight pigs
specific to the Australian market.

III.

The literature suggests that minimum dietary lysine values that elicited
responses to RAC were greater than 1% total dietary lysine. The research on
lysine requirements for pigs supplemented with dietary RAC is again
predominately directed towards the heavier US market with little information on
the lysine requirements of light initial-weight pigs, particularly boars.

IV.

There is little information in the literature reporting the effects of dietary RAC
regimen combined with other metabolic modifiers such as porcine somatotropin
(pST) or boars vaccinated against GnRF (with Improvac). Both these metabolic
modifiers are used in some Australian finisher herds, and therefore it is of
interest to ascertain whether synergies exist with a dietary RAC regimen.

In consideration of these major conclusions, I tested the unifying hypotheses in this
thesis that are presented in two parts:
1. Optimal responses to dietary RAC in pigs initially weighing 65 kg depends
on factors that include the level of dietary lysine, level of dietary RAC and
gender, whilst the inclusion of specific metabolic modifiers (pST and
Improvac) has synergistic effects on growth and performance.
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2. The β-ARs in fat and muscle respond differently to RAC dose and therefore
the down regulation of specific β-ARs mediates the responses observed in fat
and muscle tissue deposition rates.
Consequently, the major objectives of this dissertation were to conduct a series of
experiments with the following specific hypotheses:
I.

Chapter 3: Diets supplemented with RAC over a 4-week period in a single dose,

step-up, or single dose program with the addition of daily pST treatment in the
final 2 weeks will improve feed efficiency as well as increase lean tissue
deposition in boars, boars immunized against GnRF (Improvac), and gilts.
II.

Chapter 4: Light, medium and heavy initial-weight pigs have similar responses in

growth, feed efficiency and carcass traits to increasing levels of dietary RAC.
III.

Chapter 5: Diets containing 0.56 g available lysine/MJ DE are sufficient to
optimize the response in feed efficiency, growth rate and tissue deposition in
boars and gilts fed high (20 mg/kg) or low (5 mg/kg) levels of dietary RAC at
initial weights of 65 kg.

IV.

Chapter 6: Dietary lysine requirements for boars and gilts without and with
dietary RAC are different in order to maximize growth and feed efficiency in
light initial-weight pigs growing between 65 and 95 kg live weight.

V.

Chapter 7, Part 1:

The combination of a 28-day dietary RAC regimen with

the addition of daily injections of pST in the final 14 days will have synergistic
effects on pig performance when compared to a 28-day dietary RAC regimen
alone.
VI.

Chapter 7, Part 2:

Anti-GnRF (Improvac) immunization will increase ADFI

around 2 wk after the second vaccination, and a simultaneous step-up in dietary
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RAC concentration would allow the additional energy intake to be deposited as
lean tissue rather than fat.
VII.

Chapter 8: Adipose and skeletal muscle tissue respond differently to dose level
of RAC with respects to down regulation (as measured by the abundance of
mRNA transcripts) of the specific β-ARs.
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CHAPTER 3
3.1

Introduction
There is now a large amount of data showing that ractopamine hydrochloride

(RAC) is a powerful metabolic modifier that increases lean tissue deposition without
altering fat deposition in gilts and castrates (Dunshea et al., 1998a; Dunshea et al.,
1993b; Dunshea et al., 1993a). The effects of RAC are most pronounced in the first 2
weeks of feeding and decline thereafter due to down-regulation of ß-adrenoceptors (βAR) (Watkins et al., 1990; Spurlock et al., 1994; Dunshea and King, 1995). A possible
way to counter down-regulation is to increase the dose of RAC during the treatment
period. Rikard-Bell et al (2009) found that a step-up RAC program can be used to
maintain or even improve the growth promoting effects of dietary RAC in entire boars,
gilts and castrates, and offers an excellent means of maximising the effects of
immunization against GnRF) whilst minimising the increase in P2 sometimes observed
in boars immunized against GnRF.
In contrast to studies conducted in gilts and castrates, there have been relatively
few studies examining the effects of dietary RAC in boars. In an early study with light
pigs (90 kg final weight), Dunshea et al. (1993b) found that there was no effect of 20
mg/kg RAC on fat deposition and P2 back fat in gilts and castrates, and there was a
trend towards a reduction in P2 and fat deposition (P < 0.1) in boars. A later study by
Dunshea et al. (1998a) indicated that a diet containing 20 mg/kg RAC fed ad libitum
decreased P2 in boars but not in gilts. Finally, Rikard-Bell et al. (2009) demonstrated
that a step-up dietary RAC feeding regime may decrease both P2 and fat deposition in
boars and boars immunized against GnRF but not in gilts. If dietary RAC does decrease
fat deposition in boars it may prove to be a useful strategy for this class of pig rather
than weight gain alone, which was the original strategy adopted by the industry.
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Exogenous porcine somatotropin (pST) improves daily gain and feed efficiency and
increases the ratio of lean to fat in carcasses of boars, gilts and barrows (Campbell et al.,
1989). Similar to the application of a dietary RAC feeding regime, pST administration
is applied at the end of the finishing phase; therefore, it is of interest to determine
whether a combination of RAC and pST has additive effects on pig performance.
The aim of this investigation was to compare current commercial applications of
dietary RAC and dietary RAC with pST and their responses in growth performance as
well as lean and fat tissue deposition at day 0, 14 and 28 in boars, gilts and boars
immunized against GnRF. The study was also designed to confirm whether RAC
decreases fat deposition in boars and boars immunized against GnRF. The hypothesis
tested was that diets supplemented with RAC over a 4-week period in single dose, stepup or single dose program with the addition of daily pST treatment in the final 2 weeks
will improve feed efficiency as well as increase lean tissue deposition in boars, boars
immunized against GnRF and gilts.

3.2

Materials and Methods

3.2.1

Experimental design

The experiment was conducted at the Werribee Pig Research Centre, Department
of Primary Industries, Werribee, Victoria. The study involved 120 pigs (40 gilts, 40
boars and 40 boars immunized against GnRF) and was carried out as a randomized
complete block design consisting of three animal types (gilts, boars and boars
immunized against GnRF) and five RAC dose regimes [(i) 0 mg/kg, (ii) 5 mg/kg and
(iii) 10 mg/kg for 28 days, (iv) 5 mg/kg for 14 days and 10 mg/kg for 14 days (5/10
mg/kg RAC Step-up), (v) 5 mg/kg for 28 days plus daily pST (5mg/ml) injections
(Reporcin®, OzBiofarm, Victoria) for the last 14 days] with 8 pigs per treatment group.
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At 13 weeks of age pigs were selected and allocated to treatment groups on weight and
farrowing date. The study was blocked by time, with a total of 8 blocks, and each block
consisted of 15 pigs representing each animal type and dose regime. The pigs were
allocated to an individual pen one week prior to study commencement for
acclimatisation. Gilts were housed away from boars to ensure precocious puberty was
not stimulated in gilts due to close boar contact. At the commencement of the study the
pigs were 17 weeks of age and 65 kg live body weight.
3.2.2

Experimental animals and diet

The pigs were a commercial Large White x Landrace crossbred. During the
acclimatization period the pigs were fed ad libitum the control diet formulated to
contain 0.58 g available lysine / MJ of dietary energy and 13.2 kJ/kg. Each pig had an
individual feeder and free access to water from nipple drinkers at all times. Dietary
protein level and amino acid levels relative to lysine were in excess of those required to
promote maximum rates of protein deposition, whereas the lysine level was set above
the predicted requirements (King et al., 2000). Vitamins and minerals were formulated
to meet or exceed the nutritional requirements of finishing pigs (NRC, 1998). Treatment
diets consisted of the control diet (Table 3.1) with or without the required addition of
dietary RAC.
3.2.3

Determining amino acid contents of each diet

Lysine and protein contents for each diet were confirmed using standard
procedures (Rayner, 1985). Briefly, acid hydrolysis was conducted on 200 mg of finelyground feed sample (particle size <500 μm) by the addition of 47 mL of 6N HCl,
containing thioglycollic acid (0.01 mmol/mL), to a 50 mL screw cap tube. After
hydrolysis, the sample hydrolysates were diluted and filtered and a 5-mL aliquot taken
for evaporation. The residue was then dissolved in pH 2.2 sodium citrate buffer and
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stored at 4 °C. Elution buffers of differing pH were then prepared from the original
sodium citrate buffer. Amino acid analysis was performed by column chromatography
in which the sodium citrate elution buffers containing residues of the hydrolysates were
passed through the column that contained the adsorbent, Durrum DC 6A resin. The
amino acids within the buffers were separated and emerged from the column
chromatograph and their content determined. Each separated amino acid was then
mixed with the detection reagent ninhydrin and converted in a reaction loop (postcolumn) at 130°C to a ready measurable, characteristic blue violet or yellow colour. The
amino acids were then detected by a photometer at a light of wavelength of 570 nm (or
440 nm for yellow proline derivatives) and through an integrated computer, a
chromatogram was produced from which the concentration of the amino acid is
determined.
3.2.4

Determining ractopamine content of each diet

In order to verify that RAC premix addition was uniformly distributed throughout
each treatment diet at the expected concentration, samples from each treatment (and
control) diet were taken for laboratory analysis of RAC concentration. The
determination of RAC content in feed was completed by Agro LabMexico (Gomez
Palacio, Durango, Mexico) using a liquid chromatographic method as described by
Turberg et al. (1994). Briefly, feed samples were extracted with acidified methanol. An
aliquot of the feed extract was diluted with water and buffered to pH 10.5 +/- 0.5 with
sodium carbonate to convert RAC to a free base. The free base was extracted from the
buffered sample with ethyl acetate. The extract was further purified on an acid-washed,
silica solid-phase extraction cartridge. The free base was then converted back to the salt
form by the addition of pH 4.5 buffer. Addition of the solution to a liquid
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chromatograph using colorimetric detection at +600 mV allowed for the analytical
separation and quantitation of RAC.
3.2.5

Animal handling and measurements

Pigs were weighed at -7, 0, 7, 14, 21 and 28 days and voluntary feed intake (VFI)
determined at day 7, 14, 21 and 28 days. Back fat thickness at the P2 site (6.5 cm from
the midline over the last rib) was determined at the beginning (day 0), middle (day14)
and end (day 28) of the experiment using the A-mode ultrasound pulse-echo apparatus
(Meritronics Livestock Grader, Faversham, Kent, UK).
3.2.6

DXA live animal scanning

A Hologic QDR4500A Fan Beam X-ray Bone Densitometer (Hologic Inc.,
Waltham, MA, USA) was used to determine body composition in pigs at day -1, 15 and
29 of the experiment. The whole body scan mode was used on all pigs (software
V8.26a:3, Hologic Inc., Waltham, MA, USA), and measurements made by DXA
included total tissue mass, lean tissue mass, fat tissue mass and bone mineral content.
The Hologic 4500 DXA was equipped with a step-phantom that is constructed of acrylic
and aluminium. Acrylic attenuates X-ray beams in a manner similar to fat tissue and the
addition of aluminium produces materials that appear leaner (Kelly et al., 1998). Using
this principle the step-phantom was scanned weekly for unit calibration, which ensured
maintenance of accurate lean/fat composition results. A spine-phantom was also
supplied by Hologic Inc., and consisted of a simulated lumbar spine, of a known bone
mineral content encased in an acrylic block. The spine-phantom was scanned daily to
ensure an accurate bone mineral content (BMC) measurement. The measurements made
by DXA included total tissue mass, lean tissue mass, fat tissue mass and bone mineral
content.
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Before the live scan, pigs were fasted for 16 h and weighed on an electronic scale
(± 0.2 kg), before being sedated with intramuscularly administered 0.05 mL xylazil/kg
bodyweight (xylazine hydrochloride 20 mg/mL, Troy Laboratories Pty Ltd, Smithfield,
NSW, Australia) and 0.1 mL ketamine/kg bodyweight (ketamine hydrochloride 100
mg/mL, Parnell Laboratories (Aust) Pty Ltd, Alexandria, NSW, Australia). For the
second and third scan, pigs were sedated using Stresnil (azaperone 40 mg/mL,
Boehringer Ingelheim Pty Ltd, North Ryde, NSW, Australia). Anaesthesia was induced
and maintained by respiratory administration of 5% isoflourane (Baxter Healthcare Pty
Ltd, Toongabbie, NSW, Australia). Pigs were scanned in ventral-recumbency, with hind
legs extended and forelegs positioned caudally to accommodate the DXA regional
analysis software. Because the DXA software computes body composition using
algorithms generated for humans, the raw DXA output was adjusted using equations
generated from comparisons with actual chemical composition of the empty body that
included empty carcass, head and empty viscera (Suster et al. 2003). After each scan,
pigs were removed from anaesthesia and returned to their pen where they were provided
with 1.0 kg of their respective diet.
3.2.7

Statistical analysis

Analysis of these data for main effects of sex and dietary RAC using analysis of
variance (ANOVA) suitable for a randomized complete block design with the
GENSTAT program (GenStat 11th Edition, VSN International, Hemel Hempstead, UK).
For the first 2 weeks of the study data were pooled from the 5 treatments into 3
treatments of dietary RAC (0 (n=24), 5 (n=72) and 10 (n=24) mg/kg RAC) and linear
and quadratic effects were determined. The study was blocked by time and block was
included as a random effect. The individual pig was the experimental unit. Statistical
significance was accepted at P < 0.05 and trends were noted if P < 0.1.
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Table 3.1

Composition of control diet (as fed, %)

Ingredient 1
Wheat (10.8% CP)
Barley (12.5% CP)
Canola meal (38% CP, 2.50 % lysine)
Meatmeal (50% CP)
Tallow
Dicalcium phosphate
Limestone
Salt
Paylean Premix Diet 2A (5mg/kg RAC) 1
Paylean Premix Diet 3A (10mg/kg RAC) 1
Vitamin and mineral premixB 1
Composition
Digestible energy (MJ DE/kg) C1
Crude protein C 1
Available Lysine (g/MJ DE) C 1
Available Lysine C 1
Total lysine D 1

Composition
50.0
20.0
16.0
8.0
3.56
0.97
0.20
0.2
0.025
0.05
0.2

13.2
18.35
0.58
0.80
0.91

A

To make diets containing RAC, Paylean premix (20g/kg) was added to the basal diet 1
Vitamin mineral premix provided the following nutrients per kilogram of air-dry diet (mg); retinol, 1
6.4; cholecalciferol, 0.10; α-tocopherol, 22; menadione, 0.60; riboflavin, 3.0; nicotinic acid, 16; pantothenic
acid, 5.6; pyrodoxine, 1.1; biotin, 0.56; choline, 1100; cyanocobalamin, 0.016; Fe, 90; Zn, 56; Mn, 22; Cu, 7;
I, 0.22; Se, 0.10.
C
Estimated from ingredients. 1
D
Chemically determined. 1
B
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3.3

Results
Growth rate and feed intake measurements over the duration of the study were

1358 g/d and 3411 g/d respectively for all pigs, which is indicative of excellent
performance. Over the entire study, boars immunized against GnRF grew faster than
entire boars that grew faster than gilts (P < 0.001). In the first 2 weeks of the study the
feed intakes were similar for all sexes (P = 0.459), however in the final 2 weeks boars
immunized against GnRF had a higher daily feed intake than entire boars which in turn
had higher feed intakes than gilts (P < 0.001) (Table 3.2). Overall, gilts had a higher
feed conversion ratio (FCR) than boars and boars immunized against GnRF (2.64 vs
2.47 and 2.47, respectively).
There was no significant effect of any dietary treatment on daily gain over the
entire study. However there was a reduced daily gain (P = 0.03) in the pigs treated
simultaneously with 5 mg/kg RAC and pST over the final 2 weeks of the study, and the
feed intake of this treatment group was lower in this period (P = 0.019) than the
controls, 5 mg/kg RAC or 5/10 mg/kg RAC step-up treatment groups (Table 3.2).
There was no effect of any dietary treatment on FCR in the first 2 weeks (P =
0.378) or final 2 weeks (P = 0.425) of the study. Partitioning the effects only into the 3
dietary RAC treatments {0 (n=24), 5 (n=72) and 10 (n=24) mg/kg RA for the first 2
weeks did not reveal any more effects of dietary RAC on growth performance (Table
3.3).
Both entire boars and boars immunized against GnRF had greater total empty body
tissue deposition than gilts (P < 0.001) over the duration of the study. In the final 2
weeks, boars immunized against GnRF had a higher rate of total tissue deposition than
boars that in turn were higher than gilts (P < 0.001). The same pattern emerged between
the sexes in the final two weeks regarding fat deposition (P < 0.001) and lean deposition
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rates (P < 0.001). Similarly, boars immunized against GnRF had heavier carcasses than
entire boars that in turn were higher than gilts (P < 0.001) (Table 3.4).
Consistent with the growth data, there was no significant effect of any dietary
treatment on total empty body tissue deposition over the first 2 weeks or the entire
study. However, tissue deposition was lower (P = 0.016) in the pigs treated with 10
mg/kg RAC for the entire study or 5 mg/kg RAC and pST over the final 2 weeks of the
study than the control pigs or those that received 5 mg/kg RAC over the entire study.
Despite this, there was no effect of dietary RAC on final carcass weight (P = 0.937).
There were also no significant effects of dietary RAC on lean tissue deposition
over the duration of the study. Consolidating the 5 treatment groups into 3 dietary
treatment groups demonstrated a linear reduction in fat deposition with increasing dose
of RAC (387, 374 and 349 g/d for 0, 5 and 10 mg/kg RAC, respectively; quadratic
effect P = 0.059). There was an indication of an interaction between sex and the
quadratic effect of RAC (P = 0.11) such that there was no effect of RAC on fat
deposition over the first 2 weeks in gilts but there was a quadratic dose effect in boars
and boars immunized against GnRF (Fig 3.1). Likewise there was a small but highly
significant quadratic effect (P = 0.006) of dietary RAC on P2 backfat after 2 weeks of
treatment although in this case there was no interaction with sex (Fig 3.2). In the final 2
weeks of treatment there was a tendency (P = 0.064) of dietary RAC to linearly reduce
P2 back fat with no interaction between sex and treatment (Fig 3.3).
Over the final 2 weeks of the study the pigs receiving the combination of 5 mg/kg
RAC and 5 mg/d pST reduced their fat deposition by 25% compared to controls (P =
0.005). Over the entire treatment period, pigs from all dietary RAC regimes tended (P =
0.064) to have lower rates of fat deposition than the controls. The greatest decrease in
fat deposition over the entire study occurred in the pigs receiving either 10 mg/kg for
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the entire study or the combination of 5 mg/kg RAC and 5 mg/d pST (-12%, P = 0.064).
These effects on fat deposition were reflected in reductions in change in P2 backfat
values in the first 2 weeks (P = 0.013) and the entire study (P = 0.018) (Table 3.4).
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Table 3.2 Effects of sex type, dietary RAC (Paylean) and dietary RAC and pST regimen on daily gain (g/d), feed intake (g/d) and feed
conversion ratio (g/g).
Treatment Regime1 (T)

Sex Type (S)

Significance

Boars immunized
Gilt

Boar

0

5

10

5/10

5/pST

sed2

S

T

SxT

against GnRF
Initial live Wt, kg
Final live Wt, kg
Daily gain, g/d
0 - 14 days
14 - 28 days
0 - 28 days
Feed intake, g/d
0 - 14 days
14 - 28 days
0 - 28 days
Feed conversion ratio,
0 - 14 days
14 - 28 days
0 - 28 days

67.6
102.2

66.7
105.6

65.9
106.5

67.3
106.7

67.1
104.9

65.1
102.5

66.8
105.0

67.3
104.7

1.74
3.24

0.087
0.011

0.162
0.289

0.069
0.044

1456
1015
1236

1595
1181
1388

1558
1340
1449

1562
1248
1405

1491
1209
1350

1523
1145
1334

1505
1219
1362

1601
1073
1337

108.9
102.4
80.2

0.015
<0.001
<0.001

0.404
0.030
0.543

0.120
0.831
0.171

3449
3060
3255

3548
3279
3414

3491
3641
3566

3515
3397
3456

3469
3405
3437

3448
3298
3373

3484
3437
3460

3564
3096
3330

178.6
192.8
171.1

0.459
<0.001
<0.001

0.820
0.019
0.613

0.208
0.680
0.365

2.39
3.07
2.64

2.24
2.82
2.47

2.27
2.75
2.47

2.28
2.77
2.48

2.35
2.88
2.56

2.31
2.92
2.55

2.33
2.88
2.55

2.24
2.95
2.50

0.103
0.176
0.078

0.003
<0.001
<0.001

0.378
0.425
0.255

0.459
0.487
0.042

1

RAC concentrations are in milligrams per kilogram (mg/kg) and pST concentration was 5mg/kg per day for the final two weeks. 2 Standard error of the difference for minimum
number of replicates for the effect of sex x treatment (8 v. 8). For effect of sex (40 v. 40) and dietary treatment (24 v 24) divide by 2.24 and 1.73, respectively.
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Table 3.3

Effects of sex type and dietary RAC (Paylean) regime on growth performance over the first 2 weeks1
Sex

Daily gain, g/d
0 - 14 days
Feed intake, g/d
0 - 14 days
Feed conversion ratio,
0 - 14 days

Dose of RAC (mg/kg)

Significance

Gilt

Boar

Boars
immunized
against GnRF

1456

1595

1558

1562

1532

1523

90.1

0.017

0.798

0.111

3449

3548

3491

3515

3506

3448

179.3

0.462

0.758

0.267

2.39

2.24

2.27

2.28

2.31

2.31

0.104

0.003

0.868

0.282

0

5

10

sed2

Sex

Treatment

SxT

1

Data for all treatment groups where 5 mg/kg ractopamine were fed for the first 2 weeks have been pooled for these analyses. 1
Standard error of the difference for minimum number of replicates for the comparison between sexes in the 0 and 5 mg/kg groups (8 v. 8). For effects of sex (40 v. 40), 5 mg/kg vs 0 or
10 mg/kg (24 v 72), 0 vs 10 mg/kg (24 vs 24), between different sexes in the 5 mg/kg group (24 v 24), between different sexes at 0 or 10 mg/kg vs 5 mg/kg (8 v 24), divide by 2.24,
2.12, 1.73, 1.73, and 1·22, respectively.
2
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Table 3.4

Effects of sex type, dietary RAC (Paylean) and dietary RAC and pST regimen on tissue deposition and carcass characteristics
Treatment Regime1(T)

Sex Type (S)

Lean deposition, g/d
0 - 14 days
14 - 28 days
0 - 28 days
Fat deposition, g/d
0 - 14 days
14 - 28 days
0 - 28 days
Ash deposition, g/d
0 - 14 days
14 - 28 days
0 - 28 days
Total deposition, g/d
0 - 14 days
14 - 28 days
0 - 28 days
∆ P23, mm
0 - 14 days
0 - 28 days
Carcass weight4, kg

Significance

Gilt

Boar

Boars
immunized
against GnRF

804
742
773

909
857
883

885
931
908

895
850
872

825
891
857

855
811
833

864
864
863

893
803
847

54.9
61.5
47.1

<0.001
<0.001
<0.001

0.156
0.076
0.642

0.084
0.145
0.023

375
269
322

389
314
352

351
378
365

387
362
375

368
331
350

349
309
329

367
330
349

387
271
329

35.1
41.2
30.4

0.052
<0.001
0.008

0.306
0.005
0.064

0.418
0.947
0.716

32
28
30

35
32
33

33
34
34

33
33
33

33
32
33

33
29
31

33
31
32

35
31
33

2.8
2.7
1.8

0.133
<0.001
<0.001

0.460
0.144
0.338

0.369
0.570
0.089

1212
1040
1126

1333
1203
1268

1269
1344
1307

1316
1245
1280

1226
1255
1240

1238
1149
1193

1263
1225
1244

1315
1104
1210

78.7
90.1
71.5

0.004
<0.001
<0.001

0.149
0.016
0.263

0.103
0.598
0.154.

1.5
3.0

1.8
4.1

1.6
4.3

2.0
4.7

1.4
4.0

1.3
3.3

1.7
3.7

1.9
3.5

0.42
0.76

0.190
<0.001

0.013
0.018

0.783
0.664

77.2

79.0

80.1

79.2

78.6

78.6

78.9

78.5

1.59

<0.001

0.937

0.175

0

5

10

5/10

5/pST

s.e.d2

S

T

SxT

RAC concentrations are in milligrams per kilogram (mg/kg) and pST concentration was 5mg/kg per day for the final two weeks. 2 Standard error of the difference for minimum number
of replicates for the effect of sex x treatment (8 v.8). For effect of sex (40 v. 40) and dietary treatment (24 v 24) divide by 2.24 and 1·73, respectively. 3Analysed using initial P2 as a
covariate. ∆ P2 refers the difference in P2 values from day 14 to day 0, and day 28 to day 0 in mm. 4Analysed using initial weight as a covariate.
1
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Fig 3.1
The effect of dietary RAC and sex on fat deposition in the first 2
weeks of the study.
The P values for the effect of sex, quadratic effect of dose and interaction between sex and quadratic
effect of dose were 0.048, 0.059 and 0.113 respectively. The displayed standard error of the difference is
for treatment comparisons between 5 mg/kg and either 0 or 10 mg/kg (24 v 8). For comparisons between
sexes or the interaction between sexes and 5 mg/kg and other doses divide the s.e.d by 1.05 and 0.58
respectively.

Fig 3.2
The effect of dietary RAC and sex on P2 back fat after the first 2
weeks of the study.
The P values for the effect of sex, quadratic effect of dose and interaction between sex and quadratic
effect of dose were 0.184, 0.006 and 0.641 respectively. The displayed standard error of the difference is
for treatment comparisons between 5 mg/kg and either 0 or 10 mg/kg (24 v 8). For comparisons between
sexes or the interaction between sexes and 5 mg/kg and other doses divide the s.e.d by 1.03 and 0.57
respectively.
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Fig 3.3
The effect of dietary RAC, dietary RAC + pST and sex on P2 back
fat over the final 2 weeks of the study.
The P values for the effect of sex, linear effect of dose and interaction between sex and linear effect of
dose were <0.001, 0.064 and 0.385 respectively. The displayed standard error of the difference is for
treatment comparisons between 10 mg/kg and either 0, 5/pST or 5 mg/kg (16 v 8). For comparisons
between sexes or the interaction between sexes and 10 mg/kg and other doses divide the s.e.d by 1.09 and
0.57 respectively.

3.4

Discussion
An unexpected outcome from this study was the failure of dietary RAC to increase

growth rate and improve feed efficiency in these rapidly growing, high-health-status
pigs. The most plausible explanation was that the basal diets fed in this study provided
insufficient dietary lysine or protein required to support the extra protein deposition
expected when dietary RAC or dietary RAC and pST are applied to each sex type. The
present study used a basal diet of 18.5% crude protein, the total lysine was chemically
determined at 0.91 g/100g, and the diet was formulated to 0.58 g of available lysine per
MJ DE. The commercial recommendation for pigs supplemented with RAC is 0.56 g
available lysine/MJ DE, and these recommendations are based upon industry
observations and outcomes under Australian conditions as well as Australian research
using a similar genotype of pig (Dunshea et al., 1993a; King et al., 2000).
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The justification for a higher than recommended lysine to energy ratio of 0.58 g of
available lysine/MJ DE for the basal diet used in this study was for several reasons.
First, Dunshea et al. (2009), at the same research centre, saw no RAC effect on lean
deposition in gilts or boars restrictively fed (80% ad libitum) a diet formulated to 0.56 g
available lysine/MJ DE and supplemented with 10 mg/kg RAC in the first 2 weeks of a
5-week study. In the final 3 weeks of the study, Dunshea et al. (2009) increased the
restriction to 85% of estimated ad libitum intake and noted that only the gilts fed dietary
RAC increased lean deposition. Dunshea et al. (2009) concluded that a possible
explanation was that the boars were limited in dietary lysine or protein. However, both
sexes have similar lysine requirements despite differences in potential rates of protein
deposition (King et al., 2000). Second, the present study included a treatment consisting
of the combination of pST with dietary RAC. The lysine requirements for pigs
administered pST from 80 to 120 kg have been researched by King et al. (2000), who
recommended that 0.56 g available lysine/MJ DE would be required to support the extra
protein deposition observed in pST-treated pigs. Hence, a higher level of lysine was
chosen in the present study to account for the expected additive effects of carcass
muscle when a β-adrenoceptor agonist is used in combination with pST administration
(Hansen et al., 1994; Hansen et al., 1997; Jones et al., 1989). Despite the higher level of
lysine used in the present study, there were no responses observed to dietary RAC in
ADG, FCR or lean meat deposition rate. Studies that have not observed beneficial
effects of dietary RAC have involved insufficient available lysine or protein in the diets.
For example, Dunshea et al. (1993a) observed that there were no effects of RAC on
ADG, carcass gain, and dressing proportion at low dietary protein contents, however
these traits were significantly increased at higher levels of dietary protein. In addition,
others have not found effects of dietary RAC on nitrogen retention in pigs fed 10% (Ji et
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al., 1991b) or 12% (Anderson et al., 1987) crude protein, although in both studies
dietary RAC increased nitrogen retention at a higher (>16%) dietary protein content.
A major source of dietary lysine in the present diets was canola meal which was
included at 16% (see Table 2.1), however modern varieties of canola meal can be
included at up to 30% without impacting on growth performance of finisher pigs (King
et al., 2001). Some processing techniques used to produce canola meal involve a heating
stage which can damage protein content and digestible lysine by up to 10% compared to
cold-pressed canola meal, which was used in this study (Newkirk et al., 2003; Spragg
and Mailer, 2007). Furthermore the ADFI of 3411 g in this study is relatively high
compared to commercial intakes, and therefore it seems unlikely that canola meal or
available lysine were contributing factors to the surprising outcome of no growth or
feed efficiency response from pigs fed dietary RAC. Moreover, it cannot be ruled out
that the modern genotype used in this study has an improved capacity for protein
deposition compared to genotypes of earlier studies. Hence it is possible that the failure
of dietary RAC to improve production traits in this study could be due to a limited
availability of lysine required to support the extra protein deposition needed for pigs
supplemented with RAC or RAC and pST. Supporting this argument is the fact that
RAC and the combination of RAC and pST significantly reduced fat deposition and P2
back fat which is independent of dietary lysine content (Campbell et al. 1991; King et
al. 2000).
There was no effect of RAC on lean tissue deposition in this study. Differences in
responses to dietary RAC by genotypes with differing capacities in fat or lean
deposition have been studied. Bark et al. (1992) and Gu et al. (1991b; 1991a) showed
that RAC increased muscle accretion to a greater degree in pigs with a higher genetic
capacity for lean tissue growth than in those with a lower capacity, whilst Yen et al.
(1990) detected no difference in genotype x RAC interactions for genetically obese and
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lean genotypes fed dietary RAC and therefore suggested that RAC will improve the
efficiency of feed utilization and carcass leanness in swine with different propensities
for body fat deposition. Therefore in addition to insufficient dietary lysine, the
ineffectiveness of dietary RAC to elicit a response in growth or feed efficiency in the
present study could have been due to the fact that the pigs were close to their intrinsic
potential to deposit lean tissue and so responses to RAC were less likely to be detected.
This is substantiated by the exceptional growth rates of 1358 g/day for pigs in this study
(Table 3.2).
Dose-response studies have suggested that daily gain is maximized at 5 mg/kg
RAC although carcass gain may be maximized at higher doses (Watkins et al. 1990;
Armstrong et al. 2004). Many studies involving dietary RAC in finishing pigs have
been carried out with heavy slaughter weights more suitable to the USA than Australian
and New Zealand markets. Of the studies that have included light start weights similar
to the present study, most have involved either barrows or gilts or used only high levels
(10 or 20 mg/kg) of dietary RAC, and the genotypes studied may not reflect the modern
genotype’s lean tissue deposition rates (Crome et al., 1996; Dunshea et al., 1993b; Gu et
al., 1991b; Gu et al., 1991a). The average start weight for the pigs in the present study
was 66.7 kg and in the first 2 weeks only 5 mg/kg dietary RAC was used, and so it is
plausible that the fast-growing genotypes used may have been unresponsive to dietary
RAC at this low dosage level.
The present study indicated that dietary RAC decreased fat deposition in boars,
boars immunized against GnRF and gilts (Fig 3.1), and this was supported with a linear
reduction (P = 0.064) in P2 back fat measurements as dietary RAC levels increased for
all sex types (Fig 3.3). At the same research facility, Dunshea et al. (2009) also showed
a reduction in the rate of fat deposition in boars and gilts fed dietary RAC using DXA.
Occasionally, fat deposition has been reduced by dietary RAC in boars or boars
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immunized against GnRF (Dunshea et al., 1993b; Rikard-Bell et al., 2009a). However
early studies by Dunshea (1993a; 1993b; 1998a) using slaughter balance techniques and
Rikard-Bell et al. (2009) using DXA, did not reveal any effect of dietary RAC on the
rate of fat deposition in gilts. Hence the effects of dietary RAC on fat accretion is
equivocal. The current dogma is that dietary RAC does not appear to decrease fat
deposition in pigs because of rapid down regulation of adipocyte β-ARs (Dunshea and
King, 1995; Spurlock et al., 1994) and a lack of effect on lipogenesis (Dunshea et al.,
1998c). Therefore after instances of equivocal fat deposition rates in all sex types,
Dunshea et al. (2009) proposed that selection strategies for reduced fat have indirectly
altered the number or sensitivity of β-ARs such that dietary RAC effects a response on
fat deposition. Alternatively the use of lower doses of RAC in these studies compared to
higher dosage regimes in the 1990s (5 or 10 mg/kg v. 20 mg/kg) may delay the down
regulation of the β-ARs, allowing the expression of an effect on fat deposition.

