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Ithaca
"As you set out for Ithaca
hope your road is a long one,
full of adventure, full of discovery.
Laistrygonians, Cyclops,
angry Poseidon - don't be afraid of them:
you'll never find things like that on your way
as long as you keep your thoughts raised high,
as long as a rare excitement
stirs your spirit and your body.
Laistrygonians, Cyclops,
wild Poseidon - you won't encounter them
unless you bring them along inside your soul,
unless your soul sets them up in front of you.
Hope your road is a long one.
May there be many summer mornings when,
with what pleasure, what joy,
you enter harbours you're seeing for the first time;
may you stop at Phoenician trading stations
to buy fine things,
mother of pearl and coral, amber and ebony,
sensual perfume of every kind as many sensual perfumes as you can;
and may you visit many Egyptian cities
to learn and go on learning from their scholars.
Keep Ithaca always in your mind.
Arriving there is what you're destined for.
But don't hurry the journey at all.
Better if it lasts for years,
so you're old by the time you reach the island,
wealthy with all you've gained on the way,
not expecting Ithaca to make you rich.
Ithaca gave you the marvellous journey.
Without her you wouldn't have set out.
She has nothing left to give you now.
And if you find her poor, Ithaca won't have fooled you.
Wise as you will have become, so full of experience,
you'll have understood by then what these Ithacans mean."
K. Kavafis

This Thesis is devoted to my parents
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Abstract
The overall aim of this thesis is to explore quantitative genetic aspects of carcass and
meat quality traits in sheep and consider the utilization of such information in
breeding programmes. The focus is to breed for improved lamb meat quality, as
there is a downward trend in lamb consumption over the past years and selection
objectives in sheep breeding are changing, as consumers require leaner meat, less fat
and consistent quality. Therefore, traits determining product quality are carcass
composition and meat quality. A number of selection experiments have reported
rapid changes in carcass composition by selecting on live animal estimates. On the
other hand, meat quality traits pose particular problems for improvement, as direct
measurements require the destruction of the animal. Muscle quality is considered to
be difficult, if not impossible, to measure in the live animal and is very expensive to
measure completely in samples from the carcass. Hence, this thesis investigated the
use of in vivo composition traits to predict meat quality. Additionally, it investigated
potential opportunities for genetically improving meat and carcass quality by using
in vivo predictor traits and quantitative trait loci (QTL).

Data for carcass composition and meat quality was collected over four years from a
Blackface population. Within this population, a double backcrossed design created
nine half-sib families, for QTL detection. Carcass composition was measured using
in vivo computed tomography (CT) on equal number of males and females per year.
5th lumbar vertebrae
Cross-sectional scans were taken at the ischium (ISC), the
(LV5) and the 8th thoracic vertebrae (TV8), and from each scan image the areas and
image densities were obtained for the fat, muscle and bone components of the
carcass. Meat quality measurements taken on male lambs, that had previously been
CT scanned, included (i) initial and final pH of the meat, (ii) toughness, (iii) colour,
(iv) intramuscular fatty acid composition, (v) water, marbling fat and protein content
of the meat, and (vi) taste panel assessment of the cooked meat.

x

Heritabilities for all CT tissue areas were moderate to high, ranging from 0.23 to
0.76. Likewise, CT tissue densities were moderately to highly heritable, with h2
values ranging from 0.34 to 0.82. The heritability estimates for most of the meat
quality traits, such as pH, colour and eating quality traits, assessed by trained taste
panel, were moderate but variable, ranging from 0.15 to 0.60, indicating substantial
genetic variation. Specifically, some of the intramuscular fatty acids were moderate
to highly heritable, ranging from 0.15 to 0.90.

There is no published information available on genetic correlations between carcass
traits, assessed by CT, and meat quality traits in any species. CT-muscle density was
the trait most consistently related to meat quality traits. Genetic correlations of CTmuscle density with intramuscular fat content (rg= -0.67), juiciness (rg= -0.71), lamb
flavour (rg= -0.73) and overall liking (rg= -0.80) were strongly negative. In addition,
intramuscular fat content was positively genetically correlated with juiciness and
lamb flavour (0.69 and 0.52, respectively). Moreover, total quantities of
intramuscular saturated, monounsaturated and polyunsaturated fatty acids were
strongly negative correlated with CT-muscle density (-0.45, -0.60 and -0.56,
respectively).

Nine genome-wise significant and 32 chromosome-wise QTL were detected in eight
chromosomes for traits related to carcass and meat quality. Genome-wise significant
QTL were mapped for lamb flavour (OAR 1); for muscle densities (OAR 2 and
OAR 3); for colour a* (redness) (OAR 3); for bone density (OAR 1); for slaughter
live weight (OAR 1 and OAR 2) and for the weights of cold and hot carcass (OAR
5). The QTL with the strongest statistical evidence affected the lamb flavour of meat
and was on OAR 1, in a region homologous with a porcine SSC 13 QTL identified
for pork flavour. Furthermore, a strong QTL affecting linolenic acid was identified
on OAR 2. Remarkably, 10 QTL affecting individual fatty acids were detected on
OAR 21, with eight of these QTL located at the same position and segregating in the
same families.

xi

Selection index methods explored using CT-muscle density and a "known" QTL
affecting meat quality. The cases explored were to: (i) improve meat flavour, (ii)
improve meat healthiness, and (iii) improve meat shelf-life. In all cases the
information gained from the use of QTL depended on the heritability of the trait and
the genetic correlation with CT-muscle density. In genera!, the QTL effect had to be
quite large to give substantial improvements. As a broad summary, the results
demonstrated that using a QTL which explained more than 20% of the genetic
variance of the trait, the genetic progress was 20-30% higher than using phenotypic
information on the individual or its relatives.

This thesis provided considerable novel information of the genetic control of meat
quality traits in sheep. In particular, three main contributions are (i) the
quantification of heritabilities for a wide range of meat quality traits, (ii) genetic
relationships between traits measured in vivo, such as CT-muscle density, and many
of the meat quality traits, and (iii) QTL for a wide range of traits. Thus, selection to
improve meat quality in sheep is possible, in principle, and this thesis provided tools
which may pave the way towards implementation in practical breeding programmes.
In particular, the use of CT-muscle density may be a means of making broad
improvements in the perceived quality of sheep meat, and QTL that have been
detected that, after independent validation, may allow improvement of specific meat
quality attributes and alteration of the fatty acid profile.

xli

Chapter One
General Introduction

1.1 Introduction
In this General Introduction, the current state of the sheep breeding industry and its
challenges in terms of meat quality are outlined. Additionally, the current carcass
scanning methods that are used by the sheep industry, and definitions and genetic
aspects of meat quality traits that are important to consumer perspective are
introduced. The aim is to place the research chapters of this thesis in the appropriate
methodological context, and to highlight areas that required further research before
this thesis was started.
1.2 Background on the sheep meat breeding industry and its present
challenges
The sheep industry worldwide faces a fundamental problem. With the exception of
major lamb-exporting countries (New Zealand, UK and Australia), consumption of
lamb in the developed world has markedly declined over the past 30 years (Lewis et
al., 1993). In order to reverse the downward trend in lamb consumption, the needs of
the modern consumer have to be closely addressed (Stanford et al., 1998). As
outlined by Ward et al. (1995), consumers require meat with more lean, less fat (the
minimal fat level required to maintain juiciness and flavour), consistent quality,
portions that are considered good value for money, less wastage, convenience/ease
in cooking and high level of choice/flexibility in available cuts. Unfortunately, the
studies of Ward etal. (1995) have shown that Iamb is currently failing to meet these
consumer demands.

Before lamb carcasses can be changed to better meet consumer demand, carcasses
must be evaluated using two important categories: (i) quality attributes such as
tenderness, intramuscular fat, meat and fat colour, flavour; and (ii) composition
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attributes such as proportions of fat, lean and bone (Stanford et al., 1998). Research
on meat quality mainly concerns parameters relating to the eating quality and
suitability for processing of meat (tenderness, colour, flavour etc.), whereas carcass
quality refers to the composition (proportions of lean, fat and bone) and shape or
muscularity of slaughtered animals.

The term 'meat quality' includes a variety of different aspects, the most important of
which are hygiene, toxicology, nutrition, technology (function) and sensory (eating)
quality. Which aspect is most focused on depends on who is applying it, e.g.
producers, industry or consumers, and in which context the concept meat quality is
used. In the western countries, hygienic and toxicological meat quality generally is
of a high standard, nonetheless outbreaks such as the BSE crisis greatly damage the
confidence in meat and meat products. Moreover, consumers are only willing to buy
meat and meat products with an acceptable eating quality; indeed, they desire meat
products with visual appeal, high juiciness and high tenderness. This can sometimes
be incompatible with the interests of the meat industry, which aims at optimal
functional properties of the meat. One good example is the RI'1 allele, present in pigs
of the Hampshire breed or crossbreds with Hampshire. The RK allele foremost
affects the water holding capacity of the meat negatively, whereas the eating quality
is superior regarding tenderness and juiciness.

Moreover, factors influencing meat quality are of interest. Numerous genetic and
environmental variables are involved in the final meat quality. For example meat
quality can be influenced by the amount and type of fat in meat. Therefore, fatty
acid (FA) composition plays an important role in the definition of meat quality, as it
is related to differences in organoleptic attributes and in nutritional value of fat for
human consumption (Wood and Enser, 1997). There has been an increased interest
in recent years in ways to manipulate the fatty acid composition of meat. This is
because meat is seen to be the major source of fat in the diet and especially of
saturated fatty acids, which have been implicated in diseases associated with modern
life, particularly in developed countries. These include various cancers and
especially coronary heart disease. In the UK, the Department of Health (1994)
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recommended that fat intake be reduced to 30% of total energy intake (from 40%)
with a figure of 10% of energy intake in saturated fatty acids (from 15%). At the
same time, the recommended ratio of polyunsaturated fatty acids (PUFA) to
saturated fatty acids (SFA) (PUFA: SFA) should be increased to above 0.4. Since
some meats naturally have a PUFA: SFA ratio of around 0.1, meat has been
implicated in causing the imbalanced fatty acid intake of today's consumers (Wood
et al., 2004). Also, the ratio of omega-6: omega-3 fatty acids is a risk factor in
cancers and coronary heart disease (Enser, 2001). The recommendation is for a ratio
of less than 4 and again some meats are higher than this. As with the PUFA: SFA
ratio, meats can be manipulated towards a more favourable omega-6: omega-3 ratio.
The ratio of omega-6: omega-3 PUFA is particularly beneficial (low) in ruminant
meats. Ruminants also naturally produce conjugated linoleic acids (CLAs) that may
have a range of nutritional benefits in the diet (Enser, 2001).

Simultaneously, prediction of carcass composition by the proportions of the fat, lean
and bone components of the carcass in live animals, as well as the subsequent fat
and conformation grading the carcass receives in the abattoir, has an important use
in evaluating meat animals. Lean is the most valuable part of the carcass and most
sought after by consumers. Consequently, prediction of its content in live animals
has significant application to the meat industry. Several techniques have been used
to predict carcass composition in live animals, such as computer tomography (CT)
scanning, ultrasound and nuclear magnetic resonance. Carcass fat content affects the
overall value and productivity of a sheep production enterprise in several ways. For
example, the fatness of lamb carcasses at slaughter affects the overall efficiency of
lean meat production, as well as the perceived desirability of the meat (Bishop et al.,
1995).

The above aims of improving carcass composition and meat quality can be realised
by means of genetics, which potentially enables cheap, cumulative, permanent and
sustainable improvements within production systems. For many years breeders have
changed the genetic make up of animals through selection without knowledge of the
underlying genes. Until recently, the tools to identify the genes responsible for
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genetic differences between individuals or between populations have not been
available. Developments in the area of molecular biology have changed this
situation and have allowed genes or chromosomal segments containing genes of
importance to be identified in humans and farm animals (Bovenhuis et al., 1997).

Current approaches in animal breeding, to estimate the genetic value of an
individual, depend upon phenotypic observations on the individual itself and/or
relatives. For almost all the traits of interest to animal breeders, differences in
phenotypic observations are due to both genetic and environmental differences
(Bovenhuis et al., 1997). Furthermore, segregation of alleles takes place each time
genes are transmitted from parent to offspring. As a result of these two factors,
accurate estimation of the breeding value of an animal is possible only if large
numbers of records are available. If genes and their effects on traits of interest are
known, typing of animals at the DNA level may make it possible to estimate
breeding values independent of phenotypic observations. A key approach for
utilising genetics in this way is the identification of genetic markers associated with
the phenotypic traits of interest. This is especially for the traits of the greatest direct
relevance to the sheep sector, viz the composition of the carcass and the quality of
the subsequent meat. Genetic markers would both enhance this technology and
reduce its expense, possibly making it more accessible to a greater number of
breeders. Meat quality traits currently cannot be directly measured on animals
participating in breeding programmes and, hence, cannot be easily included in
breeding programmes. The use of genetic markers is a possible solution to this
problem. Therefore, genetic markers for meat quality, including aspects of fatty acid
composition, may allow the breeding of sheep with meat of a higher quality for the
consumer.

1.3 An overview of carcass composition
As described above, carcass composition is important in terms of carcass value,
consumer appeal and production efficiency. Therefore, accurate carcass evaluations
and selecting good carcasses or meat cuts to fulfil market demand is becoming more
and more important. Carcass weight and meat grading are no longer adequate to
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accurately evaluate products. At the present time research is concentrating on more
sophisticated processing technology. The following section concentrates on these
principles in carcass composition and on various methods used to estimate such
composition.
1.3.1 Growth, development and body form

Young et al. (1996) suggested a model of body form that accounts for all major
variations in carcasses. The major determinants of body form can be separated into
five main categories:
Size overall (e.g. bodyweight)
Proportions of major tissues (e.g. fat %, muscle to bone ratio (M: B))
Distribution and partitioning of tissues (e.g. % muscle in high priced cuts, %
muscle in loin, % fat in subcutaneous depot)
Shape of tissue units e.g. muscularity (e.g. volume relative to length, width
relative to depth)
Density of tissues (weight relative to volume, chemical composition).

Animal weight (category 1) is simply a function of the volume (3 dimensional
images) and density (2 dimensional images) of the three major tissues, their
distribution and shape. However, since animals can be selected for slaughter at
different stages of growth, a real interest is on the form of animals of a similar size
and on how these other traits change with overall size during growth.

It is reasonable to expect that changes or differences in one factor are associated
with changes in one or more of the others, e.g. during growth the proportion of
muscle changes relatively little whereas decreases in % bone are offset by increases
in % fat (Young et al., 1996). This will affect body form both directly (category 2)
and through changes in shape of tissue units (category 4) concomitant with changes
in the relative size of muscles compared to the bones they are associated with
(Young and Sykes, 1987).

Value of carcasses is affected by categories 1 and 2 of this model through carcass
size and fatness, and commercial carcass classification systems focus on these two

5

Chapter 1 - General Introduction

characteristics (Kempster, et al., 1982; Price, 1995). To what extent other
components are valuable is less clear. Many classification systems assess
"conformation" which is related to shape of the carcass overall (Price, 1995). This is
a less than useful definition as it has many different interpretations and it is almost
always associated with fatness within a genotype (Kempster et al., 1982; Kirton et
al., 1983; Jones, 1995). More useful is "muscularity" which refers to the shape of
muscles. "Blocky" (thick relative to length) is the desired shape (Butterfield, 1988).

As animals grow, fatness increases and muscles become blockier (Young and Sykes,
1987; Butterfield, 1988; Price, 1995; Abdullah et al., 1998). Since carcass bone
proportion decreases, muscle to bone ratio (M: B) increases as well (Young, 1989).
Traditionally this "fleshing out" of the carcass as animals grew was highly desirable.
However, with the general tendency against fat, traditional values for the lean
carcass (blocky muscles and high M: B) are compromised since the most obvious
way to reduce fat is select animals that are less mature. That this has occurred is
borne out by the results of many breeding programmes that have reduced fatness by
selecting animals that are less mature at a given age or size (Lewis et al., 1996;
Abdullah et al., 1998; Emmans, et al., 2000). Thus animals are larger but less
mature, fitting neatly the theory of genetic size scaling described by Taylor (1985).
1.3.2 Methods of non-invasive imaging techniques to predict carcass
composition

Methods of estimating carcass composition are comprised of two types. They either
describe the chemical composition of the body or the anatomical distribution of its
tissues. In each case the techniques used can be either destructive or non-destructive
to the animal. Non-destructive techniques are frequently required, e.g. studies with
humans, studies with valuable animals, and when sequential studies of the same
subject are required (Szabo etal., 1999).

Imaging techniques produce an image of a body component that is then used to
predict chemical or physical body composition. Therefore, there are two main
factors affecting the accuracy of estimation: the correlation between image and body
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part, and the correlation between body part and total body composition (tissular or
chemical) (Szabo et al., 1999).

In this section some of the newer methods, which can produce cross section images
of the body (real time ultrasound imaging, magnetic resonance imaging (MRI) and
computer tomography (CT)) will be reviewed to evaluate their applicability in
animal breeding.
1.3.2.1 Real-time ultrasound imaging

The first publications using ultrasound to measure backfat thickness date back to the
1950s (Temple et al., 1956; Dumont, 1957; East et al., 1959). Further development
of techniques enables researchers to visualize the cross-section view of most or all
near-skin tissues.

The principle of the ultrasound procedure is that high-frequency (1-5 MHz) sound
signals pass through the body tissues, and when an interface (boundary) between
two tissues is encountered, some sound waves are reflected. The reflected signals are
detected by the receiver and can be amplified and shown in visual form. Real-time
ultrasound imaging equipment emits many sound waves simultaneously using a
specially designed transducer along a linear path. The reflected sound waves are
then transcribed and presented on a monitor as a two-dimensional image or crosssection of muscle mass, such as, for example, the loin-eye muscle (Szabo et al.,
1999). The disadvantage of this equipment is that the sound signals do not go deep
enough in the body to scan the whole cross-section of the body.

Real-time ultrasound imaging is capable of detecting small areas of intramuscular
fat or marbling. However the quantitative determination of these is more difficult.
Technicians cannot differentiate visually between signals reflected by intramuscular
fat and those reflected by connective tissue, blood veins and arteries, which
permeate muscle tissue (Miller, 1996).

Prediction accuracies, reported by Alliston (1983) and Simm (1987), for prediction
of carcass tissue weights from live weight and ultrasound tissue depths in sheep,
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ranged from 50 to 70%. In addition, the study by Young et al. (1996) in Dorset
Down lambs, reported an accuracy of up to 83% for lean weight and 63% for fat
weight. In Scottish Blackface lambs, Bishop (1994) reported an accuracy of 73% for
lean weight and 80% for fat weight.
1.3.2.2 Magnetic resonance imaging (MRI)

The principle during the MR examinations is that the atoms of the body, positioned
in a strong magnetic field, absorb energy from an external energising source and
then emit radio signals, as a function of time, which can be computer-processed to
form an image (Szabo et al., 1999). This phenomenon is called nuclear magnetic
resonance (NMR).

MR instruments for animal investigations are available at a very few sites. Thus,
limited information is available in the literature. Most of the published studies
(Fowler etal., 1992; 1-lennig, 1992; Scholz etal., 1993; Baulain, 1997) reported that
the proportion of tissues is predicted with lower accuracy than that achieved for
absolute mass. Most of the R2 values obtained for tissue mass are very high (80 90%).

In the sole study where MRI has been used to evaluate body composition in sheep,
Streitz et al. (1995) reported R2 values ranging from 78 to 91% for percentage of
lean in lambs at body weights from 10 to 50kg. Presently, programs using MIII for
the genetic improvement of carcass quality in livestock are restricted to poultry
(Mitchell et al., 1991; Liu ci' al., 1994). Additional studies with sheep would be
required before the benefits of using MRI for prediction of body composition could
be evaluated relative to costs.
1.3.2.3 Computer tomography (CT)

Computer tomography had already been used in humans for many years for
diagnostic purposes when it was realized that it might be a valuable tool for the
estimation of the body composition of animals. The first report on the use of CT in
animal science was by Skjervold et al. (1981). Early research highlighted the
potential of CT scanning for the study and evaluation of animals (Vangen and
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Skjervold, 1981; Vangen, 1988; Young et al., 1987) and theoretical predictions
presented a clear and convincing case for supplementation of ultrasound scanning
with CT scanning of elite animals in breeding programmes. Such predictions
forecast increases in genetic progress that may be as high as 50% (Simm and
Dingwall, 1989) or closer to 100% (Jopson et al., 1995) through use of CT in
combination with ultrasound scanning.

CT is based on the differential that exists between the rates at which the tissues in
the body attenuate X-rays. Attenuation measures are collected by detectors, which
rotate 3600 around the body in synchrony with the X-ray source. The data are then
processed to produce a matrix of CT values for the target cross-section of the body.
The matrix of CT numbers is converted to different grey values and then displayed
as an image on a monitor. The image can be stored digitally and used later for
evaluation or for analysis to generate prediction equations for carcass composition
traits. CT numbers are in close correlation with the density of tissues. Values are
expressed in Hounsfield units (Hu) (Szabo etal., 1999).

CT allows cross-sectional images, containing a wealth of information, to be obtained
for a living animal (Young et al., 1996). These can be used to provide very accurate
assessment of body composition in live animals in a welfare-friendly manner. Not
only is accuracy improved, compared to ultrasound, but also a wide range of novel
traits lend themselves to assessment, and objective measurements can be collected
rapidly (Young et at., 1996).

Initially, CT was used to measure body composition in animals at different live
weights. Most of this early work was based upon the use of prediction equations to
estimate body composition. Vangen and Baulain (unpubl.) and Koistad and Vangen
(unpubi.) used prediction equations developed for pigs of normal slaughter weights
to estimate the weight of protein and fat in 25, 55 and 95kg pigs. They demonstrated
that it was possible to measure differences between sexes, breeds and feeding
intensities in the above different weights. Subtle but significant differences at the
various weights were found between the two sexes (gilt versus barrow) and between
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the various genetic groups (proportion of Duroc genotype: 0, 25 or 50%). The use of
CT to estimate body composition had therefore given new information about
composition traits. Based on this data it was possible to quantify fat and protein
growth and consequently estimate real biological efficiency.

Prediction equations have been shown to be very accurate for the group of animals
for which each was developed. Sehested (1984) reported that CT values with live
weight could predict kg fat-free lean lamb(s) with R2 values of 92 to 94%, RSD 0.5
to 0.6kg, compared to prediction with live weight alone (R2= 0.83, RSD= 0.8kg ).
Those values were in agreement with the 92 to 98% found more recently by Vangen
and Jopson (1996). In Dorset Down ewe lambs, R2 values of 93%, 94% and 73% for
fat, lean and bone, respectively, were found using four CT scans and live weight to
predict the tissue weights (Young et al., 1996).

A later study by Young et al. (1999) demonstrated the value of CT in UK sheep.
Table 1 summarises accuracies of prediction from a number of trials. In that study
Young et al. (1999) showed that, by using live weight and tissue areas from three
scans, prediction accuracy (R2) of 97%, 99% and 89% could be achieved for the
total weight of muscle, fat and bone, respectively, in the carcass of Suffolk lambs. In
addition, Young et al. (1999) showed that the total weight of muscle in the carcass
of Suffolk lambs could be predicted accurately (R2= 96%) using equations that
8th thoracic
included live weight and the area of muscle on CT scans from the
vertebrae, the 51h lumbar vertebrae (LV5) and the ischium (ISC) positions. A
consequence of the increased accuracies shown for the CT results is high
heritabilities (0.40 - 0.50) for fat weight and lean weight; one of the reasons CT scan
data helps the breeders.

Similar breed-specific equations for total weight of muscle in the carcass, which
included the same predictors, were also developed for Charollais and Texel sheep,
with prediction accuracies (R2) of 98 and 96% respectively (M. J. Young et al.,
unpublished). For Scottish Blackface ewes, Lambe et al. (2003) showed that fat and
muscle weights were predicted accurately from CT (R2= 80 to 99%) but bone weight
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was predicted less accurately (R2= 56%). The results of Lambe's et al. (2003) study
suggested that computed tomography would allow accurate within-animal
predictions of fat (in various depots), muscle and bone levels, which can be
measured throughout the lifetime of breeding ewes.

Table 1.1 Prediction accuracy of CT scanning (R2, residual standard deviation and
mean). Predictors are carcass tissue areas from two or three scans plus live weight
Carcass tissue
Prediction of
Meat Sheep
R2 (%)
RSD(g)
Predicted variable mean (g)
Hill lambs
R2 (%)
RSD(g)
Predicted variable mean (g)
Young el al., 1999

Fat
Weight (g)

Muscle
Weight (g)

Bone
Weight (g)

99
434
8620

97
611
13880

89
313
4130

92
191
2820

86
388
7930

73
184
2550

1.3.3 Strengths and opportunities with in vivo estimation of carcass
composition
The keys to changing carcass composition to better meet consumer demand are
methods of evaluating body composition in vivo. For example, computer
tomography (CT) technology offers great possibilities for studying body
composition in the live animal. Such technology can be utilised in genetic studies
with the aim of quantifying short or long-term changes in body composition and
tissue depots. Body tissues can be measured down to individual depots or muscles.
The strength of these techniques is that the between animal variation normally
associated with a slaughter trial is removed. If body composition measurements are
taken over time, the changes in composition can be analysed on a within- animal
basis. Additionally, body composition measurements can be made in high value or
rare animals without the need to slaughter them.

Ultrasound scanning has been used widely in sheep breeding programmes to address
the problem of over-fatness in lamb by genetically improving the rate of lean tissue
growth (Simm, 1994; Stanford et al., 1998). X-ray CT scanning can provide more
accurate information on body composition, in vivo, in sheep than ultrasound
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(Sehested, 1984; Young et al., 1996, 2001). Thus, CT has the potential to improve
rates of genetic gain from selection by as much as 50% when used in combination
with ultrasound scanning (Simm and Dingwall, 1989; Jopson et al., 1995).
Opportunities offered by CT have already been incorporated into sheep breeding
programmes in New Zealand, the UK and Norway, where information from CT has
been included in genetic evaluations (Nicoll et al., 1997; Young et al., 2001;
Vangen et al., 2003).

Consequently, CT scanning has solved many of the difficulties of measuring shortterm changes in body composition. This technique offers considerable benefits to
quantitative genetics. Probably the most significant of these benefits is that adult
traits can be measured in the same animals in which carcass composition was
measured, at what would have been slaughter age. For example, CT could provide
information on other traits affecting carcass and meat quality that cannot be
measured easily by other means on the live animal. The genetic relationships
between carcass and meat quality traits could be more accurately calculated. To
date, there have been no published examples of this usage of CT and this thesis aims
to investigate these relationships.
1.4

Meat Quality

Meat quality has risen to the forefront of consumer demand, a trend that is likely to
continue. Therefore, it becomes necessary to understand and investigate the factors
influencing meat quality. The complex concept of meat quality can be divided into
production quality and product quality (Hofmann, 1994). Product quality can be
further divided into technological (i.e. the functional properties of the meat), sensory
(eating experience), nutritional (chemical composition, healthiness of meat) and
toxicological/hygienic (absence of e.g. contaminants, harmful micro-organisms)
quality. As both visual meat quality and sensory attributes of the meat can generally
only be directly measured in the slaughtered animal, there is limited opportunity to
include those traits in a breeding programme, without either a complex breeding
programme design or the use of genetic markers or some other in vivo predictor.

12

Chapter 1 - General Introduction

Therefore, this thesis focuses on quantitative genetic aspects of technological,
sensory and nutritional meat quality.

This section will start by examining the biology and properties of various meat
quality attributes (i.e. colour, flavour, juiciness, and intramuscular fatty acids) and
genetic aspects of these traits will be considered later in this section.
1.4.1 Technological meat quality

The technological quality describes the suitability of the raw material for further
processing as well as the yield during processing. The technological quality
attributes of meat include its water-holding capacity (WHC), colour, texture
(tenderness) and chemical composition. These parameters are influenced by multiple
interacting factors including breed, genetics, feeding, pre-slaughter treatment,
slaughter method, chilling and storage conditions as reviewed by Rosenvold and
Andersen (2003). The occurrence of a few known genes, especially the halothane (a
point mutation in the ryanodine receptor, Fujii et al., 1991) and RN genes,
considerably affects the quality characteristics of fresh and processed pork.
However, when major gene effects are excluded, genetics explains less of the
variation in meat quality traits, which are often only slightly, to moderately heritable
(Sellier, 1998). There is a large variation in meat quality both within and between
animals of the same breed, sex and environment, which is not well understood. This
variation is likely to be caused by differences in various known and unknown
intrinsic (genetics) and extrinsic (environmental) factors, which interact and
determine the outcome of metabolic processes in the pre- and post-mortem period
(Klont et al., 1998).

At slaughter of the animal, the supply of oxygen, glucose and free fatty acids to
muscle ceases when the blood circulatory system stops. Any subsequent metabolism
must be anaerobic and adenosine triphosphate (ATP) can only be regenerated
through breakdown of glycogen through glycolysis, since oxidative decarboxylation
and phosphorylation no longer operate. Lactic acid accumulates and the muscle
gradually acidifies. The decline in pH depends on the initial concentration of
creatine phosphate and glycogen (Bendall, 195 1) and the characteristics of the post-
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mortem pH decline are determined by the physiological condition of the animal at
stunning (Bendall, 1973; Warriss, et at., 1989). For example, in a well-fed and
unstressed pig, the pH value typically falls from about 7.2 to an ultimate pH (pllu)
of about 5.4, reaching a plateau when enzymes participating in the glycolysis are
inactivated (Lawrie, 1992). The biochemical and physical processes taking place
during the post-mortem conversion of muscle to meat are crucial for the final
product; more specifically, post-mortem pH and temperature development are very
important causes of variation in pork quality (Sellier and Monin, 1994; Schafer et
al., 2002). Both the rate and extent of pH decline are of importance (Briskey, 1964).
The rate of pH decline is often indicated by values measured 45 minutes postmortem (denoted pH45) whereas the extent (pH) is normally measured 24 h postmortem but may decline further. In a study by Josell et at. (2003a) pHu values were
not reached until 48h post-mortem.
1.4.1.1

Colour

Meat colour is an important quality attribute for the consumer (Risvik, 1994). As for
WHC, the temperature and pH history of the muscle post-mortem are of importance
for the meat colour through their effects on the physical structure and light scattering
properties of the meat proteins (MacDougall, 1982). WHC can be defined as the
ability of meat to retain inherent water during storage, processing and cooking.
Water loss, and subsequent inferior technological quality, causes financial losses for
the industry and results in a less attractive product appearance for the consumer.
WHC may also influence the sensory quality of meat. Further, meat colour is
affected by the concentration and properties of the meat pigments myoglobin and, to
a lesser extent, haemoglobin (Lindahl et at., 2001). Muscle myoglobin (80 - 90% of
total pigments) concentration varies between species, breed, sex, age, type of muscle
and level of training (Ledward, 1992). In fresh meat myoglobin can exist in three
different forms: the reduced form of myoglobin (deoxymyoglobin) is purplish, and
the oxygenated form (oxymyoglobin) is bright red whereas the oxidized form
(metmyoglobin) is brown. Fresh meat colour is affected by the relative abundance of
these three forms (Govindarajan, 1973).
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Both the light scattering and WHC phenomena can be illustrated by two quality
extremes; pale soft and exudative (PSE) and dark firm and dry (DFD) meat. PSE is
associated with pale meat with low water-holding capacity. It is caused by extensive
protein denaturation and lateral shrinkage of the myofibrils due to an early postmortem pH decline in muscles with a still relatively high temperature (Bendall and
Wismer-Pedersen, 1962; Briskey, 1964; Offer and Knight, 1988a). In PSE meat,
light does not penetrate far into the meat but is scattered, which makes the meat
appear pale (Offer et at., 1989). PSE develops for several reasons; the most
investigated is pre-slaughter stress, often in stress-sensitive carriers of the Halothane
gene, increasing the post-mortem glycolytic rate and muscle temperature (Gariepy et
at., 1989).
DFD meat, on the other hand, is characterised by high pHd, dark appearance and
high WHC. The pH (>6.0) is much higher than the isoelectric point of actomyosin,
resulting in more water retained between the myofilaments and less exuded out of
the meat matrix (Offer et at., 1989). The DFD muscle has a compact structure and
appears darker because its surface only slightly scatters incident light (Govindarajan,
1973). DFD is caused by low muscle glycogen levels at slaughter resulting in
restricted formation of lactate post mortem and a rapid onset of rigor mortis. Low
glycogen levels in turn, may be due to long-term stress, lack of food for several days
or strenuous exercise (Bendall and Swatland, 1988; Warriss et at., 1989).
1.4.2 Sensory quality of meat