3.5

Conclusion
The results of the study presented do not support the hypothesis that diets

supplemented with RAC over a 4-week period in single dose, step-up or single dose
program with the addition of daily pST treatment in the final 2 weeks will improve feed
efficiency as well as increase lean tissue deposition in boars, boars immunized against
GnRF and gilts. Therefore further research is required to determine why dietary RAC
had no effect on growth rate or feed efficiency on these fast-growing, high-health-status
finishing pigs. The effect of dietary RAC on tissue deposition rates were also
unexpected as a reduction in fat deposition rate occurred but no effect on lean
deposition rate was observed. The following questions have been raised by the present
study:
1. Was dosage level of RAC too low or start weight of pigs too light?
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2. Was the level of 0.58 g available lysine/MJ DE too low or was the level of RAC
too low to elicit a RAC response?
3. Has selection for reduced fat and increased lean indirectly produced finisher pigs
with low densities of β-ARs on the membranes of adipocytes or myocytes?
4. What are the lysine requirements and optimum RAC dosage levels for light start
weight finisher gilts and boars?
Further experiments outlined in this dissertation have been designed to answer these
questions and further the knowledge of the mechanisms and effects of dietary RAC on
fat and muscle deposition in the Australian finisher pig.
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CHAPTER 4
4.1 Introduction
The β-adrenoceptor agonist ractopamine (Paylean ®i, RAC) has been approved in
Australia as a dietary ingredient to improve the production efficiency in pigs since
January 2004. The study presented in Chapter 2 produced some unexpected outcomes,
in particular the failure of low to moderate levels of dietary RAC (5 to 10 mg/kg) to
increase growth rate and improve feed efficiency in rapidly-growing, high-health-status
pigs. This is in contrast to Watkins et al (1990) and Armstrong et al (2004) who
showed dose-dependent improvements in average daily gain (ADG) and feed
conversion efficiency (FCE) in pigs fed a range of dosage levels of dietary RAC (0 to
30 mg/kg). As well, several authors have shown that step-up or step-down dietary RAC
feeding programs also improve ADG and FCE (Armstrong et al., 2005; Rikard-Bell et
al., 2009a; See et al., 2004). Additionally, pigs fed dietary RAC have enhanced carcass
traits such as increases in hot carcass weight, yields of primal cuts and lean meat percent
(Apple et al., 2008; Weber et al., 2006; Mimbs et al., 2005; Fernandez-Duenas et al.,
2008).
Much of the recent reported data on responses to dietary RAC is from the USA
where pigs are slaughtered heavier than Australian pigs, and hence pigs in these studies
have commenced at approximately 80 kg or greater. Earlier studies in Australia
(Dunshea et al., 1993a; Dunshea et al., 1993b) have involved lighter boars, gilts and
barrows (60.0 kg), the studies investigated only used high dosage levels of dietary RAC
(20 mg/kg) and may not reflect the responses of the modern improved genotypes of
today. Those USA studies that did investigate the response of lighter pigs to dietary
RAC did not include boars (See et al., 2004; Watkins et al., 1990). There has been little
work done comparing responses of both light and heavy initial-weight pigs to a range of
RAC inclusion levels.
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The objective of the two studies described in this chapter was to determine the
response in light, medium and heavy starting-weight gilts or boars fed four levels of
dietary RAC (0, 5, 10, and 20 mg/kg) over a 28-day feeding regime. The hypothesis
examined was that light, medium and heavy initial-weight pigs have similar responses
to increasing levels of dietary RAC.
4.2 Materials and Methods
4.2.1

Experimental design

Two separate studies were carried out because it was not possible to combine gilts
and boars in the one study due to their respective commercial source herds being of
different disease status and it being considered unwise to mix the pigs. Experiment 1
involved gilts and Experiment 2 involved boars. Each study was conducted at The
Research and Innovation Centre, Rivalea Australia Pty Ltd, Redlands Road, Corowa,
NSW, Australia. Both studies were randomized complete block designs in a factorial
arrangement with 4 concentrations of dietary RAC (0, 5, 10 and 20 mg/kg), 3 initial
starting weights (Light (L); Medium (M); Heavy (H)), and blocked by slaughter day (2
slaughter days). A total of 96 gilts (Experiment1) and 96 boars (Experiment 2) were
allocated to 12 treatments with 8 replicates per treatment per experiment. The pigs were
selected in two blocks of 48 pigs (12 treatments of 4 replicates for each treatment) over
two days and were allocated at random to pens across the barn. Pigs were placed in
individual pens for acclimatization 2 weeks prior to the commencement of treatments
and were fed the control diet ad libitum. Each pig had an individual feeder and free
access to water from nipple drinkers at all times.
4.2.2

Experimental animals and diet

For both experiments the pigs were commercial crosses consisting of Large White
X Landrace (Rivalea Australia Pty Ltd, Redlands Rd, Corowa, NSW, Australia). The
light, medium and heavy categories were selected with an initial body weight (BW) of
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65 kg, 80 kg and 95 kg at 16, 18 and 20 weeks of age, respectively. A control diet
containing a wheat and soybean-meal base was formulated to contain 0.62 g of available
lysine/MJ of dietary energy and 13.8 MJ/kg. Dietary protein level and amino acid levels
relative to lysine were in excess of those required to promote maximum rates of protein
deposition, whereas the lysine level was set above the predicted requirements (King et
al., 2000). Vitamins and minerals were formulated to meet or exceed the nutritional
requirements of finishing pigs (NRC, 1998). Treatment diets consisted of the control
diet (Table 4.1) with or without the required addition of dietary RAC. All pigs had ad
libitum access to feed and water throughout the 28-day experimental feeding period.
Lysine and protein contents for each diet were determined using standard procedures
(Rayner, 1985) and a liquid chromatographic method (Turberg et al., 1994) was used by
Agro LabMexico (Gomez Palacio, Durango, Mexico) to determine RAC content.
4.2.3

Animal handling and measurements

Pigs were weighed, total feed consumed and refused was measured on day -14, -7,
0, 7, 14, 21 and 28. Back fat thickness at the P2 site (6.5 cm from the midline over the
last rib) was determined at Day 0, 14 and 28 of the experiment using the using real-time
ultra sound (Pie Medical 485 Anser Ultrasound, AJ Maastricht, The Netherlands).
4.2.4

Determining plasma urea nitrogen (PUN) content

Blood samples were obtained by jugular venipuncture 3 h after feeding on day 7.
Blood was immediately centrifuged at 3500 x g for 5 minutes and the plasma was
frozen at -20°C pending analysis for urea nitrogen. Plasma Urea Nitrogen (PUN)
content was analysed using InfinityTM urea liquid stable reagent assay kits
(ThermoTrace, Noble Park, 3174 Victoria, Australia). The determination of urea in each
sample is based on the discovery by Tiffany et al. (1972) that urea concentration is
proportional to absorbance change over a fixed time interval. Briefly, urea is hydrolyzed
in the presence of water and urease to produce ammonia and carbon dioxide, then, in the
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presence of glutamate dehydrogenase (GLDH) and reduced nicotinamide adenine
dinucleotide (NADH), the ammonia combines with α-ketoglutorate to produce Lglutamate. The reaction is monitored by measuring the rate of decrease in absorbance at
340 nm as NADH is converted to NAD. An aqueous urea standard was developed by
determining the gradients (the rate of decrease in absorbance) at 340 nm for 0, 1.125,
2.25, 4.5, and 9.0 mmol/L urea nitrogen. The standard dilution equation was used to
estimate the urea nitrogen concentration (mmol/L) in each plasma sample, by using the
mean absorbance gradient determined from the gradient of each triplicate.
4.2.5

Statistical Analysis

Pig growth was analysed in both experiments for the main effects of dietary RAC,
starting weight category and interactions as determined by ANOVA suitable for a
randomized complete block design using GENSTAT (GenStat 11th Edition,VSN
International, Hemel Hempstead, UK). Data were analysed for linear and quadratic
effects of initial weight and dosage level and regression analysis was used to fit line
equations to dose response data at different initial weight categories. The individual pig
was the experimental unit. Where appropriate means were separated using the least
significant difference (LSD) procedures and statistical significance was accepted at
P<0.05.
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Table 4.1

Composition of control dietA (as fed, %)

Ingredient

CompositionB

Wheat
Wheat Middlings
Soyabean Meal (48% crude protein)
Meat Meal
Water
Tallow
Salt
Limestone
Lysine-HCL
DL-Methionine
Threonine
Natuphos
Porzyme
Tylan
Elancoban
Copper proteinate micro
Vitamin and mineral premixC 1
Red micro-grits1
Digestible energy (MJ/kg)D 1
Crude proteinE 1
Available lysine (g / MJ DE)D 1
Total lysineE 1

67.28
10.67
15.50
2.50
1.00
0.63
0.20
1.57
0.16
0.02
0.03
0.01
0.02
0.04
0.10
0.10
0.07
0.10
13.8
20.6
0.62
1.18

A

To make diets containing RAC 0.25 , 0.50, and 1.00 kg Paylean premix were added to 1000
kg of basal diet to make 5, 10 and 20 mg/kg RAC diets respectively.1
B
Composition is expressed in units of percentage unless otherwise specified
C
Vitamin and mineral premix provided the following nutrients per kilogram of air-dry diet
(mg); retinol, 6.4; cholecalciferol, 0.10; a-tocopherol, 22; menadione, 0.60; riboflavin, 3.0;
nicotinic acid, 16; pantothenic acid, 5.6; pyrodoxine, 1.1; biotin, 0.56; choline, 1100;
cyanocobalamin, 0.016; iron, 90; zinc, 56; manganese, 22; copper, 7; iodine, 0.22; selenium,
0.10.
D
Estimated from ingredients
E
Chemically determined.
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4.3 Results
4.3.1

Experiment 1: Gilts

The initial weights for light, medium and heavy weight categories were
66.0, 80.9 and 94.0 kg, respectively. The average ADG over the 28 days of the
study was 1122 g/day and the average daily feed intake (ADFI) was 3113 g/day
indicating that all pigs in the study had excellent growth rates and feed intakes.
The main effects of start weight category and dietary RAC are shown in Table
4.2.
As expected, light initial-weight pigs had a better FCR than either medium
or heavy start weight pigs (2.64 vs 2.77 and 2.99, respectively, P<0.001).
Average daily feed intakes increased with increasing initial weight category:
2746, 3209 and 3400 g/day for light, medium and heavy categories,
respectively (P<0.001). There were no significant interactions between initial
live weight categories and dietary RAC treatments in this study indicating that
responses to dietary RAC were similar across all initial weights (Table 4.2).
Dietary RAC increased ADG compared to controls (P=0.023). Notably,
a linear relationship (P=0.006) was observed for ADG with increasing dose of
RAC (Fig 4.1). The medium and heavy start weight groups grew faster
(P<0.05) than the light group.
Dietary RAC reduced FCR compared to controls (P=0.029). A linear
response was observed for FCR in dietary RAC (P=0.003) whilst starting
weight showed a linear and quadratic response (P=0.005 and <0.001) (Fig 4.2).
The ADFI was not affected by dietary RAC (P=0.840) but increased
linearly (P=0.022) and quadratically (P<0.001) with starting weight. Dietary
RAC improved carcass weight linearly with increasing dose of dietary RAC (P
linear =0.006, Fig 4.3) and tended to improve dressing percentage (P=0.098).
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There was no effect of dietary RAC on carcass P2 (P=0.310) or change in
ultrasound P2 measurements as defined by the difference between the day 28
P2 and day 0 P2 readings (P=0.508).
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Table 4.2
Effects of initial weight category and dietary RAC after 28 days of treatment on average daily gain (ADG), average daily feed
intake (ADFI), feed conversion ratio and carcass traits in finisher gilts.
Gilts

Inititial Weight Category

Dietary RAC level (R)

(W)

(mg/kg)

Significance

Light

Medium

Heavy

Con

5

10

20

sed1

Initial live weight, kg

66.0

80.9

94.0

79.9

80.9

79.7

80.8

1.43

<0.001

0.366

0.438

Final live weight, kg

95.4

113.6

126.3

109.2

112.6

111.5

113.6

2.80

<0.001

0.047

0.730

Average daily gain, g/day

1047

1167

1153

1047

1134

1135

1174

71.4

0.002

0.023

0.728

Average daily feed intake, g/day

2750

3210

3400

3080

3160

3130

3110

163.9

<0.001

0.838

0.970

Feed conversion ratio, g/g

2.64

2.77

2.99

2.95

2.81

2.78

2.66

0.156

<0.001

0.023

0.597

72.0

86.1

97.8

82.6

82.3

85.0

87.2

2.39

<0.001

0.010

0.649

9.5

11.0

12.3

11.1

10.5

11.5

10.7

1.00

<0.001

0.308

0.824

75.4

75.9

77.4

75.6

76.5

76.2

76.7

0.83

<0.001

0.098

0.605

Variate

2

HSCW , kg
Carcass P2, mm
Dressing percentage, %

W

R

WxR

1

Standard error of the difference for minimum number of replicates for the effect of initial weight category x dietary RAC level (32 v. 24). For effect of initial weight
category (32 v 32) and dietary RAC level (24 v 24) divide by 2.00 and 1.73, respectively, 2Hot Standard Carcass Weight

Page | 65

Fig 4.1
The effects of start weight and RAC dose on average daily
gain for finisher gilts after 28 days of treatment.
The line equations (not shown): (
) Heavy ADG = 1086 + 8 x Dose; (
)
Medium ADG = 1048 + 5 x Dose; (
) Light ADG = 1012 + 4 x Dose. For
dose of RAC P linear = 0.006. Means within a weight category marked ‘b’ are
significantly different from unmarked means (p<0.05) .

Fig 4.2
The effect of start weight and dose of RAC on feed
conversion ratio for finisher gilts after 28 days of treatment.
The line equations: (
) Heavy FCR = 3.129 – 0.015 x Dose; (
) Medium
FCR = 2.871 - 0.012 x Dose; (
) Light FCR = 2.748 - 0.013 x Dose. For
dose of RAC P linear = 0.003. Means within a weight category with differing
letters are significantly different (p<0.05).
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Fig 4.3
The effects of start weight and RAC dose on carcass weight
(CW) for finisher gilts.
Means within a weight category marked ‘b’ are significantly different (p<0.05).
The line equations: (
) Heavy CW = 95.49 + 0.258 x Dose; (
)
Medium CW = 85.02 + 0.258 x Dose; ( ) Light CW = 70.05 + 0.258 x
Dose. For dose of RAC P linear = 0.006
4.3.2

Experiment 2: Boars

The start weights for light, medium and heavy weight categories were
65.2, 79.2 and 9l.6 kg, respectively. The average rate of gain over the 28-day
duration of the study was 1235 g/day and the average daily feed intake was
3164 g/day indicating that the boars in this study had similar growth rates and
feed intakes to Experiment 1.
The light initial-weight boars had a better FCR than either medium or
heavy initial-weight boars (2.45 vs 2.58 and 2.71, respectively (P<0.001). The
ADFI increased with heavier pigs at the start (2954, 3153 and 3354 g/day for
light, medium and heavy boars, respectively (P<0.001)).
The main effects of weight category and dietary RAC are shown in Table
4.3. A significant interaction occurred between average daily gain (ADG) for
start weight category and the ADG for dosage level of RAC (P=0.022, Fig 4.4).
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The light and heavy initial-weight pigs showed significant growth responses to
dietary RAC whereas there were no differences between the means for ADG
within the medium weight category when comparing RAC-treated pigs against
control pigs (Fig 4.4). Within the light initial-weight group, pigs fed 5 mg/kg
RAC grew faster than those on the higher RAC doses (P<0.05). There was a
linear relationship for ADG (P=0.003), HSCW (P=0.018) and dressing
percentage (P=0.045) such that incremental increases of RAC resulted in
increases in these traits for all start weight categories (Fig 4.4; Fig 4.5; and Fig
4.6 respectively).
The FCR was not altered by dietary RAC (P=0.289), however there was a
tendency (P=0.082) for FCR to decrease linearly as dosage level of dietary
RAC increased.
4.3.3

Plasma urea nitrogen results

In both experiments PUN was not altered by increasing levels of RAC or
by starting weight, nor were there any notable interactions between RAC dose
level and start weight (Table 4). As both experiments were conducted
separately and only included one sex, PUN values cannot be compared between
sexes.
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Table 4.3
Effects of initial weight category and dietary RAC after 28 days of treatment on average daily gain (ADG), average
daily feed intake (ADFI), feed conversion ratio and carcass traits in finisher boars.
Boars

Start Weight Category (W)

Dietary RAC level (R)

Significance

(mg/kg)

Light

Medium

Heavy

Con

5

10

20

sed1

Initial live weight, kg

68.2

79.2

93.6

79.7

79.4

79.2

79.0

1.53

<0.001

0.899

1.000

Final live weight, kg

99.1

113.7

129.0

112.1

114.4

114.3

115.0

2.34

<0.001

0.169

0.165

Average Daily gain, g/day

1212

1232

1262

1159

1248

1252

1283

63.2

0.286

0.007

0.022

Average Daily feed intake, g/day

2954

3153

3384

3069

3174

3207

3205

117.2

<0.001

0.148

0.075

Feed conversion ratio, g/g

2.45

2.58

2.71

2.66

2.57

2.57

2.52

0.127

<0.001

0.289

0.202

73.5

84.9

97.7

83.9

85.5

85.0

87.0

2.09

<0.001

0.082

0.790

9.9

10.9

11.0

10.8

10.9

10.4

10.3

0.98

0.046

0.680

0.211

74.1

74.7

75.7

74.7

74.7

74.3

75.7

0.84

<0.001

0.050

0.034

Variate

2

HSCW , kg
Carcass P2, mm
Dressing Percentage, %

W

R

WxR

1

Standard error of the difference for minimum number of replicates for the effect of initial weight category x dietary RAC level (32 v. 24). For effect of initial weight
category (32 v 32) and dietary RAC level (24 v 24) divide by 1.40 and 1.73, respectively, 2Hot Standard Carcass Weight
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Table 4.4
Effects of start weight and dietary RAC dose on plasma urea nitrogen (PUN) levels in separate studies for finisher
gilts (Experiment 1) and finisher boars (Experiment2).
Start Weight Category (W)
Variate

Dietary RAC level (R)

Significance

(mg/kg)

Light

Medium

Heavy

Con

5

10

20

W

R

4.98

5.61

5.67

5.56

5.15

5.48

4.68

4.71

4.98

4.99

4.9

4.9

WxR

5.50

0.125

0.766

0.597

4.72

0.526

0.698

0.995

Experiment 1:
PUN, mmol/L
Experiment 2
PUN, mmol/L
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Fig 4.4
The effects of start weight and RAC dose on average daily gain for
finisher boars after 28 days of treatment.
Means within a weight category with differing letters are significantly different (P<0.05).
Line equations (not shown): (
) Heavy ADG = 1183g + 9.1g x Dose;
(
)
Medium ADG = 1212g + 2.3g x Dose; (
) Light ADG = 1170 + 4.8g x Dose. For Dose
of RAC P linear = 0.003

Fig 4.5
boars.

The effects of start weight and RAC dose on carcass weight for finisher

Data are means ± standard error of the difference. Line equations: (
) Heavy HSCW =
96.72 + 0.160 x Dose; (
) Medium HSCW = 84.05 + 0.096 x Dose; (
) Light HSCW
= 72.07 + 0.162 x Dose; For Dose of RAC P linear = 0.018.
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Fig 4.6
The effects of start weight and RAC dose on dressing percentage for
finisher boars.
Data are means, and means within a weight category with differing letters are significantly
different (p<0.05). Line equations: (
) Heavy Dressing % = 75.76 – 0.002 x Dose;
(
) Medium Dressing % = 74.05 + 0.070 x Dose;
(
) Light Dressing % = 73.47 +
0.074 x Dose. For Dose of RAC P linear = 0.045
4.4 Discussion
The objective of these two studies was to determine whether start weight or RAC
dosage level are factors that influence the magnitude of response to dietary RAC in
finisher pigs. The gilts (Experiment 1) indicated there were no interactions between start
weight and RAC dosage level meaning that responses to dietary RAC were independent of
start weight category. However, boars (Experiment 2) did indicate an interaction between
start weight and dosage level of RAC such that light and heavy start weight boars were
responsive to dietary RAC whereas medium start weight boars did not respond to dietary
RAC (Fig 4.4). This is an interesting observation because the 5 mg/kg light start weight
boars had the highest ADG within their weight category of 1298 g/day v. 1088, 1226 and
1236 g/day for controls, 10 and 20 mg/kg dietary RAC groups, respectively. However,
there was not an interaction between start weight and dosage level of dietary RAC for
carcass weight of boars and dietary RAC tended to increase carcass weight (P=0.082).
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Further analysis indicated that carcass weight increased linearly (P=0.018) with increasing
dosage level of RAC (Fig 4.5).
It was unfortunate that the experimental design involved two separate experiments in
succession with one sex per experiment, and only 8 replicates per treatment, which reduced
the power of the experiments. Therefore, a reasonable argument for the observed high
growth rate exhibited by the 5 mg/kg light-weight boars compared to control, 10 or 20
mg/kg groups may in fact be an anomaly, and the apparent lack of response to RAC by the
medium start weight boars a consequence of their unusually fast ADG. However had each
experiment included both sexes, the experiments could have been blocked by time and
would have doubled the treatment size to 16 replicates and provided sufficient power to the
study. Unfortunately combining boars and gilts into the one experiment was not possible
due to their different source herds and disease status. Using the abbreviated equation
described by Morris (1999) to determine approximate minimum replicate number required
to achieve a significance between treatment means,
n = 8 x (CV%)2 / (d%)2
Where n = minimum number animals; CV% = (standard deviation) / (mean) x 100 ; and d = expected
difference between treatment and control as a percentage.

and applying improvements in FCR of 8% and a coefficients of variation (CV) of 10%
(Rikard-Bell et al., 2009a), a minimum of 12 replicates per treatment is calculated.
However, it was argued that an analysis of the main effects would provide sufficient power
to determine whether start weight (32 replicates per weight category) or RAC dosage level
(24 replicates per dosage level) were factors that influence the magnitude of response to
dietary RAC in finisher pigs.
4.4.1

Effects of start weight and dosage level of RAC on ADG

Both gilts (Experiment 1) and boars (Experiment 2) fed dietary RAC showed
increases in ADG compared to their respective controls. The improvement in growth due
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to RAC feeding is in agreement with previous studies (Dunshea et al., 1998a; See et al.,
2004). Both sexes showed a linear increase in ADG as RAC dosage increased, and this is
supported by Watkins et al (1990) who also showed a linear (p<0.04) response in the ADG
of gilts and barrows fed dietary RAC from 2.5 to 30 mg/kg. Similarly Crome et al (1996)
showed a linear increase in ADG (P=0.001) in pigs fed 0, 10 and 20 mg/kg dietary RAC
across two different start weight groups, i.e., 68 kg (light) and 85 kg (heavy). However
Armstrong et al (2004) observed that although dietary RAC improved ADG over controls
as early as 6 days after commencing treatment, there were no increases in ADG with
increasing dietary concentration of RAC. In some weight categories of Experiment 1 and 2
similar observations were noted; for example, the light initial-weight boars were more
responsive in ADG at the low dose of 5 mg/kg dietary RAC level than they were to 10
mg/kg but not 20 mg/kg of RAC, and a similar trend was observed for the light and heavy
category gilts. An interesting observation was the failure of the 5 mg/kg dietary RAC
treatment to elicit a response in ADG for both sexes of the medium initial-weight category,
although as highlighted earlier, the carcass weight in boars and the dressing percentage in
gilts of this treatment were significantly different to the controls.
4.4.2

Effects of sex on dosage level of RAC

There has been little research on the effect of dietary RAC on growth, feed efficiency
and carcass traits in boars. In studies conducted by Dunshea et al. (1993b, 1998), the
effects of two levels of dietary RAC (0 and 20 mg/kg) on performance of boars over the
live weight range 60 to 90 kg were investigated. These authors found that in their earlier
study, RAC increased ADG by 17 and 21% in gilts and barrows but not in boars, whereas
in the later study, the ADG of boars was significantly increased by RAC. Both these
studies indicated that protein deposition was increased by dietary RAC. Protein deposition
was not assessed in my present studies, however dietary RAC significantly increased ADG
in boars of light and heavy initial-weight categories at lower dosage levels (5 and 10
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mg/kg, respectively) whereas Dunshea et al (1993b; 1998a) used 20 mg/kg dietary RAC.
The results from the present study on ADG may suit the Australian and New Zealand
markets as pigs are marketed at lighter weights, and to achieve maximum response rates in
boars for ADG, only 5 mg/kg dietary RAC is required.
4.4.3

Effects of start weight and dosage level of RAC feed conversion ratio

As expected, FCR was significantly lower in light vs medium and medium vs heavy
start weights for both experiments (sexes). The majority of research to date indicates that
pigs fed dietary RAC have improved FCR when compared to controls (Apple et al., 2007).
In the present studies, dietary RAC improved FCR in gilts (P=0.023) but not in boars
(P=0.289), although the studies were separate and carried out at different times and
therefore differences in responses to dietary RAC should be viewed with caution.
However, Dunshea et al (2009) showed that boars and gilts fed restrictively (85% ad
libitum) and supplemented with 10 mg/kg RAC had no improvement (P=0.980) in FCR
over controls. The poor FCR response of boars to dietary RAC in the present study is in
contrast to other studies, which have indicated that dietary RAC improved FCR in boars
and gilts (Dunshea et al., 1993b; Dunshea et al., 1998a; Rikard-Bell et al., 2009a). The
present studies also indicated a linear reduction in FCR as RAC dose increased across all
weight categories. This is in agreement with the RAC dose-response study of Armstrong et
al (2004) who observed that all dietary RAC concentrations caused improved (P<0.05)
gain : feed (G:F) compared with the controls (0 mg/kg), and pigs receiving 10 and 20
mg/kg RAC were more efficient (P<0.05) than pigs receiving 5 mg/kg RAC.
4.4.4

Effects of start weight and dosage level of RAC on Feed Intake

Both Experiment 1 and 2 indicated feed intakes differed between start weight groups
(p<0.001) and increased linearly as start weights became heavier. In a similar study
involving barrows and gilts separated into a light initial-weight (68 kg) and a heavy initialweight (85kg) category, Crome et al (1996) also observed differences between feed intake
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and start weight categories. It was observed in the present experiments that ADFI was not
affected by dietary RAC (P=0.838 in gilts, Experiment 1; P=0.148 in boars, Experiment 2),
which has also been reported in previous studies (Adeola et al., 1990; Dunshea et al.,
1998a; Marchant-Forde et al., 2003; Apple et al., 2008). However in contrast to the present
studies, Crome et al (1996) observed a linear relationship (P=0.010) such that as dietary
RAC concentration increased from 0 to 10 to 20 mg/kg, feed intake reduced across both
start weight categories. Other researchers have also observed similar reductions in feed
intake with supplementation of dietary RAC (Brumm et al., 2004; Carr et al., 2005b;
Mimbs et al., 2005; Rikard-Bell et al., 2009a). In this regard, the literature indicates that
the effect of dietary RAC on feed intake is equivocal.
4.4.5

Effects of start weight and dosage level of RAC on Carcass characteristics

In the present studies, carcass P2 back fat levels were different between the weight
categories in the gilts and boars (P<0.001 and P=0.045, respectively), which was also
observed in the 10th rib measurements of light and heavy initial-weight gilts and barrows in
the study by Crome et al (1996). In the present studies, dietary RAC did not affect P2 back
fat in gilts (Experiment 1) or boars (Experiment 2) consistent with previous observations
for gilts, barrows and boars (Dunshea et al., 1993a; Dunshea et al., 1998a; Armstrong et
al., 2004; Rikard-Bell et al., 2009a). However reductions in P2 due to dietary RAC have
been observed in some studies for gilts and barrows (Williams et al., 1994; Crome et al.,
1996) whilst others have suggested that P2 in boars was reduced by dietary RAC (Dunshea
et al., 1993b; Rikard-Bell et al., 2009b). As is the case with daily feed intake, the effect of
dietary RAC on carcass P2 is equivocal. Possible reasons for this ambiguity in results are
discussed in section 3.4 of this dissertation.
Crome et al (1996) observed that weight group affected dressing percentage and this
was confirmed in both the gilt and boar experiments (P<0.001). I also observed that
dressing percentage tended to be increased for gilts fed dietary RAC (P=0.098) across all
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weight categories and increasing concentrations of dietary RAC increased dressing
percentage in boars (P=0.050) in the light and medium initial-weight groups. Other studies
have also observed increases in dressing percentage for pigs fed dietary RAC (Watkins et
al., 1990; Sainz et al., 1993b; Williams et al., 1994; Crome et al., 1996; Carr et al., 2005a;
Weber et al., 2006), whilst some researchers have shown no change in dressing percentage
(Marchant-Forde et al., 2003; Brumm et al., 2004).
In the present studies, carcass weights were different between weight groups and the
carcass weights of gilts and boars increased linearly (P=0.006 and P=0.018) as dietary
RAC concentration increased. A similar result was observed in the study by Crome et al
(1996). Furthermore it has been widely reported that dietary RAC improves carcass weight
(Dunshea et al., 1993a; Marchant-Forde et al., 2003; Armstrong et al., 2004; Carr et al.,
2005a; Weber et al., 2006) whilst others have shown no change in carcass weight (Watkins
et al., 1990; Brumm et al., 2004; Carr et al., 2005b).
4.4.6

Effects of dosage level of RAC on Plasma urea nitrogen

The measuring of PUN can be an indicator of increased protein deposition and
subsequent reduction in amino acid catabolism, with urea being an end product of amino
acid catabolism. Therefore a comparison of PUN levels between treatments could be
indicative of differing protein deposition rates. However I was unable to show a significant
lowering of PUN value in either experiment due to RAC treatment or live weight category.
In contrast Dunshea et al (1993b) showed that PUN was significantly reduced by dietary
RAC treatment, consistent with the observed increase in protein deposition. Dunshea et al
(1993b) also showed that castrates had higher PUN than either gilts or boars, due to their
lower protein deposition rates and higher feed intakes. One would have expected PUN
readings to decrease when pigs were fed dietary RAC in this study as significant increases
in ADG were observed, which would indicate an increase in protein deposition. The fact
that RAC did not alter PUN may indicate disease challenge and pigs that do not efficiently
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utilize dietary lysine and therefore amino acid catabolism occurred across all treatments
resulting in similar levels of PUN.

4.5 Conclusion
The present study on boars represents to the author’s knowledge the only data set on
the effect of RAC dosage (4 levels) on growth performance and carcass traits over a range
of start weights (65, 80 and 95 kg). Both Experiments 1 and 2 clearly indicate that dietary
RAC when fed to light start weight gilts or boars elicits similar responses in growth and
carcass traits as their heavier start weights counterparts. Furthermore low dosage levels
elicit significant responses in growth and carcass traits. Therefore both studies indicate that
the failure to elicit a response to dietary RAC observed in chapter 2 was not due to a light
starting weight or low dosage levels of dietary RAC.
The present studies offer valuable information for Australian and New Zealand pig
industries in which light start weights are necessary for dietary RAC treatments and boars
are 50 % of the slaughter generation.
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CHAPTER 5
5.1

Introduction
Ractopamine hydrochloride (RAC) is a beta-adrenoceptor agonist, and when fed to

pigs, has a repartitioning effect by diverting nutrients away from adipose tissue towards
muscle. Dietary RAC improves average daily gain (ADG), feed efficiency (FE) and
carcass traits such as lean meat yield and dressing percentage (Watkins et al., 1990;
Armstrong et al., 2004). Diets supplemented with RAC are fed to pigs in the final 4 weeks
before slaughter, and responses to RAC are most pronounced in the first 2 weeks and
decline thereafter due to down-regulation of β-adrenoceptors (β-AR) (Dunshea et al.,
1993a; Sainz et al., 1993b; Mills, 2002b; See et al., 2004; Leury et al., 1998; Sainz et al.,
1993a; Spurlock et al., 1994).
Most of the early studies involve only high levels (20 mg/kg) of dietary RAC
(Anderson et al., 1987; Dunshea et al., 1993a; Dunshea et al., 1993b; Dunshea et al.,
1998a). Dose response studies (Armstrong et al., 2004; Watkins et al., 1990) have led to
more recent research in which heavy initial weight pigs (80 kg or greater) have been fed
low levels of dietary RAC (between 5 and 10 mg/kg), and confirmation of improvements
in performance results have been reported (Mimbs et al., 2005; Weber et al., 2006; Apple
et al., 2008; Fernandez-Duenas et al., 2008; Kutzler et al., 2011). However this research
was directed towards the US market and does not reflect the Australian market in which
pigs would typically commence a RAC regimen at 65 kg and have a slaughter generation
comprising up to 50% boars.
US research determined that greater than 1.0 g/kg total lysine is required for
finishing pigs supplemented with dietary RAC between 80 and 120 kg in order to optimize
growth rate and carcass lean yield (Schinckel et al., 2000; Webster et al., 2002; Apple et
al., 2004). The commercial recommendation in Australia for dietary lysine requirements
for pigs supplemented with RAC is 0.56 g available lysine/MJ DE and is based on industry
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observations and research (Dunshea et al., 1993a; King et al., 2000). Recent studies in
Australia reported no response in daily gain or feed efficiency when 65 kg initial weight
pigs were fed low inclusion levels of RAC (5 and 10 mg/kg) in diets formulated to 0.56 g
available lysine/MJ DE. For example in individually housed pigs, restrictively fed to
reflect commercial intakes of 34.5 MJ/DE day (2.5 kg/day),

Dunshea et al (2009)

observed no response to dietary RAC in ADG or FE and only gilts improved lean tissue
deposition (Sex x RAC interaction, P<0.05) over 5 weeks. At the same research institute
Rikard-Bell et al (unpublished data) observed no response to dietary RAC in ADG, FE or
lean tissue deposition in gilts, boars or immunocastrated boars fed ad libitum, a basal diet
formulated to 0.58 g available lysine/MJ DE. These results suggests that the lysine levels
may have limited the responses to dietary RAC in Australian finisher pigs.
Thus, the aim of the present study was to investigate whether there are interactions
between RAC dosage levels and dietary lysine on growth performance and carcass
characteristics of finisher boars and gilts using dual energy X-ray absorptiometry (DXA) to
measure body composition. The hypothesis in the study presented was that lysine diets of
0.56 g available lysine/MJ DE are sufficient to optimize the response in feed efficiency,
growth rate and tissue deposition in boars and gilts fed high (20 mg/kg) or low (5 mg/kg)
levels of dietary RAC at initial weights of 65 kg.

5.2
5.2.1

Materials and Methods
Experimental Design
The study was carried out at the Werribee Pig Research Centre, Department of

Primary Industries, Werribee, Victoria as a randomised complete block design that
involved 108 crossbred pigs arranged in a 2 x 2 x 3 factorial design, with the relative
factors being two sexes (gilts, boars), two levels of dietary lysine (low and high, 0.56 and
0.65 g available lysine/MJ DE, respectively) and three levels of RAC doses (0 mg/kg, 5
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mg/kg and 20 mg/kg; Paylean ®, Elanco Animal Health NSW) for 28 days. The study was
blocked by time and consisted of three blocks, with each block having a total of 36 pigs
consisting of 18 boars and 18 gilts with three replicates of each sex randomly allocated to
one of the six dietary treatment regimes. The pigs were housed in an individual pen one
week prior to study commencement for acclimatization. Gilts were housed away from
boars to ensure precocious puberty was not stimulated in gilts due to close boar contact. At
the commencement of the study, the pigs were 17 weeks of age and 65 kg live body
weight.

5.2.2

Experimental animals and diet
The pigs were a commercial Large White x Landrace crossbred genotype. During

the acclimatization period the pigs were fed ad libitum the low level control diet
formulated to contain 0.56 g available lysine/MJ DE and 13.8 MJ DE/kg. Each pig had an
individual feeder and free access to water from nipple drinkers at all times. Vitamins and
minerals were formulated to meet or exceed the nutritional requirements of finishing pigs
(NRC, 1998). The treatment diets consisted of either the low- or high-level dietary lysine
with or without the required addition of dietary RAC (Table 5.1). The concentrations of
dietary lysine were altered by changing the protein content of the diets through adjustments
to the amount of wheat, soybean and tallow and formulated based on an ideal pattern of
amino acids. Lysine and protein contents for each diet were confirmed using standard
procedures (Rayner, 1985) and RAC concentrations of 5 and 20 mg/kg were confirmed by
Agro LabMexico (Gomez Palacio, Durango, Mexico) using a liquid chromatographic
method as described by Turberg et al. (1994).
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Table 5.1

Composition of low and high lysine content control diets (as fed, %).
CompositionA 1

Ingredient 1
Wheat
Mill Mix
Soyabean Meal (48%)
Meat Meal
Water
Natuphos®
Tallow
Salt
Limestone
Lysine-HCl
DL-Methionine
Threonine
Copper
Betaine
Vitamin and mineral premixB 1
Digestible energy (MJ/kg)C 1
Crude protein (%)D 1
Available lysine (g/MJ DE)C 1
Total lysineD 1

Low Lysine

High Lysine

76.95
8.47
6.67
4.00
1.00
0.01
0.50
0.20
1.60
0.30
0.09
0.05
0.1
0.067
13.8
18.6
0.56
0.98

68.40
10.30
12.90
4.00
1.00
0.01
0.70
0.20
1.90
0.30
0.013
0.107
0.05
0.1
0.067
13.8
20.4
0.65
1.11

A

Composition is expressed in units of percentage unless otherwise specified 1
Vitamin mineral premix provided the following nutrients per kilogram of air-dry diet (mg); retinol, 6.4; cholecalciferol,
0.10; α-tocopherol, 22; menadione, 0.60; riboflavin, 3.0; nicotinic acid, 16; pantothenic acid, 5.6; pyrodoxine, 1.1; biotin, 0.56;
choline, 1100; cyanocobalamin, 0.016; Fe, 90; Zn, 56; Mn, 22; Cu, 7; I, 0.22; Se, 0.10.
C
Estimated from ingredients. 1
D
Chemically determined. 1
B

5.2.3

Animal handling and measurements
Pigs were weighed at -7, 0, 7, 14, 21 and 28 days and average daily feed intake

(ADFI) determined for the periods 0 – 7, 8 – 14, 15 – 21 and 22 – 28 days. Backfat
thickness at the P2 site (6.5 cm from the midline over the last rib) was determined at the
beginning (day 0), middle (day 14) and end (day 28) of the experiment using the A-mode
ultrasound pulse-echo apparatus (Meritronics Livestock Grader, Faversham, Kent, UK).
The change in P2 backfat (change in P2) was calculated by determining the difference in
P2 backfats for individual pigs from day 0 to day 14 and day 0 to day 28.

5.2.4

DXA live animal scanning
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Body composition was determined for boars and gilts from one replicate from each
dietary treatment at day -1, 15 and 29 using dual energy X-ray absorptiometry (DXA) as
described by Dunshea et al. (2009). All pigs in the study were scanned once only. The
measurements made by DXA included total tissue mass, lean tissue mass, fat tissue mass
and bone mineral content. Preparation of pigs prior to scanning, procedures for anaesthesia
and animal handling post DXA were as described by Dunshea et al. (2009).

5.2.5

Determining Plasma Urea Nitrogen (PUN) content
Blood samples were obtained by jugular venipuncture three hours after morning

feed inspection on day -2 and day 9. Plasma Urea Nitrogen (PUN) content for each sample
was determined using InfinityTM urea liquid stable reagent assay kits (ThermoTrace, Noble
Park, 3174 Victoria, Australia).

5.2.6

Statistical Analysis
Pig daily feed intakes, growth rate, feed conversion and P2 backfat depths were

analysed for the main effects of dietary RAC, dietary lysine, sex and interactions by
ANOVA suitable for a randomized complete block design using GENSTAT (GenStat 11th
Edition, VSN International, Hemel Hempstead, UK). The individual pig was used as the
experimental unit and block as a blocking factor.
The DXA data were also analysed using ANOVA. A base line figure was
calculated for lean, fat and ash content for each sex using the pooled data for day -1 DXA
scans as, at this stage, all pigs had only consumed the low lysine basal diet. The pooled
data consisted of 18 pigs for each sex. The change in lean, fat and ash content for each pig
(either day 14 or day 28) was determined by subtracting the baseline figure from the pig’s
individual DXA scan figure for the day in question. The changes in lean, fat and ash
content over 14 or 28 days was then tabulated for each pig. Data were analysed by
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ANOVA with live weight at day 0 used as the covariate for analysis of lean, fat and ash
rates of gain. Both live phase production data and DXA data were further analysed for
linear and quadratic effects for increasing dosage levels of dietary RAC.
The PUN data were analysed using ANOVA. The individual pig was the
experimental unit and the experimental block was included in the model as a blocking
factor. The PUN day -2 reading was used as a covariate when analyzing the day 9 PUN
data.
Data are presented as means and standard error of the difference for each dietary
treatment group with significance values for main and interactive effects. Statistical
significance was accepted at P < 0.05 and trends were noted if P < 0.1. Where appropriate
means were separated using the least significant difference (LSD) procedures and
statistical significance was accepted at P<0.05.

5.3
5.3.1

Results
Live phase results
The ADG over the 28 days of the study was 1269 g/day and the ADFI was 2915

g/day, indicating that all pigs in the study had excellent growth rates and feed intakes. The
start weights for boars and gilts were 64.3 ± 0.63 kg and 63.8 ± 0.52 kg respectively. The
boars grew faster, consumed more feed, and had a better FE than the gilts (1341 and 1198
g/day, P < 0.001; 3070 and 2760 g/day, P < 0.001; 0.42 and 0.39, P = 0.003 respectively)
over the 28-day period.
There were significant interactions (P = 0.023 and P = 0.025, Table 2) between
dietary RAC and lysine levels in the first seven days for ADG and FE respectively, such
that pigs fed high-lysine diets supplemented with dietary RAC had improved ADG and FE,
whereas pigs fed low-lysine diets did not respond to RAC supplementation in the first
seven days. However, over the 28-day duration of the study, there were no significant
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interactions between dietary RAC and lysine levels and dietary RAC and sex, indicating
that responses to dietary RAC were similar for both lysine levels fed and for both sexes.
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Table 5.2
The effect of sex, dietary RAC and dietary lysine on average daily gain (ADG), feed efficiency (FE), average daily feed intake (ADFI), for the
periods 0 to 7, 0 to 14 and 0 to 28 days.

Time Period
(Days)

Sex (S)

Gilt

Boar

Available Lysine, (L)

RAC (R), mg/kg

RAC (R), mg/kg

0

0

g/MJ DE

5

20

5

Significance

20

S.E.D.A

S

R

L

SxR

SxL

RxL

SxRxL

Average Daily Gain, g/day
0 to 7

Low, (0.56)
High, (0.65)

1148
1107

1244
1315

1241
1263

1439
1277

1308
1516

1313
1462

94.0

<0.001

0.068

0.266

ns

ns

0.023

ns

0 to 14

Low, (0.56)
High, (0.65)

1143
1113

1244
1219

1243
1177

1350
1262

1287
1463

1198
1401

80.0

<0.001

0.103

0.387

ns

0.038

ns

0.10

0 to 28

Low, (0.56)
High, (0.65)

1129
1144

1230
1224

1248
1215

1330
1285

1304
1469

1291
1364

62.7

<0.001

0.026

0.268

ns

ns

ns

ns

Average Daily Feed Intake, g/day
0 to 7

Low, (0.56)
High, (0.65)

2685
2838

2834
2708

2723
2621

3099
2738

2835
2953

2816
2800

154.7

0.030

0.383

0.359

ns

ns

ns

0.039

0 to 14

Low, (0.56)
High, (0.65)

2781
2820

2995
2687

2840
2662

3085
2784

2836
3003

2769
2881

142.4

0.105

0.182

0.377

ns

ns

ns

0.014

0 to 28

Low, (0.56)
High, (0.65)

2693
2753

2807
2776

2851
2682

3136
2967

3046
3236

3009
3024

154.8

<0.001

0.781

0.517

ns

ns

ns

ns

Feed Efficiency, kg gain /kg feed
0 to 7

Low, (0.56)
High, (0.65)

0.43
0.39

0.44
0.50

0.46
0.48

0.46
0.47

0.47
0.52

0.47
0.52

0.028

0.003

0.002

0.035

ns

ns

0.025

ns

0 to 14

Low, (0.56)
High, (0.65)

0.43
0.40

0.43
0.47

0.45
0.45

0.45
0.47

0.47
0.51

0.44
0.50

0.024

<0.001

0.031

0.03

ns

0.01

ns

ns
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0 to 28
A

Low, (0.56)
High, (0.65)

0.38
0.38

0.38
0.41

0.39
0.41

0.41
0.42

0.41
0.43

0.43
0.41

0.022

0.003

0.254

0.555

ns

ns

ns

ns

Standard error of the difference for SxRxL. For effects of S, R and L divide by 2.45, 2.00 and 2.45 respectively.
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A sex by lysine interaction was observed for the period 0 to 14 days for ADG
(P=0.038) such that boars fed high lysine diets grew more quickly than boars fed the low
lysine diet (1375 and 1278 g/day respectively), whereas gilts fed high-lysine and lowlysine diets grew at a similar rate (1170 and 1210 g/day, respectively). Feed efficiency
(FE) was increased from 0 to 7 days (P = 0.035) for pigs fed the high-lysine diets (Table
5.2).
Over the study duration (0 to 28 days) the main effects of dietary RAC improved
daily gain (P=0.026, Table 5.2). Additionally, as dosage of dietary RAC increased ADG
increased in a linear (P = 0.072) and a quadratic (P = 0.041) manner. However, FE was not
altered (P = 0.555) over the 28-day period. Further analysis of these data indicated there
was a linear response for increased FE in the first 21-day period (P = 0.015) (data not
shown) with increasing levels of dietary RAC.
As was seen with dietary RAC, lysine levels did not affect ADFI over the entire
duration of the study. However, gilts and boars showed different intake patterns in the first
14 days for dietary lysine and RAC treatments, indicated by the sex x lysine x RAC
interactions for the periods 0 to 7 days and 0 to 14 days (P = 0.039 and 0.014,
respectively). High-lysine diets treated with dietary RAC decreased intakes in gilts but
increased intakes in boars, whereas low-lysine diets treated with dietary RAC increased
intakes in gilts but decreased intakes in boars.
Dietary RAC reduced (P=0.002) change in P2 backfat (Table 5.3) as well as
indicating a linear (P = 0.033) and quadratic (P = 0.003) reduction with increasing dose in
both boars and gilts over the duration of the study. The effect of dietary RAC on change in
P2 backfat was observed at 14 days (P = 0.022) mainly due to a sharp reduction in change
in P2 backfat for pigs consuming the high level RAC diets, as indicated by the quadratic
response (P = 0.036). The high-lysine diet also tended to reduce change in P2 backfat (P =
0.077) after 14 days, however, change in P2 backfat was not altered by lysine in the final
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14 day period and a reduction was not observed in the carcass P2 backfat results. This was
probably due to the sex x lysine interaction (P = 0.016) which indicated that gilts fed lowlysine diets increased their backfat levels to a greater degree than gilts fed high-lysine diets
(2.1 and 1.2 mm respectively), whereas the dietary lysine level did not affect change in P2
backfat in boars (1.9 and 2.0 mm respectively). Both sexes showed a reduction in change
in P2 backfat when dietary RAC increased from 5 to 20 mg/kg regardless of dietary lysine
levels, however, responses at the lower level dietary RAC were more variable at both
levels of dietary lysine as was indicated by the sex x RAC x lysine interaction (P = 0.019).

5.3.2

DXA Results
The effects of sex, dietary RAC and lysine levels on tissue deposition rates are

shown in Table 5.3. There was an interaction (P = 0.043) between sex and lysine for lean
tissue deposition over 28 days, in that lean deposition rate increased in boars but not gilts
when fed high lysine (Table 5.3, Fig. 5.1). Further partitioning of these data indicated that
supplementation with dietary RAC tended (P < 0.1) to increase lean deposition rate only in
boars fed high lysine diets (Fig. 5.2).
Over the 28-day duration of the study, there were differences between boars and
gilts for lean tissue growth rate (1112 and 977 g/day respectively, P = 0.001) and ash
content (36 and 32 g/day respectively, P = 0.021) but not for fat tissue growth rate (347
and 339 g/day respectively, P = 0.877). Dietary RAC tended to alter lean tissue deposition
rates over the initial 14-day period (975, 1106 and 1121 g/day for 0, 5 and 20 mg/kg RAC
respectively, P = 0.067) and showed a linear effect as dietary RAC levels increased (P =
0.035). The linear observations were sustained (P = 0.044) over the 28 days.
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Table 5.3
The effect of sexA, dietary RAC and dietary lysine on tissue compositionB and P2 backfatC over the time periods of 0 to 14 and 0 to 28
days in finisher pigs.

Time Period
(Days)

Sex (S)

Gilt

Boar

Available Lysine,
(L)

RAC (R), mg/kg

RAC (R), mg/kg

g/MJ DE

0

5

20

0

5

20

Significance
S.E.D D

S

Lean Tissue, g/day

R

L

Dose

Lin.

Quad.

0 to 14

Low, (0.56)
High, (0.65)

961
812

1006
1193

1056
1168

1023
1102

1071
1154

1107
1154

134.7

ns

0.067

0.035

ns

ns

0 to 28

Low, (0.56)
High, (0.65)

950
876

982
964

1067
1025

1079
1110

1016
1158

1076
1233

90.6

0.001

ns

0.044

ns

ns

Fat Tissue, g/day
0 to 14

Low, (0.56)
High, (0.65)

306
383

377
239

363
280

407
289

268
445

275
174

111.7

ns

ns

ns

ns

ns

0 to 28

Low, (0.56)
High, (0.65)

352
330

372
351

371
392
260
276
Ash, g/day

376
405

345
290

61.3

ns

ns

ns

0.074

0.072

0 to 14

Low, (0.56)

31

25

28

35

22

33

25

26

33

26

41

26

7.1

ns

ns

ns

ns

ns

High, (0.65)

33

34

37

41

32

32

3.5

0.021

ns

ns

ns

ns

30

30

27

31

40

36

0 to 28

Low, (0.56)
High, (0.65)
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∆ P2 Backfat, mm

A
C

0 to 14

Low, (0.56)
High, (0.65)

1.83
1.44

2.72
1.33

1.61
0.89

2.50
1.67

1.67
2.61

1.44
1.72

0.482

ns

0.022

0.068

0.036

0.077

0 to 28

Low, (0.56)
High, (0.65)

2.78
2.67

3.72
2.50

2.33
2.06

4.11
2.83

3.89
4.39

2.78
2.22

0.694

0.016

0.002

0.033

0.003

0.086

n=3 for each sex, RAC Dose and Lysine cell. A total of 36 pigs tested for each time period.; B Tissue composition determined by dual energy X-ray absorptiometry (Suster et al. 2003);
Change in P2 is calculated by the difference between day 14 and day 0, and day 28 and day 0; D Standard error of the difference for SxRxL. Tissue deposition: For effects of S, R and L divide by 2.45, 2.00 and 2.45

respectively, and for Change in P2 backfat for effect of S, R and L divide by 2.49, 2.03 and 2.49 respectively.

Page | 92

Fig 5.1
The effect of low (0.56 g) or high (0.65 g) available
dietary lysine and sex (□ gilt, ■ boar) on lean tissue deposition after 28
days of the study
The P values for the effect of lysine, sex and interaction between lysine and sex were
0.451, 0.001 and 0.043 respectively. Data are means ± standard error of the difference and
means within a sex with differing letters are significantly different (P < 0.05).

Fig 5.2
The effect of low (□ 0.56 g) or high (■ 0.65 g) available dietary lysine
and dosage level of RAC on lean tissue deposition after 28 days of the study for
finisher boars.
Data are means ± standard error of the difference and means within a Dose of RAC group
with differing letters are significantly different (P < 0.1).
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Table 5.4

The effect of sex, dietary RAC and dietary lysine on Carcass weight and Carcass P2 backfat in finisher pigs.
RAC, (R)
Dose, mg/kg

Sex, (S)

Initial live Wt, kg
Final live Wt, kg
Carcass C Wt, kg
Carcass P2, mm

Lysine, (L)

S.E.D.A

ProbabilityB
RAC
Dose
Lin. Quad.

Gilt

Boar

0

5

20

Low

High

(SxRxL)

Sex

Lysine

63.8

64.3

63.9

64.1

64.0

63.8

64.4

2.10

0.572

0.980

0.886

0.886

0.650

97.0

101.4

97.7

100.3

99.5

98.6

99.8

2.99

<0.001

0.225

0.247

0.198

0.334

76.8
14.0

78.8
12.2

76.5
13.9

79.0
13.9

77.9
11.6

77.4
13.4

78.2
12.8

1.92
1.31

0.016
0.002

0.045
<0.001

0.153
<0.001

0.039
0.047

0.315
0.302

A

Standard error of the difference for SxRxL. For effects of S, R and L divide by 2.45, 2.00 and 2.45 respectively.
There were no significant interactions for carcass data.
C
Carcass data includes replicates 1 and 2 only for each treatment
B
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Unlike change in P2 backfat observations, dietary RAC did not alter fat deposition
in the first 14 days (336, 340 and 276 g/day for 0, 5 and 20 mg/kg RAC respectively, P =
0.391), however, over the 28 days the rate of fat deposition tended to be reduced in a
quadratic manner (P = 0.074) as dietary RAC increased (338, 376 and 317 g/day for 0, 5
and 20 mg/kg RAC respectively).
Lysine levels had no effect on lean, fat or ash deposition rates in the first 14 days,
although a high level of lysine tended to reduce fat deposition (368 and 319 g/day for low
and high dietary RAC respectively, P = 0.072) over the 28 days.

5.3.3

Slaughter Phase Results
There were no significant interactions between sex, RAC or lysine for carcass data.

The main effects of sex, dietary RAC and lysine on carcass traits in finisher pigs are
presented in Table 4. Boars had a larger carcass and lower carcass P2 than gilts (P = 0.016
and P = 0.002, respectively). Dietary RAC increased carcass weight (P = 0.045). As was
observed with the Change in P2 live measurements RAC diets containing 20 mg/kg were
more effective than 5 mg/kg diets at reducing carcass P2 indicated by the linear (P <
0.001) and quadratic (P = 0.047) reductions. Dietary lysine had no effect on the carcass
traits measured.

5.3.4

PUN Results
The PUN level at day nine was reduced by RAC (6.01 versus 5.79 versus 5.37

mmol/L for 0, 5 and 20 mg/kg diets, respectively, P = 0.039) but not altered by dietary
lysine (5.61 versus 5.84 mmol/L for 0.56 and 0.65 g available lysine/MJ DE diets,
respectively, P = 0.257). Gilts had higher PUN levels than boars at day nine (6.13 versus
5.32 mmol/L, respectively, P < 0.001).
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5.4

Discussion
The main objective of this study was to determine whether the current Australian

industry recommendation of 0.56 g available lysine/MJ DE was sufficient to maximize the
response to increasing levels of dietary RAC. The second objective was to determine
whether there were sex differences with respect to responses to dietary RAC or dietary
lysine.
Australian pigs typically commence a dietary RAC program at 17 weeks of age
(approximately 65 kg live weight) and the majority of pigs marketed only receive dietary
RAC for 7 to 14 days. Therefore in order to capitalize on the maximum responses in FE
and daily gain often observed in the first 2 weeks of a RAC regimen (Kelly et al., 2003), it
is critical to offer sufficient dietary lysine in this period. In the present study, responses to
dietary RAC for ADG and FE were only observed in the high-lysine diets over the first
seven days indicating that the current recommendation of 0.56 g available lysine per MJ
DE is insufficient to maximize responses in growth and FE in the Australian finisher pig
market.

5.4.1

Dietary RAC and ADG, FE and ADFI
The lack of any significant sex x RAC interactions in the present study confirmed

that the effect of dietary RAC is similar for boars and gilts with respect to ADG, feed
efficiency and tissue deposition. This study reported that the main effects of dietary RAC
improved FE and ADG and that increasing RAC dose improved FE and ADG in pigs in a
linear manner after 21 and 28 day respectively, confirming the observations of earlier
studies (Watkins et al., 1990; Armstrong et al., 2004; Rikard-Bell et al., 2005; Rikard-Bell
et al., 2007; Rikard-Bell et al., 2009d). Pigs fed 5 or 20 mg/kg RAC had similar FE values
for each time period (0 to 7 days, 0 to 14 days and 0 to 28 days), which is in contrast to the
study of Armstrong et al. (2004) who observed that, although dietary RAC improved
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gain:feed (G:F) over controls, pigs receiving 20 mg/kg dietary RAC were more efficient
after longer feeding periods (20, 27 and 34 days).
Consistent with previous studies (Dunshea et al., 1993b; Dunshea et al., 1998a;
Armstrong et al., 2004), dietary RAC did not affect ADFI for either sex over the duration
of the study. In the early stages of the experiment dietary RAC and lysine levels appeared
to affect the feed intake patterns of boars and gilts differently, and these data are difficult
to interpret. Some studies have reported changes in feed intake with

dietary RAC

supplementation, and usually result in reduction in feed intake (Adeola et al., 1990;
Mitchell et al., 1991; Rikard-Bell et al., 2009a).

5.4.2

Dietary RAC and Lysine
The literature suggests that the greatest response to dietary RAC in daily gain and

FE occurs in the first two weeks of feeding (Watkins et al., 1990; Dunshea et al., 1993a;
Dunshea et al., 1998a; Armstrong et al., 2004), which was observed with pigs consuming
the high-lysine diet supplemented with dietary RAC in this study. Earlier studies have
indicated that responses to dietary RAC depend on the level of dietary protein. Adeola et
al. (1990) found that pigs fed dietary RAC improved growth rate and carcass leanness
when the diet contained 17% crude protein but not 13% crude protein. Similarly, Dunshea
et al. (1993a) observed that gilts fed low levels of dietary protein (8.5 and 11.5%) did not
respond to RAC-supplemented diets for growth and carcass traits, however these traits
were markedly increased by dietary RAC at higher levels of dietary protein (>16.7%). The
high and low lysine:energy diets in this study were formulated by changing the percentage
of cereal grains, soyabean meal and tallow. The low-lysine diet had a crude protein level of
18.6% whilst the high-lysine diet was 20.4%, and these values are higher than those cited
in the literature. The fact that responses to dietary RAC were not observed in the lowlysine diet in the first seven days may reflect the higher dietary lysine requirements of the
modern lean genotypes. However over the duration of the study gilts in particular were
Page | 97

responsive to dietary RAC in daily gain and lean tissue growth independent of the lysine
concentrations offered in this study. This is probably due to the fact that lysine
requirements for lean tissue growth in grower-finisher pigs decline over time (Nutrient
Requirements of Swine, NRC, 1998) and feed intake increases which may have resulted in
sufficient available lysine to support the extra growth due to RAC supplementation.

5.4.3

Dietary RAC and Lean tissue deposition
The literature reports that only incremental gains are made in daily gain at levels

higher than 5 mg/kg, whilst carcass improvements tend to occur at higher inclusion levels
of RAC (Watkins et al., 1990; Armstrong et al., 2004; Rikard-Bell et al., 2007). Likewise
our observations reported the largest gain for ADG occurred at a RAC inclusion of 5
mg/kg (Table 5.2), whilst lean tissue deposition increased linearly with increasing RAC
dose (Table 5.3).
The effect of dietary RAC on the rate of lean tissue deposition in this study was
independent of lysine over the time periods measured. Unlike the growth measurements
which were determined weekly, the first measurement of tissue deposition after day -1 was
at day 15, therefore this study could not determine whether the rate of lean tissue
deposition was highest in the first seven days as was reflected in growth. Over the 0 to 14
and the 0 to 28 day time periods, the 20 mg/kg RAC diet had a higher lean deposition rate
(P < 0.05) compared to the 5 mg/kg and control diets (Table 5.3), which confirms similar
observations by Armstrong et al. (2004) that, after 27 days, feeding 20 mg/kg RAC
maintained a higher fat-free carcass lean content than either controls or 5 mg/kg RAC
treatments (P < 0.05). A possible explanation as to why the increased response in lean
deposition remains constant for RAC-fed pigs compared to controls over the study duration
is provided by Spurlock et al. (1994), who found that β-AR

numbers were not down-

regulated in the skeletal muscle of pigs fed RAC for 28 days.
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5.4.4

Dietary RAC and adipose tissue
The effect of dietary RAC on adipose tissue is equivocal. The general dogma is

that fat deposition rate is not altered by RAC due to rapid down regulation of β-ARs
(Spurlock et al., 1994; Dunshea and King, 1995), and that dietary RAC has been found to
have no effect on the rate of lipogenesis in adipose tissue (Dunshea et al., 1993b; Dunshea
et al., 1998c). However earlier studies observed that change in P2 backfat or carcass P2
backfat in boars was reduced by dietary RAC (Dunshea et al., 1998b; Rikard-Bell et al.,
2009a). Dunshea et al. (2009) also reported reduced fat deposition in gilts fed a 10 mg/kg
RAC diet. In contrast, the present study, reports that both sexes showed a reduction in
change in P2 backfat when dietary RAC increased from 5 to 20 mg/kg regardless of dietary
lysine levels. The effect of RAC on P2 backfat occurred at day 14 and was even more
pronounced at day 28 due to the 20 mg/kg RAC diet (Table 5.3); this was further
substantiated with a reduced carcass P2 backfat for pigs fed the diet with 20 mg/kg RAC
(Table 4). Although fat tissue deposition as determined by DXA did not show a reduction
after 14 days of treatment for RAC-fed pigs, fat tissue tended to be reduced (P = 0.074,
quadratic) in the 20 mg/kg RAC-fed pigs after 28 days compared to the control pigs.
Although the fat tissue deposition rate of the 20 mg/kg RAC treatment group supports the
corresponding carcass data, the DXA data is reporting the results of only 3 pigs per
treatment and hence interpretation of the result needs to be treated with some caution. The
results of this study may indicate that down-regulation of the β-ARs is occurring later and
therefore allowing for a reduction in fat accretion.
Dunshea et al. (2009) proposed several plausible reasons for the observed reduction
in the rate of fat deposition in the presence of dietary RAC. First, the selection criteria of
the modern genotype for reduced fat may have indirectly produced genotypes with either a
greater sensitivity to a β-AR agonist or a change in the density of β-ARs. Second, the use
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of lower doses of RAC than used in the 1990s (5 or 10 mg/kg versus 20 mg/kg) may delay
the down regulation of β-ARs, allowing the expression of a reduction in fat deposition.
However, these data in this study suggests that feeding 5 mg/kg dietary RAC does not alter
P2 backfat or fat deposition at any stage as only the higher level of 20 mg/kg dietary RAC
affected the rate of fat deposition or P2 backfat. Hence, the β-ARs may have altered their
sensitivity or density over time, although this study indicates the effect on fat deposition is
related to RAC dose. Hence, the results of this study indicate that increasing levels of
dietary RAC can further minimize the increase in P2 backfat commonly observed in the
final four weeks of production and, as such, may be beneficial for the commercial
producer.