Even within the field of sensory science the statement 'meat quality' can be
interpreted in several ways. Jul and Zeuthen (198 1) defined meat quality as the 'total
degree of satisfaction the meat gives to the consumer'. The three sensory properties
by which consumers most readily judge meat quality are texture (tenderness),
juiciness and flavour of meat (Liu et at., 1995), and these are discussed in this
section. Meats are normally highly desired for their distinctive and highly prized
flavours. However, departures from normal flavours are not uncommon in meat
products and result in poor acceptability or even rejection by consumers (Buckley et
at., 1996).
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The sensory tests available can be divided into two main groups, objective and
subjective tests. The analysis of objective tests all concern product properties,
whereas the subjective tests concern the consumers' opinion (preference/liking) of
the product.
1.4.2.1 Texture

Several studies show that tenderness is one of the major attributes, the perceived
sensory quality of meat (Wood, et al., 1992; Van Oeckel et al., 1999). Touraille
(1992) showed that 78% of French consumers considered tenderness as very
important, compared with 83% and 77% for taste and odour. Tenderness of the
muscle longissimus thoracis et lumborum (LTL) is of special interest, because this is
the part of the carcass usually destined for fresh consumption (Oeckel etal., 1999).
Additionally, it has a major effect on eating quality, along with pH and meat colour,
which are also important as they affect keeping quality and visual appeal (Hopkins
and Fogarty, 1998).

Two methods are used for evaluation of tenderness. One is by a taste panel, which is
time consuming and costly, and the other one is by instrumental Warner- Bratzler
shear force, which is often used as a measure for meat tenderness (Boccard et al.,
1981). Warner-Bratzler devices and sample configuration vary considerably;
however, the general principle is to measure the force needed to cut through a
standardized meat sample. Using the recommended equipment, a force deformation
curve is obtained from which the parameters peak force and total work are measured
(Honikel, 1998). Two major phenomena are known to influence final tenderness in
meat: (i) shortening of muscle fibres (contraction during rigor) affects meat
toughness and (ii) ageing affects the gradual tenderisation. Post-mortem degradation
of myofibrillar proteins is the main reason for the improvement in meat tenderness
during ageing (Quali, 1992). Also, for the processes of tenderisation, a combination
of pH and temperature decline has been found to be important, through a possible
effect on proteolytic enzymes during rigor development (O'Halloran et al., 1997).
Furthermore, the level of intramuscular fat (IMF; Bejerholm and Barton-Gade,
1986; van Laack et al., 2001) as well as the live animal growth rate and protein
turnover (Kristensen et al., 2002) may affect meat tenderness and shear force values.
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The properties of intramuscular collagen may also influence shear force values.
However, for pigs that are slaughtered young the immature connective tissue does
not significantly influence pork tenderness (Avery ci' al., 1996). These suggested
factors affecting tenderness are, as reviewed by Wood et al. (1992), in turn affected
by several processing factors, including pre-slaughter handling, stunning method,
carcass chilling rate, carcass suspension system, and ageing time. Processing factors
are generally more important for pork tenderness than production factors such as
breed, carcass weight, fat level and feeding regime (Wood et al., 1996).
1.4.2.2 Juiciness

Only a few studies have been made to obtain a basic knowledge of factors of
importance to juiciness, even though juiciness facilitates the chewing process as well
as bringing the flavour component in contact with the taste buds. Juiciness is
therefore of great importance for the overall eating experience and should not be
overlooked as an important eating quality attribute in meat (Aaslyng et al., 2003).

Juiciness is the feeling of moisture in the mouth during chewing. It is a combination
of moisture chewed out of the meat and saliva production mixed into the meat. The
juiciness of meat depends on the raw meat quality and on the cooking procedure.
Eikelenboom ci' al. (1996) showed that juiciness is slightly correlated to
intramuscular fat (IMF) (r=0.33) but even more correlated to ultimate pH (r0.68).
Dransfield ci' al. (1985) however, found a quadratic relationship between juiciness
and pH with a minimum at pH =6.1, but the pH,, only explained 5% of the
variation in juiciness. The water holding capacity (WHC) of pork might also
influence the juiciness independent of pH (Aaslyng et al., 2003). Other factors like
concentration of glycogen could also influence the juiciness, as an increased
concentration of glycogen increases the juiciness in beef with a normal pH (between
5.5 and 5.75) (Immonen et al., 2000). Rearing conditions may also influence the
juiciness as meat from indoor reared pigs has been shown to be juicier than meat
from pigs reared outdoor (Jonsäll et al., 2001). The reason for this is not known.
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1.4.2.3 Flavour

Flavour is another very important component of the eating quality of meat and there
has been much research aimed at understanding the chemistry of meat flavour and at
determining those factors during production and processing of meat which influence
flavour quality (Mottram, 1998). Consumers consider flavour to be one of the most
important sensory traits of meat, and the absence of off-flavours is expected to be
critical for acceptance (Risvik, 1994).

The characteristic flavour of cooked meat derives from thermally induced reactions
occurring during heating, principally the Maillard reaction between amino acids and
reducing sugars, and the degradation of lipid. Both types of reaction involve
complex reaction pathways leading to a wide range of products, which account for
the large number of volatile compounds found in cooked meat.

Lipid degradation provides compounds which give fatty aromas to cooked meat, and
compounds which determine some of the aroma differences between meats from
different species. Compounds formed during the Maillard reaction may also react
with other components of meat, adding to the complexity of the profile of aroma
compounds. For example, aldehydes and other carbonyls formed during lipid
oxidation have been shown to react readily with Maillard intermediates. Such
interactions give rise to additional aroma compounds, but they also modify the
overall profile of compounds contributing to meat flavour. In particular, such
interactions may control the formation of sulphur compounds, and other Maillardderived volatiles, at levels which give the optimum cooked meat flavour
characteristics (Mottram, 1998).

The flavour of meat is dependent upon factors such as the animal's age, breed, sex,
nutritional status, differences in fat content and manner of cooking. Most important
to the final flavour of the meat is relative length of time in the post-mortem ageing
process, as it is during this time that many chemical flavour components are formed
(Spanier et al., 1990).
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1.4.3 Healthiness of meat

Meat has been criticised on health grounds because of high levels of saturated fatty
acids (SFA) and trans-monounsaturated fatty acids (MUFA) presumed to increase
the risk for the development of coronary heart disease. Conversely, polyunsaturated
fatty acids (PUFA), which lower blood cholesterol concentrations, are often present
at low levels in meat, especially those of the omega-3 family (C18:3n-3 and its
derivatives) and of the omega-6 family (C18:2n-6 and its derivatives) which have
particularly beneficial effects on health. These fatty acids have to be provided by
diet. Linoleic acid (C 18:2n-6) is essential for growth and reproduction. Linolenic
acid (C18:3n-3) is essential for brain and retina functions. Moreover, omega-3
PUFA exerts a positive influence on the prevention of cardiovascular diseases (De
Lorgeril et al., 1994). A too high value of the ratio of omega-6 to omega-3 PUFA is
associated with an increased risk of atherosclerosis or coronary diseases. Generally,
the recommended average value for this ratio for human nutrition is 2 (Okuyama et
al., 1997). In this aspect, ruminant meat (bovine and ovine) is superior to pork, since
its values for the ratio omega-6 to omega-3 PUFA are between 1 to 2, versus 7 for
pork (Wood et al., 1999).

Thus, the perceived 'healthiness' of meat is becoming a key quality issue for
consumers and this is largely related to its fat content and its fatty acid composition.
Fatty acids can be classified into the following three groups:
Saturated fatty acids (SFA) contain carbon atoms linked only by single bonds
and are usually solid at room temperature. They are principally obtained from
animal fats and animal products (e.g. meat fat, milk, butter, cheese and cream).
The most common dietary SFA are palmitic and stearic acid. These are
important for energy metabolism, cell membrane structure and normal growth.
However, chronic excessive intake or synthesis, or both, of palmitic and stearic
acids tends to raise the level of low density lipoprotein (LDL) cholesterol
('bad' cholesterol) in blood. A high intake, therefore, could enhance the
process of atherogenesis and increase the risk of cardiovascular disease (CVD)
(Mason, 2004).
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Monounsaturated fatty acids (MUFA) contain only one double bond and are
usually liquid at room temperature. The most concentrated dietary sources of
MUFA are olive oil and rapeseed oil. However, MUFA also comprise about
one third of the fatty acid content of meat fat. The main dietary MUFA is oleic
acid. There is enormous interest in the health implications of MUFA mainly
because, unlike saturates, they do not raise blood cholesterol. Substituting SFA
with MUFA, therefore, lowers LDL cholesterol (Mason, 2004).
Polyunsaturated fatty acids (PUFA) contain two or more double bonds and
are liquid at room temperature. They can be divided into two types: ii-6 (or
omega-6) and n-3 (or omega-3) which have different metabolic effects. The
parent fatty acid in each of these groups, linoleic acid (CI 8:2n-6) and alphalinolenic acid (C18:3n-3) are also called "essential fatty acids" (EFA) because
humans lack the enzymes to make them and must, therefore, get them from the
diet. PUFA have a crucial role in many processes. For example, they act as
components of phospholipids in cell membranes, regulators of cholesterol
metabolism and precursors of eicosanoids (e.g. prostaglandins, leukotrienes,
thromboxanes) (Mason, 2004). Eicosapentaenoic (EPA) and Docosahexaenoic
acid (DHA) have a structural role in cerebral, retinal and nervous tissue and
play an important part in neural developments in fetal and early life (Mason,
2004).

The omega-6 PUFA have a hypocholesterolaemic effect and their substitution
for SFA has been encouraged since the 1970s - the butter vs margarine debate.
However, as well as lowering LDL cholesterol, omega-6 PUFA also lower
"good" high density lipoprotein (HDL) cholesterol. PUFA are also
susceptible to oxidations and high intakes can lead to excessive free radical
production and potential adverse effects (e.g., development of atherosclerosis
and cancer). Unlike omega-6 PUFA, MUFA do not lower HDL cholesterol and
are associated with less risk of lipid per-oxidation, which means less free
radical production. Furthermore, unlike omega-6 PUFA, omega-3 have a
minimal effect on blood cholesterol levels, although in doses exceeding

I

per

day they can reduce triglyceride concentrations (Mason, 2004).
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1.4.3.1 Intramuscular fat and fatty acid composition

Intramuscular fat or more correctly, lipid content of meat, can vary substantially in
m. longissimus dorsi (LD) and m. biceps femoris (BF) typically in the range of 0.5 4% (Essén-Gustavsson et al., 1994; Fernandez et at'., 1999). Traditionally, lipids
have been divided into structural lipids and depot lipids. Intramuscular lipids consist
mainly of neutral lipids (triacyiglycerols) and phospholipids and they function as
vehicles for energy storage (depot), as well as being essential parts of cell
membranes (structural). In addition, lipids form the basis of steroid hormones as
precursors in eicosanoid metabolism. They are a highly concentrated storage form
for energy and their energy value is almost double that of carbohydrate and protein.
In recent years, there has been an increased interest in producing meat with
improved fatty acid composition, designed to meet the dietary recommendations for
humans, as mentioned in section 1.2. The driving force has been to increase the
omega-3 fatty acids, and thus improve the omega-6 to omega-3 ratio. This is due to
the fact that linolenic acid (C18:3n-3), abundant in fresh forages (> 50% total fatty
acids) (Bauchart et at'., 1984), is stored in significant amounts in ruminant tissues
(Enser et at'., 1999). Although an important proportion of linolenic acid is converted
to its saturated counterpart (stearic acid, C18:0) by ruminant biohydrogenation,
small but significant amounts escape ruminant metabolism (Bauchart et al., 1984,
1996) and are subsequently absorbed by the small intestine (Wood and Enser, 1997).
Therefore, it is possible to induce a modification of the fatty acid composition of
tissue lipids.

A survey conducted by Enser et al. (1996) illustrated the differences in fatty acid
composition and content between beef, lamb and pork. Fifty loin steaks or chops
from each species were purchased from four supermarkets to represent the meat on
sale to the public. The total fat content of the steaks (obtained by dissection) was
highest in lamb, probably because of a lower level of fat trimming during butchery.
The total fatty acid composition of the longissimus muscle, including some fat
attached to the perimysium, was also highest in lamb and was least in pork. The
most obvious difference in fatty acid composition was that linoleic acid (Cl 8: 2n-6)
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was higher in pork, causing a higher PUFA: SFA ratio. This is due to the high
content of linoleic acid in the cereal-based diets consumed by pigs and this produced
an undesirably high omega-6: omega-3 ratio.
1.4.3.2 Lipid oxidation - its role in meat quality

The scientific literature pertaining to lipid oxidation in meat and other biological
systems is vast, yet it is not complete. The data are often contradictory and there
remain unanswered questions. What is well established, however, is that lipid
oxidation is a major deterioration reaction which often results in a significant loss of
meat product quality. It is also well known that lipid oxidation is positively
correlated with pigment oxidation, but the basis for this relationship is not fully
understood (Liu et al., 1995). Fatty acid composition also affects shelf-life of the
meat product. This is explained by the propensity of unsaturated fatty acids to
oxidise, leading to the development of rancidity as display times increase. From the
viewpoint of meat colour, it may be that radical species produced during lipid
oxidation act directly to promote pigment oxidation and/or indirectly by damaging
pigment-reducing systems (Liu et al., 1995). In addition to adverse changes in the
colour, flavour and texture of meats (Kanner, 1994), the autoxidation of unsaturated
lipids and cholesterol, results in the generation of potentially toxic compounds
(Addis and Park, 1989). Antioxidants, especially a-tocopherol (vitamin E) have been
used to delay lipid and colour oxidation and to extend shelf life.