5.4.5

Increasing dietary lysine
An interesting outcome of this study were the observed sex x lysine interactions for

ADG and lean tissue deposition indicating that the current recommendation of 0.56 g
available lysine / MJ DE may limit the potential response of the boar in these traits. The
present study showed that the rate of lean tissue deposition was not affected by increasing
available lysine levels in gilts, however, boars showed increased lean deposition with the
high-lysine diet (Fig 5.2), indicating that boars have a greater propensity for lean tissue
deposition than gilts. This is in contrast to the work of King et al. (2000) who, at the same
research centre, fed a wide range of lysine levels (0.28 to 0.58 g available lysine/MJ DE) to
boars and gilts between 80 and 120 kg and concluded that sex had no effect on dietary
lysine required to maximize protein deposition. However, it may be that the study by King
et al. (2000) did not contain a diet with a lysine level high enough to detect a sex
difference in protein deposition, or changes in protein deposition rate due to genetic
selection have occurred in the interim. The present study also showed that only boars
supplemented with 20 mg/kg dietary RAC tended to increase lean tissue deposition when
lysine levels increased from 0.56 to 0.65 g available lysine/MJ DE (P < 0.1) (see Fig 4)
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Gilts had higher PUN levels than boars (P < 0.001), which confirms the greater
propensity for lean deposition observed in boars compared to gilts. Dunshea et al. (1993b)
showed that castrates had higher PUN levels than either gilts or boars, due to their lower
protein deposition rates (for control castrates) and higher feed intakes. Dietary RAC also
reduced PUN levels confirming the higher levels of lean deposition observed after 14 and
28 days treatment. An interesting observation was a lower (P = 0.043) PUN value at day 2 for the high-lysine diet treatment, although this presumably occurred by chance given
that all pigs at this stage were receiving the same diet.

5.5

Conclusion
The literature reports that the greatest response to dietary RAC occurs in the first 1 to 2

weeks of a RAC feeding regimen. In Australia dietary RAC is applied to finisher pigs in
the final 2 to 4 weeks prior to slaughter, the average duration of application being 2 weeks.
This study has clearly demonstrated that:
1. The current recommendation of 0.56 g available lysine / MJ DE, is insufficient to elicit
a response to dietary RAC in growth or feed efficiency in the first seven days.
2. Increasing RAC dose results in linear improvements in ADG, Lean tissue deposition
and a decline in P2 back fat in boars and gilts.
3. Gilts maximized their lean tissue deposition rate when offered 0.56 g available lysine /
MJ DE, whilst boars demonstrated an increase in lean tissue deposition rate when
offered the 0.65 g available lysine / MJ DE. A further response in lean tissue deposition
occurred with addition of dietary RAC.
These are important findings for the Australian and New Zealand pig industries as
the boar represents approximately 50% of the slaughter generation.
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CHAPTER 6
6.1

Introduction
Ractopamine hydrochloride (RAC) is a beta-adrenoceptor agonist from the chemical

family of phenethanolamines, and was registered as an oral metabolic modifier for use in
the US pig industry in 1999 and in the Australian pig industry in late 2003. Over the past
20 years a number of studies have confirmed that treatment of finisher pigs with dietary
RAC improves daily gain and feed efficiency commensurate with increased protein
deposition in finishing pigs (Apple et al., 2007; Fernandez-Duenas et al., 2008; Watkins et
al., 1990; Dunshea et al., 1993a). The National Research Council (1998) determined 0.65
g/kg

total lysine (equivalent to 0.4 g available Lysine/MJ DE) to be the minimal

requirement for pigs between 80 and 120 kg, whilst the current recommended lysine
requirements for pigs fed a diet supplemented with RAC is 0.91 g/kg of total lysine
(equivalent to 0.56 g available lysine/MJ DE) (King et al., 2000; Schinckel et al., 2000).
Results from more recent studies suggest that the lysine:energy requirements for optimal
growth, feed efficiency and carcass traits for pigs supplemented with RAC are higher than
levels currently being used in the industry. Apple et al. (2004) reported that performance
and carcass composition increased with increasing total lysine from 1.024 to 1.079%
(equivalent to 0.62 to 0.66 g available lysine/MJ DE) which supported the conclusions of
Webster et al. (2002) who indicated that RAC fed pigs required at least 1.0% dietary lysine
to optimize growth rate and carcass lean yield. Furthermore, Rikard-Bell (2009c) reported
that, at 7 days of dietary RAC treatment, pigs offered a diet formulated to 0.65 g available
lysine/MJ DE improved in ADG and FE, whereas pigs offered a 0.56 g available lysine/MJ
DE did not differ from controls. These data have commercial implications because the
average duration of dietary RAC consumption for the Australian finisher pig is 14 days and
therefore responses to dietary RAC in the first 7 to 14 days are critical to the overall
finishing herd performance.
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The level of dietary RAC supplementation may also be a factor in the magnitude of
response. Rikard-Bell et al. (2009a) confirmed that, when RAC supplemented diets were
formulated to 0.56 g available lysine/MJ DE, growth rate and feed efficiency was
improved over 31 days, however, the improvement occurred in the final 17 days of the
feeding regime when dose levels were increased from 5 mg/kg to 10 mg/kg. Main et al.
(2009) suggested that most of the overall improvement in ADG and G:F is captured at the
5.0 mg/kg inclusion rate, and negligible improvements in overall growth performance was
observed by extending the RAC treatment period beyond 14 days prior to slaughter. This is
in agreement with Armstrong et al. (2004) but not Watkins et al. (1990) and Rikard-Bell et
al. (2007; 2009d), who demonstrated that growth rate increased as dietary RAC
concentration increased over 45 and 28 days respectively.
Therefore the aim of this experiment was to investigate the performance responses of
finisher pigs offered a wider range of dietary lysine levels (0.40, 0.48, 0.56, 0.64 and 0.72
g available lysine/MJ DE) and three levels of dietary RAC (0, 5 and 10 mg/kg) over 28
days duration, to determine the optimal level (critical value) of dietary lysine with or
without RAC, after which the response to increasing dietary lysine is insignificant in male
and female finisher pigs.

6.2
6.2.1

Materials and Methods
Experimental design
The study involved three experiments of 90 pigs each, totalling 270 individually

penned pigs in a 2 x 5 x 3 factorial design, comprising two sexes (gilts, boars), five levels
of dietary lysine (0.40, 0.48, 0.56, 0.64, and 0.72 g available lysine/MJ DE respectively)
and three RAC dose regimes (0, 5 and 10 mg/kg Paylean®, Elanco Animal Health,
Macquarie Park, NSW) for 28 days. For each experiment, a total of 104 pigs were selected
from which 90 were chosen. Pigs were randomly allocated to individual pens within the
testing station and gilts were blocked away from boars to avoid pre-pubertal stimulation.
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Due to the large number of pigs to be measured on any given measurement day, pigs were
split into two measurement groups separated by one day. The first measurement group
consisted of 30 gilts and 30 boars which were randomly allocated to a treatment group
after the first weigh on day 0. The group consisted of 2 replicates from each treatment. The
second measurement group consisted of 15 gilts and 15 boars. Discretion was used to
determine which animals were selected in order to minimize variation within treatment
groups. The 14 “unselected” pigs (7 gilts and 7 boars) remained in their allocated pens for
the duration of the experiment.

6.2.2

Experimental animals and diet
The pigs were a commercial Large White x Landrace crossbred genotype

developed at Rivalea Australia Pty Ltd, Corowa, NSW Australia. The composition of the
control diets were formulated to meet the specified lysine:energy ratios (Table 6.1), by
blending the two extreme lysine level diets A and E in specific ratios to produce control
diets B (25% A and 75%E), C (50% A and 50% E) and D (75% A and 25%E). Vitamins
and minerals were formulated to meet or exceed the nutritional requirements of finishing
pigs (NRC, 1998). Lysine and protein contents for each diet were confirmed using standard
procedures (Rayner, 1985) and RAC concentrations of 5 and 10 mg/kg were confirmed by
Agro LabMexico (Gomez Palacio, Durango, Mexico) using a liquid chromatographic
method as described by Turberg et al. (1994). All pigs were ad libitum fed an
acclimatization diet one week prior to the commencement of the study (diet C, Table 6.1)
formulated to contain 0.56 g available lysine/MJ DE of dietary energy and 14.0 MJ/kg.
Each pig had an individual feeder and free access to water from nipple drinkers at all
times.
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Table 6.1

Composition of Control A to E and Treatment diets F to O (as fed, %).
Diet CompositionA

Ingredient

A

B

C

D

E

Wheat
Millmix
Soyabean Meal (48%)
Meat Meal
Water
Tallow-Enzyme
Ronozyme P Liquid
Tallow
Salt
Limestone
Di Calcium Phosphate
Lysine-HCL
DL-Methionine
Threonine
Tryptophan
Copper
Tylan 100
Rumensin 100
Betaine

81.765
10.000
1.000
1.000
1.000
1.633
0.015
0.500
0.200
1.733
0.440
0.260
0.000
0.047
0.000
0.100
0.040
0.100
0.100

77.496
9.092
6.000
1.758
1.000
1.225
0.015
0.500
0.200
1.642
0.330
0.257
0.019
0.058
0.003
0.100
0.040
0.100
0.100

73.227
8.183
11.000
2.517
1.000
0.817
0.015
0.500
0.200
1.550
0.220
0.253
0.038
0.068
0.005
0.100
0.040
0.100
0.100

68.958
7.275
16.000
3.275
1.000
0.408
0.015
0.500
0.200
1.458
0.110
0.250
0.058
0.079
0.008
0.100
0.040
0.100
0.100

64.688
6.367
21.000
4.033
1.000
0.000
0.015
0.500
0.200
1.367
0.000
0.247
0.077
0.090
0.010
0.100
0.040
0.100
0.100

Vitamin and mineral premixB

0.067

0.067

0.067

0.067

0.067

Digestible Engergy (MJ/kg)C

14.0

14.0

14.0

14.0

14.0

Crude Protein (%)D

14.2

16.2

18.6

20.0

22.6

Available Lysine E (g / MJ DE)C

0.40

0.48

0.56

0.64

0.72

Total Available Lysine F (%)D

0.56

0.67

0.78

0.90

1.01

F

G

H

I

J

Paylean Premix

Diet A Diet B Diet C Diet D Diet E
+
+
+
+
+
0.025
0.025
0.025
0.025
0.025
K

Paylean Premix

L

M

N

O

Diet A Diet B Diet C Diet D Diet E
+
+
+
+
+
0.050
0.050
0.050
0.050
0.050

A

Composition is expressed in units of percentage unless otherwise specified 1
B
Vitamin mineral premix provided the following nutrients per kilogram of air-dry diet (mg); retinol, 6.4; cholecalciferol,
0.10; α-tocopherol, 22; menadione, 0.60; riboflavin, 3.0; nicotinic acid, 16; pantothenic acid, 5.6; pyrodoxine, 1.1; biotin, 0.56;
choline, 1100; cyanocobalamin, 0.016; Fe, 90; Zn, 56; Mn, 22; Cu, 7; I, 0.22; Se, 0.10.
C
Estimated from ingredients. 1
D
Chemically determined.
E
Available Lysine is defined as standardized ileal digestibility of lysine
F
Total Available Lysine is defined as standardized ileal digestibility of lysine expressed as a % of feed.

6.2.3

Animal handling and measurements
Pigs were weighed at -7, 0, 7, 14, 21 and 28 days. Voluntary feed intake (VFI) was

determined at day 7, 14, 21 and 28. Backfat thickness at the P2 site (6.5 cm from the
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midline over the last rib) was determined at day 0, 14 and 28 of the experiment using realtime ultra sound (Pie Medical 485 Anser Ultrasound, AJ Maastricht, The Netherlands).

6.2.4

Determining Plasma Urea Nitrogen (PUN) content
Blood samples were obtained by jugular venipuncture 3 h after feeding on day 8

and day 22. Plasma Urea Nitrogen (PUN) content for each sample was determined using
InfinityTM urea liquid stable reagent assay kits (ThermoTrace, Noble Park, 3174 Victoria,
Australia).

6.2.5

Statistical Analysis
Pig daily feed intake, average daily gain, feed conversion and P2 backfat depth

were analysed for the main effects of dietary RAC, dietary lysine and sex and interactions
by ANOVA suitable for a randomized complete block design using GENSTAT (GenStat
11th Edition,VSN International, Hemel Hempstead, UK). The individual pig was used as
the experimental unit. Where indicated (e.g. carcass weight), initial live weight was used as
the covariate. Data is presented as means and standard error of the difference for each
treatment group with significance values for main and interactive effects. Statistical
significance was accepted at P<0.05 and trends were noted if P<0.1.

6.2.6

Break Point Analysis of dose response curves
A method commonly used in the analysis of dose response curves to determine the

point at which increases in response are not significant is the bent stick model (or break
point analysis) as described by (Morris, 1999). Essentially, the bent stick model fits two
straight lines to the set of dose response data, one sloping and one horizontal. The
intersection of the two lines indicates the minimum dose required (critical level) to achieve
maximum response.
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A break point analysis was applied to these data for ADG and FCR for each sex
without and with dietary RAC. A nonlinear regression computer model (GenStat 11th
Edition (Payne et al., 2008) was used to determine the critical lysine value for each data
set. The regression model was defined as:

a + b.(lysine) + c.(Lysine ≥ d).(d -Lysine))

where:

a = where the graph crosses the y axis at zero
b = (maximum gain – a) ÷ (d)
c = same as ‘b’
d = lysine concentration where maximum gain occurs

Prior values of the non-linear parameters ‘a’, ‘b’, ‘c’ and ‘d’ were estimated by
fitting each ADG and FCR data set to the model. In order to obtain the best fitting
segmented lines the model performed iterative numerical calculations to define the prior
values. The computer model produced a nonlinear regression analysis for the response trait
(ADG or FCR) and estimates of the non-linear parameters and corresponding standard
errors were obtained. The computed values for a, b, c and d were then used to determine
the maximum or minimum response for each trait using the straight line equation:
Response of trait = a + b (lysine concentration)

The computed value of d is the lysine concentration where maximum gain occurs
(critical value), and this is also where the break point occurs on the graph. To determine
the minimum gain, the lowest level of lysine concentration is used in the above equation.
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6.3
6.3.1

Results
Live phase results
In experiment 1, at day 26, an outbreak of respiratory disease (Actinobaccilus

Pleuropneumonia, APP) severely compromised the day 28 data for experiment 1. Analysis
of these data suggested that average daily gain and feed intake for animals in experiment 1
were comparable to other treatments up to and including day 21 records. Therefore, all the
live phase data analysis of this study includes all pigs in experiments 1, 2 and 3, up to and
including day 21 records. The slaughter data only includes experiments 2 and 3. The
average daily gain (ADG), voluntary feed intake (VFI), feed conversion ratio (FCR) at day
21 and carcass data are presented in Table 6.2. The average rate of gain over the 21 days of
the study was 1127 g/day and the average voluntary feed intake was 2659 g/day, indicating
that all pigs in the study had excellent growth rate and feed intake. The start weights for
boars and gilts were 65.4 and

64.3 kg respectively. As expected, the boars grew

significantly faster and had a better feed conversion ratio (FCR) than gilts (1185 and 1069
g/day; 2.30 and 2.47, respectively) over the 21 day period (P<0.001).
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Table 6.2
Effect of dietary lysine level and RAC dose on average daily gain (ADG), voluntary feed intake (VFI), and feed
conversion ratio in finisher pigs after 21 days of treatment.
Available Lysine (L), g/MJ DE
SED
Sex, (S)

Rac (R), mg/kg

0.40

0.48

0.56

0.64

0.72

1053
1156
1142
1149
1316
1238

1097
1075
1199
1197
1221
1306

1078
1109
1168
1318
1231
1312

(SxRxL)

Average Daily Gain (ADG), g/day
Gilt

Boar

Control, 0
5
10
Control, 0
5
10

870
940
971
979
1100
1040

976
1092
1110
1103
1194
1071
Probability B

Main Effects and Interactions
Sex (S)
RAC (R)
Lysine (L)
SxL
SxR
LxR
SxLxR

Linear

<0.001
0.002
<0.001
ns
ns
ns
ns

70.3

Quadratic

0.001
<0.001

ns
0.001

Voluntary Feed Intake (VFI), g/day
Gilt

Boar

Control, 0
5
10
Control, 0
5
10

Main Effects and Interactions
Sex (S)
RAC (R)
Lysine (L)
SxL

2792
2558
2781
2602
2792
2633

2593
2601
2739
2562
2696
2581
Probability
ns
ns
ns
ns

2488
2730
2642
2676
2596
2579

2562
2661
2668
2565
2802
2676

2679
2760
2810
2689
2583
2665

139.9

Linear

Quadratic

ns
ns

ns
ns
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Available Lysine (L), g/MJ DE
SED
Sex, (S)

Rac (R), mg/kg

0.40

SxR
LxR
SxLxR

0.48

0.56

0.64

0.72

2.38
2.49
2.23
2.16
2.33
2.05

2.50
2.51
2.41
2.06
2.11
2.04

(SxRxL)

ns
ns
ns

Feed Conversion Ratio (FCR), kg/kg
Gilt

Boar

Control, 0
5
10
Control, 0
5
10

Main Effects and Interactions
Sex (S)
RAC (R)
Lysine (L)
SxL
SxR
LxR
SxLxR
A

3.34
2.75
2.90
2.67
2.59
2.55

2.67
2.39
2.49
2.36
2.29
2.42

2.37
2.39
2.33
2.35
1.99
2.10

Probability
<0.001
0.005
<0.001
0.065
ns
0.016
ns

Linear
0.002
<0.001

0.135

Quadratic
ns
<0.001

Standard error of the difference for SxRxL. For effects of S, R and L divide by 3.87, 3.16 and 2.45 respectively.

B

Interactions “ns” are not significant (P>0.1).

Page | 111

Increasing levels of dietary lysine increased ADG in a linear (P<0.001) and
quadratic manner (P=0.001). Similarly, a linear and quadratic (P<0.001) response occurred
for FCR with increasing dietary lysine (Table 6.2). The quadratic equations and the
products of differentiation were determined for ADG and FCR for day 21 with or without
dietary ractopamine for each sex. The break point analysis for the control gilts indicated
that the critical level for dietary lysine in which ADG response is maximized is 0.54 g
available lysine/MJ DE (Fig. 6.1). The control boars showed a strong linear response for
ADG and, although a quadratic response occurred, the computer model did not define a
break point (Fig. 6.3).
There was a Sex x Lysine interaction at day 21 for FCR (P=0.065) such that the
FCR of the control boars declined linearly as dietary lysine content increased, whereas the
FCR for the control gilts was minimized at 0.56 g available lysine/MJ DE. The computer
model found the critical level for dietary lysine in which FCR is minimized for control
gilts was 0.52 g available lysine/MJ DE (Fig. 6.2). In boars, the quadratic equation
indicated a very small decline in response as the dietary lysine content increased, hence a
break point for control boars was not found (Fig. 6.4).
Increasing supplementation with dietary RAC further improved ADG (P< 0.001)
and FCR (P=0.002) linearly (Table 6.2). The study showed a notable RAC x Lysine
interaction for ADG (P=0.014, linear x quadratic) and for FCR (P=0.016). The response to
5 mg/kg dietary RAC diminished on diets containing the higher lysine content of 0.64g and
0.72g available lysine/MJ DE, however, when supplemented with 10 mg/kg RAC these
diets supported a response for ADG and FCR for boars and gilts. This interaction
influenced the calculated response plateaus for ADG and FCR in both sexes.
The effect of dietary RAC on the response plateaus for ADG and FCR and the
corresponding critical level for dietary lysine content are shown for gilts (Fig. 6.1 and Fig.
6.2) and boars (Fig. 6.3 and Fig. 6.4) respectively. Boar diets supplemented with
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ractopamine required higher dietary lysine content than gilt diets in order to achieve their
response plateaus for ADG and FCR. The critical level of dietary lysine content required
for gilts supplemented with 5 mg/kg RAC was 0.51 and 0.49 g available lysine/MJ DE for
ADG and FCR respectively, which was lower than control gilts (0.54 and 0.52 g available
lysine/MJ DE, respectively). The 10 mg/kg RAC diet resulted in similar critical lysine
levels when compared to 5 mg/kg RAC diet of 0.50 and 0.52g available lysine/MJ DE for
ADG and FCR respectively. The gilt response plateaus for ADG and FCR were similar for
both 5 and 10 mg/kg RAC diets, 1151 versus 1147 g/day for ADG and 2.35 versus 2.27
g/day for FCR respectively.
A response plateau was not calculated for control boars because the data set did not
display diminishing responses for ADG or FCR over the range of dietary lysine
concentrations offered (Fig. 6.3 and Fig. 6.4). The boars offered the higher level RAC diet
of 10 mg/kg had improved response plateaus for ADG and FCR compared to boars fed the
5 mg/kg RAC diet, however the improvements required higher critical lysine levels. For
example in order to support the elevated responses observed when dietary RAC increased
from 5 to 10 mg/kg the critical lysine levels needed to increase from 0.56 to 0.65 g
available lysine with respects to ADG and from 0.54 to 0.59 g available lysine with
respects to FCR.
Hot standard carcass weight (HSCW) increased with increasing dietary lysine, and
diets supplemented with ractopamine tended to increase HSCW linearly (P=0.075). A Sex
x RAC interaction (P=0.027) occurred for carcass P2 such that the higher RAC dose
reduced carcass P2 in boars but not in gilts (Table 6.3).
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Fig 6.1
The effect of RAC dose at 0 (+), 5 ( ◊ ), or 10 (♦) mg/kg and increasing
available lysine (g/MJ DE) for average daily gain (ADG) in finisher gilts after 21
days.
The points at which ADG begins to diminish for 0, 5 and 10 mg/kg RAC diets are 0.54,
0.51 and 0.50 g available lysine per MJ DE, respectively, and are indicated by the broken
stick lines 0 (-----), 5 (– · –), and 10 (······) mg/kg RAC.

Fig 6.2
The effect of RAC dose at 0 (+), 5 ( ◊ ), or 10 (♦) mg/kg and available
lysine (g/MJ DE) for feed conversion ratio (FCR) in finisher gilts after 21 days.
The points at which FCR begins to diminish for 0, 5 and 10 mg/kg RAC diets are 0.52,
0.49 and 0.52 g available lysine/MJ DE, respectively, and are indicated by the broken stick
lines 0 (-----), 5 (– · –), and 10 (······) mg/kg RAC.
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Fig 6.3
The effect of RAC dose at 0 (+), 5 ( □ ), or 10 (■) mg/kg and available
lysine (g/MJ DE) for average daily gain (ADG) in finisher boars after 21 days.
The points at which ADG begins to diminish for 5 and 10 mg/kg RAC diets are 0.56 and
0.65 g available lysine/MJ DE, respectively, and are indicated by the broken stick lines 5
(– · –), and 10 (······) mg/kg RAC. The linear relationship between 0 mg/kg dietary RAC
and ADG is described by the equation: ADG = 966 x [Available Lysine] + 608, (R2 =
0.9633)

Fig 6.4
The effect of RAC dose at 0 (+), 5 ( □ ), or 10 (■) mg/kg and available
lysine (g/MJ DE) for feed conversion ratio (FCR) in finisher boars after 21 days.
The points at which FCR begins to diminish for 5 and 10 mg/kg RAC diets are 0.54 and
0.59 g available lysine/MJ DE, respectively, and are indicated by the broken stick lines 5
(– · –), and 10 (······) mg/kg RAC. The linear relationship between 0 mg/kg dietary RAC
and FCR is described by the equation: FCR = -1.78 x [Available Lysine] +3.32, (R² =
0.9224)
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Table 6.3
Effect of dietary lysine level and RAC dose on carcass weightA and carcass P2 backfat in finisher pigs after 28
days of treatment.
Available Lysine (L), (g /MJ DE)
Sex (S)

RAC
(mg/kg)

(R),

0.40

0.48

S.E.DB

0.56

0.64

0.72

64.2
64.1
64.2
64.9
64.8
65.1

64.2
64.3
64.5
65.0
64.9
65.0

64.2
64.4
64.4
64.9
64.9
65.0

75.9
78.0
80.1
79.5
81.8
80.1

79.2
76.2
81.0
79.9
81.6
81.1

78.6
75.9
78.9
82.0
80.0
80.8

(SxLxR)

Initial live weight,kg
Gilt
Boar

Control, 0
5
10
Control, 0
5
10

64.4
64.3
64.3
65.0
65.0
64.9

64.4
64.3
64.4
64.9
64.9
65.1

1.47

Probability B

Main Effects and Interactions
Sex (S)
RAC (R)
Lysine (L)
SxL
SxR
LxR
SxLxR

0.086
ns
ns
ns
ns
ns
ns

Carcass weight,kg
Gilt
Boar

Control, 0
5
10
Control, 0
5
10

Main Effects and Interactions
Sex (S)
RAC (R)
Lysine (L)
SxL
SxR
LxR
SxLxR

74.0
77.1
76.8
74.7
78.9
77.2

76.1
80.3
80.4
78.7
79.2
75.7
Probability B
0.015
ns
0.007
ns
0.077
ns
ns

2.41

Linear

Quadratic

0.075
0.001

ns
0.051
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Available Lysine (L), (g /MJ DE)
Sex (S)

RAC
(mg/kg)

(R),

0.40

S.E.DB

0.48

0.56

0.64

0.72

11.7
9.3
11.3
9.3
9.8
9.7

9.8
10.3
12.0
11.5
9.8
9.7

10.5
9.0
9.8
11.0
12.0
9.7

10.2
10.0
10.7
11.2
9.7
9.7

(SxLxR)

Carcass P2, mm
Gilt
Boar

Control, 0
5
10
Control, 0
5
10

11.5
10.3
11.5
8.8
12.2
10.3

Main Effects and Interactions
Sex (S)
RAC (R)
Lysine (L)
SxL
SxR
LxR
SxLxR
A
B
C

Probability B
ns
ns
ns
ns
0.027
ns
ns

1,27

Linear

Quadratic

ns
ns

ns
ns

Carcass data includes experiments 2 and 3 only, n=6 for each treatment
Standard error of the difference for SxRxL. For effects of S, R and L divide by 3.87, 3.16 and 2.45 respectively.
Interactions “ns” are not significant (P>0.1)
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6.3.2

PUN Results
PUN levels at day 8 and day 22 were significantly increased by increasing dietary

lysine content (P<0.001), and for the higher lysine content diets of 0.64 and 0.72 g
available lysine/MJ DE, the PUN values were greater than (P<0.05) the remaining lower
lysine content diets (Table 6.3). Gilts had higher PUN values than boars at day 22
(P<0.001). Dietary RAC did not alter PUN values at day 8 (P=0.984) or day 22 (P=0.821).
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Table 6.4
boars.

Effect of dietary lysine level and ractopamine (RAC) dose on Plasma Urea Nitrogen (PUN) levels in finisher gilts and
Available Lysine (L), (g /MJ DE)

RAC
Sex (S)
(mg/kg)
Day 8 PUN (mmol/L)
Gilt
Control, 0
5
10
Boar
Control, 0
5
10

(R),

0.40

0.48

0.56

0.64

0.72

4.33
4.55
4.43
4.46
4.58
4.21

4.32
4.08
4.85
4.76
5.27
4.30

4.88
4.49
4.95
5.04
3.85
4.33

5.63
5.56
5.28
5.29
5.64
5.26

5.32
5.62
6.34
5.66
6.02
5.96

Sex (S)
RAC (R)
Lysine (L)
SxL
SxR
LxR
SxLxR

Main Effects and Interactions

0.527

Probability B

Main Effects and Interactions

Day 22 PUN (mmol/L)
Gilt
Control, 0
5
10
Boar
Control, 0
5
10

S.E.DA
(SxLxR)

ns
ns
<0.001
ns
ns
ns
ns

4.93
4.68
5.52
4.47
4.69
3.90

5.73
4.38
5.28
4.64
4.67
4.51

5.91
5.41
5.67
5.03
4.36
4.70

7.04
6.28
6.20
5.61
6.42
5.98

6.75
7.93
6.94
6.48
6.70
7.18

0.520

Probability B

<0.001
Sex (S)
ns
RAC (R)
<0.001
Lysine (L)
ns
SxL
ns
SxR
ns
LxR
0.044
SxLxR
A
B
Standard error of the difference for SxRxL. For effects of S, R and L divide by 3.86, 3.16 and 2.45 respectively. Interactions “ns” are not significant (P>0.1).
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6.4

Discussion
The results indicate that 0.56 g available lysine/MJ DE is sufficient to maximize

ADG, FCR and carcass weight in control gilts between 60 and 90 kg live weight.
However, sex differences occurred for FCR (Sex x Lysine interaction, P=0.065) such
that boars showed a linear decrease in FCR over the range of lysine levels fed, whereas
gilts made no further improvements to FCR when fed diets greater than 0.56 g available
lysine/MJ DE. Although, a sex x lysine interaction was not shown for ADG, and a
linear and quadratic relationship was determined for control boars such that ADG
increased as lysine levels increased, the computer modeling used could not determine a
break point over the range of lysine concentrations fed in this study for ADG. Hence,
the control boars indicated that growth and feed conversion was not limited by the
lysine to energy ratios fed in this study.
The addition of dietary RAC resulted in responses even when the lowest lysine
inclusion level of 0.40 g available lysine/MJ DE was fed. Surprisingly, the critical
lysine levels (g available lysine/MJ DE) calculated for ADG in gilts fed diets
supplemented with RAC were less than those required for controls (0.51 and 0.52
versus 0.54 for diets supplemented with 5, 10 and 0 mg/kg RAC, respectively) and
similar for FCR (0.49 and 0.52 versus 0.52 for diets supplemented with 5, 10 and 0
mg/kg RAC, respectively). However, boars fed diets supplemented with RAC require
higher critical lysine levels than gilts, and boars fed higher concentrated RAC diets
require higher critical lysine levels for improved ADG and FCR (0.56 and 0.65 for
ADG, and 0.54 and 0.59 for FCR when supplemented with 5 and 10 mg/kg RAC,
respectively).
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6.4.1

Increasing Lysine
In the study presented, increasing lysine:energy ratios from 0.40 to 0.72 g

available lysine/MJ

DE increased ADG (P<0.001 linear, P=0.001 quadratic) and

reduced FCR (P<0 .001 linear and quadratic) for pigs 60 to 90 kg live weight.
Consistent with this study, Apple et al. (2004) reported that, for gilts and barrows
between 85 and 105 kg, growth and feed efficiency increased linearly (P<0.01) as
lysine:energy ratios increased from 1.7 to 2.4 and 3.1 g lysine/Mcal (equivalent to 0.34,
0.48 and 0.63 g available lysine/MJ DE, respectively). However, Cline et al. (2000) in a
study involving gilts with initial and final live weights of 53.6 and 116.4 kg
respectively, fed diets containing total lysine (%) values ranging from 0.80, 0.95, 1.10,
1.25, or 1.40 (equivalent to 0.48, 0.56, 0.64, 0.72, 0.80 g available lysine/MJ DE
respectively) did not improve weight gain or feed efficiency. In a recent commercial pen
study using similar weight ranges (60 to 85 kg live weight), Main et al. (2008)
concluded that feeding gilts a diet with 2.80 g of Lys/Mcal of ME (equivalent to 0.56 g
available lysine/MJ DE) would meet biological requirements for maximum growth and
feed efficiency, which is in agreement with the study presented.

6.4.2

Sex differences
King et al. (2000) indicated that boars and gilts had similar lysine requirements

of 0.35 g available lysine/MJ DE for growth and feed conversion and 0.39 g available
lysine/MJ DE for protein deposition between 80 and 120 kg. Likewise, recent research
conducted by (Moore and Mullan, 2010) found that, at 80kg live weight, 0.50 g
available lysine/MJ DE provided sufficient lysine for entire males and females. In
contrast, research conducted by Campbell et al. (1988) found the different sexes had
different lysine requirements for growth and feed conversion of boars and gilts between
50 and 90 kg live weight were 0.51 and 0.44 g lysine/MJ DE respectively (equivalent to
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0.43 and 0.37 g available lysine/MJ DE). In chapter 5 it was found that when boars and
gilts were offered a diet of 0.56 g available lysine/MJ DE, lean meat deposition for both
was similar, however, when both sexes were offered a diet containing 0.65 g available
lysine/MJ DE only boars increased their lean meat deposition response (P<0.05).
The literature reports lower amounts of lysine are required to achieve optimum
growth and FCR than in the study presented. This is probably due to higher final
weights of 120 kg (King et al., 2000) and 116 kg (Cline et al., 2000) compared to the
final 21 day weight of 88.5 kg in the study presented. The higher amount of lysine
required for growth and feed efficiency found in the more recent studies of Moore and
Mullan (2010) and the present study (0.50 and 0.56 g available lysine/MJ DE
respectively) compared to King et al. (2000) and Campbell et al. (1988) (0.35 and 0.37
g available lysine/MJ DE respectively) is probably due to differences in genotypes in
recent years with respect to lean tissue deposition and feed efficiency.