The development of oxidative off-flavours (rancidity) has long been recognized as a
serious problem during the holding or storage of meat products. Rancidity in meat
begins to develop soon after death and continues to increase in intensity until the
meat product becomes unacceptable to consumers. The biochemical changes that
accompany post-slaughter metabolism and post-mortem ageing in the conversion of
muscle to meat give rise to conditions whereby the process of lipid oxidation is no
longer tightly controlled and the balance of prooxidative factors/antioxidant capacity
favours oxidation. The propensity of meats and meat products to undergo oxidation
depends on several factors including pre-slaughter events such as stress and postslaughter events such as early post-mortem pH, carcass temperature, cold
shortening, and techniques such as electrical stimulation (Buckley et al., 1989).
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Furthermore, any disruption to the integrity of muscle membranes by mechanical
deboning, grinding, restructuring or cooking alters cellular compartmentalization.
1.4.4 Genetics of Meat Quality

As we consider the genetic improvement of meat quality it becomes clear that these
characteristics will be very difficult to approach with traditional selection methods.
Although results from several studies in pigs indicate that quality characteristics are
generally moderate in heritability, in ruminants and especially in sheep there is
rather limited information on meat quality genetics. Hence, this section will
concentrate on results from ruminants with some references to pigs. In addition, it is
important to mention that nearly all the sheep meat quality results which will be
reviewed below are breed comparisons and few are within-breed studies.
1.4.4.1 Colour

Meat colour is a function of myoglobin content and light-scattering properties of the
muscle. Studies in beef (Dikerman, 1994) report that myoglobin content is
moderately to highly heritable. The extent of light scattering and hence the lightness
or darkness of meat, is dependent upon the myofibrillar volume. While no reports of
heritability for the myoglobin content or light-scattering properties of muscle were
found in lamb, Kuchtik et al. (1996) reported significant breed differences in
reflectance values of joints. It is therefore likely that there is genetic variance in
these traits and that they would respond to selection. Legrand et al. (1995) suggested
that breed differences may occur with regard to fat quality, especially fat colour.
They showed that ram lambs sired by Texels had a greater acceptability of colour
score for the subcutaneous fat when compared with lambs sired by Charollais.
Crouse et al. (1981) also reported breed effects on fat colour, with Suffolk sired
lambs having yellower fat than lambs sired by Rambouillets.
1.4.4.2 Texture

As far as tenderness is concerned, Young et al. (1993) used a trained taste panel to
examine the differences in consumer assessed tenderness of the loins of terminal
progeny from Merino dams put to six sire breeds. They showed that the pure
Merinos had a higher overall tenderness score than Oxford Down, Suffolk, Poll
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Dorset and Texel cross lambs; there were no differences between lambs sired by
Border Leicesters and any of the other breeds.

In a different study, Sañudo et al. (1998) reported that the meat of Spanish lambs
was significantly (p<0.05) less tender than meat of British lambs. In this study, there
was no substantial evidence from the results to suggest that weight or age,
significantly affected tenderness. On the other hand, British lamb is generally
considered to be tender and less tough than other meats (Wood and Fisher, 1990;
Safludo et al., 1998). This is probably due to an adequate fatness and chilling rate,
which are important factors in determining eating quality. Thus, the higher
tenderness of British lamb, in comparison to Spanish lamb, could be related to its
higher fatness level and post-slaughter processing i.e. adequate protection from cold
shortening and to differences in ageing time (Jaime et al., 1993).
1.4.4.3 Juiciness

According to the previous study of Sañudo et al. (1998), juiciness was higher for
Spanish lamb than for British lamb. These differences were statistically significant
(p< 0.01) in the Spanish panel (17.8%) but less so in the British panel (p< 0.05),
which judged Spanish meat to be only 3% more juicy than the British meat. These
results agree with other findings that show that breed or weight effects are not
important in juiciness, and that juiciness is slightly higher in younger lambs.
However, no explanation is given for these findings. Additionally, previous findings
have shown that older animals have meat with lower water-holding capacity (WHC)
than younger animals (Safludo and Sierra, 1982; Hawkins et al., 1985).
1.4.4.4 Flavour

The uniqueness of lamb flavour has been investigated, and numerous reviews are
available on the subject. Jacobson and Koehler (1963) examined volatile compounds
from roasting lamb from three breeds (South-down, Hampshire, and Columbia).
They found carbonyl compounds contributed to aroma, but no differences were
detected between breeds for these compounds or other volatiles. Cramer et al.
(1970a) compared three breeds (Rambouillet, Targhee, and Columbia) for mutton
flavour intensity. Mutton flavour intensified as the fineness of the wool increased
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with breeds. In a second study (Cramer et at., 1970b), five breeds (Romney,
Hampshire, Columbia, Rambouillet, and Merino) were compared for intensity of
mutton flavour. Mutton flavour intensity was similar between the breeds, but
unsaturated fatty acid content was higher in the finer-wool breeds. Several other
studies comparing breeds or sires (Fox et at. 1962, 1964; Dransfield et al., 1979;
Mendenhall and Ercanbrack, 1979; Crouse et at., 1981) have been conducted, but
differences in lamb flavour due to breed or sire were not observed. In a comparison
of sire breeds (Dorper vs Suffolk), Duckett et at. (1999) reported fatty acid
compositional differences between sire breeds and a greater flavour preference for
Dorper-sired lamb. Elmore et at. (2000) reported higher levels of Mail lard-derived
volatiles and certain PUFA in intramuscular fat from Soays compared to Suffolks
when fed various oils. Safludo et at. (2000) reported that finishing system was more
important than breed in determining fatty acid composition and flavour.
1.4.4.5 Intramuscular fat

While the contribution of intramuscular fat to eating quality of sheep meat is still not
quantified, it would be wise to heed the pig-breeding experience. In earlier studies,
intramuscular fat content in pig meat was not identified as a major contributor to
eating quality and little emphasis was placed on changes that occurred in selection
programmes which decreased back fat in pigs. It is now generally agreed that the
decline in eating quality in the modern-day pig is associated with the decline in
intramuscular fat content (Wood and Cameron, 1994). A number of studies have
indicated variable and often low correlations between different fat depots in lambs
(Olson et at., 1976) and other species (e.g. pigs, Duniec, 1961; cattle, Renand,
1995), which suggests that a decrease in dissectible fat depots may be possible
without concomitant changes in the intramuscular depot.
1.4.4.6 Fatty acid profile

Cameron et at. (1994) examined the changes that occurred in the lipid content of the
adipose tissue and fatty acid profiles of subcutaneous fat from lines of Texel-Oxford
and Scottish Blackface rams that had been divergently selected for carcass lean
content. They showed that, although back-fat depth responded to selection, there
were no significant changes in the individual fatty acid concentrations of
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subcutaneous fat or in the proportion of unsaturated fatty acids. They did, however,
show that there were breed differences for the concentration of myristic acid
(C14:0), with Scottish Blackface rams having higher concentrations than TexelOxford rams.

Furthermore, Cameron et al. (1994) showed that across breeds and lines the
concentration of unsaturated fat in the subcutaneous depot was positively correlated
with subcutaneous fat depth. In the Texel-Oxford line, selection for reduction in
back-fat thickness lowered the lipid content within the adipose tissue from the
subcutaneous depot. In contrast, there was no effect within the Scottish Blackface
breed (Cameron etal., 1994).

Webb and Casey (1995) showed that there were genetic differences in the fatty acid
composition of subcutaneous adipose tissue. After correction for differences in
maturity, the concentrations of palmitic (C16:0), palmitoleic (C16: 1) and stearic
(C18:0) acids differed between South Australia mutton and Merinos and Dorpers.
Breed influenced the proportions of myristic (C14:0), heptadecenoic (C17: 1) and
oleic (C18:1) acids; however, when compared at equivalent levels of fatness, the
breed differences in the proportion of C17:1 and C18:1 in the subcutaneous tissue
were negligible. These results indicate that selection could change lipid contents
within the fat depots.
1.4.5 Molecular genetics and meat quality

Considering the genetic improvement of meat quality it becomes clear, from the
aforementioned, that these characteristics can in principle be improved through
traditional selection methods, because there is evidence of genetic variation,
although quality characteristics are generally moderate in heritability. However,
identification of QTL influencing meat quality traits and their utilization via markerassisted selection (MAS) has the potential to improve the rate at which genetic
progress can be made.
Most of the progress in the area of molecular genetics of meat quality, to date, has
been associated with major gene effects. A well-known example is the halothane
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gene. Commercially, the halothane gene is of interest because it results in increased
carcass lean content (Aalhus et al., 1991; Pommier et at., 1992). However, halothane
reactors (nn) , in comparison with negative animals (NN) , are more stress
susceptible and produce poor quality meat, particularly in terms of a higher
incidence of pale, soft, and exudative (PSE) meat (Simpson and Webb, 1989; Sather
et at., 1991b,c; Jones et at., 1994). The carcass composition and meat quality of
carriers relative to negative animals is less clear, with reports in the literature that
the gene may be recessive (Webb et at., 1982) or additive (Jensen and Barton-Gade,
1985; Simpson and Webb, 1989). A possible explanation for differences in gene
expression with respect to carcass composition and meat quality was proposed by
Sather et at. (1991a,b), who observed a slaughter weight halothane genotype
interaction for carcass lean content and meat quality traits. Another example of a
major gene is the (RAF) gene, affecting a measure of cured-cooked ham processing
yield, the so called Rendement Technologique Napole (RTN) (Naveau et at., 1985),
which was first suggested by Naveau (1986), and then confirmed by Le Roy et at.
(1990). The RKgene exists as two alleles; one is recessive (rn+, normal RTN) and
one is dominant (RAF, low RTN). The RI'1 allele dramatically increases the in vivo
muscle glycogen content (glycolytic potential; GP). The ilK gene has been mapped
on pig chromosome 15 (Milan et at., 1995, 1996; Mariani et at., 1996), and the
mechanisms underlying its effects on muscle traits are unknown. In most studies
reported so far, the influence of the IlK allele on muscle and meat quality traits has
been studied using pigs classified as carriers (RN-/rn+ or RN-/RN-) or noncarriers
(rn+/rn+) on the basis of high or low GP (Estrade et at., 1993a, b; Lundstrom et at.,
1996; Enfält et at., 1997a; Lundström et at., 1998) or low or normal RTN values
(Monin et at., 1992).
The halothane and the RK gene are both examples where a major gene effect was
identified, mapped and subsequently the gene was identified. In addition, both the
candidate gene and genome scan approaches have been widely used to search for
meat quality associated genes in pigs.
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In sheep, some major genetic effects have been identified and reported. The most
remarkable is that associated with the callipyge gene in sheep. This gene was first
detected due to the highly significant effect it has on muscular hypertrophy; some
individual muscles can be more than 40% heavier in older lambs expressing this trait
compared to controls (Duckett et al., 2000). The mode of inheritance is unique in
that only animals that inherit the callipyge allele from their sire and the normal allele
from their dam display the trait (i.e. any animal inheriting the callipyge allele from
its dam does not display the trait) (Cockett et al., 1996). The effect on meat quality
is equally marked, animals expressing the callipyge trait have remarkably tough
meat as assessed through shear-force measures or sensory panels, and the meat is
associated with high calpastatin levels (Freking et al., 1999; Duckett et al., 2000).
The effect of the callipyge locus on tenderness is perhaps the largest genetic effect
known on this trait and precludes the sale of fresh meat from these animals without
substantial ameliorative treatment.

Although there are no well-documented genome scans for meat quality associated
QTL reported for sheep, there have been several genome scans performed in beef
cattle. A well documented study in the literature is by Kecle et al. (1999), where a
family was derived from a Bos Taurus x Bos indicus (Hereford x Brahman) sire.
Hence, this study focused on genetic effects differentiating these two sub-species. A
major QTL was identified for which the Brahman derived allele decreased meat
tenderness substantially. However, this QTL showed significant interaction with
unknown environmental effects, such that it was observed in only one of four
slaughter groups. Most studies using beef-type cattle evaluate growth, body
composition and/or meat quality traits and several QTL have been detected for each
category of traits (i.e. fat yield (BTA 26) - Stone et al. 1999; hot carcass weight
(BTA 6), marbling score (BTA 17 and 27) - Casas et al. 2000; marbling score (BTA
8), fat depth (BTA 8), Warner-Bratzler shear force (BTA 9) - Casas et al. 2001; live
weight (BTA 17), marbling score (BAT 2) MacNeil and Grosz 2002; growth (BTA 2
and 6), yearling weight (BTA 5), hot carcass weight (BTA 23), Kim et al. 2003).
Furthermore, in beef cattle there is another project called "RoBoGen" which was
set up in 1998 at Roslin Institute with the aim of localising the genes affecting a
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wide range of important traits, especially those that would be difficult to measure on
farms or in traditional selection programmes. The herd is a cross between breeds of
cattle that differ greatly in their appearance and use; the most widely used dairy
breed, the Holstein, and a beef breed, the Charolais. A number of QTL affecting
meat quality have been identified, however the results remain confidential. These
QTL will potentially benefit genetic selection programmes, especially carcass
composition and meat quality traits, which are difficult and expensive to measure.

In summary, the use of molecular markers offers a great potential to improve
efficiency of animal breeding. They also offer the potential for the identification of
genes making significant contributions to variation. It is interesting to note that even
in dairy cattle, where there has been intense selection for yield and significant
selection for aspects of milk quality, there remain major genetic effects segregating
(Haley, 2001). This suggests there are more effects to be found in under-explored
species such as sheep, pigs, and in populations of other species that have not yet
been investigated. Therefore, the challenge is to understand the biological processes
that are involved in the development of economically important traits, such as meat
quality, and thus, to increase the efficiency of livestock production and benefit
consumers.
1.5

Thesis overview and objectives

This General Introduction has highlighted that there is a little knowledge on both
quantitative genetics and identification of QTL for meat quality in sheep. The
decline in lamb consumption together with the increased demand for improved meat
quality by consumers over recent years has changed the selection objectives in sheep
meat breeding. Therefore, sheep breeders need to address product quality traits. On
the other hand, meat quality traits pose particular problems for improvement, as
measurement is generally restricted to the slaughtered animal. Thus, new
measurement technology, such as CT, offers the potential of more accurate
measurement of carcass traits. In addition, CT traits could be used as predictor traits
because direct measurement of meat quality is difficult, if not impossible, to
measure in the live animal, and very expensive to measure completely in samples
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from the carcass of relatives of selection candidates. However, before this can be
advocated it is necessary to explore the predictive relationships between CT
measurements and meat quality attributes.

Hence, this thesis has been designed to target the following objectives:
Evaluate the utility of CT as a selection tool (Chapter 2). Although some
studies have demonstrated that CT scanning together with ultrasonic
scanning can be used in breeding programmes to improve carcass traits, it is
of interest to evaluate the impact of a CT index on carcass quality, when
used as a part of a breeding programme.
Investigate the inheritance of carcass and meat quality in Scottish Blackface
sheep (Chapters 3, 5 and 6). Selection experiments have documented
changes in carcass composition by selecting on live animal measures, but
there is lack of information on the inheritance of traits assessed by CT
scanning. In addition, there are no available genetic parameters for most of
the meat quality traits, e.g. fatty acids and eating quality traits, in sheep.
Investigate relationships between carcass composition traits, as measured by
CT, and meat quality traits (Chapters 3, 5 and 6). As mentioned above, meat
quality traits are interrelated, thus, it is important that those relationships are
understood. In addition, relationships between CT assessed traits and meat
quality have not been investigated yet and, hence, this might offer
opportunities for predicting meat quality by CT traits.

> Identify QTL for carcass composition and meat quality traits (Chapters 4 and
5). Genetic improvement of meat quality is difficult to approach with
traditional selection methods due to the fact that muscle quality is difficult
and expensive to measure in the live animal. Hence, molecular genetics can
assist in identifying genetic markers associated with meat quality. Although
identification of genetic markers has progressed rapidly in farm animals, in
sheep populations there has been little activity for traits such as fatty acid
composition and eating quality. Thus, there is a need for molecular
information for meat quality.
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Explore selection index outcomes using the identified QTL (Chapter 7). As a
consequence of the aforementioned objectives, the final aim of this thesis is
to explore possibilities for using the CT predictors of meat quality, and the
identified QTL, in a selection index to improve various aspects of meat
quality, i.e. improve flavour, healthiness and shelf-life of meat.
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Chapter Two
Selection for carcass quality in hill
sheep measured by X-ray computer
tomography
2.1 Introduction
Genetic improvement of hill sheep is an important objective within the UK sheep
industry because of the importance of this sector in terms of maintaining the rural
environment and its contribution of 34% of the genes to the slaughter generation
(Meat and Livestock Commission, 1998). A particular issue, in hill sheep, is that
they have been naturally selected primarily for their ability to survive and produce
lambs in harsh environments. This is thought to have tended to favour the
development of smaller and hardier breeds, which produce carcasses of small size
and of moderate conformation.