6.4.3

Supplementation with dietary RAC
Supplementation of diets with increasing levels of RAC increased ADG and

FCR linearly (P=0.001 and P=0.002, respectively) and did not affect VFI (P=0.333) of
the pigs in this experiment, which is in agreement with previous studies conducted at
the same research institute (Rikard-Bell et al., 2007; Rikard-Bell et al., 2009d).
However, the ADG response of gilts to RAC was similar at 5 and 10 mg/kg for the
lower lysine diets of 0.40, 0.48 and 0.56g available lysine / MJ of DE, and therefore not
suggestive of a linear response to dietary RAC. The lack of response observed for boars
fed 5 mg/kg RAC diet at 0.64 and 0.72 g available lysine were not expected. A more
logical response pattern to dietary RAC would have shown a continuance of
improvement at these higher dietary lysine levels. These results are most likely be
explained due to the random variation exhibited by the small number of replicates (n=9)
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per treatment group. However, it is intriguing that gilts also exhibited a similar response
when fed the 5 mg/kg diet which may highlight a dietary issue, although RAC and
lysine levels were within specification for these diets. Pigs fed the high lysine diets of
0.64 and 0.72 g available lysine/MJ DE only responded to the higher RAC diets, which
is in agreement with the study of Webster et al. (2002). However, it is intriguing that
gilts also exhibited a similar response when fed the 5 mg/kg diet which may highlight a
dietary issue, although RAC and lysine levels were within specification for these diets.
Pigs fed the high lysine diets of 0.64 and 0.72 g available lysine/MJ DE only responded
to the higher RAC diets, which is in agreement with the study of Webster et al. (2002)
who reported that, whilst 1.0% lysine was sufficient for pigs fed 5 mg/kg RAC, pigs fed
10 mg/kg RAC in the first 14 days showed maximal improvements in growth
performance when diets contained 1.2% lysine (equivalent to 0.73 g available lysine/MJ
DE). Similarly, the boars in this study showed improved performance when dietary
RAC was increased from 5 mg/kg to 10 mg/kg, however, this only occurred when lysine
levels were also increased (Fig. 6.3 and Fig. 6.4). A possible explanation as to why this
occurred in the study presented is that 10 mg/kg of dietary RAC stimulated a greater
availability of the β-ARs in the cellular membranes of fat and muscle tissue causing an
increase in protein deposition and the utilization of any excess lysine. This notion,
however, is speculative and is contrary to the observed effects of β-AR agonists in
swine (Spurlock et al., 1994). However, Rikard-Bell et al. (unpublished data) observed
that low levels of dietary RAC (5 mg/kg) can have a stimulatory effect on β1adrenoceptor (β1-AR) expression creating more binding sites for RAC and producing a
similar anabolic response to the more concentrated 20 mg/kg RAC diet which did not
affect β1-AR expression. Therefore, depending on dietary RAC concentration, RAC
may play the role of an agonist or antagonist. The more likely explanations for the
improved performance in boars fed the 10 mg/kg diet compared to the boars fed 5
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mg/kg diet is that the higher dose caused a stronger stimulus by occupying more
receptors, compensating for any desensitizing effect of RAC or that the boars were less
able to metabolize and excrete the higher dose.
The increase in HSCW with increasing RAC levels is in agreement with earlier
studies at this facility, which showed significant linear responses in HSCW as dietary
ractopamine increased (Rikard-Bell et al., 2007; Rikard-Bell et al., 2009d). The study
presented also showed that the higher RAC diet reduced carcass P2 in boars but not
gilts, as indicated by the sex x RAC interaction (P=0.023). Similar findings have been
reported in other studies. For example, Rikard-Bell et al. (2009a) found a reduction in
P2 backfat in Improvac® treated boars fed dietary RAC, and Dunshea et al. (1993b) and
Rikard-Bell et al. (2009c) found reduced P2 backfat in boars treated with dietary RAC
but no decrease in P2 backfat for gilts when compared to control animals.
An interesting outcome of this study was that responses to dietary RAC were
noted when dietary lysine was at or below the current recommendations for RAC diets
of 0.56 g available lysine/MJ DE. This is in contrast to the study of Webster et al.
(2002) who concluded that, for pigs between 80 and 98 kg, 1% total lysine (equivalent
to 0.61 g available lysine/MJ DE) was sufficient for growth responses in pigs fed a
5mg/kg RAC diet. Other studies have observed that pigs fed diets low in protein, 8.5%
and 11.5% (Dunshea et al., 1993a) or 13% (Adeola et al., 1990), are not responsive to
dietary RAC, whereas, when dietary protein was increased, growth and carcass
responses to RAC were observed. The literature suggests that for a pig to respond to
dietary RAC, a minimum level of dietary lysine is required to support the extra growth
observed in RAC fed pigs. In the study presented, improved responses were observed
for ADG and FCR for all levels of dietary lysine when supplemented with RAC, which
is in contrast to observations in the literature. The results of this study may suggest that
dietary lysine is not efficiently utilized for maximum growth and performance and that
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the addition of dietary RAC improved the efficiency of utilization of dietary lysine.
Cases in which animals have reduced efficiency of utilization of amino acids may occur
when challenged by disease. Pigs in this study were exposed to the respiratory pathogen
Actinobaccilus Pleuropneumonia. In pigs acute activation of the immune system via
administration of nonpathogenic antigens results in lower voluntary feed intake and
body growth rates, and reduced efficiency of feed utilization (van Heugten et al., 1994).
The measuring of PUN can be an indicator of increased protein deposition and
subsequent reduction in amino acid catabolism, with urea being an end product of
amino acid catabolism. Therefore a comparison of PUN levels between treatments could
be indicative of differing protein deposition rates. Boars had a lower PUN than gilts in
this study, probably indicating a greater propensity for lean meat deposition which was
indicated by a faster growth rate. Dunshea et al. (1993b) showed that castrates had
higher PUN levels than either gilts or boars, due to their lower protein deposition rates
and higher feed intakes. The addition of dietary RAC did not alter Plasma Urea
Nitrogen (PUN) for pigs in the study presented, whereas in high health pigs fed dietary
RAC a reduced PUN was observed by (Dunshea et al., 1993b) and (Rikard-Bell et al
unpublished data) indicating increased protein deposition expressed as ADG or lean
tissue deposition, respectively. The fact that RAC did not alter PUN may indicate
disease challenge and pigs that do not efficiently utilize dietary lysine and therefore
amino acid catabolism occurred across all treatments resulting in similar levels of PUN.

6.5

Conclusion
The results of the study presented indicate that 0.56 g available lysine/MJ DE is

sufficient to maximize ADG and FCR in gilts over the range of lysine:energy ratios fed.
However, the results of the boars in this study suggest that growth and feed conversion
were not limited by the lysine:energy ratios fed. Supplementation with RAC over the
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range of lysine concentrations fed in this study suggested that responses to ADG, FCR
and carcass weight occur over a wide range of lysine:energy ratios which was a
surprising result. It was argued that the observed responses in ADG and FCR to dietary
RAC in the lower lysine:energy ratio diets could have been due to a reduction in the
efficiency of utilization of dietary lysine due to disease challenge, and that RAC
inclusion in the diets improved the efficiency of utilizing dietary lysine.
The recommended available lysine levels (g/MJ DE) required for optimal response in
ADG and FCR for finishing pigs between 60 and 90 kg are as follows:
1. Gilts supplemented with 5 to 10 mg/kg dietary RAC require lysine levels ranging
from 0.49 to 0.52 g which is lower than the current recommended level of 0.56 g.
2. Boars supplemented with 5 mg/kg RAC require lysine levels ranging from 0.54
to 0.56 g available lysine/MJ DE in order to maximize response.
3. Boars, supplemented with 10 mg/kg RAC require lysine levels ranging between
0.59 to 0.65 g available lysine/MJ DE in order to maximize response, and
When supplementing pigs with dietary RAC, a wide range of lysine:energy levels
maybe employed, however, this may be dependent on RAC inclusion level, herd health
and the genotype.
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CHAPTER 7
Combination Studies:
Part 1:
Combining a Ractopamine Feeding Regime and Porcine Somatotropin
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CHAPTER 7
Part 1:
Combining a Ractopamine Feeding Regime and Porcine Somatotropin
Has Additive Effects on Finisher Pig Performance
7.1 Introduction
Over the past 20 years a number of studies have confirmed that treatment of
finisher pigs with dietary ractopamine (RAC) improves daily gain and feed efficiency
commensurate with increased protein deposition in finishing pigs (Apple et al., 2004;
Apple et al., 2007; Fernandez-Duenas et al., 2008; Mimbs et al., 2005; Moore et al.,
2009; Rikard-Bell et al., 2009a; Watkins et al., 1990; Dunshea et al., 1993a). However
effects of dietary RAC on P2 back fat and fat deposition are equivocal. For example
Dunshea et al. (1993b) found no change in the P2 back fat depth of gilts and barrows
but noted a trend towards a reduced back fat depth in boars fed dietary RAC, whilst in a
similar study, Dunshea et al. (1998a) found dietary RAC had no effect on fat deposition
or P2 back fat depths in gilts and boars. More recently, Rikard-Bell et al. (2009) found
no effect of dietary RAC on P2 in gilts but a tendency for a reduction in P2 occurred
with Improvac-treated boars, whilst Dunshea et al. (2009) observed a reduction in fat
deposition rates of gilts and boars fed restrictively (85%). On the other hand, porcine
somatotropin (pST) inhibits lipogenesis, improves daily gain, feed efficiency and
increases the ratio of lean to fat in carcasses of boars, gilts and barrows unequivocally
(Campbell et al., 1989; Campbell et al., 1990; King et al., 2000; McCauley et al.,
2003). Experiments evaluating the combined use of (pST) and β-AR agonists are
limited, particularly in gilts and boars. Jones et al. (1989) found that dietary RAC when
combined with pST had additive effects in carcass muscle. Likewise, Hansen et al.
(1994; 1997) showed that salbutumol when combined with pST had similar additive
effects on carcass muscle in barrows. The studies published have been carried out on
barrows and with either non-commercial genotypes or genotypes common to the USA
market. Both technologies are applied at the end of the finishing phase and have
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different modes of action. Therefore, the aim of this study was to determine whether a
combination of dietary RAC and pST have additive effects on growth, feed conversion
ratio and the rate of tissue deposition in gilts and boars of a commercial genotype. The
hypothesis tested was that the combination of a 28-day dietary RAC regimen with the
addition of daily injections of pST in the final 14 days will have additive effects on pig
performance when compared to a 28 day dietary RAC regimen.

7.2 Material and Methods
7.2.1

Experimental Design
The study involved 48 individually penned pigs in a 2 x 3 factorial design with

two sexes (gilts, boars) and three RAC dose regimes (0 mg/kg, 5 mg/kg, and 5 mg/kg
(Paylean ®, Elanco Animal Health, NSW) for 28 days respectively plus daily pST
(5mg/ml) injections (Reporcin®, OzBiofarm, Victoria) for the last 14 days). The study
was blocked by time, and each block had a total of 12 pigs consisting of 6 gilts and 6
boars with 2 replicates of each sex randomly allocated to one of the 3 treatment regimes.
The pigs were housed in 2.0 m2 individual pens with flooring being one-third plastic
slats, two thirds concrete and side swing panels between pens. Pigs were allocated to
their pen one week prior to study commencement for acclimatization. Gilts were housed
away from boars to ensure precocious puberty was not stimulated in gilts due to close
boar contact. At the commencement of the study the pigs were 17 weeks of age and 65
kg live body weight. The individual pig was the experimental unit.
7.2.2

Experimental animals and diet
The pigs were a Large White x Landrace commercial crossbred. During the

acclimatisation period the pigs were allowed to feed ad libitum a basal diet formulated
to contain 0.62 g available lysine/MJ DE and 13.8 MJ/kg. Water was provided by a bite
drinker and was available on an ad libitum basis. The treatment diets consisted of the
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basal diet with or without the required addition of dietary RAC (Table 7.1). Lysine and
protein contents for each diet were confirmed as described in section 2.2.3 and RAC
content was confirmed as described in section 2.2.4.
7.2.3

Animal handling and measurements
Pigs were weighed on an electronic scale (Tru-test 702, Mentone, Victoria,

3194, Australia; (±0.2 kg)) at -7, 0, 7, 14, 21 and 28 days and voluntary feed intake
(ADFI) determined at day 7, 14, 21 and 28 days. Back fat at the P2 site (6.5 cm from the
midline over the last rib) was determined at the beginning (day 0), middle (day 14) and
end (day 28) of the experiment using A-mode ultrasound pulse-echo apparatus
(Meritronics Livestock Grader, Faversham, Kent, UK). Delta P2 was calculated by
taking the differences between P2 values at day 14 and 0 and day 28 and 0.
7.2.4

DXA live animal scanning
Body composition was determined for each pig at day -1, 15 and 29 using dual

energy X-ray absorptiometry (DXA) as described in section 2.2.4. The measurements
made by DXA included total tissue mass, lean tissue mass, fat tissue mass and bone
mineral content. Preparation of pigs prior to scanning, procedures for anaesthesia and
animal handling post DXA were as described in section 3.2.6
7.2.5

Statistical Analysis
Pig growth traits and lean tissue composition data obtained using DXA were

analysed for the main effects of dietary RAC and sex and interactions by ANOVA
suitable for a randomized complete block design using GENSTAT (GenStat 11th
Edition,VSN International, Hemel Hempstead, UK) with the pig as the experimental
unit.
Although pigs were randomised into treatment groups, adjustments were not
made for day 0 P2 back fat ultrasound measurement readings. The P2 back fat reading
of 8.5 mm for the gilts in the 5 mg/kg dietary RAC treatment at day 0 was lower
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(P<0.05) than mean P2 fat level of the controls and RAC+pST treated gilts of 9.6 and
9.8 respectively. Therefore when analysing P2 back fat measurements at day 14, 28 and
delta P2 values, d 0 P2 back fat was used as a covariate. Data are presented as means
and standard error of the difference for each dietary treatment group with significance
values for main and interactive effects. Statistical significance was accepted at P < 0.05
and trends were noted if P < 0.1. Where appropriate means were separated using the
least significant difference (LSD) procedures and statistical significance was accepted at
P<0.05.

Table 7.1

Composition of control diet (as fed).

Ingredient 1
Wheat
Mill Mix
Soyabean Meal (48%)
Meat Meal
Water
Di Calcium Phosphate
Tallow
Salt
Limestone
Lysine-HCl
DL-Methionine
Threonine
Tylan 100
Elancoban G
Vitamin and mineral premixB 1
Digestible energy (MJ/kg)C 1
Crude protein (%)D 1
Available lysine (g / MJ DE)C 1
Total lysine (mg/g)D 1
A

CompositionA 1
68.47
10.92
15.86
2.56
1.02
0.75
0.89
0.20
1.30
0.23
0.02
0.03
0.04
0.10
0.068
13.8
18.8
0.62
11.8

To make diets containing RAC Paylean premix (20g/kg) were added to basal diet 1

B

Vitamin mineral premix provided the following nutrients per kilogram of air-dry diet (mg); retinol,
6.4; cholecalciferol, 0.10; α-tocopherol, 22; menadione, 0.60; riboflavin, 3.0; nicotinic acid, 16; pantothenic
acid, 5.6; pyrodoxine, 1.1; biotin, 0.56; choline, 1100; cyanocobalamin, 0.016; Fe, 90; Zn, 56; Mn, 22; Cu,
7; I, 0.22; Se, 0.10.
C
Estimated from ingredients. 1
D
Chemically determined. 1
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7.3 Results
Overall performance of pigs in this study was excellent with average daily gains
(ADG) of 1283 g and average daily feed intakes (ADFI) of 3033 g for the duration of
the study. The overall mean starting weight for the study was 67.4 kg with the gilts
averaging 66.6 kg and the boars averaging 68.2 kg.
7.3.1

FCR results
Partitioning the effects into just two dietary RAC treatments (0 and 5 mg/kg

RAC, n=16 and 32 respectively) for the first 14 days did not indicate any significant
effect of dietary RAC on growth performance or feed efficiency as measured by FCR
(Table 7.2). However in the second half of the study (14 to 28 day period) the effect of
the dietary RAC treatment and the combination treatment (RAC+pST) was evident. All
treatment groups had a reduction in FCR in the second half of the study (P=0.008),
however only the mean FCR of the combination treatment groups (RAC+pST) differed
(P<0.05) from their respective control groups. Likewise, the same trend existed for a
reduction in FCR over the entire duration of the study (P=0.009) with only the
combination treatments differing from control groups (P<0.05), although dietary RAC
tended to reduce FCR compared to the control group (P<0.09).
7.3.2

ADG results
An interaction occurred (P=0.025) between treatment regimes and sex for ADG

such that the ADG of the RAC and the RAC+pST gilts increased (P<0.05) compared to
the control gilts, whereas the ADG of the treated boars did not differ from control boars
(Fig 7.1). Likewise, an interaction (P=0.01) between treatments and sex occurred for
ADFI such that gilts fed the dietary RAC treatment in the second half of the study had a
higher (P<0.05) daily feed intake than either control or RAC+pST-treated gilts, and feed
intakes for boars fed dietary RAC and dietary RAC+pST had lower feed intake means
than control boars (P<0.05) (Fig 7.2).
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7.3.3

P2 back fat results
The starting P2 value for gilts was 9.3 mm and 8.2 mm for boars indicating an

expected sex difference (P=0.004). The impact of pST on the reduction in the
magnitude of change in P2 back fat depth from day 14 to 28 is extreme (P<0.001) (Fig
7.3). In the first 14 days of the study there was no difference (P=0.504) between dietary
RAC and controls for the increased P2 back fat levels. However in the second half of
the study, dietary RAC tended to reduce the expected increase in P2 in boars (P<0.110).
The increases in P2 back fat levels in boars from day 14 to 28 were 2.25, 1.56 and 0.75
mm for control, dietary RAC and combination treatments respectively (Fig 7.3).
7.3.4

DXA results
The DXA results are displayed in Table 7.3. Similar to the performance

indicators of growth and feed efficiency there were no significant treatment effects
between dietary RAC and controls for lean tissue deposition, fat tissue deposition and
ash in the first 14 days of the study, although there were significant sex effects
(P<0.001) for lean tissue deposition and ash. Gilts fed dietary RAC tended (P<0.07) to
increase lean tissue deposition by 101 g/day compared to control gilts. In the second
half of the study both dietary RAC and the combination treatments increased (P<0.001)
lean tissue deposition in gilts by 165 and 286 g/day respectively, and the combination
treatment increased lean tissue deposition in boars by 202 g/day when compared to
respective controls (Table 7.3). The combination treatment also reduced (P<0.001) fat
tissue deposition by 87 g/day (gilts) and 118 g/day (boars) when compared to controls
in the final 14 days. The dietary RAC treatment did not alter fat deposition significantly
in gilts and boars.

Page | 133

Table 7.2
The effects of sex and dietary RAC for the first 14 1 days without pST and over the last 14 days with daily pST (RAC + pST)
treatment on growth performance and carcass characteristics.
Sex (S)
Treatment (T)
Live Phase
Start Weight, kg
Start P2, mm
ADG, g/day
0 – 14day
0 – 28day
ADFI, g/day
0 – 14day
0 – 28day
FCR, kg/kg
0 – 14day
0 – 28day
Delta P23, mm
0 – 14day
0 – 28day
Slaughter Phase
HSCW4, kg
Carcass P2, mm
Dressing (%)

Gilt

Boar

Significance

Control

RAC

RAC +
pST

Control

RAC

RAC +
pST

s.e.d2

S

T

SxT

66.9
9.6a

66.6
8.5b

66.4
9.8a

68.2
8.1

68.3
8.2

68.1
8.2

1.63
0.63

0.105
0.004

0.981
0.326

0.980
0.295

1304
1106

1363
1238

1235

1491
1396

1499
1369

1352

78.3
67.1

0.005
<0.001

0.549
0.504

0.648
0.143

3017
2865

3082
3083

2839

3187
3274a

3161
3122a

3017b

111.3
126.4

0.149
0.007

0.803
0.130

0.564
0.125

2.34
2.61a

2.29
2.50a

2.31b

2.15
2.35

2.13
2.29

2.24

0.101
0.089

0.017
0.001

0.636
0.009

0.797
0.291

1.8
3.5a

1.4
3.3a

2.0b

2.0
4.3a

1.9
4.0a

2.06b

0.458
0.635

0.227
0.163

0.504
<0.001

0.774
0.679

76.4
13.6
78.1

79.6
13.4
78.6

78.9
13.6
78.1

82.4
13.0a
76.8

83.1
11.7a
77.7

82.2
10.4b
77.6

2.24
1.19
0.74

0.002
0.010
0.044

0.474
0.301
0.404

0.654
0.300
0.711

1

Data for all treatment groups where 5 ppm ractopamine were fed for the first 2 weeks have been pooled for these analyses. 2 Standard error of the difference for
S xT. For effects of S and T divide by 1.732 and 1.414 respectively. 3 Delta P2 is calculated by the difference between day 14 and day 0, and day 28 and day 0. 4
Hot Standard Carcass Weight, head on. 4 Within each row and within each sex numbers with different superscripts are significantly different (P<0.05).
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Table 7.3
The effects of sex1 and dietary RAC for 28 days without pST and with daily pST (RAC+pST) over the last 14 days of treatment
on tissue composition in finisher pigs.
Sex (S)
Treatment (T)
Lean Tissue, g/day
0 – 14day
14 – 28day
0 – 28day
Fat Tissue, g/day
0 – 14day
14 – 28day
0 – 28day
Ash, g/day
0 – 14day
14 – 28day
0 – 28day

Gilt

Boar

Significance

Control

RAC

RAC +
pST

Control

RAC

RAC +
pST

s.e.d2

S

T

SxT

840
644a
742a

941
809b
888b

930b
922b

1146
928a
1037

1135
902a
1024

1130b
1127

64.8
69.8
54.1

<0.001
<0.001
<0.001

0.330
<0.001
0.004

0.230
0.170
0.130

332
284a
308

363
320a
336

197b
286

348
326a
337a

331
330a
343a

208b
256b

26.3
33.2
23.9

0.360
0.280
0.860

0.710
<0.001
<0.001

0.200
0.740
0.230

33
24a
28a

35
32b
33b

29b
32b

39
34
37

38
35
36

33
36

1.6
2.0
1.7

<0.001
<0.001
<0.001

0.570
0.018
0.130

0.150
0.035
0.060

1

n = 24 and 8 for each Sex and treatment cell, respectively. Tissue composition determined by dual energy X-ray absorptiometry (Suster et al. 2003).
a,b
Standard error of the difference for S xT. For effects of S and T divide by 1.734 and 1.413 respectively.
Within each row numbers with different superscripts
are significantly different (P<0.05).
2
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Fig 7.1
Effect of dietary RAC for 28 days without or with daily pST
treatment for the final 14 days on Average Daily Gain (ADG) in gilts (□) and boars
(■) in the final 14 to 28 day period.
P-values for Sex, Treatment and Sex x Treatment interaction are P<0.001, 0.261 and 0.025 respectively.
Within each sex values with a different alphanumeric label are significantly different (P<0.05).

Fig 7.2
Effect of dietary RAC for 28 days without or with daily pST
treatment for the final 14 days on Average Daily Feed Intake (ADFI) in gilts (□)
and boars (■) in the final 14 to 28 day period.
P-values for Sex, Treatment and Sex x Treatment interaction are P<0.001, 0.006 and 0.010 respectively.
Within each sex values with a different alphanumeric label are significantly different (P<0.05)
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Fig 7.3
Effect of dietary RAC for 28 days without or with daily pST
treatment for the final 14 days on Delta P2 Back Fat∆ (P2 Back Fat) in gilts (□)
and boars (■) in the final 14 to 28 day period.
P-values for Sex, Treatment and Sex x Treatment interaction are P<0.548, < 0.001 and 0.558 respectively.
Within each sex values with a different alphanumeric label are significantly different (P<0.05).

7.4 Discussion
The objective of this study was to determine whether the combination of a daily
injection of pST in the final 14 days of a 28-day dietary RAC feeding regime was
additive for production traits and tissue deposition rates. With respects to lean
deposition, FCR and ADG in finisher gilts this was indeed the case, however there
wasn’t a similar trend in boars except with respects to a reduction in the rate of increase
in P2 back fat levels.
Nevertheless, an interaction between sex and ADG was observed with the use of
daily pST such that gilts fed dietary RAC with or without pST grew faster than controls,
whereas treated and control boars had similar growth rates. This observation can be
partly explained by the sex x treatment interaction for ADFI. The feed intakes of the
RAC-treated gilts were higher (P<0.05) than control or RAC+pST gilts and the ADFI
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means of boars treated with RAC or RAC+pST were lower (P<0.05) than control boars.
The literature indicates that pigs treated with pST have reduced intakes, whereas
changes in feed intake are equivocal for β-AR agonists. Hansen et al. (1997) showed a
reduced ADFI (P<0.001) for pST-treated barrows and observed no change in feed
intake for salbutamol-treated barrows. A similar observation was made by Hansen et al.
(1994), however the combination of salbutamol and pST reduced ADFI even more than
the pST treatment alone. Campbell et al. (1990) showed reduced intakes of 7.8, 19.2,
and 22.6% for boars, gilts and barrows respectively, and in an earlier study (1989),
observed a 14% reduction for pST-treated pigs. In Chapter 4, I observed that dietary
RAC did not alter ADFI in agreement with other authors (Dunshea et al., 1998a; Adeola
et al., 1990; Apple et al., 2008; Marchant-Forde et al., 2003), although other researchers
have also observed reductions in feed intake with supplementation of dietary RAC
(Brumm et al., 2004; Carr et al., 2005b; Mimbs et al., 2005). Hence the literature
indicates that the effect of dietary RAC on feed intake is equivocal whereas a reduction
in feed intake when pigs are treated with pST is a more consistent outcome.
This study showed a tendency towards an increase (P<0.07) of 12% (101 g/d) for
lean tissue deposition in gilts in the first 14 days, which is in contrast to the results
presented in Chapter 3 but in agreement with others who have reported similar
magnitudes of lean tissue growth (Armstrong et al., 2004; Dunshea et al., 1993a;
Rikard-Bell et al., 2009a). The improvement in lean tissue deposition (P<0.05) in RACtreated gilts over controls increased to 26% (165 g/d) in the final 14 days of the study
and the additional daily injection of pST further increased lean deposition rate over the
RAC-treated gilts by 15% (111 g/d). A smaller improvement (9%) in lean deposition
was also observed in the RAC+pST-treated boars. These results indicate that a dietary
RAC feeding regime increases lean deposition over 28 days for gilts, and this can be
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further enhanced by the addition of daily pST treatment in the final 14 days of the
program.
Beermann et al (1990) reported that pST increases skeletal muscle mass by
muscle fibre hypertrophy and reduces muscle lipid concentration in a dose dependent
manner. In general, my results have smaller responses to pST with respects to lean
deposition rates when compared to the literature. For example, King et al. (2000)
showed that pigs treated with 0.06 mg/kg /day pST from 80 to 120 kg had a 47% (from
99 to 145 g/d) increase in protein deposition over controls. Similarly, Campbell et al.
(1991) showed that 0.09 mg/kg/day pST increased protein deposition in finisher pigs by
81% from 119 to 215 g/d over the live weight range of 60 to 90 kg. The relatively high
pST dose administered to the pigs in the study by Campbell et al. (1991) probably
reflects nearly maximum responses for pST-treated pigs. Hence, factors which may
have contributed to smaller responses in this present study may be due to lower dose of
pST used in the present study (0.05 mg/kg/day); furthermore, the duration of
administration was only 14 days whereas the studies cited are likely to have been in
excess of 28 days.
The effect of pST on fat accretion in this study was spectacular for both sexes.
Reductions in fat deposition over the final 14 days for RAC-treated pigs administered
pST were -31% (- 87 g/d) and -36% (- 118 g/d) in gilts and boars over controls
respectively. These results are typical of those cited in the literature (Campbell et al.,
1991; Campbell et al., 1989; King et al., 2000). Likewise the addition of pST to RACtreated pigs markedly reduced delta P2 back fat readings. It is possible that in the study
presented the lipolytic effects of RAC are enhanced by the co-administration of pST.
This is consistent with the observation that growth hormone has no direct lipolytic
action in porcine adipose tissue, but increases the tissue’s catecholamine sensitivity
(Etherton and Walton, 1986). Sillence et al (2002) confirmed that growth hormone can
Page | 139

attenuate the down regulation of β-ARs, seen in pigs treated with the β2-adrenoceptor
agonist clenbuterol.
This study also observed that in the final 14 days, dietary RAC also reduced the
expected increase in P2 in boars (P<0.05). This was also an outcome in Chapter 3 where
it was postulated that a delay in down regulation of β-ARs might have occurred in boars
allowing for a reduction P2 back fat in the latter stages of the study. However, dietary
RAC did not alter fat deposition in gilts or boars, which in the case of boars are
interesting as the reduction in P2 back fat described above would therefore indicate that
RAC treatment might alter the placement of fat deposition but not the total fat
deposition. Hence in boars, dietary RAC reduces the rate of increase in P2 back fat in
the final stages of finishing and the addition of a daily pST treatment in the final 14
days further reduces this rate of increase in P2 backfat.
The effect of pST on fat and muscle deposition in this study is very distinct. The
mechanism of action of pST has also been widely researched and initially researchers
were not clear as to whether the effects of pST were due to changes in lipogenesis (fat
synthesis and storage), lipolysis (fat mobilization and hydrolysis), or both. Dunshea et
al. (1992) showed that pigs treated with pST markedly decreased glucose uptake,
lipogenic enzyme activity and lipogenic rate. Hence lipogenesis and in particular fatty
acid synthesis is decreased during pST treatment of growing pigs. Therefore as was
reviewed by Etherton and Smith (1991), pST redirects an appreciable quantity of
glucose from adipose tissue to other tissues, primarily muscle, and may provide
additional nutrients to support the energy and nutrient requirements associated with the
increased rate of protein deposition.
β-AR agonists act directly via attachment to β-ARs on the membrane of
adipocytes, thereby influencing cellular metabolism via signalling cascades (see
Literature Review). In brief, RAC indirectly leads to decreased lipogenesis and
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increased lipolysis. Merkel et al. (1987) found that fatty acid synthetase and malic
enzyme, two key enzymes in fatty acid synthesis, were decreased. In the same study,
Merkel et al. (1987) showed that lipoprotein lipase, which is involved in the movement
of fat from the blood stream into the adipose tissue, decreased in activity indicating the
rate of lipolysis was increased in pigs fed RAC. Hence the rate of adipose tissue mass
slows resulting in a leaner animal. However in most cases RAC does not appear to
decrease fat deposition in pigs due to a rapid down regulation of adipocyte β-ARs and a
relative insensitivity of porcine adipocytes to β-AR agonists (Dunshea, 1993; Dunshea
and King, 1995; Spurlock et al., 1994; Liu et al., 1994). This study, however, has shown
a possible delay in down regulation or a change in sensitivity of the β-ARs on
adipocytes as indicated by the reduction in P2 for boars treated with RAC.
Skeletal muscles also express β-ARs, which when bound by RAC cause an
increase in muscle metabolic enzymes (Mersmann, 1998) resulting in increased protein
deposition provided sufficient protein is supplied in the diets (Bergen et al., 1989;
Dunshea et al., 1993a). In the present study a response to dietary RAC was detected in
gilts but not boars. Insufficient protein or lysine availability could be a possible
explanation as to why there was no lean deposition response to dietary RAC by the
boars in the present study. In chapter 5 there was a linear increase in lean deposition as
dose of RAC increased in gilts and boars (P=0.044) and further partitioning these data
in chapter 5, supplementation with dietary RAC tended (P<0.1) to increase lean
deposition rate only in boars fed high lysine diets. In the present experiment I did not
observe a Sex by RAC interaction (P=0.13) although gilts increased lean deposition in
RAC and RAC+pST treatments where as boars did not differ from controls in lean
depositon. In the present study the lysine : energy ratio was 0.62 g available lysine / MJ
DE where as in chapter 5 boars fed a higher level of 0.65 g available lysine / MJ DE
supplemented with RAC tended to increase lean deposition compared to controls.
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Chapter 5 data also showed that boars increased lean deposition rate when dietary lysine
increased from 0.56 to 0.65 g available lysine MJ DE where as gilts had similar lean
deposition rates at both lysine levels (SxL interaction P=0.043) which is in contrast to
research by King et al. (2000) who concluded that for pigs between 60 and 90 kg sex
had no effect on dietary lysine required to maximize protein deposition.
Finally, ADG, FCR and lean meat deposition were not altered in the first 14
days of dietary RAC treatment in either sex, which is a similar outcome to Chapter 3. It
is possible that statistical significance (P<0.05) was not achieved for these traits in the
first 14 days of this study between dietary RAC treatments and controls due to the
insufficient experimental numbers of 8 replicates per treatment. Retrospectively and
using the abbreviated equation described by Morris (1999) to determine approximate
minimum replicate number required to achieve a significance between treatment means,
n = 8 x (CV%)2 / (d%)2
Where n = minimum number animals; CV% = (standard deviation) / (mean) x 100 ; and d = expected
difference between treatment and control as a percentage.

and applying improvements in FCR of 8% and a coefficients of variation (CV) of
10% (Rikard-Bell et al., 2009a; Rikard-Bell et al., 2007), a minimum of 12 replicates
per treatment is calculated. As well, an improved experimental design would have
included a fourth treatment of control diet+pST in the final 14 days to determine the
effect of pST alone. However limitations related to animal availability, space allowance
and time constraints for this experiment reduced the treatments to three and number of
replicates per treatment to 8. Regardless, the major objective of this study was to
determine whether the addition of pST was additive to dietary RAC because this
mimicked a typical feeding regime in Australian finisher pig production; for this reason
and given the constraints described above, the fourth treatment was not considered. The
experimental design adopted in this study would determine whether the addition of pST
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in the final 14 days further improved production traits and lean deposition beyond
dietary RAC alone. As the study showed differences in treatments for tissue deposition,
replicate numbers appeared to be sufficient, and as discussed the delayed response of
pigs treated with dietary RAC could be due to a delay in the down regulation of the βARs on the membrane surface of fat and muscle cells.

7.5 Conclusion
This study has indicated that the combination of 28 days of dietary RAC with the
addition of daily administration of pST in the final 2 weeks has an additive effect on
lean tissue deposition in finisher gilts. Furthermore the combination treatment markedly
reduced the FCR and reduced the increase in back fat depth in both gilts and boars when
compared to controls and dietary RAC treatments.
The study confirms the significant increases in lean tissue deposition that dietary
RAC alone has on finisher gilts (Dunshea et al., 1993b; Rikard-Bell et al., 2009a;
Rikard-Bell et al., 2009c; Dunshea et al., 1993a). I have indicated that dietary RAC
does not improve production indices such as ADG, FCR or even lean tissue deposition
in boars, which is in contrast to other studies (Rikard-Bell et al., 2009a; Rikard-Bell et
al., 2009e; Rikard-Bell et al., 2009d; Dunshea et al., 1998a) and that this may be due to
insufficient dietary lysine. However, dietary RAC reduced the rate of increase in P2
backfat in finisher boars which has been observed in earlier studies and in Chapter 3 of
this thesis (Dunshea et al., 1993b; Rikard-Bell et al., 2009a; Rikard-Bell et al., 2009c),
and the addition of pST further reduces the rate of increase in P2 back fat in boars.
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Part 2:
Ractopamine hydrochloride improves growth performance and carcass
composition in immunocastrated boars, intact boars, and gilts.
7.6 Introduction
Dietary ractopamine (RAC) supplementation increases the rate of lean deposition,
whereas effects on fat deposition are equivocal (Dunshea et al., 1993a; Dunshea et al.,
1993b; Dunshea et al., 1998a; Mitchell et al., 1990; Mitchell et al., 1991). For example,
there was no effect of 20 mg/kg of dietary RAC on the rate of fat deposition in gilts with
a wide range of energy and protein intakes (Dunshea et al., 1993a; Dunshea et al.,
1993b; Dunshea et al., 1998a), whereas 10 mg/kg increased lean deposition and
decreased fat deposition in restrictively-fed gilts, but not boars (Dunshea et al., 2009).
The increase in protein deposition appears to be most pronounced at increased ADFI;
thus, dietary energy may limit the response to RAC (Dunshea et al., 1998a). The ADFI
of commercially housed pigs is less than that which maximizes protein deposition in
contemporary pigs (Dunshea et al., 2005a; King et al., 2004). Also, responses to RAC
are most pronounced in the first 2 wk and decline thereafter (Dunshea et al., 1993a;
Sainz et al., 1993b; See et al., 2004) due to down-regulation of β-adrenoceptors (β-AR)
(Leury et al., 1998; Mills, 2002b; Sainz et al., 1993a; Spurlock et al., 1994). Responses
to RAC may be maintained by increasing the inclusion rate during the latter stage of
treatment (See et al., 2004; Poletto et al., 2009).
An anti-GnRF immunization vaccine, Improvac (Pfizer Animal Health, Parkville,
Australia), is used commercially in a range of countries including Australia to reduce
the accumulation of boar taint compounds, androstenone and (or) skatole, in carcasses
from entire male pigs (Dunshea et al., 2001; McCauley et al., 2003; Oliver et al., 2003).
The concomitant decrease in testosterone seems also to have effects on sexual,
aggressive, and feeding activities, which in turn may be associated with increases in
ADFI, ADG (Cronin et al., 2002), and sometimes backfat (Dunshea et al., 2001). Thus,
Page | 144

simultaneous use of anti-GnRF immunization and a step-up RAC feeding regimen
might reduce the increase in fatness observed after immunocastration and provide
sufficient energy to ensure full expression the benefits of dietary RAC.
The hypotheses to be tested in this study were that 1) anti-GnRF immunization
would increase ADFI around 2 wk after secondary vaccination, and that 2) a
simultaneous step-up in dietary RAC concentration would allow the additional energy
intake to be deposited as lean tissue rather than fat.

7.7 Materials and Methods
All procedures were approved by the Animal Ethics committee of the University
of Adelaide, Roseworthy, South Australia, 5371.
7.7.1

Experimental Design
This study involved 286 pigs (190 boars and 96 gilts) representing 3 breeds

[Terminal Sire Line (n = 184), Myora Large White (n = 48), and Myora Landrace
breeds (n = 54)] housed at the South Australian Pig and Poultry Production Institute,
Roseworthy, Australia. Ninety-six boars were randomly selected and given a primary
dose (2 mL) of an anti-GnRF immunization vaccine (Improvac, Pfizer Animal Health,
Parkville, Australia) at 11 wk of age. At 17 wk of age, the pigs were stratified by BW
and backfat within each sex and breed group and allocated to pens within the finishing
barn. Pigs were housed at 0.95 m2/pig in groups of 11 or 12 on partially slatted floors
within a naturally ventilated barn divided into 4 rooms; each room contained 6 pens in 2
rows of 3. Pigs were provided with ad libitum access to a single-spaced feeder and 2
nipple drinkers at all times. The boars designated to receive the anti-GnRF
immunization received their secondary vaccination (2 mL) at this stage. Within each sex
group, pigs were allocated to 1 of 2 dietary RAC (Elanco Animal Health, Maquarie
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Park, Australia) regimens: 0 mg/kg of RAC for 31 d or 5 mg/kg of RAC for 14 d
followed by 10 mg/kg of RAC for 17 d. Each room contained 1 of each sex-dietary
treatment combination.
7.7.2

Experimental diets
The treatment and control diet were formulated to contain 0.56 g of available

lysine per MJ of DE and an energy level of 13.2 MJ/kg (Table 7.4); feed samples were
analyzed for DM, fat, protein, fiber, ash, and AA concentrations (Rayner, 1985) as
described in section 2.2.3. The measured RAC concentrations were determined as
described in section 2.2.4 and were found to be 6.3 and 9.6 mg/kg of (as fed) for the 5
and 10 mg/kg of RAC diets, respectively.
7.7.3

Animal handling and measurements
Pigs were weighed at 0, 14, and 31 d, and feed refusals were weighed at 14 and

31 d. Backfat at the P2 site (65 mm off the midline over the last rib) was determined
with real-time ultrasound at 0 and 31 d. After 31 d, the pigs were transported to the
abattoir and slaughtered 12 h after arrival. After slaughter, carcass P2 and carcass
weight were taken for each individual pig. Before slaughter, the 5 median BW pigs from
each pen (a total of 120 pigs) were selected and were individually identified with a slap
tattoo. After 24 h, the carcasses of the selected pigs were split in half, placed in carcass
bags, and sent chilled to the Department of Primary Industries, Werribee, Victoria,
Australia, where they were scanned for regional body composition using dual energy xray absorptiometry (Suster et al., 2004) within 48 h of slaughter.
7.7.4

Statistical Analysis
All data were analyzed using ANOVA with the GENSTAT program (VSN

International Ltd., Hemel Hempstead, UK). For growth performance data, the pen was
the experimental unit. Effects were accepted as being significant at P < 0.05, and trends
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were noted if P < 0.1. There was a small but significant difference in initial BW
between the entire boars and those boars immunized against GnRF at the start of the
study. Because anti-GnRF immunization does not produce any physiological effects
until after the second vaccination and differences in BW at the time of the secondary
vaccination have not been observed before (Cronin et al., 2002; Dunshea et al., 2001;
McCauley et al., 2003; Oliver et al., 2003), initial BW was used as a covariate for
analyses of carcass weight. A contingency table was used to confirm that the various
breeds were distributed evenly across treatments before the study commenced (χ2 = 4.3
with 4 df, P = 0.37).
Table 7.4

Composition of control diet (as fed)1

Item 1
Ingredient
Barley
Triticale
Wheat Middlings
Peas
Canola Meal
Meatmeal
Bloodmeal (ring dried)
Tallow
Limestone
Rock Phosphate
Salt
Lysine-HCL
2-hydroxy-4-(methylthio)butanoic acid (Alimet)
L-Threonine
Chromium picolinate2
Vitamin and mineral premix2
Composition
DE,3 MJ of DE / kg
CP4
Available lysine, 3 g/MJ of DE
Total lysine4

g/kg
300.0
335.7
100.0
100.0
98.3
33.3
10.0
5.0
7.0
5.0
2.0
0.9
0.267
0.067
0.5
2.0
13.2
16.3
0.56
0.71

1

To make diets containing 5 or 10 mg/kg of RAC (Elanoc Animal Health, Indianapolis, IN), 0.25 or 0.50
of Paylean premix 20 were added to 1,000 kg of basal diet.
2
Provided the following nutrients per kilogram of air-dry diet (mg): retinol, 6.4; cholecalciferol, 0.10; αtocopherol, 22; menadione, 0.60; riboflavin, 3.0; nicotinic acid, 16; pantothenic acid, 5.6; pyrodoxine, 1.1;
biotin, 0.56; choline, 1100; cyanocobalamin, 0.016; Fe, 90; Zn, 56; Mn, 22; Cu, 7; I, 0.22; Se, 0.10; Cr, 0.20
3
Estimated from ingredients. 1
4
Chemically determined.
1
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7.8 Results

There was a small difference in initial BW between the sexes (72.0, 71.6, and 70.1
kg for boars, gilts, and boars immunized against GnRF, respectively, P<0.001), but
appropriate randomization ensured there was no difference between the dietary RAC
groups (P=0.93; Table 7.5).
7.8.1

Live phase results: ADG
Over the first 14 d of the study, gilts had less (P<0.001) ADG than boars or

boars immunized against GnRF (1.18, 0.99, and 1.20 kg/d for boars, gilts, and boars
immunized against GnRF, respectively), but there was no effect of RAC (P=0.57). Over
the ensuing 17 d, the boars immunized against GnRF had greater ADG than the entire
boars, which in turn were greater (P<0.001) than the gilts (1.09, 1.01, and 1.30 kg/d for
entire boars, gilts, and boars immunized against GnRF, respectively) and pigs fed RAC
had greater (P<0.001) ADG than the controls (1.09 and 1.19 kg/d for control and RAC
pigs). Over the entire study, the boars immunized against GnRF had greater (P<0.001)
ADG than the entire boars, which in turn were greater than the gilts (1.13, 1.00, and
1.25 kg/d for entire boars, gilts, and boars immunized against GnRF, respectively), and
pigs fed RAC had greater (P< 0.001) ADG than the controls (1.10 and 1.16 kg/d for
control and RAC pigs). Consequently, at the end of the study, the boars immunized
against GnRF were heavier (P<0.001) than the entire boars, which in turn were heavier
than the gilts (107.1, 102.7, and 109.1 kg for entire boars, gilts and boars immunized
against GnRF, respectively), and pigs fed RAC were heavier (P<0.001) than the
controls (105.2 and 107.9 kg for control and RAC pigs).
7.8.2

Live phase results: ADFI
Over the first 14 d of the study, there was no effect (P=0.19) of sex on ADFI,

whereas ADFI was decreased (P=0.005) in pigs consuming RAC (2.96 and 2.81kg/d for
control and RAC pigs; Table 7.5). Over the ensuing 17 d, the boars immunized against
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GnRF had greater (P<0.001) ADFI than the entire boars or the gilts (3.18, 3.06, and
4.06 kg/d for entire boars, gilts, and boars immunized against GnRF, respectively),
although there was no effect of dietary RAC (P=0.87). Over the entire study, the boars
immunized against GnRF had greater (P<0.001) ADFI than the entire boars, which in
turn ate more than the gilts (3.05, 2.95, and 3.54 kg/d for entire boars, gilts, and boars
immunized against GnRF, respectively), and pigs fed RAC tended to eat less (P<0.076)
than the controls (3.22 and 3.14 kg/d for control and RAC pigs). There was a tendency
for an interaction (P=0.054), such that the decrease in response to dietary RAC was
most pronounced in the boars immunized against GnRF (Table 7.5).
7.8.3

Live phase results: G:F
Over the first 14 d of the study, the gilts had a lower (P<0.001) G:F than the

entire boars or the boars immunized against GnRF (0.409, 0.351, and 0.407 for entire
boars, gilts, and boars immunized against GnRF, respectively), whereas dietary RAC
increased (P=0.033) G:F (0.375 and 0.403 for control and RAC pigs; Table 7.5). Over
the ensuing 17 d, the G:F of the boars immunized against GnRF tended to be less
(P=0.054) than that of the entire boars (0.344, 0.331, and 0.322 for entire boars, gilts,
and boars immunized against GnRF, respectively), and G:F was increased (P<0.001) by
dietary RAC (0.317 and 0.348 for control and RAC pigs). Over the entire study, entire
boars had greater (P<0.001) G:F than boars immunized against GnRF, which in turn
was greater (P<0.001) than gilts (0.372, 0.340, and 0.354 for entire boars, gilts, and
boars immunized against GnRF, respectively), and G:F was increased (P<0.001) by
dietary RAC (0.341 and 0.370 for control and RAC pigs).
7.8.4

Carcass and P2 measurements
Carcass weight was greater (P<0.001) in the boars immunized against GnRF

than the other types (80.3, 79.4, and 83.6 kg for entire boars, gilts, and boars immunized
against GnRF, respectively) and was increased (P<0.001) by dietary RAC (80.2and 82.2
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kg for control and RAC pigs; Table 7.6). Initial P2 was greater (P<0.001) in the gilts
(8.5, 10.0, and 8.4 mm for entire boars, gilts, and boars immunized against GnRF,
respectively); at the end of the study, P2 was greatest (P<0.001) in the boars immunized
against GnRF as analyzed with ultrasound (11.4, 12.8, and 13.3 mm for entire boars,
gilts, and boars immunized against GnRF, respectively) or Hennessy probe (Hennessy
Grading Systems Limited, Auckland, New Zealand; 11.3, 12.1, and 12.8 mm for entire
boars, gilts, and boars immunized against GnRF, respectively). The change in
ultrasound P2 backfat during the study was greater (P<0.001) in boars immunized
against GnRF (2.8, 2.9, and 5.0 mm for entire boars, gilts, and boars immunized against
GnRF, respectively) and tended to be reduced (P=0.076) by RAC (3.8 and 3.3 mm for
control and RAC pigs). However, this latter response appeared to be largely in the boars
immunized against GnRF (Table 7.6).
7.8.5

Half carcass DXA results
Half carcass weight was greater (P=0.008) in boars immunized against GnRF

than in gilts with entire boars being intermediate (36.2, 35.5, and 37.0 kg for entire
boars, gilts, and boars immunized against GnRF, respectively), and was increased
(P<0.001) by dietary RAC (35.3 and 37.1 kg for control and RAC pigs; Table 7.6). Half
carcass lean mass was greater (P<0.01) in entire boars than in gilts with boars
immunized against GnRF being intermediate (25.8, 23.5, and 24.9 kg for entire boars,
gilts, and boars immunized against GnRF, respectively), and was increased (P<0.001)
by dietary RAC (23.5 and 26.0 kg for control and RAC pigs). Half carcass fat mass was
less (P=0.004) in entire boars than in gilts and boars immunized against GnRF (3.92,
6.29, and 5.98 kg for entire boars, gilts, and boars immunized against GnRF,
respectively) and was decreased (P=0.013) by dietary RAC (6.14 and 4.65 kg for
control and RAC pigs). Half carcass ash mass was less (P=0.003) in gilts than in entire
boars and boars immunized against GnRF (6.18, 5.95, and 6.21 kg for entire boars, gilts,
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and boars immunized against GnRF, respectively), and was decreased (P<0.001) by
dietary RAC (5.97 and 6.25 kg for control and RAC pigs).
Percent lean in the half carcass was greater in entire boars (P=0.006) than gilts
or boars immunized against GnRF (71.2, 66.1, and 67.3% for entire boars, gilts, and
boars immunized against GnRF, respectively), and was increased (P=0.006) by dietary
RAC (66.3 and 70.0% for control and RAC pigs). Conversely, percent fat in the half
carcass was less (P=0.004) in boars than in gilts and boars immunized against GnRF
(10.9, 17.7, and 16.4% for boars, gilts, and boars immunized against GnRF,
respectively) and was decreased (P=0.004) by dietary RAC (17.4 and 12.5% for control
and RAC pigs). Percent ash in the half carcass was not different between the pig types
(P=0.33) and tended to be increased (P=0.054) by dietary RAC.
7.8.6

Primal Cuts DXA results
The effects of sex and RAC on the composition of the various primal cuts of the

carcass were, in general, qualitatively similar to what was observed in the whole carcass
(Table 7.7), with a few exceptions. For example, the total weight of the shoulder did not
appear to be responsive to RAC, except in the gilts where RAC increased total shoulder
weight, as evidenced by the interaction (P=0.029) between sex type and dietary RAC.
Belly weight was also not affected (P=0.12) by dietary RAC, although there were
compositional changes. Thus, dietary RAC increased lean tissue and ash and decreased
fat tissue in all of the primal cuts (Table 7.7) as it did in the half carcass. The primal cut
most responsive to RAC was the loin, in which there were 10 and 22% increases
(P<0.001) in total and lean tissue and a 21% reduction (P=0.02) in fat in response to
dietary RAC (Table 7.7).
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Table 7.5

The effect of sex type (S) and Ractopamine (RAC)1 on growth performance of finisher pigs.
Boar

Item
BW, kg
d0
d 14
d 31
ADFI, kg/d
0 to 14 d
15 to 31
0 to 31 d
ADG, kg/d
0 to 14 d
15 to 31
0 to 31 d
G:F
0 to 31 d
15 to 31
0 to 31 d

Gilt

0

5/10

0

5/10

72.0
88.7
106.2

71.9
88.4
108.0

71.6
84.8
101.1

71.6
86.1
104.2

Boars immunized against
GnRF2
0
5/10

70.1
86.9
108.4

70.2
86.5
109.9

Probability
SED3

S

R

SxR

0.22
0.92
1.01

<0.001
0.001
<0.001

0.93
0.69
0.002

0.79
0.33
0.53

3.01
3.15
3.09

2.79
3.21
3.02

2.83
3.00
2.92

2.82
3.11
2.98

3.04
4.15
3.65

2.82
3.96
3.43

0.080
0.099
0.072

0.19
<0.001
<0.001

0.005
0.87
0.078

0.14
0.10
0.054

1.19
1.03
1.10

1.17
1.16
1.16

0.94
0.96
0.95

1.04
1.06
1.05

1.20
1.26
1.24

1.19
1.35
1.27

0.065
0.031
0.029

<0.001
<0.001
<0.001

0.57
<0.001
0.002

0.37
0.67
0.33

0.400
0.328
0.357

0.421
0.361
0.386

0.332
0.320
0.326

0.369
0.342
0.354

0.397
0.304
0.339

0.418
0.341
0.370

0.0202
0.0116
0.0097

0.001
0.054
0.001

0.033
<0.001
<0.001

0.83
0.64
0.96

1

Ractopamine (Elanco Animal Health, Indianapolis, IN) dose was 0 mg/kg for 31 d (0) or 5 mg/kg for 14 d followed by 10 mg/kg for 17 d (5/10).
Boars were immunized against GnRF by giving 2 doses of Improvac (Pfizer Animal Health, Parkville, Australia) at 13 (d – 28) and 17 wk (d 0) of age.
3
SED for sex type x RAC effect. For main effects of sex and RAC, multiply by 0.672 and 0.578, respectively.
2
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Table 7.6
The effect of sex type (S) and Ractopamine (RAC)1 on half carcass characteristics measured using dual x-ray
absorptiometry.

Boar
Item
Full Carcass, 4 kg
P25 back fat, mm
Ultrasound 0 d
Ultrasound 31 d
Ultrasound
Hennessy6
Half carcass, 7 kg
Total
Lean
Fat
Ash
Half carcass, %
Lean
Fat
Ash

Boars immunized against
GnRF2

Gilt

Probability

0

5/10

0

5/10

0

5/10

SED3

S

R

SxR

79.6

81.1

78.0

80.9

82.6

84.5

1.15

0.001

<0.001

0.33

8.4
11.4
3.0
11.3

8.7
11.4
2.8
11.3

9.9
12.7
2.8
12.1

10.1
12.8
2.8
12.1

8.4
13.9
5.6
13.1

8.4
12.7
4.4
12.4

0.40
0.52
0.42
0.45

<0.001
<0.001
<0.001
<0.001

0.54
0.30
0.076
0.35

0.90
0.14
0.12
0.42

35.7
24.8
4.59
6.11

36.7
26.8
3.25
6.24

34.2
22.3
6.52
5.73

36.8
24.7
6.05
6.16

36.1
23.3
7.30
6.08

37.8
26.5
4.65
6.34

0.56
1.00
0.937
0.101

0.008
0.010
0.004
0.003

<0.001
<0.001
<0.001

0.18
0.66
0.28
0.15

69.5
12.9
17.1

72.8
8.9
17.0

65.1
18.9
16.8

67.0
16.4
16.7

64.4
20.4
16.9

70.2
12.3
16.8

2.03
2.58
0.18

0.006
0.004
0.33

0.006
0.004
0.053

0.40
0.31
0.97

1

Ractopamine (Elanco Animal Health, Indianapolis, IN) dose was 0 mg/kg for 31 d (0) or 5 mg/kg for 14 d followed by 10 mg/kg for 17 d (5/10).
Boars were immunocastrated by giving 2 doses of Improvac (Pfizer Animal Health, Parkville, Australia) at 13 (d – 28) and 17 wk (d 0) of age.
3
SED for sex type x ractopamine effect. For main effects of sex and ractopamine, multiply by 0.672 and 0.578, respectively.
4
Carcass weight with head on was analyzed using initial BW as covariate.
5
Sixty-five mm off the midline over the last rib.
6
Determined with the Hennessy probe (Hennessy Grading Systems Limited, Auckland, New Zealand) at the abattoir on the day of slaughter.
7
Determined on the head-off half carcass using dual energy x-ray absorptiometry.
2

Page | 153

Table 7.7
The effect of sex type (S) and Ractopamine (RAC)1 on half carcass characteristics measured using dual x-ray
absorptiometry.
Boar
Item
Shoulder, 4 kg
Total
Lean
Fat
Ash
Loin, 4 kg
Total
Lean
Fat
Ash
Belly, 4 kg
Total
Lean
Fat
Ash
Ham, 4 kg
Total
Lean
Fat
Ash

0

Gilt
5/10

0

5/10

Boars immunized against
GnRF2
0
5/10

Probability
SED3

S

R

SxR

12.1
8.16
1.61
2.31

11.9
8.41
1.19
2.34

11.6
7.46
1.96
2.20

12.3
8.07
1.85
2.36

12.5
7.87
2.32
2.35

12.3
8.38
1.53
2.39

0.24
0.225
0.242
0.047

0.023
0.012
0.010
0.045

0.501
0.002
0.006
0.013

0.029
0.51
0.16
0.094

6.68
4.19
1.24
1.25

7.23
4.94
0.97
1.33

6.31
3.72
1.47
1.13

7.12
4.47
1.40
1.25

6.98
3.93
1.81
1.23

7.64
5.09
1.20
1.35

0.154
0.292
0.215
0.042

<0.001
0.067
0.037
0.004

<0.001
<0.001
0.020
<0.001

0.52
0.53
0.23
0.72

4.86
3.48
0.89
0.49

4.85
3.76
0.62
0.50

5.01
3.18
1.34
0.49

5.23
3.48
1.24
0.51

5.03
3.31
1.25
0.47

5.21
3.79
0.91
0.51

0.137
0.171
0.184
0.009

0.018
0.065
0.002
0.093

0.120
0.002
0.039
0.013

0.45
0.66
0.63
0.68

11.6
8.60
0.99
1.99

11.9
9.10
0.83
2.01

11.2
7.89
1.40
1.87

11.9
8.54
1.36
1.96

11.5
8.09
1.44
1.95

12.1
8.94
1.13
2.02

0.20
0.256
0.148
0.032

0.12
0.008
<0.001
0.003

<0.001
<0.001
0.062
0.004

0.46
0.63
0.43
0.41

1

Ractopamine (Elanco Animal Health, Indianapolis, IN) dose was 0 mg/kg for 31 d (0) or 5 mg/kg for 14 d followed by 10 mg/kg for 17 d (5/10).
Boars were immunocastrated by giving 2 doses of Improvac (Pfizer Animal Health, Parkville, Australia) at 13 (d – 28) and 17 wk (d 0) of age.
3
SED for sex type x ractopamine effect. For main effects of sex and ractopamine, multiply by 0.672 and 0.578, respectively.
4
Determined on the head-off carcass using dual energy x-ray absorptiometry as outlined by Suster et al. (2004).
2
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7.9 Discussion
The major finding from the present study was that the effects of a step-up dietary
RAC regimen and immunization against GnRF on growth performance in finisher boars
are additive and that these technologies can be used in combination to improve growth
performance and carcass composition. Thus, boars immunized against GnRF
supplemented with dietary RAC grew 30 and 15% greater than control boars over the
last 17 or entire 31 d of the study, respectively. These effects of combined RAC and
immunization against GnRF are qualitatively similar to the additive effects between
pST and immunization against GnRF (McCauley et al., 2003; Oliver et al., 2003).
7.9.1

The effects of immunization against GnRF and dietary RAC on ADFI
The present study was conducted based on the premise that the additional energy

consumed by boars immunized against GnRF could be used for carcass growth,
particularly lean tissue, when combined with a step-up dietary RAC program. King et
al. (2004) reported that lean tissue deposition increases linearly with increasing DE
intake up to at least ad libitum intakes of 47 and 40 MJ of DE/d in improved finisher
boars and gilts, respectively. Also, dietary RAC increased protein deposition in boars
and gilts across a range of energy intakes up to 50 MJ of DE/d, with responses greatest
at increased DE intakes Dunshea et al. (1998a). However ADFI of this magnitude is
rarely encountered under commercial conditions where energy intakes are typically
around 34 MJ of DE/d (Dunshea et al., 2005a). In the present study the DE intakes of
group-housed entire boars and gilts were 40 MJ of DE/d. Immunization against GnRF
in the present study increased ADFI by 1 and 32% over the period from 0 to 14 d and 15
to 31 d after the secondary vaccination, respectively, confirming observations from
others (Dunshea et al., 2001; McCauley et al., 2003; Oliver et al., 2003) that ADFI
markedly increased in the period beyond 2 wk after the secondary vaccination.
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Treatment of pigs with β-AR agonists, particularly RAC, has generally resulted
in dose-dependent increases in daily BW gain, feed conversion ratio, and carcass lean
content (Dunshea, 1993; Dunshea et al., 2005a; Rikard-Bell et al., 2007). Feed intake is
typically unchanged (Adeola et al., 1990; Armstrong et al., 2004; Gu et al., 1991a;
Marchant-Forde et al., 2003; See et al., 2004; Weber et al., 2006; Yen et al., 1991) or
decreased slightly (Adeola et al., 1990; Brumm et al., 2004; Carr et al., 2005b; Mimbs
et al., 2005; Mitchell et al., 1991; Watkins et al., 1990) during dietary RAC feeding.
In the present study with the addition of dietary RAC ADFI was reduced in
boars immunized against GnRF and unchanged in gilts and entire boars as was indicated
by the sex type by RAC interaction (P=0.054). The combination of the two treatments
in boars resulted in improved G:F as well as ADG, final BW, and carcass weight
although this was not necessarily all lean tissue growth.
7.9.2

The effects of a step up dietary RAC program on growth performances
Many of the earlier studies were conducted with 20 mg/kg of RAC, the dose

where carcass responses are maximized (Armstrong et al., 2004); however, in many
pork markets, this dose may not present the best return on investment. The growth and
tissue responses to RAC diminishes over time, being most pronounced over the first 2
wk and reducing over subsequent weeks (Dunshea et al., 1993a; Sainz et al., 1993b; See
et al., 2004) due to down-regulation of β-ARs (Leury et al., 1998; Sainz et al., 1993a;
Spurlock et al., 1994; Mills, 2002b). It is quite possible that a controlled incremental
approach with RAC may be one way of ensuring a more consistent and sustained
response.
In a study designed to test the efficacy of different patterns of RAC
supplementation, (See et al., 2004) compared the growth performance of pigs fed a
control diet, a constant concentration of RAC (11.7 mg/kg) for 6 wk, a step-up program
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(5 mg/kg for 2 wk, 10 mg/kg for 2 wk, and 20 mg/kg for 2 wk), or a step-down program
(20 mg/kg for 2 wk, 10 mg/kg for 2 wk, and 5 mg/kg for 2 wk). Growth rate over the 6
wk was improved to the same extent by all dietary RAC regimens (+7%), but the
pattern of growth differed among treatments. Over the first 4 wk of treatment (the
period over which RAC is typically fed), the step-up program resulted in similar
improvements in ADG as the constant feeding regimen (+14 vs. +15%), but with a less
average inclusion concentration (7.5 vs. 11.7 mg/kg). Interestingly, the growth
performance of all the supplemented RAC groups was less than the controls over the
period between 4 and 6 wk (See et al., 2004). Similarly, under commercial management
conditions, (Armstrong et al., 2004) compared 2 step-up feeding regimens in which
dietary RAC was increased from 5 mg/kg of RAC in the initial 14 or 21 d to 10 mg/kg
of RAC in the final 14 or 21 d with a regimen of 5 mg/kg of RAC over the entire 35-d
period. Armstrong et al. (2004) reported that not only were ADG and G:F increased in
pigs fed diets containing RAC, but these characteristics were further improved for pigs
fed the step-up RAC dietary regimens. Armstrong et al. (2004) also indicated that the
step-up regimens produced heavier and leaner carcasses compared with those pigs that
had been on the constant RAC feeding regimen. The present study utilized a similar
step-up program of 5 and 10 mg/kg such that the step-up was timed to occur when the
dramatic increase in ADFI commenced in boars immunized against GnRF, around 14 d
after the secondary vaccination, in an effort to negate the increase in fatness observed in
these boars. The step-up RAC program increased ADG, G:F, and carcass weight by 6,
9, and .7%, respectively, with responses being observed in all sex types. Importantly,
the G:F response was sustained across the full 31-d period.
7.9.3

The effects of a step up dietary RAC program on tissue deposition
Carcass lean tissue mass was increased by 11%, whereas fat content was reduced

by 24%. Again, the effects occurred in all sex types, although the effects on fat mass
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were less pronounced in gilts. The effects on G:F and carcass lean tissue mass were as
expected from previous studies with 20 mg/kg of RAC (Armstrong et al., 2004; Crome
et al., 1996; Dunshea et al., 1993a; Dunshea et al., 1993b; Dunshea et al., 1998a;
Mitchell et al., 1991); however, effects on fat mass have been more equivocal.
Ractopamine is a potent stimulator of adipose tissue fat mobilization but often does not
decrease fat deposition in pigs because of a combination of rapid down-regulation of
adipocyte β-ARs (Dunshea and King, 1995; Leury et al., 1998), lack of effect on
lipogenesis (Dunshea et al., 1998c; Liu et al., 1994), and a relative insensitivity of
porcine adipocytes to β-AR agonists (Dunshea et al., 2005a). For example, Dunshea et
al. (1993a) found that there was no effect of 20 mg/kg of RAC on fat deposition and
backfat in gilts and barrows, although there was a trend toward a 31% reduction in fat
deposition in boars. Also, these authors failed to observe any decrease in the rate of
lipid deposition (i.e., g/d) in pigs fed across a wide range of energy and protein intakes
(Dunshea et al., 1993a; Dunshea et al., 1993b; Dunshea et al., 1998a). Mitchell et al.
(1991) reported that dietary RAC decreased empty body fat deposition rates in a low
select line (animals selected for growth when fed a low protein diet) of barrows when
fed a low protein diet but not when fed a high protein diet. In contrast, the rate of fat
deposition was not altered by dietary RAC supplementation in the high select line of
pigs, regardless of the dietary protein content. In another study, dietary RAC decreased
fat deposition in barrows that were fed ad libitum but not when fed restrictively
(Mitchell et al., 1991). Conversely, fat deposition was reduced by feeding 10 mg/kg of
dietary RAC in restrictively-fed pigs, particularly gilts (Dunshea et al., 2009). Clearly,
there are dietary, genotype, and environmental factors and interactions that can
modulate the effect of RAC on fat deposition. The more consistent reduction in fat mass
observed in the present study, particularly in entire boars and boars immunized against
GnRF, may have been in part due to the step program. This may have counteracted the
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rapid down-regulation of β-ARs that occurs in adipose tissue of pigs fed RAC (Dunshea
and King, 1995; Leury et al., 1998; Mills, 2002b; Sainz et al., 1993a), although this
remains to be demonstrated.