Several options are available for assessing carcass composition in vivo. Ultrasonic
scanning is widely used in commercial breeding programmes as it is a measurement
that can be readily used on large numbers of animals (McEwan et al., 1989;
Cameron and Bracken, 1992; Fennessy et al., 1993; Afonso and Thompson, 1996;
Simm et al., 2002). Computer tomography (CT) scanning has been demonstrated to
improve prediction of carcass traits and genetic improvement over and above
ultrasonic scanning (Jopson, et al., 1995; Young et al., 1996, 1999), albeit at a
considerably higher cost. If suitable breeding structures are in place, CT has been
shown to be cost effective (Simm et al., 1987; Allen, 1990; Jopson et al., 1997).
Jones et al. (2002) showed that CT scanning also provides good in vivo measures of
muscularity. Muscularity measures are of interest as they provide objective
description of the shape of a carcass independent of fatness. In the past, muscularity
assessment could only be obtained either directly through carcass dissection after
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slaughter or by using ultrasound on live animals, as an indirect assessment of carcass
tissue.

A long-term experiment at ADAS Redesdale was initiated in 1992, to improve
carcass quality (weight and conformation) in hill sheep through genetic selection.
Whereas good progress was made in increasing carcass weights (Roden et at.,
2003), progress towards improving carcass conformation was hampered by
inadequate live-animal measures of this trait. Thus, in 1997, a study was initiated in
this population to explore the possibility of using CT measures to improve carcass
quality. An index of CT traits was derived to predict carcass conformation and
composition, and selection on this index commenced. The aim of this Chapter is to
evaluate the impact of this CT index on carcass quality, when used as part of a breed
improvement programme.
2.2 Materials and Methods
2.2.1 Flock establishment and experimental design

The thesis is based on two separate animal materials; the first one is investigated in
this Chapter, and the second one in the remaining Chapters (3, 4, 5, 6, and 7). The
design in this Chapter was based in an open nucleus flock of 60 Scottish Blackface
donor ewes that was established in 1992 from a base population of approximately
1600 ewes maintained, under hill conditions, at ADAS Redesdale in
Northumberland, England. The selection history of these base flocks was one of
objective visual inspection to eliminate faults and to improve body size,
conformation and breed characteristics (Roden et at., 2003). The selection criterion
used from 1992 until 1998 was a desired gains index designed to increase live
weight at ultrasonic scanning and ultrasonic muscle width and depth, without
changing ultrasonic fat depth, with the aim that this should also improve the
characteristics of the carcass, i.e. conformation score and fat class (Roden et at.,
2003).

The flock was maintained, and selection performed, using a multiple ovulation and
embryo transfer (MOET) procedure. In mid November each year all nucleus donor
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and recipient ewes were initially transferred from open hill grazing to in-bye fields.
They were then housed for a short period immediately before and during the mating
period (a total of approx. 2 weeks). This was done to facilitate the induction of
superovulation, semen collection, Al, embryo collection and embryo transfer.
Details of the treatment protocols for donor and recipient ewes and the methods for
collecting and transferring embryos have been provided elsewhere (Bari et al., 1999
and 2000). The MOET design of the breeding project allows maternal environmental
effects on lamb performance to be separated from direct genetic effects.

From 1998 onwards, each year the flock comprised 60 donor ewes mated with six
rams chosen on the basis of their carcass characteristics (described below), and Ca.
300 recipient ewes (details in Roden et al., 2003). Following the MOET procedure,
these 60 ewes were then naturally mated to 2 further rams, also chosen on the basis
of their carcass characteristics. Additionally, each year Ca. 40 control ewes were
naturally mated to 4 rams from the same sub-population to provide a control line.
During the course of this study, donor ewes were selected from amongst those born
to selected rams on the basis of their carcass characteristics and adherence to
industry-accepted breed-type characteristics. Recipient ewes were generally
unrelated sheep, born outside of the nucleus.
2.2.2 Husbandry and phenotypic measurements

Male lambs were reared entire and all lambs were weaned at 20 weeks of age. Each
year, from 1993 to 2003, all lambs were ultrasound scanned on the same day; the
average age varied between years from 20 to 29 weeks. CT measurements were
taken on lambs at 26 weeks of age, from 1998 to 2003, with the exception of 2001
when the Foot and Mouth Disease (FMD) epidemic and the subsequent livestock
movement restrictions meant that CT measurements could not be taken on 2001born lambs. In total the dataset comprised 2562 lambs recorded at birth for eleven
years (1993-2003), these lambs being the progeny of 123 sires, 348 donors and 1229
recipients. Additional pedigree information was available, and the complete
pedigree comprised 3799 animals.
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Ultrasonic scanning was performed at the level of the 3rd lumbar vertebra using a
Dynamic Imaging real-time ultrasound scanner, with a 7.5 MHz 56-mm probe. Live
weight at scanning (SWT) and three individual subcutaneous fat depth
measurements were taken over the longissimus dorsi muscle, at a constant age,
moving laterally between the vertical and transverse processes of the vertebra, from
which the average fat depth was calculated (UFD). A single muscle depth (UMD)
and a single muscle width (UMW) measurement were taken at the deepest and
widest point on the muscle respectively. Ultrasonic scanning data were available on
2018 of the lambs, representing 123 sires, 290 donors and 1071 recipients.

Carcass composition was assessed by Computed Tomography (CT) techniques on
1266 lambs, representing 49 sires, 189 donors and 711 recipients. CT measurements
8th thoracic vertebra (TV8), at the 5th
provided areas of fat, bone and muscle at the
lumbar vertebra (LV5) and the ischium (ISC). The traits were CT assessed area of
tissue at each anatomical site.

Carcass assessments were taken on male lambs not required for further breeding
purposes. Lambs were selected for slaughter at a target of fat class 3 (EUROP,
1995), by the same person on all occasions. Measurements included slaughter
weight and carcass weight, conformation score (EUROP, 1995) and fat class, and
total price received for each animal was recorded. Carcass data were available for
1148 lambs, representing 79 sires, 124 donors and 799 recipients.
2.2.3 CT selection criteria

A 'desired gains' index was derived from available unpublished data from a CT
calibration trial on Blackface lambs, unpublished data from the SAC/Roslin Hill
Sheep Project and data collected on these sheep in 1998, with the aim of
simultaneously improving both carcass composition and carcass conformation. The
derived index, combining live weight (taken on the farm, prior to CT scanning),
subjective conformation, and the fat, muscle and bone areas in the ischium, 5th
lumbar vertebra and 8th thoracic vertebra, was:
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CT index = -216.6(Live weight) + 272.2 (Subjective Conf) —0.00596 (ISC fat) +
0.1814(ISC muscle) + 0.2838 (ISC bone) + 0.0263 (L V5 fat) + 0.169 (L V5 muscle)
+ 3.156 (L V5 bone) + 0.128 (TV8 fat) + 0.139 (TV8 muscle) + 0.273 (TV8 bone)

Subjective conformation score was the average of assessments on the live animal at
ultrasound scanning at the shoulder, leg and loin, scored from 1 (very lean) to 5 (very
fat). This index was derived with the following relative 'economic weightings':
conformation = 2, fat = -1, muscle = 2. These weightings were chosen because, given
the available data, they resulted in predicted gains in carcass characteristics that were
close to perceived optimal responses, i.e. improved conformation and decreased
fatness with minimal changes in live weight. Additionally, they reflected the
economic weightings of fat = -1 and muscle = 2 advocated by Simm and Dingwall
(1989) and now widely used in UK terminal sire selection indices.

The CT index was implemented in 1999, and the first cohort of lambs born as a result
of selection decisions made using the CT index were born and evaluated in 2000.
Each year, BLUP estimated breeding values (EBVs) were calculated for the CT
index for all animals, and sires were selected on the basis of the Index EBV along
with adherence to industry-accepted breed-type characteristics. As described above,
animals were not CT scanned in 2001. To enable selection to continue in 2001,
lambs were ranked on an index comprising their parental average CT index EBV and
their muscle width EBV. Based on data available at the time and using selection
index methodology, this index had a relative efficiency of 0.75 compared to the CT
index based on data from the selection candidates themselves.
2.2.4 Statistical analysis
2.2.4.1 Data summary and trait definition

Data analyses were performed using all the available data, however responses to
selection are only presented for the years in which CT measurements were taken.
Data were initially analysed using multiple regression techniques in order to identify
significant fixed effects, covariates and two-way interactions, using Genstat (2003).
The fixed effects subsequently included in the analysis for slaughter and carcass
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traits were: year of birth (11 classes), lamb sex (male or female), type of rearing
(singles and twins), and flock (2 classes). Recipient age (7 levels) was used, as a
fixed effect, only in the analysis of live animal measurements. Day of birth and
weaning age were fitted as covariates for ultrasound scanning traits and CT traits.
Analyses of traits measured post slaughter were performed with unadjusted data, or
data adjusted to either a constant fat classification score or to a constant age at
slaughter, fitting these effects as covariates. Adjustment to constant fat classification
score were made by linear regression and adjustment to a constant age was by linear
plus quadratic regressions on age at slaughter. Fixed effects and covariates found to
be significant in the multiple linear regression analysis were included in the variance
component analysis of each trait. Day of birth was not found to be significant for the
post slaughter traits.

To analyse post slaughter fat classification (EUROP, 1995), i.e. the amount of fat on
the outside of the carcass visible to an assessor, a new trait (fat class) was
constructed as follows: fat classification 5 (very high)—>5, 4H—>4, 4L—>3.5, 3H—>3,
3L—>2.5, 2 (low)—>2 and 1 (very low)—>1. Also, conformation score values were
recoded as E (Excellent)—>5, U (Very Good)—>4, R (Good)—>3, 0 (Medium)—>2 and
P (Weak)—>I. Thus, higher scores indicate better conformation and greater fatness.
Conformation describes carcass shape in terms of convex/concave profiles and
indicates the amount of flesh (muscle + fat) in relation to the length of bones. Total
price was the price paid by the abattoir for the carcass.
2.2.4.2 Genetic parameters

Restricted maximum likelihood methods were used to estimate variance components
using an animal model, fitting the complete pedigree structure (3799 animals), using
ASRemL program (Gilmour et al., 2004). All traits, except the CT traits, were
initially analysed in three univariate models. Model 1 fitted animal as the only
random effect (Model 1): y = Xb + Za + e. In model 2, the genetic component of the
maternal (i.e. recipient) effect was included by fitting recipient as a second random
effect, uncorrelated with the animal genetic effect but accounting for pedigree
relationships between recipient dams: y = Xb + Za + Wm + e. In model 3, the effect
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the effect of common environment was included by fitting litter as a third
uncorrelated random effect: y = Xb + Za + Wm + Sc + e. In these models, y is the
vector of observations on the specific trait of the animal; b is the vector of fixed
effects, described before; a is the vector of additive random animal (genetic) effects,
m is the vector of random recipient effects, c is the vector of random common
environmental effects (litters) and e is the vector of random residual effects. X, Z, W
and S are the incidence matrices relating records to fixed, animal, recipient and
common environmental effects respectively. It was assumed that the expectations
(E) of the variables were: E (y) = Xb; E (a) = 0; E (e) = 0; E (c) = 0 and that
common environmental effects and residuals effects are independently distributed
with means of zero and variances a 2 and ae2 respectively. Therefore, var(a,) = Au!;
var('m) = Au,!; var(c) = Ia!; var(e) = Jo!, where A is the numerator relationship
2
matrix of animals in the model; I is the identity matrix; u,, is the additive genetic
the additive genetic variance for recipient
is the variance due to common environmental effects and o'2 is the

variance for direct effects (animal),
effects, uc2

urn2 is

residual error variance. Due to the fact that models were nested, the significance of
the second and third random effects were tested using log-likelihood ratio tests, to
determine the most suitable model for each trait in univariate analyses. Additionally,
the univariate analyses were used to obtain starting values to use in subsequent
bivariate analyses.

Each combination of traits was then analysed with a bivariate model using the most
appropriate model for each trait. Approximate standard errors for heritabilities and
correlations were constructed by ASRem1 package (Gilmour et at., 2004) from
approximations to variances of ratios and products.
2.2.4.3 Genetic trends and selection differentials

Mean values for the selection line (S) and the control line (C) were calculated by
two methods: (i) calculating the average CT index EBVs for S and C line animals
each year when fitting model 1 (animal as the only random effect), and (ii) by fitting
line x year as an additional fixed effect in the REML analysis. Genetic trends for the
direct additive genetic values were then calculated by regressing the line difference
(S-C) for each year on year of birth. The impact of selection on other traits was

38

Chapter 2 - Selection for carcass quality in hill sheep measured by X-ray computer
tomography
estimated from the difference between the selection and control line fixed effects,
averaged across 2002 and 2003 birth years. The average was taken across two years,
as the small size of the control line meant that comparisons made from any one year
were imprecise. The standard errors of these estimated differences were constructed
from the variance/covariance matrix of fixed effects.

Selection differentials were estimated to investigate the extent to which selection
was truly performed using the CT index. The actual (effective) selection differential
(EFSD) per year was calculated as the weighted average CT index EBV of sires
against the mean EBV of the cohort from which they were selected, the weight
given to each sire being his proportional contribution to the individuals that were
measured in the next generation. The maximum potential selection differential
(MPSD) was estimated by calculating the difference between the mean EBV of the
six top ranking sires and the mean EBV of the cohort from which they would have
been selected, using the CT index as the sole ranking criterion and the same
selection intensity as was achieved in practice. Comparing the selection differential
achieved and the maximum potential provides an estimate of the proportion of the
possible selection that was applied to the selection criterion in the selection line. The
actual expected and maximum potential selection differentials were all estimated
within year (Mrode etal., 1990).
2.3 Results
2.3.1 Summary statistics

Mean values for the CT, ultrasonic and carcass measurements are shown in Table
2.1 along with the phenotypic standard deviations for each trait. Backfat depth in
Blackface lambs was an extremely variable trait with a coefficient of variation of
0.61 compared to 0.11 for muscle depth. Also, the three fat areas (ISC, LV5, TV8)
assessed by CT were moderately variable traits with coefficient of variations of 0.28,
0.54 and 0.38 respectively.
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Table 2.1 Mean values and phenotypic standard deviations for CT, ultrasound and
carcass traits
Trait

n

1074
CT index (units)
CT traits
1266
Live weight (kg)
Fat area ISC (MITI2 )1266
1266
Muscle area ISC (mm2 )
Bone area ISC (mm2)1266
1266
Fat area LV5 (mm 2)
1266
Muscle area LV5 (mm2 )
Bone area LV5 (mm2 )1266
1266
Fat area TV8 (mm2 )
Muscle area TV8 (min2 )1266
1266
Bone area TV8 (mm2 )
Ultrasound traits
Muscle width (UMW)
2018
(mm)
Muscle depth (UMD) (mm)
2018
2018
Fat depth (UFD) (mm)
2554
Scan weight (SWT) (kg)
Post slaughter traits
1148
Carcass weight (kg)
1148
Slaughter weight (kg)
1148
Conformation score (units)
1148
Fat class (units)
485
Total Price ()
Phenotypic standard deviation obtained from REML analyses
Data not corrected to a predefined endpoint.

Mean

Phenotypic
s.d.t

4621

475

32.7
3504
20560
2887
1326
7270
859
3511
9451
3303

3.27
994
1613
269
713
772
106
1330
1095
425

41.5

3.32

20.8
1.70
32.7

2.21
1.04
3.50

18.3
42.8
2.97
2.75
30.9

1.98
4.22
0.49
0.50
4.36

2.3.2 Line differences and responses to selection
Mean values for the CT index for the S and C lines, from REML analyses fitting the
line x year interaction, are in Figure 2.1 and responses to selection on the CT index,
as estimated from the difference between the S and C lines, are in Figure 2.2. The
estimated genetic trend was 52 (s.e. 38) units/year for the CT index, representing an
annual genetic progress of 1.2% relative to the base year or 0.11 phenotypic
standard deviation units per year. The genetic trend for the CT index estimated from
the line mean EBV was 40 (s.e. 24) units/year. Although it appears from Figure 2.1
that the control line may also have drifted upwards with time, these year by line
means do not disentangle genetic and environmental effects.
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Figure 2.1 Line means for CT index for selection (S) and control (C) lines
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Figure 2.2 Direct genetic trends for CT index from 1998 to 2003, with the straight
line showing the regression of line difference on year

Line differences (S-C) for the CT and ultrasonic assessed traits are shown in Table
2.2, and in 2.3 for carcass traits, with significant (P< 0.05) S-C line differences
shown in bold. The S line lambs had greater muscle and bone areas at the three sites
(ISC, LV5, and TV8) and greater ultrasonic muscle width and depth. Furthermore,
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the S line lambs had higher conformation score and lower fat class score, both of
which were in the desired direction. Non-significant trends were also seen for fat
areas at the three sites (ISC, LV5, and TV8), with the S line having less fat than the
C line. Line differences for carcass traits adjusted to a constant fat classification
score and to a constant age were similar to those described above.