7.10 Conclusion
These data demonstrate that dietary RAC increases lean tissue deposition in all
sex types and reduces fat tissue deposition, particularly in entire boars and boars
immunized against GnRF. Immunization of boars against GnRF increased ADFI and
ADG, particularly beyond 2 wk after the secondary vaccination. Although much of the
additional growth in boars immunized against GnRF was as fat tissue, this could be
attenuated by supplemental dietary RAC.
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CHAPTER 8
Ractopamine hydrochloride affects β-1 and β-2 adrenoceptor gene expression in fat and muscle
tissue of finisher boars and gilts.
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CHAPTER 8

8.1 Introduction
To date, three mRNA transcripts of β-adrenoceptors (β-AR) have been found in
porcine tissues, and they are abbreviated as β1-AR, β2-AR and β3-AR (McNeel and
Mersmann, 1995). The proportions of subtypes β1-AR: β2-AR: β3-AR were 73:20:7,
and 60:39:0.7 in porcine adipose and skeletal muscle, respectively (McNeel and
Mersmann, 1999). Ligand-binding studies aimed specifically at detection of the β3-AR
in porcine adipocyte membranes provide little evidence for receptors of this subtype
(Mersmann, 1996). Recently, Gunawan et al. (2007) did not detect β3-AR in porcine
skeletal muscle using real-time PCR and the primer was specifically designed to porcine
sequences. Ractopamine (RAC) is reported to have β1-AR selectivity, but these data are
based on rodent models (Moody et al., 2000). Ligand studies with porcine adipose
tissue have suggested that RAC has equal affinity for the porcine β1-AR and β2-AR, but
is more effectively coupled to adenylyl cyclase through the β2-AR (Coutinho et al.,
1992; Mills, 2002b). Mills et al. (2002a) concluded that RAC stimulates lipolysis with
better efficacy through the β2-AR than through the β1-AR, although signalling appears
to occur through both subtypes (Mills et al., 2003b).
Spurlock et al. (1994) reported rapid down-regulation of β-AR in subcutaneous
adipose tissue, but not in skeletal muscle of pigs fed 20 mg/kg RAC for 28 days. A
series of in vivo experiments reported a marked decline in the lipolytic response to β1
and β2-AR agonists during 20 mg/kg RAC treatment of growing pigs, providing
evidence of down-regulation occurring in swine adipocytes as early as day 4 of
treatment (Dunshea and King, 1995; Dunshea et al., 1998b).
In skeletal muscle tissue, Smith et al. (1989) only observed a trend in downregulation of the β-ARs when pigs were treated with dietary RAC. Gunawan et al.
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(2007) reported that the gene expression of β1-AR in muscle of swine was not affected
by feeding 20 mg/kg RAC, although the β2-AR gene expression was decreased (P <
0.05) after 2 and 4 weeks of feeding indicating down regulation.
Published studies investigating down-regulation in pigs have only involved feeding
20 mg/kg RAC, and hence it is not clear whether down-regulation of the β-AR in fat or
muscle is affected by dose of RAC. Furthermore, it is unknown if down-regulation of
receptors is influenced by age and (or) sex. For example, dietary RAC reduced P2
backfat in finisher boars but not in gilts (Dunshea et al., 1993b; Rikard-Bell et al.,
2009a), and it is possible these differences could be due to differences in β-AR.
The aim of the present study, therefore, was to measure the β-AR gene expression
using PCR techniques in adipose and skeletal muscle tissues of boars and gilts fed
dietary RAC at either a low (5 mg/kg) or high (20 mg/kg) level compared to control
pigs fed (0 mg/kg RAC). The hypotheses, therefore is that adipose and skeletal muscle
tissue respond differently to dose level of RAC with respects to down regulation (as
measured by the abundance of mRNA transcripts) of the specific β-ARs in finisher
boars and gilts.
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8.2 Materials and Methods
The material and methods of the live phase of this study are described in Section
5.3. Briefly the study involved 108 pigs in a 2 x 3 x 2 factorial arrangement of
treatments, which involved two sexes (boars and gilts), three RAC dose regimes (0, 5
and 20 mg/kg for 28 days) and two levels of available lysine per MJ DE (Low = 0.56g
and High = 0.65g) with 9 pigs per treatment. All pigs were kept in individual pens and
the study was conducted in 3 blocks of 36 pigs. Immediately, prior to tissue sampling,
the pig was anaesthetised as described in section 3.2.6 and a whole body DXA scan
(Suster et al., 2004) was taken to determine fat, muscle and ash content.
Specific to this chapter, immediately after DXA scanning, approximately 1 g of
muscle (Gluteus Maximus) and 2 g of subcutaneous fat were taken from the same
incision site on the hind leg. All samples were individually wrapped in foil and labeled:
study number, date of sample, pig number. Samples were placed in liquid nitrogen and
stored at -80ºC until required for tissue analysis. Of the 108 pigs (54 gilts and 54 boars)
the 12 treatment groups were evenly allocated across sample times on either Day -1,
Day 15 or Day 29.
8.2.1

RNA Preparation

8.2.1.1 Tissue homogenization
Fragments of frozen skeletal muscle (100 – 150 mg) or adipose tissue (200 – 250
mg) were added to 2 mL of Trizol reagent (Life Technologies, Carlsbad, USA). The
tissue was immediately homogenized using a power homogenizer (IKA Laboratory
Equipment, Staufen, Germany) and left for 5 minutes at room temperature to permit the
complete dissociation of nucleoprotein complexes.
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8.2.1.2 Phase separation
To 1mL of the Trizol homogenates, 150μL of 1-bromo-3-chloro-propane (SigmaAldrich, USA) was added and mixed thoroughly, then incubated at room temperature
for 2 to 3 minutes before being placed on ice for 10 minutes with occasional mixing.
Samples were centrifuged in a Mikro 200 (Hettich-Zentrifugen, Tuttlingen, Germany) at
12,000 x g for 15 minutes at 4 °C to separate the aqueous and organic phases. From
each sample 400 μL of the aqueous phase (upper) containing the RNA was transferred
to a fresh tube (Eppendorf, Germany).

8.2.1.3 RNA purification
Total RNA was purified from the Trizol aqueous phase using the RNeasy 96 kit
(QIAGEN, Germany). Briefly, the RLT buffer was mixed with 2 volumes of 70%
ethanol (Sigma-Aldrich, USA). Four hundred microlitres (400 µL) of the RLT/70%
ethanol mixture was added to each well of a 96 round well plate. To each well a 200 μL
aliquot of Trizol aqueous phase was added and mixed thoroughly. The solution was
transferred to a RNeasy 96 plate which was covered with an airpore tape sheet (Qiagen,
Germany) and placed in a 4K15C centrifuge (Sigma Laboratory Centrifuges, Osterode
am Haurz, Germany) and centrifuged for 4 minutes at 5600 x g. Four hundred
microlitres of RW1 buffer was then added to each well of the RNeasy 96 plate, and the
plate was centrifuged for 4 minutes at 5600 x g. Residual genomic DNA contamination
was removed by performing an on-column DNAse I digestion for 20 minutes at room
temperature. A further 400ul of RW1 buffer was then added to each well of the RNeasy
96 plate, and the plate was centrifuged for 4 minutes at 5600 x g.
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8.2.1.4 Elution of the RNA
The RNeasy 96 plate was placed on top of an elution plate and 50µl of RNase-free
water was added to each well. The RNeasy 96 plate was incubated for 1 minute at room
temperature before being centrifuged for 4 minutes at 5,600 x g. The elution process
was repeated with an additional 50µl of RNase-free water to ensure complete recovery
of the RNA.

8.2.1.5 RNA quantification and quality
Total

RNA

concentration

and

relative

purity

were

determined

spectrophotometrically by measuring optical density (OD) at 260 nm and 280 nm. A
fraction (2 μL) of total RNA from each sample was measured using a Nanodrop ND8000 spectrophotometer (Nanodrop Technologies, Wilmington, DE). RNA integrity
was assessed by agarose gel electrophoresis as follows: 4 μL of RNA was combined
with 4 μL of RNA load buffer (95 % formamide, 20 mM EDTA (Ambion, Carlsbad
USA), 1% Xylene cyanol (Sigma, USA) and 1% Bromophenol blue (Sigma, USA)).
The samples were fractionated on a 1% agarose gel (Sigma- Aldrich, USA) in 1 x TAE
buffer (40 mM Tris-HCl, 1mM EDTA) at a constant voltage of 100 V in a horizontal
electrophoresis tank (BioRad, Hercules, USA). The agarose gel was transferred to a
solution containing 0.5 µg/mL ethidium bromide (Sigma, USA) for 15 minutes. An
image of the fractionated total RNA was captured using UV transillumination
(GelDoc1000, BioRad, USA).

8.2.1.6 Synthesis of complementary DNA (cDNA)
The concentration of the skeletal muscle and adipose RNA samples was normalised
to 40 ng/µL with the aid of a liquid handling robotics system (EpMotion 5075;
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Eppendorf, Hamburg, Germany). Complementary DNA (cDNA) was synthesised from
400 ng of total RNA using the High Capacity cDNA Synthesis kit (Applied Biosystems,
Carlsbad, USA). The cDNA synthesis reactions were set up in 96 well plates. The
cDNA synthesis reactions (20 µL) contained the components supplied in the kit (1 x
reverse transcriptase buffer, 1 x dNTP mix and 50 units of MultiScribe™ reverse
transcriptase), 20 units of RNAse inhibitor (RNaseOUT; Invitrogen, USA) and 500 nM
of oligodTV primer (5’-TTTTTTTTTTTTTTTTV-3’, where V = A, C and G). The
cDNA synthesis reactions were incubated at 39°C for 2 hours and the reverse
transcriptase was subsequently inactivated at 65°C for 20 minutes. The cDNA stocks
were diluted 1:4 with 10 mM Tris pH 8.0 (Ambion, USA) and stored at -80°C until
required.
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Table 8.1

Primer sequences used to measure gene expression with quantitative PCR

Gene

Accession Number

Assay Name

Primer sequence

β-AR 1

NM_001123074

ADRB1_67

Forward 5’–ACGACGACGACGAAGAAGAC-3’
Reverse 5’–AGGCTCGAGTCGCTGTCA-3’
Forward 5’–GTTCACGCTCTGCTGGCTA-3’
Reverse 5’ –CCCAGCCAGTTGAAGAAGAC-3’
Forward 5’ –AGAGCAGAAGGCGCTCAAG-3’
Reverse 5’ –TTGGCCAGGAAGAAGGGTA-3’

103

Forward 5’ –CCCAGAACCTCAGCCAAG-3’
Reverse 5’ –GGCTTTGTGTTCCTTCAAGC-3’
Forward 5’ –TGAAGGAGACCTTCCTTCCTG-3’
Reverse 5’ –CAGCTGAAAGGTCCGAGAGA-3’
Forward 5’ –GGATCATCATGGGGACGTT-3’
Reverse 5’ –TGCACAATGTTGACGATGAA-3’

89

Forward 5’ –GCGCGCTGGTCACTAAAC-3’
Reverse 5’ –CTCATGATAGGAGCGAACGA-3’C
Forward 5’ –CCTCCAACATGCCCTACG-3’
Reverse 5’ –CCAGGAGCGGAAGGTAGAA-3’
Forward 5’ –GGCTCATCATGGGAACCTT-3’
Reverse 5’ –GCACCACGTTGACCACAA-3’

88

ADRB1_97
ADRB1_105

β-AR 2

AF000134

ADRB2_15
ADRB2_65
ADRB2_71

β-AR 3

NM_001099927

ADRB3_70
ADRB3_108
ADRB3_164

Amplicon size
(Base pairs)

102
78

66
61

60
60
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Gene

Accession Number

Assay Name

Primer sequence

Fatty Acid Synthetase

NM_001099930

FASN_56

Forward 5’ TCAGCATCCCCACCTACG-3’
Reverse 5’ CTGATGCACTCGATGTAGTAGGA-3’
Forward 5’ –TCACCGACATGGAGCAAG-3’
Reverse 5’ –TCTGCGTGATCAGGTCCAC-3’

91

Forward 5’ –TCATGATCTTGCTGTAACCTTCC-3’
Reverse 5’ –CCTGGATCTTTTTGGTGTGTC-3’
Forward 5’ –CAGGAGAAGATGGGCTGAAT-3’
Reverse 5’ –GGGTAACGACAGCATCGAG-3’

94

FASN_67

Myostatin

NM_214435

GDF8_2
GDF8_136

Glucose transporter 4

NM_001128433

GLUT4_23
GLUT4_67

IGF-1

NM_214256

IGF1_38
IGF1_94

IGF1-receptor

NM_214172

IGF1R_4
IGF1R_124

Amplicon size
(Base pairs)

96

124

Forward 5’ –ACAGTCTTCACCTTGGTCTCG-3’
Reverse 5’ –CCCAGGAGATGGAGTGTCC-3’
Forward 5’ –CTGTGCCATCCTGATGACTG-3’
Reverse 5’ –CATAGCTCATGGCTGGAACC-3’

68

Forward 5’ –CGGAGACAGGGGCTTTTATT-3’
Reverse 5’ –CTCCAGCCTCCTCAGATCAC-3’
Forward 5’ –GGACGCTCTTCAGTTCGTGT-3’
Reverse 5’ –CTGGAGCCGTACCCTGTG-3’

121

Forward 5’ –AGTACCGCAAGGTCTTCGAG-3’
Reverse 5’ –ATGACCTCCCTCCGCTTC-3’
Forward 5’ –CGAGTGCATGCAGGAGTG-3’
Reverse 5’ –GCCTTCGCAAGGGATACAG-3’

79

62

69

76
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Gene

Accession Number

Assay Name

Primer sequence

Leptin

NM_213840

Leptin_25

Forward 5’ –ACGATTGTCACCAGGATCAGT-3’
Reverse 5’ –CAAACCGGTGACCCTCTG-3’
Forward 5’ –CAGTGACATTTCACACATGCAG-3’
Reverse 5’ –GGTCCATCTTGGACAAACTCA-3’

Leptin_58

Glyceraldehyde-3phosphate
dehydrogenase

AF017079

PPARA α1

NM_001044526

pGAPDH3_1
pGAPDH3_2

PPARA_49
PPARA_5

Ribosomal Protein
L19

XM_003131509

RPL19_105
RPL19_30

Ubiquitin carboxyl-

XM_003130480

terminal hydrolase L5

TATTA binding

UCHL5_73
UCHL5_98

DQ178129

TBP

Amplicon size
(Base pairs)
72
104

Forward 5’ –CCTCAACGACCACTTTGTCA-3’
Reverse 5’ –CCCTGTTGCTGTAGCCAAAT-3’
Forward 5’ –CGACCACTTTGTCAAGCTCA-3’
Reverse 5’ –ATGAGGTCCACCACCCTGT-3’

65

Forward 5’ –GGAAAGGCCAGCAATAACC-3’
Reverse 5’ –GCCTCCTTGTTCTGGATGC-3’
Forward 5’ –GCTGGACGACAGTGACCTTT-3’
Reverse 5’ –CATTCTCTCAATGTGTCCTACGTT-3’

113

Forward 5’ –TCGATGCCGGAAAAACAC-3’
Reverse 5’ –GAGCATTGGCAGTACCCTTC-3’
Forward 5’ –GGACAAGGCTCGCAAGAA-3’
Reverse 5’ –GCGTGCTTCCTTGGTCTTAG-3’

80

Forward 5’–AAGATAGCAGAGTTACAAAGACAG-3’
Reverse 5’–AACATGTTACTACCCTGATCTGTATCC-3’
Forward 5’ –CCAGCAGTTAATACCTCTCGTAGAA-3’
Reverse 5’ –TCCCAAAGCATGTTCTTCATT-3’

74

Forward 5’ –GATGGACGTTCGGTTTAGG-3’
Reverse 5’ –AGCAGCACAGTACGAGCAA-3’

124

72

94

70

89
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Gene

Accession Number

Assay Name

Primer sequence

Amplicon size
(Base pairs)

β-actin

DQ178122

ACTB

Forward 5’ –TCTGGCACCACACCTTCT-3’
Reverse 5’ –TGATCTGGGTCATCTTCTCAC-3’

114

Beta-2 microglobulin

DQ178123

B2M

Forward 5’ –AAACGGAAAGCCAAATTACC-3’
Reverse 5’ –ATCCACAGCGTTAGGAGTGA-3’

178
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8.2.2

Measuring mRNA levels on the BioMark real-time PCR system

8.2.2.1 Pre-amplification of cDNA
The 1:4 diluted skeletal muscle and adipose tissue cDNAs required a preamplification step prior to use of the BioMark real-time PCR system. Briefly, the
primers listed in Table 8.1 were pooled at a final concentration of 600 nM to generate a
12.5x primer mix for the pre-amplication step. The skeletal muscle and adipose tissue
cDNAs were pre-amplified in their respective experimental blocks (1, 2 and 3) on a 96
well real-time PCR machine (Realplex, Eppendorf, Germany). Sixteen cycles of PCR
was used for the pre-amplification of each block of skeletal muscle and adipose cDNA.
The composition of the pre-amplification reactions and the PCR cycling parameters that
were used are outlined in Table I.1 and I.2, respectively (Appendix I). All pre-amplified
cDNA was diluted 5-fold with TE buffer (10 mM Tris 8.0, 0.5 mM EDTA) prior to use
on the BioMark real-time PCR machine (Fluidigm, San Francisco, USA).

8.2.2.2 Sample and assay layout on the 96.96 Dynamic Array chips
Quantitative PCR analysis of pre-amplified cDNA from experimental blocks 1,
2 and 3 was performed using three 96.96 Dynamic Array chips (Fig I.4, Appendix I).
The inclusion of common sets of inter-run calibrators (IRC) from skeletal muscle and
adipose as well as DNA standards from both these tissues on each of the 96.96 dynamic
arrays facilitated the analysis of qPCR data from multiple chip runs. The cDNA sample
layouts and the corresponding set of qPCR assays on each of the three 96.96 dynamic
arrays were run in triplicate and are summarized in Table I.5 and I.6, respectively (see
Appendix I).
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8.2.2.3 Priming, loading and PCR cycling the 96.96 Dynamic Array chips
The assay and sample inlets on each 96.96 dynamic array chip were manually
loaded with 5 µL of PCR assay mixture or 5 µL of pre-amplified cDNA and EvaGreen
real-time PCR reagent (Table I.7 and I.8, Appendix I, respectively). The 96.96 dynamic
array chips were transferred to an automated HX chip loader (Fluidigm, USA) where
the qPCR assays and samples were combined with one another in the 9216 reaction
chambers. Real-time PCR was performed on the BioMark (Fluidigm, USA) with the
following cycling parameters: 95C for 10 minutes (1 cycle), 95° C for 10 secs, 60° C for
1 minute (35 cycles). At the completion of the run a melt curve analysis was performed
on each chip and this was used to confirm the existence of a single amplicon for each
qPCR assay.

8.2.3

Normalisation of quantitative PCR data

The cycle threshold (Ct) data from the 96.96 dynamic array chips were exported
from the Biomark into an in-house software package (qEXPRESS) that was modelled
on qBASE software (Hellemans et al., 2007). The software converted the cycle
threshold data into normalized relative quantities (NRQ). The gene expression data were
subsequently normalised within qEXPRESS to the most stably expressed set of
reference genes using geometric averaging (Vandesompele et al., 2002). Using these
criteria, TPB, RPL19 and UCHL5 were selected as reference genes for within tissue
analysis and RPL19 was selected as the reference gene across both tissues. For a more
detailed description of the normalisation procedure see Appendix I, section I.5.5.
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8.2.4

Statistical Analysis

All 108 pigs received the control diet for 7 days prior to treatment start on Day 0.
All 12 treatments were evenly allocated across sample times on either Day -1, Day 15 or
Day 29. The experimental design was unbalanced because the 36 pigs sampled on Day 1 had received only the control diet (n=36), whereas the pigs sampled on Day 15 or Day
29 represented all 12 treatments (n=3). Initial analysis of the gene expression data
indicated that dietary lysine had no effect on the expression of the β-AR genes and
therefore the data were pooled across dietary lysine concentrations. The final gene
expression data set were analysed for the main effects of dietary RAC (R), duration of
treatment (D) and sex (S) by REML using GENSTAT (GenStat 11th Edition,VSN
International, Hemel Hempstead, UK) with the pig as the experimental unit. The
relative mRNA levels for each gene were analysed within tissue and between tissue
types. For the within tissue analysis, the gene expression data are presented as
normalized relative quantities using the multiple reference genes TPB, RPL19 and
UCHL5. The between tissue analysis data are presented as normalized relative
quantities using the reference gene RPL19. Where appropriate means were separated
using the least significant difference (LSD) procedures and statistical significance was
accepted at P<0.05.
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8.3 Results
The technology used to evaluate gene expression in this experiment enabled other
genes of interest to be assessed. However the objective of this chapter is to only report
the effects of dietary RAC on the expression of β-AR genes in adipose and skeletal
muscle tissue.
Gene expression data were analysed within each tissue type and these data will be
presented in section 8.3.1 and a separate analysis examined the relative differences
between adipose and skeletal muscle tissue for the effects of sex, RAC dose and day of
treatment and these data are presented in section 8.3.2.

8.3.1

Within tissue analysis for β-AR genes:

The within tissue analyses for the effects of sex, dietary RAC and day of treatment
on the expression of the β-AR genes in adipose and skeletal muscle tissue are presented
in Table 8.2. In this study I was unable to detect any β3-AR signal in adipose or skeletal
muscle tissue using real-time PCR, in accordance with similar observations by McNeel
and Mersmann (1999) and Gunawan et al. (2007).
Where there were interactions (P<0.15) such as differences between boars and gilts
in their expression of β-AR genes due to the effect of RAC dose, day of treatment then
these interactions will be presented in the text and as footnotes in Table 8.2.

8.3.1.1 Adipose tissue.
Within adipose tissue, the β1-AR expression was unaffected by duration of
treatment (P=0.88) or sex (P=0.54). However the addition of dietary RAC reduced the
expression of the β1-AR gene (P=0.04). Further partitioning of the means indicated that
5 or 20 mg/kg RAC reduced β1-AR expression after 29 days of treatment in boars but
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not gilts (P<0.05) and only the 20 mg/kg RAC diet reduced β1-AR expression in boars
(P<0.05) at day 15 (Table 8.2).
The within tissue analysis indicated that the β2-AR gene was not affected by
dietary RAC (P=0.66), nor were there any differences detected between the sexes
(P=0.22). The expression of β2-AR gene in the adipose tissue of control pigs tended to
be affected by day of treatment (P=0.06) in that there was an increase in β2-AR
expression observed at day 29 of treatment compared to day 15 (Table 8.2).

8.3.1.2 Skeletal muscle tissue
Within skeletal muscle tissue, the β1-AR expression did not differ between boars or
gilts (P=0.43) or day of the study (P=0.69) but increased with the addition of dietary
RAC (P=0.04). However, there was a trend observed for an interaction between the
main effects of sex, RAC dose and day of treatment for β1-AR gene expression
(P=0.12). Only the boars fed the 5 mg/kg RAC diet increased β1-AR expression at day
15 whereas gilts fed 20 mg/kg RAC at day 15 and the 5 mg/kg RAC at day 29 had
increased β1-AR expression compared to controls (Table 8.2).
Within skeletal muscle tissue, a sex effect was observed for β2-AR expression
(P=0.05) and there was an increase in β2-AR gene expression over time (P<0.001). The
control gilts had a greater expression of the β2-AR gene after 29 days than control boars
which was denoted by the trend for a sex by day of treatment interaction (P=0.15). The
addition of dietary RAC tended to reduce the expression of the β2-AR gene (P=0.07)
particularly at the high inclusion level (20 mg/kg) of dietary RAC (Table 8.2).

8.3.2

Between tissue analysis for β-AR genes

The control pigs in this study displayed 17-fold greater β1-AR gene expression in
adipose than in skeletal muscle (P<0.001), and β1-AR gene expression was similar in
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boars and gilts (P=0.46) for both tissue types. The β2-AR gene had 1.3-fold greater
expression in skeletal muscle (P<0.001) than adipose tissue. Gilts had higher expression
of the β2-AR gene than boars in skeletal muscle (1.25-fold) and adipose tissue (1.05fold) (P=0.015).
A Sex by RAC dose by day by tissue type interaction (P=0.005) was observed for
β2-AR gene expression. The 5 and 20 mg/kg RAC diets were effective at reducing β2AR gene expression (P<0.05) in adipose tissue of boars at day 29 with no effect on
adipose tissue in gilts, whereas only the 20 mg/kg RAC diet reduced β2-AR gene
expression (P<0.05) in the skeletal muscle tissue of both sexes at day 15 and 29 (Fig
8.1).
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Table 8.2
Sex:
RAC Dose
(mg/kg)
Adipose tissue
β1-AR5

β2-AR

Skeletal muscle
β1-AR6

β2-AR7

The effect of sex1, dietary RAC and day on β-AR expression2 in adipose and skeletal muscle tissue3 for gilts and boars.
Gilt
0

5

Boar

Significance

20

0

5

20

Sed4

Sex

Diet

Day

75ab
63b

71b
60b

14.8

0.54

0.04

0.88

Day -1
Day 15
Day 29

100a
83ab
98a

64b
80ab

73ab
95a

95a
99a
98a

Day -1
Day 15
Day 29

100
74
106

71
105

68
126

91
77
111

71
72

70
73

17.1

0.22

0.66

0.06

Day -1
Day 15
Day 29

100a
52a
101a

179b
149a

152a
133ab
167a

305c
168a

59a
140a

48.4

0.43

0.04

0.69

Day -1
Day 15
Day 29

100a
128a
200a

92ab
137b

95a
124a
126bc

113a
153b

86b
99c

16.3

0.05

0.07

<0.001

118ab
300b

124a
158b

1

n = 18, 12 and 36 for each Sex, RAC Dose and Day, respectively
The gene expression data are presented as a percentage of control gilts (Day -1) and are normalized relative quantities using the multiple reference
genes TPB, RPL19 and UCHL5
3
The adipose and muscle tissue data are separate within tissue analyses.
4
Standard error of the difference for RAC Dose x Sex x Day
5
Within a row means with different superscripts are significantly different (P<0.05)
6
Interaction between Sex, RAC dose and Day was observed, P=0.12
7
Interaction between Sex and Day was observed, P=0.15

2
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A.

Boars1

B.

Gilts

Fig 8.1
β2-adrenoceptor expression (normalized to RPL19) as a percentage of controls (Day -1) in Adipose () and skeletal muscle (▄) of boars
(A) and gilts (B) fed 0 mg/kg RAC at Day -1 and 0, 5 or 20 mg/kg RAC at Day 15 and Day 29.
Data are means ± standard error of difference. The P values for the effect RAC dose, tissue type, sex and the interaction of Sex x RAC dose x day x tissue
type are 0.510, <0.001, 0.015 and 0.005 respectively.
a,b
x,y

1

Skeletal muscle means within a Day with differing superscripts are significantly different (P<0.05).
Adipose means within a Day with differing superscripts are significantly different (P<0.05).

Note for each sex, n=18 for Day -1 (0 mg/kg RAC) and n=6 for each treatment (0, 5 and 20 mg/kg RAC) at Day 15 and Day 29.
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8.4 Discussion
The first objective of this study was to determine whether β-AR gene expression is
affected by RAC dose, sex, tissue type or duration of RAC treatment. The second
objective of the study was to determine whether the equivocal results in P2 back fat
levels and fat deposition rates in boars and gilts (Dunshea et al., 1993b; Rikard-Bell et
al., 2005) might be explained by differences in β-AR down-regulation or a
desensitization of receptors as suggested by Dunshea et al. (2005a). The live phase
results of this study and tissue deposition rates of pigs determined from DXA scanning
are described in Chapter 5, Section 5.4.

8.4.1

β-AR gene expression within porcine adipose tissue.

In the present study, β1-AR gene expression in adipose tissue from control pigs did
not change over the duration of the study in agreement with Mersmann (1995; 1997)
and Akanbi and Mersmann (1996), who observed that the β-AR number expressed per
mg of membrane protein was not statistically different with age. However these earlier
studies did not measure the subtypes of the β-AR. In the present study, whilst the β1-AR
gene was confirmed as being considerably the more predominant β-AR and constant
over the study duration, the β2-AR gene expression was greater after 29 than after 15
days of treatment. This implies that the β1-AR:β2-AR ratio changes over the treatment
period and that β2-AR expression may increase as the animal or adipose tissue fat depot
grows. In human adipose tissue, Marcus et al (1993) observed changes in β-AR subtype
expression from infants to adults, with greater β2-AR gene function and expression
found in infants whilst β1-AR was constant at all ages. In pigs, Mersmann (1997)
observed that obese genotypes had fewer β-AR than leaner crossbred genotypes and
suggested that this may contribute to the obesity by allowing less inhibition of lipid
synthesis and less stimulation of lipid degradation. An increase in β2-AR expression in
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the finishing period could be a result of generations of selection for leaner genotypes
which may have altered the β1-AR:β2-AR ratio. The results of the study presented may
be highlighting that generations of selection for reduced backfat has indirectly increased
β-AR numbers in adipose tissue allowing for greater lypolitic potential. Adipose tissue
responses to ractopamine are most pronounced in late finisher pigs (Dunshea, 1993) and
hence the continued increase in β2-AR with maturity may suggest a more prominent
role in response to dietary RAC as the animal ages. Thus, the age of an animal may
dictate the response to an exogenous β-AR agonist because the proportion of the β-AR
subtypes may be altered during growth as the results of this study indicate.
The present study showed that dietary RAC reduced β1-AR expression by 23% in
adipose tissue independent of dietary RAC concentration, which suggests a downregulation of β1-AR. This is an important result as this study has shown the β1-AR gene
is sensitive to the low concentrations of dietary RAC currently used commercially (5
mg/kg) whereas previous research has only measured down-regulation at 20 mg/kg
RAC (Spurlock et al., 1994; Dunshea and King, 1995; Dunshea et al., 1998b). Downregulation of β1-AR and β2-AR in adipose tissue was more sensitive to dietary RAC in
boars than in gilts (see Table 8.2 and Fig 8.1). Spurlock et al. (1994) reported that
chronic feeding of 20 mg/kg RAC to barrows reduced β-AR in adipose tissue 25% after
only 1 day and 50% by day 7, and that receptor density remained significantly lower
than controls at the study’s end on day 24. Down regulation of the β1-AR gene was
observed in this study after 15 days of RAC treatment, predominantly in boars, and was
maintained until the study’s end (29 day) which is in agreement with the study of
Spurlock et al. (1994). However, and unlike earlier studies, the study presented has
demonstrated that down regulation occurs over a range of RAC concentrations and that
boars are more sensitive to down regulation than gilts.
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Mills (2002a) reported that lipolysis is mediated through the β2-AR and in a later
study (Mills et al., 2003b) suggested that RAC behaves as a full agonist through the β2AR, but is only a partial agonist through the β1-AR. Lypolysis was not directly
measured in this study, however measurements of fat tissue deposition rates using DXA
(Suster et al., 2004) and P2 backfat showed a decrease at day 29 by 6.2% (P=0.074) and
16.5% (P<0.001), respectively, for pigs fed 20 mg/kg dietary RAC. The within adipose
tissue analysis indicated β1-AR gene expression in boars was reduced at day 15,
however the gene expression of β2-AR was not affected by dietary RAC. These data
support the theory proposed by Dunshea et al. (2009) that dietary RAC may have
stimulated lipolysis due to a delay in down-regulation as observed for the β1-AR gene
or no down-regulation as observed for the β2-AR gene.