Table 2.2 Achieved correlated responses for traits measured in the live animal,
assessed using data collected in 2002 and 2003 (significant P< 0.05 line differences
are show in bold)
Trait
Live weight (kg)
Fat area ISC (mm2 )
Muscle area ISC (mm2 )
Bone area ISC (mm2 )
Fat area LV5 (mm2)
Muscle area LV5 (mm2 )
Bone area LV5 (mm2 )
Fat area TV8 (Min)
Muscle area TV8 (mm2 )
Bone area TV8 (mm2 )
Muscle width (UMW)
(mm)
Muscle depth (UMD)
(mm)
Fat depth (UFD) (mm)
Scan weight (SWT) (kg)

S.C.Line
differences
(C)
(S-C)
0.44
1.12
135
-76.8
1153
217
97.3
36.3
-26.3
97.9
537
103
14.4
30.8
-142
181
148
768
58.4
175

0.49
147
237
39.7
106
113
15.7
198.3
161.7
63.8

38.50

0.44

1.83

0.48

18.87
1.06
24.17

0.29
0.13
0.46

0.87
0.06
1.32

0.32
0.15
0.50

Selection
line (S)

S.C.

28.66
2933
20040
2666
712
6929
838
2497
9687
2888

0.24
72.0
116
19.4
52.3
55.4
7.69
97.0
79.1
31.2

Control
line
(C)
27.54
3010
18888
2569
738
6393
807
2640
8919
2714

40.33

0.22

19.74
1.12
25.49

0.14
0.07
0.23

(S)

s.e.d

Table 2.3 Achieved correlated response for carcass and slaughter traits ' assessed
using data collected in 2002 and 2003 (significant P< 0.05 line differences are show
in bold)
Trait

Selection s.e Control
line (C)
line (S)
(S)

(C)

0.23
0.48
0.06
0.06
0.60

0.37
0.80
0.09
0.10
1.02

16.3
Carcass weight (kg)
37.1
Slaughter weight (kg)
2.96
Conformation score (units)
2.49
Fat class (units)
28.1
Total Price ()
Data not corrected to a predefined endpoint

16.8
38.1
2.74
2.78
28.3

S.C.

Line
differences s.e.d.
-0.58
-1.00
0.22
-0.28
-0.29

0.41
0.87
0.10
0.10
1.12
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2.3.3 Genetic parameters
Univariate heritability estimates for all live animal measurements are presented in
Table 2.4. Maternal genetic effects were significant, and therefore fitted, for some
traits. The model containing common environmental effects (litter) was never
significantly better than that with maternal genetic effects. Heritabilities for traits
describing carcass composition (i.e. ultrasonic and CT measures) were all moderate,
and the maternal genetic components for these traits were small or not significant. In
contrast, for live weight at scanning, the maternal contribution and the contribution
of the genes of the lamb are very similar (0.16 and 0. 17, respectively). The CT index
was highly heritable (0.41), which is consistent with the observation that selection
on the index was successful.

Table 2.4 Univariate heritabilities (h2), maternal effects (rn2) both with standard
errors (s.e.)for traits" measured in the live animal
-Trait
CT index (units)
Live weight (kg)
Fat area ISC (mm2 )
Muscle area ISC (mm)
Bone area ISC (mm)
Fat area LV5 (m 2 )
Muscle area LV5 (mm)
(MM)
Bone area LV5
TV8
(nmi2 )
Fat area
Muscle area TV8 (mm2 )
Bone area TV8 (mm2 )
Muscle width (UMW) (mm)
Muscle depth (UMD)(mrn)
Fat depth (UFD)(min)
Scan weiuht (SWT)(k
tData not corrected to any endpoint

h2
0.41
0.19
0.34
0.38
0.37
0.30
0.38
0.35
0.26
0.39
0.29
0.14
0.41
0.30
0.16

s.e. (h2 )
0.08
0.06
0.07
0.07
0.08
0.07
0.07
0.07
0.07
0.07
0.07
0.04
0.05
0.05
0.03

hm2
0.14
0.12
0.11

s.e.( br,12)
0.04
0.04
0.04

0.10
0.06
0.17

0.04
0.03
0.03

Heritabilities for post slaughter traits are presented in Table 2.5. Maternal and litter
effects were largely unimportant for these traits. The end-point adjustment (none, fat
class or age) had no impact on the heritability values, however it did affect the
standard errors of the heritabilities: they were lowest when a quadratic age
correction was used and it is these values that are presented in Table 2.5. Almost all
these traits were lowly heritable, except for carcass weight and slaughter age, which
were both moderately heritable (0.2 1).
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Table 2.5 Univariate heritabilities (h2), with standard errors (s. e.) for carcass and
slaughter traits at a constant age
Trait -Carcass weight (kg)
Slaughter weight (kg)
Conformation score (units)
Fat class (units)
Slaughter age (days)
Total Price ()
Not adjusted to a constant age.

h2
0.21
0.15
0.14
0.19
0.21
0.19

s.e.
0.06
0.05
0.05
0.05
0.05
0.06

The estimated phenotypic and genetic correlations between the CT index, ultrasonic
and carcass traits are shown in Table 2.6, with mean heritability values calculated
from the bivariate models. The heritability values presented in Tables 2.4 and 2.5
(using univariate models) and Table 2.6 (using the average of the bivariate
heritability estimates) are very similar. The estimates of phenotypic correlations are
robust, with no standard errors greater than 0.06. However, there are large standard
errors for several genetic correlations. This is particularly the case where one or both
traits have low heritabilities and it limits the interpretation of many of the
correlations presented.
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Table 2.6 Heritabilities (using the average of the bivariate heritability estimates),
phenotypic and genetic correlations (with standard errors) for CT, ultrasound and
carcass traitst
CT SWT UMW UMD UFD Slaughter Carcass Conformation Fat Total
Trait
Index
0.41
CT Index

0.14

weight

weight

score

class

price

0.16

0.35

0.15

0.12

0.12

0.00

-0.07

0.04

0.34

0.34

0.33

0.52

0.41

0.05

0.07

0.02

0.36

0.20

0.18

0.17

0.05

0.05

0.01

0.32

0.16

0.17

0.15

0.12

-0.11

0.16

0.20

0.10

0.20

-0.16

0.84

0.09

0.18

0,61

0.13

0.26

0.74

0.21

0.06

(0.07)
SWT

0.32

0.20

(0.16)

(0.04)

0.18

0.24

0.14

(0.18)

(0.16)

(0.04)

UMW

UMD

UFD
Slaughter
weight

0.50

0.23

0.30

0.40

(0.10)

(0.12)

(0.12)

(0.05)

0.10

0.10

-0.05

0.17

0.41

(0.15)

(0.13)

(0.15)

(0.10)

(0.08)

0.19

0.95

0.12

0.09

-0.02

0.12

(0.15)

(0.17)

(0.09)

(0.22)

(0.07)

(0.21)

Carcass

0.40

0.87

0.06

0.24

0.09

0.91

0.17

weight

(0.26)

(0.16)

(0.26)

(0.18)

(0.21)

(0.13)

(0.09)

0.13

-0.17

-0.01

0.30

-0.08

0.11

0.01

0.22

(0,28)

(0.24)

(0.26)

(0.19)

(0.22)

(0.45)

(0.37)

(0.10)

Conformation
score
Fat class

-0.49

0.16

-0.02

0.20

0.97

0.20

0.20

0.19

0.25

(0.25)

(0.20)

(0,24)

(0.17)

(0.17)

(0,42)

(0.35)

(0.28)

(0.13)

0.35

0.63

-0.37

0.11

0.13

0.63

0.90

-0.32

-0.22

0.16

(0.34)

(0.32)

(0.36)

(0.26)

(0.30)

(0.23)

(0.34)

(0.51)

(0.48)

(0.08)

Total price

0.09

Heritabilities on diagonal, phenotypic correlations above and genetic correlations below diagonal
Data not corrected to a predefined endpoint.

The genetic correlations between the CT index and ultrasonic measurements were
all positive and generally low to moderate. The estimated genetic correlations
between the CT index and carcass traits were generally positive and low to
moderate, except that with fat class which was negative.

The genetic correlations between ultrasonic measurements were positive and low to
moderate with large standard errors, and in the case of backfat depth, not
significantly different from zero. In addition, carcass traits were moderately
positively correlated, with a very high genetic correlation for carcass and slaughter
weight (0.91). Genetic correlations between ultrasonic and carcass traits were
variable. Live weight at scanning was highly positively correlated with slaughter and
carcass weight.
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The estimates of total price with slaughter age and live weight at scanning, and those
of slaughter and carcass weight with slaughter age are interesting. The genetic
correlation between total price and carcass weight is positive and very strong and the
genetic correlation between price/kg and carcass weight is, also, positive and strong
(0.52, s.e. 0.14) (result not shown). Also, the genetic correlation between total price
and slaughter age is positive and very strong (0.90, s.c. 0.20) (result not shown).
Additionally, the estimated genetic correlations of total price with live weight at
scanning and slaughter weight were positive and very strong (both 0.63). Slaughter
age had a strongly positive genetic correlation with slaughter (0.44, s.c. 0.15) and
carcass weight (0.7 1, s.c. 0.15).
2.3.4 Actual and maximum selection differentials

Table 2.7 shows the ratio of the selection differential achieved to the maximum
potential selection differential for the CT index. This ratio provides an evaluation of
how effective actual selection was relative to the intended selection. In the S line,
the selection differential achieved for CT index across all years was proportionately
0.89 of the maximum potential. The selection differential achieved for CT index was
proportionately 0.91 for 1999 and 2000, 0.87 for 2001, and 0.88 for 2002 and 2003,
all relative to the maximum potential for that year. The value achieved in 2001,
when indirect selection had to be practised, was only marginally lower than that
achieved in other years.

Table 2.7 Ratio of actual to maximum selection differentials achieved for selected
sires for the CT index each year
Year

Actual/Maximum

Overall mean
1999
2000
2001
2002
2003

0.89
0.91
0.91
0.87
0.88
0.88

Chapter 2 - Selection for carcass quality in hill sheep measured by X-ray computer
tomography
2.4 Discussion
2.4.1 Inheritance of traits

The heritability estimates for CT traits, i.e. both the CT index and the CT tissue
areas, on the live animal were moderate, indicating that CT provides a quick and
reliable means of genetically changing carcass composition in sheep. In another
study, on a different population of Blackface sheep at 24 weeks of age (Chapter 3),
the heritability estimates of CT tissue areas traits were moderate to high, being very
similar for bone and muscle areas (average h2= 0.36 and average h2= 0.33,
respectively, but somewhat higher than the current study for the three fat areas
(average h2= 0.64).

The ultrasonic measures of post-weaning body composition were moderately to
highly heritable. Genetic parameters for ultrasonic measurements have previously
been reported in this population. The estimate of heritability for fat depth (h2= 0.44)
was lower than that reported by Roden et al. (2003) on a subset of this dataset, by
Puntila et al. (2002) for Finnsheep (h2= 0.39), by Bishop et al. (1996) for Scottish
Blackface sheep kept in an intensive environment (h2 = 0.39), by Saatci et al. (1998)
for Welsh Mountain sheep (h2= 0.40), by Thorsteinsson and Eythorsdottir (1998) for
Icelandic sheep (h2 = 0.42), and by Cameron and Bracken (1992) for a terminal sire
breed (h2= 0.35). Our estimate for fat depth is almost the same with that summarized
by Fogarty (1995) for dual-purpose sheep (a mean of 0.28 (no.= 30) for fat depth).
The heritability estimate for muscle depth coincide with that reported by Puntila et
al. (2002) for Finnsheep (h2 = 0.46) and by Cameron and Bracken (1992) for a
terminal sire breed (h2= 0.46). However, when considering other studies, the
2
heritability of muscle depth in this study is high (Roden et al., 2003 (h =0.26);
2=
Fogarty et al., (2003) (h2= 0.27); Bishop et al., 1996 (h2= 0.25) and 1998 (h 0.20);
Saatci et al., 1998 (h2= 0.19)). Lauridsen (1998) found 25 literature estimates that
the heritability of muscle depth ranged from 0.13 to 0.57 (average of 0.32) and of fat
depth from 0.07 to 0.62 (average of 0.31). Usually fat depths have been reported to
have medium to high heritabilities. These results suggest that the potential for
genetic progress for body composition traits in hill sheep maintained under
extensive conditions may be higher than previously thought, but they may also vary
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greatly between populations. The heritability of ultrasonic muscle width is
considerably lower than that of muscle depth, and is in agreement with the study by
Fogarty et at. (2003), where the heritability for muscle width in 19 months-old
Merino rams was 0.15. This most probably reflects the fact that this parameter was
more difficult to measure accurately than was muscle depth. Interestingly,
heritabilities for fat and muscle measures from CT were almost the same with
ultrasonic measures in this study, whereas in the study that will be presented in
Chapter 3, CT heritabilities were higher than those from ultrasound, particularly for
fat measurements.

The estimated heritability for live weight at ultrasound scanning was lower in this
study than the estimates reported by Cameron and Bracken (1992) for a terminal sire
breed (h2= 0.20), Bishop (1993) for Scottish Blackface sheep (h2=0.23) and Puntila
et at. (2002) for Finnsheep (h2= 0.44). However, a substantial maternal genetic
component was also observed in this study.

Heritability estimates for carcass and slaughter traits were moderate. The heritability
for carcass weight (h2 = 0.21) was in agreement with the study by Bennett et at.,
(1991) (h2= 0.22), which was done in crossbred lambs from Southdown sires and
Romney ewes. Also, Henniflgsson and Malmfors (1995) reported an estimate of 0.17
for Swedish Pelt sheep and Conington et at. (2001) reported an estimate of 0.33 for
Blackface sheep.

Heritability estimates for fat class and conformation score were low, as expected,
given that they are subjectively scored. There are very few estimates on genetic
parameters for visually assessed muscling on live animals, such as conformation
score. Bradford and Spurlock (1972) reported a heritability estimate of 0.32 (s.e.
0.25) for live conformation, and Schrooten and Visscher (1987) obtained a relatively
high heritability estimate for live muscling score (0.44, s.e. 0.09) in the Texel breed.
van Heelsum et al. (1999) reported a heritability estimate of 0.20 (s.e. 0.04) for
scores of gigot conformation in the Bluefaced Leicester and Puntila et at. (2002)
reported an estimate of 0.27 for Finnsheep. Also, Conington et at. (2001) reported a
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animal variation in this time.

The relationships between total price and live weight at scanning, slaughter and
carcass weight, were interesting. Obviously, the relationship between total price and
carcass weight was positive and very strong, indicating that heavier lambs made
more money. The estimates for total price and slaughter and carcass weight were in
close agreement with those reported by Conington et al. (1998), where they found
estimates of 0.92 and 0.89, respectively. However, this relationship is stronger than
can simply be explained by the fact that bigger carcasses fetch higher prices because
they are bigger, because price/kg was also genetically positively correlated with
carcass weight. In other words, larger carcasses are favoured, financially. Also, the
estimates for slaughter age with total price, slaughter and carcass weight were in
agreement with the study by Conington et al., (1998), where they report estimates of
0.84, 0.67 and 0.67, respectively. The relationship between slaughter age and total
price indicates a trend in prices through the season that is counter to most selection
goals, as it indicates that genetically slower growing animals will return more
money to the producer, under the pricing structure encountered in this study.
2.4.3 Selection responses

Selection differentials provide a convenient description of the selection pressure that
has been applied each year. Comparison of actual and maximum selection
differentials indicate that selection was largely on the CT index, but that other
criteria were also included in the selection decisions. Moreover, selection was not
markedly hindered by the absence of CT measurements for one year. Selection on
the index has been successful in increasing live weight and traits describing muscle
dimensions, but reductions in fat dimensions, as assessed on the live animal were
not significant. At slaughter this corresponded to a small increase in conformation
score and a small decrease in fatness.

2.5 Conclusions
This study has confirmed that CT and ultrasonic measurements, in principle, provide
an effective means of selecting for improved carcass composition. The ultrasonic
and CT measured traits were moderately heritable, with the subjectively assessed
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traits being less heritable. Many of these traits were also affected by the maternal
environment, as would be expected. The ultrasonic and CT traits were also very
variable, which is the second requirement for making genetic progress.

Judging by the genetic correlations, selection on the CT index should achieve a
moderate improvement in conformation, price and slaughter weight, and a decrease
in fat class. These changes were in fact seen for fat class, conformation and live
weight. Conversely, selection on live weight at scanning would be expected to
improve carcass and slaughter weight, and total price received, but have slightly
deleterious impacts on carcass conformation score.

Chapter Three
Genetic analyses of carcass
composition, assessed by X-ray
computer tomography, and meat quality
traits
3.1 Introduction
Meat consumption has increased markedly in recent decades in the western world, with
the exception being the consumption of lamb (Lewis et al., 1993). At the same time as
the increase in meat consumption, consumer demands on the quality of meat have
risen. It is shown that consumption of meat is related to consumer satisfaction of meat,
as outlined by Ward et al. (1995). Consequently, high meat quality stimulates
consumption, which is encouraging for the meat industry.

Traits determining product quality are carcass composition and meat quality. A
number of selection experiments have documented rapid changes in composition that
are possible by selecting on live animal estimates of carcass weight or composition
(e.g. Simm and Dingwall, 1989; Bishop, 1993; Jopson et al., 1995). New measurement
technology, such as computerised tomography (CT), offers the potential for more
accurate measurement of carcass traits in the live animal (Sehested, 1984; Young et
al., 1987, 1996 and 1999) and consequently improved genetic gains, although this will
need to be balanced against the increased costs. On the other hand, meat quality traits
pose particular problems for improvement, as direct measurements require destruction
of the animal. Meat quality is generally considered to be difficult, if not impossible, to
measure in the live animal and is very expensive to measure completely in samples
from the carcass (Clutter, 1995).

In addition to measurement issues, as already mentioned in Chapter 1, it is also
difficult to define overall meat quality because it is a mix of sanitary, nutritional,
technological and organoleptic components. Moreover, the meaning of quality of
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carcasses changes in several world areas according to the local customs (Rubino et al.,
1999). Therefore, it becomes necessary to investigate individual components of meat
quality, such as visual aspects of meat quality, e.g. the colour of both fat and lean, or
eating quality. Eating quality refers to the sensory attributes of meat, including
toughness, juiciness and flavour, which in turn are affected by meat quality traits such
as pH (Watanabe et al., 1996) or fatty acid composition (Fisher et al., 2000).
Additionally, as many of the meat quality traits are interrelated, it is important that
both the properties of individual traits and the interrelationships between these traits
are understood, so that gains in one trait will not be offset by a decline in another trait.

This Chapter investigates quantitative genetic aspects of carcass and meat quality
traits in Scottish Blackface sheep and has three main aims. First, to estimate the
heritability of carcass composition, as measured by CT, and meat quality traits; second,
to calculate genetic relationships between these traits, and consequently investigate the
implications of genetically altering carcass fatness; third, to investigate the prediction
of meat quality traits using live animal measurements.
3.2 Materials and Methods
3.2.1 Animal population

The population studied throughout this thesis (Chapters 3, 4, 5, 6, and 7) comprised
purebred Scottish Blackface lambs born during the period 2000 to 2003, at Roslin
Institute's Blythbank farm. These lambs were derived from LEAN and FAT lines of
Blackface sheep, previously divergently selected for predicted carcass lean proportion.
A description of the selection procedures and initial responses to selection is given by
Bishop (1993). Divergent selection ceased in 1996, after which the lines were
maintained as closed populations with no further selection. The flock consisted of 200
ewes, split almost equally between the LEAN and FAT lines. A small proportion of
reciprocal LEAN x FAT line crosses was made at the 1999 matings, so that a cohort of
F1 lambs were born in April 2000 along with a majority of purebred LEAN and FAT
line lambs. The male Fl lambs were then backcrossed to the purebred LEAN and FAT
line ewes to create a population ofF1 x LEAN and F1 x FAT lambs from 2001 to 2003,
for the purpose of quantitative trait loci (QTL) detection. A small number of F1 x (F1 x
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LEAN) and F1 x (F1 x FAT) were born in 2003 when female backcross lambs from
2001 themselves became dams. Additionally, F1 females born in 2000 gave rise to a
small number of F2 progeny. Details are given below regarding the animals that were
phenotyped.

Standard husbandry procedures were applied in this flock; all lambs were tagged at
birth, with parentage, day of birth, sex and mortalities recorded. Each year the lambs
were kept in two different groups, i.e. on two separate fields, for ease of management.
Parentage information was maintained for all animals born after 1986, giving a total of
4847 known animals in the pedigree. In this dataset, a total of 23 sires produced
phenotyped progeny.
3.2.2 Phenotypic measurements
3.2.2.1 In vivo carcass composition

Computer X-ray tomography (CT) was used to obtain non-destructive in vivo estimates
of the carcass composition on 700 lambs, at 24 (± 2) weeks of age, with scanning
taking place, each year, in a 3-day period. Carcass composition was assessed on 100
lambs in year 2000 (50 per line) and Ca. 200 lambs in years 2001 and 2003, with
approximately equal number of males and females per year. Cross-sectional scans
1h
were taken at the ischium (ISC), the 5th lumbar vertebra (LV5) and the 8 thoracic
vertebra (TV8), and from each scan image, the areas and image densities were
obtained for the fat, muscle and bone components of the carcass.

From these measurements along with live weight (LW), a number of further traits were
estimated, using prediction equations for total weights of each tissue that had been
previously derived from a calibration study on unrelated Scottish Blackface lambs of
the same age, as follows:
Fat weight (fatwt)= -1340 + (63.6 x LW) + (0.351 X Fat area LV5) + (0.248 X
Fat area TV8) (R2= 91.9%);
Bone weight (bonwt)= -102 + (39.1 x LW)+(0.241 X Bone area ISC) + (0.762 X
Bone area LV5) (R2= 73.5%);
Muscle weight (muswt)= -1640 + (87.3 x LW) + (0.242 x Muscle area ISC) +
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(0.163 X Muscle area TV8) (R2= 84.8%);
Total carcass weight (cs (tot) wt)= Fat weight + Bone weight + Muscle weight;
Killing Out proportion (KO)= Total carcass weight/LW;
Fat proportion (Fprop) = fatwt/cs (tot) wt;
Muscle proportion (Mprop)= muswtics (tot) wt;
Bone proportion (Bprop) = bonwt/cs (tot) wt;
Muscle to Bone ratio (M: B)= muswt/bonwt;

3.2.2.2 Meat quality traits

Meat quality measurements, by definition, require the destruction of the animal, thus
these measurements were only performed on male animals. Females were retained to
maintain the flock. Measurements were performed on 25 LEAN and 25 FAT line male
lambs in year 2000 and on 100, 100 and 99 male lambs in 2001 to 2003, at Ca. 8
months of age, on lambs on which CT carcass composition measurements were
previously obtained. Measurements were performed at the University of Bristol, on
cohorts of 20 animals treated identically during their growth, transportation and preslaughter periods. The lambs were slaughtered at the Bristol University abattoir,
Langford, and were electrically stunned and conventionally dressed.

Carcass and meat quality measurements included pH at 45 min and 24 h post slaughter,
colour of the meat, conformation score and fat classification, hot and cold carcass
weight, toughness (or shear force), chemical composition and taste panel of cooked
meat. Measurement protocols were as follows. In order to prevent cold-shortening of
the muscles, the carcasses were hung at the ambient temperature for about 5 h prior to
chilling at 1°C. Twenty-four hours after slaughter, carcasses were classified for fat
cover and conformation using 1 to 15 scales similar to those for beef carcasses
described by Dc Boer et al. (1974). Muscle pH was measured using a glass electrode
on 1 g core of muscle, sampled from the m. ion gissimus thoracis at the last rib at 45
mm (pH45) and 24 h (pHu) post slaughter and homogenised in 10 ml of ice cold
iodoacetate buffer. Muscle colour was recorded using a Minolta Chromameter
(Minolta CR-100, Minolta Camera Company, Milton Keynes, UK) employing the
CIELAB colour space on loin chops cut at the time of boning, overwrapped with
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oxygen permeable film and allowed to bloom for 2 h before taking an average of three
measurements on the cut surface. Colour was measured with reference to reflectance
(L*: 0 =black, 1 00=white) and two colour co-ordinates, a* and b*, with the extreme
colours of a* equal to red (positive) and green (negative) and b* equal to yellow
(positive) and blue (negative). The hue angle, tan' (b*/ a), describes the colour in
two dimensional space and saturation (chroma),

,1a2 +b 2 , describes the intensity of

the colour (MacDougall and Rhodes, 1972). Muscle toughness was measured after 10
days conditioning of loin joints (m. thoracis et lumborum (LTL)) at 1°C and then
frozen and stored at —20°C until analysis. Samples were thawed overnight at 4°C,
cooked in a water bath at 80°C until they reached an internal centre temperature of
78°C, cooled in running water and left in ice-water overnight. Blocks of muscle (7 to
10) were cut 10 x 10 x 20 mm with fibre direction parallel to the long axis. Muscle
blocks were sheared at right angles to the fibre direction on a Stevens CR Analyser
tensile testing machine using Volodkevich-type jaws, which recorded the shear force at
first yield.

Proximate chemical analyses were carried out on the raw rn. semimembranosus from
the left leg. Frozen muscle samples were cut into smaller portions, minced three times
through a 2-mm plate to ensure homogeneity, and chemically analysed. Total
proportions of moisture and protein were determined according to the Association of
Official Analytical Chemists methods (AOAC, 1997). Protein content was determined
by the block digestion method. Moisture content was determined by drying at 100°C
for 24 h. Lipids were extracted from lOg duplicate samples of lean muscle essentially
as per Foich et al. (1957), separated into neutral and phospholipid, saponified,
methylated, and individual fatty acids separated by column chromatography and
quantified as described by Demirel et al. (2004). Total fatty acid was taken as the sum
of all the phospholipid and neutral lipid fatty acids quantified, and this total was used
as an estimate of intramuscular fat content.

Descriptive sensory analyses were performed using a trained taste panel. A section of
LTL was removed 24 h after slaughter from the left side of the carcass, was packaged
under vacuum and conditioned at 1°C for a further 10 days when it was frozen at -20°C

56

Chapter 3 - Genetic analyses of carcass composition, assessed by X-ray computer
tomography, and meat quality traits
prior to assessment of eating quality under standardized conditions. Samples were
thawed at 4°C overnight and cut into 2.5 cm chops, which were grilled to an internal
temperature of 78°C, as measured by a thermocouple inserted into the centre of the
muscle. Eating quality traits analysed in this Chapter, included intensities of
toughness, juiciness and lamb flavour (the remaining eating quality traits will be
analysed in Chapter 6). Overall liking, a hedonic characteristic, was also assessed.
Ten experienced taste panellists assessed the eating-quality of every animal on a
100mm unstructured line scales, where 0= nil, 100= extreme for each eating quality
attribute. Specifically, for juiciness 0= not juicy, 100= extremely juicy, for toughness
0= very tender, 100= very tough, for flavour 0= no lamb flavour, 100= full lamb
flavour and for overall liking 0= least favourable impression, 100= most favourable
impression.

3.2.3 Statistical analysis
3.2.3.1 Data summary and trait definition

Data were initially analysed using regression in order to identify significant fixed
effects, covariates and two-way interactions, using Genstat (2003). Prior to analysis the
selection lines were coded as follows: 1= LEAN, 2= FAT, 3= F1 x LEAN, 4= F2, 5= F1
x FAT, 6= F1 x (F1 x LEAN) and 7= F1 x (F1 x FAT). Multiple birth lambs comprised
0.52 of the data. The analysis of CT traits included fixed effects of line category (seven
classes as given above), lamb sex (male or female), dam age (four classes: 2, 3, 4 and 5
years old), year of birth of the lambs born (four classes: 2000, 2001, 2002 and 2003),
management group (1 or 2) and litter size (two classes: 1 or 2). Triplets comprised
proportionately less than 0.02 of the data and were combined with the twin lambs in
the classification of litter size. The model for meat quality traits included line category
(seven classes), dam age (four classes), litter size (two classes) and year by slaughter
day of lamb (15 classes). The only interaction found to be significant was between
fixed effects year and group. Date of birth was fitted as a covariate for the CT traits, as
proxy for age at scanning. Fixed effects and covariates found to be significant in the
multiple linear regression analysis were included in the subsequent variance
component analyses for each trait.
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To analyse post-slaughter fat classification and conformation score values, two new
traits were constructed (fat class and conformation value) as presented in Chapter 2.
Additionally, subcutaneous fat content (g/kg) was estimated from fat classification
using the following transformation, i.e. 1 —> 40, 2 —> SO, 3L —> 110, 3H

130, 4L —

150, 4H —> 170 and 5 —> 200 (Kempster et al., 1986).

3.2.3.2 Estimation of fixed effect means and variance components

Residual maximum likelihood methods were used to estimate variance components
using an animal model, fitting the complete pedigree structure (4847 animals), using
ASRem1 (Gilmour et al., 2004). The model included selection line, the year by group
interaction, litter size and age of dam as fixed effects. Date of birth was fitted as a
covariate and the fixed effect of lamb sex was also included in the model for CT
measurements.

The (co)variance components were obtained by three different animal models in each
univariate single trait analysis. The first model fitted the animal direct genetic effect as
a random effect (model 1: y= Xb + Za + e). The second model (model 2: y= Xb + Za
+ Sc + e), where the effect of common environment was estimated, fitted litter as a
further random effect, where y is the vector of observations on the specific trait of the
animal; b is the vector of fixed effects, a is the vector of additive random animal
(genetic) effects, c is the vector of random common environmental effects (litters) and
e is the vector of random residual effect. X, Z and S are the incidence matrices relating
records to fixed, animal and common environmental effects respectively. Model 2 was
compared against model 1 using likelihood ratio test. Additionally, a model including
maternal genetic effects was tested, however this never fit significantly better than
model 2. Hence, results from these analyses are not tabulated.

It was assumed that the expectations (E) of the variables were: E(y)Xb; E(a)=O;
E(e)=O; E(c)=O and that common environmental effects and residuals effects are
independently distributed with means of zero and variances

and

Ue2

respectively.

2'.
la,

var(e)Ioe2, where A is the numerator
a,2 is the additive
relationship matrix of animals in the model; I is the identity matrix;

Therefore, var(a)Aoa2; var(c)=
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genetic variance for direct effects (animal), and a 2 and °e2 are defined above.

Correlations between traits were estimated from bivariate analyses, fitting the animal,
litter and residual effects. Covariances were fitted between animal effects and between
residuals. Approximate standard errors for heritabilities and correlations were
constructed by ASRemI from approximation to variances of ratios and products.
Correlations were estimated between CT measurements and, based on results presented
below, between muscle density, fat density and traits assessed at slaughter.