8.4.2

β-AR gene expression within porcine skeletal muscle tissue.

The gene expression of β1-AR in skeletal muscle tissue was expressed at much
lower levels compared to adipose tissue and was only 3-fold the expression of β2-AR
gene. Similarly, McNeel and Mersmann (1999) found that the proportion of β1-AR:β2AR transcripts was 61:39 for the longissimus muscle. Additionally, using radioligands
to assess the binding affinity of β-AR subtypes in muscle tissue, the β1-AR to β2-AR
ratio was reported as 60:40 which accounted for 99% of the β-AR subtypes (Liang and
Mills, 2002). In contrast to the present data, Sillence et al. (2005) found that β1-AR was
not found in great abundance in porcine skeletal muscle and that the β-AR expressed
was predominantly the β2-AR gene.
Spurlock et al. (1994) reported that the β-AR density (per mg of protein) was not
reduced in skeletal muscle tissue of pigs fed 20 mg/kg dietary RAC for 28 d, despite
high affinity binding through competitive binding assays. In the present study, pigs
supplemented with 5 mg/kg RAC had higher β1-AR gene expression compared to
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controls or 20 mg/kg RAC treatment groups indicating that at low concentrations, RAC
may have a stimulatory effect on receptor synthesis. This observation has not previously
been reported in the literature as earlier research involved 20 mg/kg RAC, which did not
appear to alter β-AR expression (Gunawan et al., 2007; Spurlock et al., 1994). The
stimulatory effect of a low level of RAC on β1-AR synthesis may help to explain
observations of previous studies that only incremental gains are made in daily gain at
levels higher than 5 mg/kg (Watkins et al., 1990; Armstrong et al., 2004; Rikard-Bell et
al., 2007). Gunawan et al. (2007) also reported that pigs treated with 20 mg/kg dietary
RAC had reduced β2-AR expression in muscle tissue as early as 2 weeks. Observations
in the present study confirm that β2-AR expression in skeletal muscle tissue is
decreased by 20 mg/kg RAC at day 15 and 29 of treatment. In contrast, a low inclusion
level of RAC (5 mg /kg) did not alter β2-AR expression at the times of measurement
indicating that β2-AR gene expression is sensitive to RAC dose.

8.4.3

Comparative β-AR expression levels between porcine adipose and muscle tissue.

There was a 17-fold greater expression of β1-AR in adipose tissue than in skeletal
muscle tissue, which is in contrast to observations by McNeel and Mersmann (1999)
who found that absolute concentrations of transcripts of β1-AR in porcine skeletal
muscle tissue were only 1.2 times greater than in adipose tissue. In the same study,
McNeel and Mersmann (1999) indicated that β2-AR transcript concentration was 2.9
times greater in porcine skeletal muscle than in adipose tissue, whilst β2-AR expression
in the present study was shown to be only 1.3 times greater in skeletal muscle than
adipose tissue. These differences may simply indicate differences in genotypes used in
the studies.
At present there are little published data using controlled mRNA measurements to
determine the variation of β1-AR to β2-AR ratios in porcine adipose and muscle tissue.
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Whilst the present data does not include binding affinity of the β-AR subtypes, the data
indicates the relative abundance of each β-AR subtype in both adipose and skeletal
muscle tissues. If the mRNA expression levels are reflective of receptor numbers and
binding capacity, then β1-AR is the predominant subtype in adipose tissue whereas in
skeletal muscle tissue, the expression levels of both β1-AR and β2-AR are similar.
McNeel and Mersmann (1999) found porcine adipose tissue contained significantly
more β3-AR transcript than any other pig tissue tested, but even then only constituted
7% of the total adipose β-AR transcripts detected. As the β3-AR primer used in this
study was specific to porcine sequences, no detection simply indicates that the β3-AR
gene was expressed at extremely low levels in the muscle and fat tissue samples.

8.4.4

β-AR gene expression in boars and gilts.

Expression levels of β-AR genes in boars and gilts in subcutaneous adipose tissue
were similar indicating that there were no sex differences. In skeletal muscle (gluteus
maximus), the present study showed that β1-AR expression was similar in boars and
gilts, however β2-AR expression tended to be less in boars than in gilts. To the author’s
knowledge, comparisons between boars and gilts of β-AR expression in adipose and
skeletal muscle tissue have not been published, however it is of interest because
different levels of β-AR expression may account for different responses to dietary RAC
in fat and lean deposition rates between boars and gilts (Dunshea et al., 1993b; RikardBell et al., 2005; Dunshea et al., 2009; Rikard-Bell et al., 2009b).
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8.5 Conclusion
Earlier research had only reported effects of a high level of dietary RAC on the βAR genes. This study showed the effects of high and low level dietary RAC on β1 and
β2-AR gene expression in adipose and skeletal muscle tissue. The rate of fat deposition
and P2 back fat results suggest that for RAC-treated pigs, fat deposition may be
controlled through the β2-AR and partially through the β1-AR due to a delay in downregulation. Likewise both β1 and β2-AR are involved in mediating muscle deposition in
RAC-treated pigs. Low levels of dietary RAC stimulated β1-AR activity and may
explain why only incremental increases in lean tissue are made at higher RAC levels,
which do not have a stimulatory effect on β1-AR activity. Dietary RAC down regulated
the β2-AR gene in muscle, which implies that the reduced response in feed efficiency
and daily gain often observed in RAC-treated pigs is probably mediated through the β2AR.
The results presented in this chapter do not support the hypotheses that adipose and
skeletal muscle tissue respond differently to dose level of RAC with respects to down
regulation of the specific β-ARs in finisher boars and gilts as the experimental results
also indicated that up regulation of the β1-adrenoceptor in muscle might also mediate
tissue deposition rate.
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CHAPTER 9
The General Discussion.
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CHAPTER 9
9.2 Introduction
The series of experiments presented in this dissertation were conducted to evaluate
the optimal responses to dietary RAC in the Australian pig industry. The unifying
hypothesis of this dissertation was proposed in two parts: first, optimal responses to
dietary RAC depends on factors that include the level of dietary lysine, level of dietary
RAC and gender, whilst the inclusion of specific metabolic modifiers (pST and
Improvac) has synergistic effects on growth and performance. The experimental data
presented in this thesis support this part of the unifying hypothesis; and second, the βARs in adipose and skeletal muscle respond differently to RAC dose and therefore the
down regulation of specific β-ARs mediates the responses observed in fat and muscle
tissue deposition rates. The results obtained from the gene expression experiment
(Chapter 8) do not support this hypothesis as the experimental results also indicated that
up regulation of the β1-adrenoceptor in muscle might also mediate tissue deposition
rates.
This chapter will also include a summary of the strengths of my dissertation,
weaknesses and finally recommendations for further research will be made.

9.3 The strengths of the thesis.
The strengths of the dissertation presented are as follows:
VI.

RAC dose rates are effective in improving production indices and carcass traits in
light (65 kg), medium (80 kg) and heavy (95 kg) initial-weight boars or gilts fed
and housed under Australian conditions. Prior to the experiments presented in this
thesis it had been established in the literature that light initial-weight pigs were
responsive to a high level of dietary RAC (e.g., Dunshea et al., 1993b), but recent
studies (Dunshea et al., 2009) highlighted that RAC dose or initial live weight may
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limit responses to dietary RAC. I have presented dose response data sets for boars
and gilts showing increased responses in ADG, FE and carcass traits to increasing
RAC dose independent of initial start weight. This is valuable information for the
Australian pig industry as pigs are typically light when dietary RAC is applied

VII.

Dietary lysine levels are critical in the first 7 days of the dietary RAC regimen. My
research highlighted interactions between RAC dose and lysine level for ADG and
FE such that responses to dietary RAC in growth and feed efficiency occurred in
the first 7 days for pigs consuming only high compared to low lysine diets (i.e.,
0.65 g versus 0.56 g available lysine/MJ of DE, respectively, or 1.2% versus 0.90%
total lysine). The literature suggests total lysine content should be greater than 1%
(e.g., Webster et al., 2002) in order to elicit optimal responses in growth and FE to
dietary RAC. My experiments suggest that 0.90% is insufficient to maximise
responses to dietary RAC in the early stages of a RAC regimen for light initialweight pigs. Australian pigs typically begin a dietary RAC program at 17 weeks of
age and the majority of pigs marketed only receive dietary RAC for 7 to 14 days.
Therefore in order to capitalise on the maximum responses in FE and daily gain
often observed in the early part of a RAC regimen (Kelly et al., 2003), sufficient
dietary lysine is required.

VIII.

My research reported that the lysine requirements for boars are higher than gilts
between 65 and 95 kg live weight in order to maximise growth. These data are
supported by Campbell et al. (1988), however King et al. (2004) observed no
difference in the lysine requirements of gilts and boars for FCR and growth, despite
greater protein deposition rates in boars, and suggested that boars use dietary lysine
more efficiently than do gilts. My research indicated that boars increased lean
deposition as lysine increased from 0.56 g to 0.65 g available lysine/MJ DE
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whereas gilts did not, supporting the higher protein deposition rates observed in
boars by King et al (2004). Furthermore, boars fed a range of dietary lysine (0.4 to
0.72 g available lysine/MJ DE) continued to improve in growth and FE in a linear
manner indicating boars were not limited by the lysine:energy ratios. In contrast,
critical lysine values of 0.52 and 0.54 g available lysine/MJ of DE for FE and ADG
respectively, were determined for gilts. A similar finding by Mullan et al. (2011)
reported that finisher gilts maximised growth and FE at 0.56 g available lysine/MJ
DE. In addition to gilts, my data provides an important data set for the boar when
formulating finisher diets for Australian conditions with or without RAC
supplementation.

IX.

My experiments reported that when sufficient lysine is supplied in the diets there
were no sex x dietary RAC interactions indicating that responses to dietary RAC
are similar for boars and gilts. Earlier studies (e.g., Dunshea et al., 1993b) reporting
similar responses between the sexes only included 20 mg/kg RAC, whereas my
research included a range of dietary RAC concentrations (0, 5, 10 and 20 mg/kg).
The recent study by Dunshea et al. (2009) in which responses in lean tissue growth
were reported in gilts fed 10 mg/kg RAC but not in boars, is probably a result of
insufficient lysine rather than insufficient RAC dose.

X.

The combination of pST in the final 14 days of a 28-day RAC feeding regime was
synergistic in gilts for FCR, ADG and lean deposition, whereas boars further
declined their P2 backfat levels with the addition of pST.

XI.

The combination of dietary RAC with boars immunised against GnRF (Improvac)
was synergistic for growth performance indices and carcass traits. Improvac
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increased ADFI and ADG in a similar manner to other researchers (McCauley et
al., 2003; Moore et al., 2009) particularly beyond 2 wk after the secondary
vaccination. My research indicated that the additional growth in boars immunized
with Improvac was as fat tissue, and that this could be attenuated by supplemental
dietary RAC.

In addition to these findings, I have presented unique data on the effect of RAC dose on
the gene expression of specific β-ARs in adipose and skeletal muscle tissue using PCR
techniques. The results have also established relationships between RAC dose and β-AR
gene expression as well as the effects on fat and muscle tissue deposition, which to my
knowledge has not been reported in the literature.

XII.

I reported RAC dose x tissue interaction for responses of β1-AR and a dose x tissue
x sex interaction for β2-AR gene expression. In adipose tissue, the more
predominant β1-AR was down regulated by dietary RAC, independent of dose, but
this did not occur in muscle, which agrees with the observations of Spurlock et al.
(1994). In muscle, β2-AR gene expression was reduced by the 20 mg/kg RAC diet
at 15 and 29 days, whereas in fat β2-AR gene expression was only reduced at day
29 for boars fed dietary RAC. Gunawan et al. (2007) observed down regulation of
the β2-AR in muscle only at high doses of 20 mg/kg RAC after 15 and 29 days.

XIII.

The β2-AR expression in fat increased over time whilst the more predominant β1AR expression was constant. These data have not been reported previously in the
literature and suggest that the β2-AR has a more critical role as the age of the
finisher pig advances.

Page | 189

In adipose tissue, down regulation of the β1-AR was observed at day 15 and 29

XIV.

independent of RAC dose level, however the β2-AR expression was only reduced
in boars fed 20 mg/kg dietary RAC at 29 d. The lipolytic response observed in the
growth experiment (Chapter 5) may have been mediated through the β2-AR and
partially through the β1-AR. A similar conclusion was drawn by Mills et al.
(2003b).

The down regulation of β2-AR expression observed in muscle by pigs treated with

XV.

RAC suggested that the β2-AR may mediate the decline in response observed for
ADG (8.6% to 3.7%) and FE (7.1% to 5.8%) in Chapter 5. A similar conclusion
was drawn by Gunawan et al. (2007).

XVI.

I found that a low level of dietary RAC had a stimulatory effect on the expression
of the β1-AR gene. The up regulation of β1-AR may explain, in the data presented
in Chapter 5, why only small differences between responses in lean meat deposition
rates occurred for pigs fed either a high (20 mg/kg) or low (5 mg/kg) RAC diet. The
observation of up regulation or the effect of low doses of RAC on β-AR expression
in adipose and skeletal muscle has not been reported in the literature to date.

9.4 Weakenesses of this thesis
The weaknesses of this thesis in my opinion were as follows:
I.

The dose response studies were conducted as separate studies for boars and gilts.
This reduced the power of the study, as I was not able to compare interactions
between sex and dosage rate. However, in later studies I was able to include sex as
a factor and determine sex x RAC dose interactions.

II.

The current gene expression data set and the corresponding DXA scan information
only allows me to comment on effects at day 15, the first data point post-treatment.
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The greatest response to dietary RAC is within the first week. Animal numbers, and
limitations of space in the finisher test station, restricted the number of data points.
In particular DXA scans and tissue biopsies at Day 7 to coincide with live animal
measurements would have been useful as there were RAC x lysine interactions for
day 0-7 data.
III.

The combination study involving porcine somatotropin and dietary RAC ideally
should have included an additional treatment of pST without dietary RAC.
However, availability of animals and space within the testing station influenced the
experimental design. It has also been acknowledged, for the traits measured, that
statistical significance (p<0.05) for differences in treatment means may not have
occurred due to a low number of replicates per treatment.

IV.

The combination study involving boars immunised against GnRF did not have an
acclimatisation period prior to commencement of treatment. The taking of
measurements, allocation to treatment, and mixing of pigs on Day 0 may have
affected responses to treatment. Additionally and due to pen numbers, I was
restricted on treatment number, and therefore a straight 5 mg/kg RAC treatment
was not included.

V.

The incorporation of DXA scan measurements for the lysine titration study would
have enabled measuring grams of available lysine/gram of tissue accretion in boars
and gilts with or without dietary RAC. However, the logistics of transporting and
handling carcasses and the related costs prevented incorporation of DXA scanning
into this experiment.

9.5 Further research
Finally, and as a result of the experiments I conducted in this thesis, I propose
that further research is required in the following areas:
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A closer examination on the effect of RAC dose on β-AR in adipose and muscle

I.

samples at day 1, 4 and 7 post-treatment, which is the period of greatest response to
dietary RAC. The current gene expression data set and the corresponding DXA
scan information only allows me to comment on RAC effects at day 15, the first
data point after treatment. The greatest response to dietary RAC is within the first
week. Such an investigation will provide a more complete picture of the down (or
up) regulation of the β-AR receptors (and other genes related to cellular
metabolism) in fat and muscle tissue.

II.

A data set on the lysine requirements of boars immunised against GnRF without

and with dietary RAC. To date this is not reported in the literature and would provide
valuable information to the Australian pig industry.

III.

A comparison of a 5 mg/kg RAC dose, 28-day regimen and step-up regimen

involving 5 mg/kg RAC for 14 days followed by 10 mg/kg for the final 14 days is yet to
be reported for pigs under Australian conditions.

IV.

The effect of increasing dietary RAC (in a step-up regimen) on the β1-AR and

β2-AR mRNA expression would be valuable in further understanding the effect of dose
on up and down regulation of β-ARs in fat and muscle tissue.

Collectively, the experiments of this dissertation have reported important
findings that will contribute to the understanding and commercial application of dietary
RAC in the Australian pig industry.
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APPENDIX I:

Additional Information for Materials and Methods

CHAPTER 8:
Ractopamine hydrochloride causes a delay in down-regulation of
the beta-adrenoceptor genes in finishing boars and gilts.
I.1 Primer design
The Ensemble porcine genome browser (Sus scrofa; high-coverage Sscrofa9 (April
2009) assembly) was used to design real-time PCR assays for all the genes examined in
this study. Keyword searches were performed using human reference sequence (Refseq)
gene names to identify the corresponding porcine cDNA and genomic DNA sequences.
Exon-intron boundaries were manually marked on the porcine cDNA sequences and
suitable pairs of exon-intron spanning real-time PCR primers were selected with the
Universal

Probe

Library

(UPL)

design

software

(https://www.roche-applied-

science.com/sis/rtpcr/upl/index.jsp?id=UP030000). In general, amplicon sizes were kept
below 100 bp, primers spanned exon-intron boundaries that were greater than 500 bp in
length and multiple primer pairs were synthesised for most of the target and reference
genes (Illumina, USA).

I.2 Testing of PCR primer pairs
The primer pairs were initially tested against a pool of skeletal muscle and fat
cDNA to check that a single PCR amplicon of expected length was amplified. Having
passed this initial stage of testing, the primer pairs were then screened in duplicate
against a 4-fold serial dilution of cDNA (1:4, 1:16, 1:32 and 1:128) to determine the
range of PCR cycles for which quantitative PCR data could be generated. All testing of
the real-time PCR primers was performed on a Corbett Research Rotor-Gene 3000
(Corbett Research Pty Ltd, Sydney, Australia). Each PCR reaction mix consisted of a
master mix (12.5 μL of 2 x Sybr-Green (Roche Applied Sciences, Mannheim,
Germany), 5.5 μL nuclease free water (NFW), and 2 μL of a 5µM forward and reverse
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primer mixture) in which 5 μL of diluted cDNA was added. A negative control (no
cDNA template) was included for each assay to monitor the formation of primer-dimers
and to ensure that no DNA contamination was present in the primer stocks or the PCR
reagents.
The PCR primers were tested using the following cycling protocol:
Step 1: 95°C for 10 minutes
Step 2: repeated 45 times
95°C for 15 seconds
60°C for 20 seconds
72°C for 15 seconds (Acquire data)
80°C for 15 seconds (Acquire data)
Step 3

Hold at 60°C for 1 minute

Step 4:

Melt curve analysis (60°C to 99°C)

Cycle threshold (Ct) and melt curve analyses were conducted on each PCR
primer pair (Fig I.1 and I.2, respectively). In addition, each PCR amplicon was
accurately sized using agarose gel electrophoresis. Briefly, a 3% low melting point
agarose gel (Sigma, USA) was prepared on a glass plate (50 mm x 60 mm) with a 13
well comb positioned at one end. The gel wells were loaded with 5 μL of PCR product
and 0.5μl DNA loading buffer (50% glycerol, 1 mM EDTA, 0.1% SDS, 0.1%
Bromophenol Blue, 0.1% Xylene Cyanol). A pUC19/HpaII DNA size standard (150 ng;
Geneworks, Adelaide, Australia) was included on each gel. The DNA samples were
fractionated at 125 volts for approximately 20 minutes. The gel was stained with
ethidium bromide (0.5 µg/mL) and photographed using UV transillumination
(GelDoc1000, BioRad, USA). (See Figure I.3)
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Fig I.1
Example of Melt curves for four-fold cDNA serial dilution for primer
ADRB1_67 designed to detect β-AR 1

Fig I.2
Example of linear quantitation cycle curves for four- fold cDNA serial
dilution for primer ADRB1_67 designed to detect β-Adrenergic Receptor 1
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Single
bands of
PCR
product

pUC19/HpaII
DNA size
satndard

Fig I.3
Example Agarose gel containing single bands of PCR products and
PUc19 standard ladder
I.3 Cloning PCR amplicons into the TOPO pCR4 plasmid vector
Selected PCR products were ligated into the pCR4-TOPO vector (Invitrogen, USA)
and transformed into chemically competent Eschericia coli (E. coli) cells, which were
supplied in the TOPO pCR4 kit (Invitrogen, USA). The PCR products corresponding to
the real-time PCR assays listed in Table 8.1 were diluted 1:25 in 10mM Tris 8.0.
Ligation reactions containing 0.5 µL of TOPO pCR4 vector, 1 µLul salt solution (200
mM NaCl, 10 mM MgCl2), 1.0 µL 1:25 diluted PCR product and 0.5 µL nuclease-free
water (Ambion, USA) were incubated at room temperature for 20 minutes and then
placed on ice. The chemically competent E. coli cells were removed from -80°C and
thawed on ice. Half the ligation reaction (1.5 µL) was added to a vial of chemically
competent cells and stored on ice for 20 minutes. The E. coli cells were then heatshocked at 42°C for 30 seconds and transferred back to ice. Two hundred and fifty
microlitres of SOC media, supplied in the TOPO pCR4 kit, was added to each vial of E.
coli cells and incubated at 37°C for 1 hour in an orbital shaking incubator set to 200 rpm
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(Ratek Instruments, Boronia, Australia). The SOC/E. coli cell mixture (50 µl) was
plated onto Luria Broth (LB; 10g NaCL, 10g Bacto-tryptone, 5g Bacto-yeast extract,
15g Agar per litre) agar plates containing 100 µg/mL of ampicillin (Sigma-Aldrich,
USA). The LB + ampicillin plates were incubated overnight at 37º C. Individual
colonies were picked from the plates with a sterile pipette tip and inoculated into a 10
mL yellow cap tube (Sarstedt, Numbrecht, Germany) which contained 2mL of LB
media and 100 µg/mL of ampicillin. The liquid LB cultures were incubated overnight at
37º C in a shaking incubator at 200 rpm (Ratek Instruments, Boronia, Australia). TOPO
pCR4 plasmid DNA containing PCR product inserts was isolated with the Plasmid mini
kit (Qiagen, Germany) according to the manufacturer’s instructions.

I.4 Sequencing the real-time PCR products.
The PCR products cloned into the pCR4 plasmid vector were sequenced with a T7
primer. Plasmid DNA (50 ng) samples were combined with the T7 primer (400 nmol;
5’- TAATACGACTCACTATAGGG-3’) and sent to the Australian Genome Research
Facility (AGRF) in Adelaide for DNA sequencing. A chromatograph with the
corresponding

DNA

sequence

was

downloaded

from

the

AGRF

website

(http://www.agrf.org.au) The DNA sequence data were aligned against the porcine
genome

sequence

at

the

Ensemble

Genome

Browser

website

(www.ensemble.org/Multi/blastview). All PCR amplicons sent for DNA sequencing
were confirmed to be the genes of interest using this database.
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I.5 Measuring gene expression levels in skeletal muscle and adipose tissue on the
BioMark real-time PCR system
I.5.1 Composition of Pre-amplification reactions of cDNA

Table I.1
Volume and composition of each well of the 96 well Real-plex preamplification tray
Volume (μL)

Component
1:4 cDNA (skeletal muscle or adipose tissue)

2.1

12.5x primer mix

0.4

2x Pre-amplication reagent (Applied Biosystems, USA)

2.5

Table I.2
PCR cycling parameters used for the pre-amplification of Skeletal
muscle and Adipose cDNA samples
Steps

Temperature (° C)

Duration (sec)

Step 1 ( 1 cycle )

95

600

Step 2 (16 cycles)

95

10

60

240

I.5.2 Pre-amplification of cDNA for inter-run calibrators
A subset of 20 skeletal muscle (Block 3) and 20 adipose samples (Block 1) were
pre-amplified essentially as described in section 8.3.2.1, however 20 cycles of preamplification were used instead of 16. These samples were diluted 5-fold with TE
buffer and subsequently pooled into groups of 5 to generate 4 common inter-run
calibrators (IRCs) per tissue, the cDNA samples used to produce the IRC’s are
presented in table I.3. The IRCs were used in the real-time PCR analysis to account for
run-to-run variation between the qPCR assays (section 8.3.5). An aliquot of the four
IRCs from each tissue was also pooled to generate the cDNA that was used to construct
the standard curves which were used to determine the reaction efficiency of the qPCR
assays. Five-fold serial dilutions were used to generate 7 point standard curves for both
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the pooled skeletal muscle and adipose cDNAs (1:20, 1:100, 1:500, 1:2500, 1:12500,
1:62500, 1:312500).
Table I.3
Skeletal muscle and adipose cDNA samples used for the preparation
of the inter-run calibrators and the standard curves
Inter-run calibrator number

Muscle (M) and Adipose (F) sample numbers

1

89M, 90M, 91M, 92M, 93M

2

94M, 95M, 96M, 97M, 98M

3

99M, 100M, 101M, 102M, 103M

4

104M, 105M, 106M, 107M, 108M

5

109F, 110F, 111F, 112F, 113F

6

114F, 115F, 116F, 117F, 118F

7

119F, 120F, 121F, 122F, 123F

8

124F, 125F, 126F, 127F, 128F

I.5.3 Sample and assay layout on the 96.96 Dynamic Array chips
Quantitative PCR analysis of pre-amplified cDNA from experimental blocks 1,
2 and 3 was performed using three 96.96 Dynamic Array chips (Fig I.4).

Fig I.4
Example of 96.96 Dynamic Array Chip, containing 96 wells for qPCR
assays, 96 wells for cDNA samples and the reaction chamber containing 9216 wells.
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For Blocks 2 and 3 the cDNA sample layouts with respects to IRCs and cDNA
standards were identical for dynamic array chips 2 and 3 respectively with the following
cDNA sample numbers: Block 2, 36 pre-amplified skeletal muscle cDNA samples 37
through to 72; 36 pre-amplified adipose cDNA samples 145 through to 180. Block 3, 36
pre-amplified skeletal muscle cDNA samples 73 through to 108; 36 pre-amplified
adipose cDNA samples 181 through to 216.
Table I.5
chip 1.

The cDNA sample layout for Block 1 of the 96.96 Dynamic Array

Column
Row

1

2

3

4

5

6

A
B
C

Muscle cDNA samples 1 through to 36
(Block 1)

D
E
F
G
H

Adipose cDNA samples 109 through to 144
(Block 1)

I
J
K
L
M

Muscle
IRC 1

Muscle
IRC 2

N

Muscle
IRC 4

Muscle cDNA std

Muscle cDNA std

O
P

Muscle
IRC 3

NTC

Adipose cDNA std
Adipose
cDNA std

NTC

Adipose
IRC 1

Adipose
IRC 2

Adipose
IRC 3

Adipose
IRC 4
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Table I.6
chips

Inlet layout of qPCR assays in triplicate on the 96.96 Dynamic Array

Column
Row

1

2

3

4

5

6

A

ACTBfwd

ACTBfwd

ACTBfwd

RPL19f#105

RPL19f#105

RPL19f#105

B

B2Mfwd

B2Mfwd

B2Mfwd

ADRB1f_67

ADRB1f_67

ADRB1f_67

C

TBPfwd

TBPfwd

TBPfwd

ADRB1f_97

ADRB1f_97

ADRB1f_97

D

pGAPDH3f1 pGAPDH3f1 pGAPDH3f1 ADRB2f_65

ADRB2f_65

ADRB2f_65

E

pGAPDH3f2 pGAPDH3f2 pGAPDH3f2 ADRB2f_71

ADRB2f_71

ADRB2f_71

F

UHCL5f#73

UHCL5f#73

UHCL5f#73

GLUT4f_67

GLUT4f_67

GLUT4f_67

G

UHCL5f#98

UHCL5f#98

UHCL5f#98

GLUT4f_23

GLUT4f_23

GLUT4f_23

H

RPL19f#30

RPL19f#30

RPL19f#30

IGF1f_94

IGF1f_94

IGF1f_94

I

IGF1f_38

IGF1f_38

IGF1f_38

GDF8f_136

GDF8f_136

GDF8f_136

J

IGF1R_f4

IGF1R_f4

IGF1R_f4

Myh2AFwd

Myh2AFwd

Myh2AFwd

K

IGF1R_f124

IGF1R_f124

IGF1R_f124

Myh2XFwd

Myh2XFwd

Myh2XFwd

L

LeptinF_25

LeptinF_25

LeptinF_25

Myh2BFwd

Myh2BFwd

Myh2BFwd

M

LeptinF_58

LeptinF_58

LeptinF_58

FASN_F56

FASN_F56

FASN_F56

N

PPARA_f5

PPARA_f5

PPARA_f5

FASN_F67

FASN_F67

FASN_F67

O

PPARA_f49

PPARA_f49

PPARA_f49

ADBR1_105 ADBR1_105 ADBR1_105

P

GDF8f_2

GDF8f_2

GDF8f_2

ADBR2_15

ADBR2_15

ADBR2_15
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I.5.4 Priming, loading and PCR cycling the 96.96 Dynamic Array chips
Using an 8-channel pipette, the assay and sample inlets on the chips were manually
loaded with 5 µL of PCR assay mixture (Table 8.7) or 5 µL of preamplified
cDNA/EvaGreen real-time PCR reagent (Table 8.8), respectively.
Table I.7
Reagent volumes (µL) required for qPCR assay mixture for loading
of assays on the 96.96 Dynamic Array Chips
Reagents

Volume, µL

2 x DA assay load reagent (Fluidigm, USA)

2.50

Fwd/Rev primer mixture (20 µM each)

1.25

Nuclease-free water

1.25

Total Volume

5.00

Table I.8
Reagent volumes (µL) required for loading of cDNA sample inlets on
the 96.96 Dynamic Array Chips.
Reagents

Volume, µL

2x Taqman Gene Expression Reagent (Applied
Biosystems, USA)

2.50

20x DNA binding dye load buffer (Fluidigm, USA)

0.25

20x EvaGreen (Biotium, Hayward, USA)

0.25

Nuclease-free water

0.75

Preamplified cDNA (1:20)

1.25

Total Volume

5.00
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I.5.5 Normalisation of quantitative PCR data
The cycle threshold (Ct) data from the 96.96 Dynamic Array chips were exported
from the Biomark Real-time PCR machine as comma separated variable (.csv) files. The
csv files were imported into qEXPRESS, a real-time PCR data analysis program
(developed by G. Nattrass, SARDI Livestock and Farming Systems). The qEXPRESS
software package was modelled on qBase software (Hellemans et al., 2007). The
qEXPRESS software converted the cycle threshold data into normalized relative
quantities (NRQ) using the qBase (http://medgen.ugent.be/qbase) relative quantification
framework.
In brief, the reaction efficiency of each gene assay was determined from the
standard curve and applied to a delta Ct quantification model to calculate relative
quantities between samples. Inter-run calibrations were performed using the common
set of 4 pooled skeletal muscle cDNA samples (IRCs 1-4) and/or 4 pooled adipose
cDNA samples (IRCs 5-8) which were included on each of the 3 Dynamic Array chips.
The non-normalised relative quantification data were exported from qEXPRESS and
imported into GenEx (MultiD, Sweden) where reference gene stability analyses were
performed using geNorm (Vandesompele et al., 2002). Based on this assessment of
reference gene stability, the gene expression data were subsequently normalised within
qEXPRESS to the most stably expressed set of reference genes using geometric
averaging (Vandesompele et al., 2002). Using these criteria, TPB, RPL19 and UCHL5
were selected as reference genes. The gene stability values (M) for all genes are shown
in Fig. I.5 for fat tissue and in Fig. I.6 for muscle tissue.
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Fig I.5

Gene stability values (M) for all genes of interest in cDNA samples from fat tissue
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Fig I.6

Gene stability values (M) for all genes of interest in cDNA samples from muscle tissue.
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I.5.6 Inter-run calibration
As described in Section 8.2.3.1, inter-run calibrators (IRC) were included on the
three 96.96 dynamic array chips to correct for any run-to-run variation. Each 96.96
dynamic array chip contained four muscle and four fat IRCs consisting of pooled
cDNA. The qEXPRESS software analyses the IRCs on a gene specific basis. The interrun calibration step is run prior to the normalization step. The inter-run calibration
method (Hellemans et al., 2007) allows samples analyzed in different runs to be
compared against each other.
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