3.2.3.3 Line effects

In order to compare the differences between lines for each measured trait, true line
effects were estimated as the generalised least squares solutions to equations
describing the genetic composition of the 7 line categories i.e. LINE= (X'V 1X)'X'V
1 Y,

where LINE is a vector of line solutions (LEAN and FAT) for each trait, Y is a

vector of predicted means for the 7 line categories, V is the variance/covariance matrix
of these solutions, and X is the incidence matrix relating genetic line to the 7 line
categories. Standard errors of the line means and differences were then constructed
from the appropriate elements of (X'V 1X) 1. Predicted means and variances for line
categories were estimated using Genstat (2003) residual maximum likelihood (REML)
procedure.
3.2.3.4 In vivo prediction of meat quality traits

Meat quality traits, as described in this study, require the destruction of the animal.
Thus, it would be advantageous to be able to predict these traits using live-animal
measures. It was hypothesised that some of the meat quality measures may be
predictable from attributes of the CT scan image, particularly the tissue densities.
Multiple regression analyses were performed on precorrected standardized data
(mean= 0, standard deviation= 1) to investigate this hypothesis. In all cases the
dependent variable was a meat quality trait, and the independent variables investigated
were live weight and the areas and densities of each tissue at each site, as assessed by
CT.
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Multiple regression prediction models, with each possible subset evaluated by single
stepwise addition and elimination were developed. Goodness of fit was assessed by the
Mallow's Cp criterion (Mallows 1973), with this statistic being used to avoid overparameterising the model. The statistic is: C= SSR/s2 - (n-2p), where SSR is the
residual sum of squares from a model with p parameters (including fib), and s2 is the
mean square error from the regression equation with the largest number of independent
variables. The best-fitting model should have Cpz p.

Prediction equations were derived on the data from the 2000, 2001 and 2002-born
cohorts of lambs, and these equations were then used to predict the meat quality traits
for the 2003-born lambs. The predicted scores were then correlated with the observed
scores on the dependent variable (r'); this is the cross-validity coefficient. The
2,
smaller the difference between the original R-squared and ryy, the greater the
confidence we can have in the gencralizability of the equation. The final step of the
validation procedure was to combine both datasets and create a final prediction
equation based on the whole dataset.

3.3 Results
3.3.1 Summary Statistics

Summary statistics for the CT assessed traits are shown in Table 3. 1, with significant
(P< 0.05) line differences shown in bold. The lines differed in the expected direction
(i.e. FAT line fatter) for predicted fat proportion, fat areas, fat areas scaled by live
weight and predicted weight of fat. Additionally, at two of the three measurement sites,
the FAT line had significantly less dense muscle, indicative of a greater intramuscular
fat content, and had significantly more dense bone. Counteracting the changes in
fatness, the LEAN line animals had greater areas, weights and proportions of muscle
and bone.
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Table 3.1 Predicted line means, trait standard deviations, and line differences (with
standard error) for CT traits. Significant (P< 0.05) line differences are shown in bold
LEAN
FAT
Line
Line
33.11
32.76
Live weight at CT (kg)
0.19
0.20
Predicted bone proportion
0.20
0.21
Predicted fat proportion
0.59
0.60
Predicted muscle proportion
113
124
Average fat area (mm2/kg)
149
157
Fat area ISC1 (mrn2/kg)
54.9
63.7
Fat area LV5t (nim2/kg)
155
139
Fat area TV8t (rnm2/kg)
4792
5021
Fat area ISC (mm2)
1845
2140
Fat area LV5 (mm)
4628
5209
Fat area TV8 (mm2)
-69.8
-70.1
Fat density ISC
-64.5
-65.6
Fat density LV5
-68.8
-68.9
Fat density TV8
2504
2451
Bone area ISC (mm2)
711
686
Bone area LV5 (mm 2)
2894
2763
Bone area TV8 (mm2)
326
325
Bone density ISC
369
360
Bone density LV5
321
315
Bone density TV8
19971
20493
Muscle area ISC (mm)
6859
Muscle area LV5 (mm2 )6772
9334
9398
Muscle area TV8 (mm2)
42.9
43.1
Muscle density ISC
44.2
45.7
Muscle density LV5
44.2
42.4
Muscle density TV8
2.60
2.82
Predicted fat weight (kg)
2.56
2.51
Predicted bone weight (kg)
7.54
7.72
Predicted muscle weight (kg)
12.9
12.9
Carcass total weight (kg)
3.01
3.02
Muscle: Bone ratio
0.393
0.390
Killinc Out pronortion
Fat area scaled by live weight.
Line means predicted from the 7 line categories

Trait

Difference
S.D.ine
(FAT-LEAN)
-0.35
4.97
-0.003
0.02
0.014
0.05
-0.011
0.03
10.9
36.5
8.40
40.7
8.81
26.0
16.0
49.5
229
1450
295
949
581
1932
-0.25
5.85
6.15
-1.13
-0.10
6.00
3723
-53.0
-24.4
128
527
-131
1.80
39.3
8.30
52.2
6.10
39.2
-522
2061
847
-87.0
-64.0
1241
-0.24
2.85
3.08
-1.45
5.31
-1.84
0.216
1.01
-0.052
3.21
-0.177
1.09
-0.01
2.21
-0.01
0.21
0.003
0.03

S.E.
(Diff)
0.52
0.003
0.005
0.004
1.30
1.64
1.11
1.59
8.50
6.94
11.6
0.54
0.63
0.66
5.28
2.40
5.76
1.81
1.68
1.39
11.7
7.54
9.86
0.40
0.45
0.58
0.007
0.004
0.008
0.01
0.13
0.004

Summary statistics for traits measured at slaughter and the major meat quality traits are
shown in Table 3.2. The lines differed in the expected direction for subcutaneous
fatness (i.e. FAT line fatter), but this was accompanied by an unexpected difference in
live weight at slaughter, with the FAT line being less heavy. Non-significant trends in
the same direction were also seen for hot and cold carcass weight. The other significant
line differences were seen for colour attributes (colour L* and hue) and juiciness, with
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FAT line meat being significantly lighter and yellower and perceived to be more juicy
than the LEAN line. Finally, the FAT line had a significantly greater intramuscular fat
content than the LEAN line, as previously suggested by the muscle density line
differences.

Table 3.2 Predicted line meanst, trait standard deviations, and line difference (with
standard error) for traits measured at slaughter and meat quality assessments.
Significant (P< 0.05) line dUferences are shown in bold
Trait
Slaughter Live Weight (kg)
Cold Carcass Weight (kg)
Hot Carcass Weight (kg)
Fat class value (units)
Conformation value (units)
Subcutaneous fat (g/kg)
Shear force (kg)
Redness (a*) (+ve-4recl)
Yellowness (b*) (+ve-+yellow)
Lightness (L*) (0=black, 100=white)
Hue (0°red, 90°yellow)
Saturation
pH45
Ultimate pH
Juiciness (units)
Toughness (units)
Overall Liking (units)
Flavour (units)
Dry matter proportion
Nitrogen proportion
Intramuscular fat (mc/lOOc muscle)

FAT
Line
37.0
17.3
17.7
2.19
3.77
93.0
5.34
17.0
8.03
41.5
25.3
18.9
6.67
5.73
43.4
36.3
22.0
25.2
0.252
0.033
2507

LEAN
Line
39.2
17.9
18.4
1.97
3.51
80.7
5.14
17.3
7.75
40.3
24.0
19.0
6.73
5.71
40.7
36.4
22.0
26.9
0.250
0.033
2426

Difference
S.D.ine
(FAT-LEAN)
-2.22
5.82
-0.64
3.14
-0.69
3.22
0.224
0.48
0.26
0.62
12.3
22.7
0.20
2.21
-0.26
2.43
0.28
1.32
3.24
1.11
4.06
1.30
-0.11
2.45
-0.06
0.17
0.018
0.10
2.73
7.10
-0.05
10.3
0.06
7.12
-1.66
6.39
0.002
0.009
0.001
-0.000
81.0
802

S.E.
(diff)
1.15
0.65
0.68
0.29
0.22
2.34
0.58
0.41
0.37
0.42
0.64
0.44
0.17
0.14
1.14
1.16
1.22
1.04
0.003
0.001
7.89

Line means predicted from the 7 line categories

3.3.2 Genetic parameters
Univariate heritability estimates and litter effects for carcass traits are shown in Table
3.3. Common environmental effects (litter) were significant, and therefore fitted, for
most traits. It is recognised that the litter effect will most probably contain a maternal
genetic component, however the structure of this dataset is unsuitable for estimating
maternal genetic effects and, when tested, the model containing maternal genetic
effects always gave a poorer fit than that with litter effects.
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Almost without exception, live weight and the raw CT measurements, i.e. weights and
densities of tissues at the three sites, were moderately to highly heritable. For example,
heritabilities for fat areas ranged from 0.50 to 0.76, whilst litter effect estimates were
lower but still substantial at 0.24 to 0.33. Only for muscle and bone areas were
heritabilities consistently below 0.4. Litter effects were significant for many of these
measurements, the exceptions being the three fat and muscle densities, fat area TV8
and bone density TV8. Heritabilities for the derived tissue weight traits were less
consistent. However, in the two cases where the heritabilities were low, bone weight
and KO, unexpectedly large litter effects were seen.

Table 3.3 Univariate heritabilities ('h2), litter effects (c2,) both with standard errors
(s. e.) and variance components' for carcass traits assessed by CT
c2
S.E. (c)
S.E. (h2)
h2
Trait
0.09
0.32
0.15
0.41
Live weight at CT (kg)
0.09
0.33
0.13
0.50
Fat area ISC (mm2)
0.18
0.24
0.22
0.66
Fat area LV5 (mm)
0.08
0.76
Fat area TV8 (mm 2)
0.10
0.48
Fat density ISC
0.11
0.46
Fat density LV5
0.09
0.63
Fat density TV8
0.07
0.06
0.09
0.23
Bone area ISC (mm2)
0.06
0.10
0.11
0.35
Bone area LV5 (mm)
2
0.06
0.19
0.10
Bone area TV8 (mm )0.49
0.06
0.21
0.12
0.39
Bone density ISC
0.07
0.28
0.49
0.12
Bone density LV5
0.51
0.09
Bone density TV8
0.12
0.06
0.11
0.33
Muscle area ISC (mm 2)
0.06
0.24
0.12
0.32
Muscle area LV5 (mm)
0.06
0.21
0.12
0.34
Muscle area TV8 (mm2)
0.82
0.08
Muscle density ISC
0.10
0.45
Muscle density LV5
0.34
0.10
Muscle density TV8
0.28
0.60
Predicted fat weight (kg)
0.08
0.57
0.14
0.11
Predicted bone weight (kg)
Predicted muscle weight
0.09
0.27
0.17
0.48
(kg)
0.20
0.55
Carcass total weight (kg)
0.09
0.21
0.18
0.56
Muscle: Bone ratio
0.04
0.88
0.01
0.06
Killinu Out nronortion
Results presented for the best fit model, as assessed by the likelihood ratio test

UP 7

19.45
1.57
0.75
3.29
24.93
37.24
31.74
73760
8320
0.17
788.4
1289
620.4
4.41
0.73
1.40
7.51
7.502
9.24
0.96
3.62
0.96
4.20
0.38
0.21

The estimated genetic and phenotypic correlations for the carcass traits measured on
live animal by CT, estimated using bivariate analysis are shown in Table 3.4. The
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heritability values presented in Table 3.3 (using univariate models) and Table 3.4
(using the average of the bivariate heritability estimates) are very similar. Firstly
consider genetic correlations between the same measurements taken at different sites
on the carcass. Genetic correlations among muscle densities were positive, but the ISC
measurement was only weakly correlated with the other two. In contrast, the genetic
correlations among the three muscle areas traits were strong and positive, with an
average of 0.93. Additionally, the genetic correlations between the three fat densities
and between the three fat areas were positive and very high, averaging 0.84 and 0.96
respectively. Hence, muscle areas, fat areas and fat densities in different parts of the
carcass may be considered genetically the same trait.

Now consider correlations between different tissue measurements. The estimated
genetic correlations between muscle area and muscle density traits were negative and
generally low to moderate. In contrast, fat area and fat density were moderate
negatively genetically correlated. Genetic correlations between fat area and muscle
area were moderately positive. In addition, fat density and muscle density were
moderate positively correlated. On the other hand, muscle density and fat area were
moderate negatively genetically correlated, which could be interpreted as indicating
that muscle density is an indicator of intramuscular fat content, hence carcass fatness
in general. Muscle area and fat density were moderate negatively correlated.
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Table 3.4 Heritabilities, genetic and phenotypic correlations (with standard errors) for CT traitst
Muscle
Density
ISC

Muscle
Density
LV5

Muscle
Density
TV8

Muscle
Area
ISC

Muscle
Area
LV5

Muscle
Area
TV8

Fat
Density
ISC

Fat
Density
LV5

Fat
Density
TV8

Fat
Area
ISC

Fat
Area
LV5

Fat
Area
TV8

Muscle
Density
ISC

0.81(0.08)

0.26(0.04)

0.23(0.04)

-0.15(0.04)

-0.13(0.05)

-0.19(0.04)

0.42(0.04)

0.35(0.04)

0.31(0.04)

-0.52(0.03)

-0.40(0.04)

-0.41(0.04)

Muscle
Density
LV5

0.13(0.14)

0.44(0.10)

0.64(0.02)

-0.18(0.04)

-0.17(0.04)

-0.24(0.04)

0.35(0.04)

-0.13(0.04)

0.33(0.04)

-0.48(0.03)

-0.51(0.03)

-0.52(0.03)

Muscle
Density
TV8

0.29(0.15)

0.93(0.09)

0.35(0.10)

-0.21(0.04)

-0.25(0.04)

-0.17(0.04)

0.27(0.04)

-0.15(0.04)

0.29(0.04)

-0.42(0.04)

-0.42(0.04)

-0.49(0.03)

Muscle
Area
ISC

-0.41(0.17)

-0.19(0.20)

-0.45(0.21)

0.28(0.10)

0.74(0.01)

0.69(0.02)

-0.30(0.04)

-0.12(0.04)

-0.29(0.04)

0.52(0.03)

0.48(0.03)

0.51(0.03)

Muscle
Area
LV5

-0.24(0.15)

0.01(0.19)

-0.47(0.19)

0.96(0.09)

0.32(0.12)

0.77 (0.01)

-0.27(0.04)

-0.06(0.04)

-0.23(0.04)

0.47(0.04)

0.40(0.04)

0,43(0.04)

Muscle
Area
TV8

-0.31(0.15)

-0.22(0.19)

-0.16(0.22)

0.87(0.07)

0.96(0.09)

0.35(0.10)

-0.29(0.04)

-0.07(0.04)

-0.25(0.04)

0.50(0.03)

0.44(0.04)

0.51(0.03)

Fat
Density
ISC

0.65(0.11)

0.55(0.15)

0.43(0.18)

-0.94(0.09)

-0.65(0.16)

-0.65(0.14)

0.45(0.09)

0.55(0.03)

0.64(0.02)

-0.68(0.03)

-0.68(0.02)

-0.68(0.02)

Fat
Density
LV5

0.78(0.11)

0.06(0.21)

-0.03(0.22)

-0.64(0.22)

-0.60(0.20)

-0.54(0.20)

0.80(0.08)

0.45(0.10)

0.55(0.03)

-0.37(0.04)

-0.51(0.03)

-0.42(0.04)

Fat
Density
TV8

0.47(0.11)

0.69(0.13)

0.53(0.15)

-0.65(0.18)

-0.47(0.17)

-0.49(0.16)

0.92(0.06)

0.80(0.08)

0.60(0.09)

-0.64(0.03)

-0.64(0.03)

-0.75(0.02)

-0.59(0.09)

-0.46(0.13)

-0.50(0.14)

0.93(0.09)

0.40(0.04)

0.73(0.10)

-0.89(0.06)

-0.82(0.11)

-0.82(0.07)

0.50(0.13)

0.82(0.01)

0.85(0.01)

Fat
Area
LV5

-0.49(0.09)

-0.62(0.11)

-0.55(0.13)

0.73(0.14)

0.41(0.14)

0.57(0.13)

-0.88(0.06)

-0.76(0.10)

-0.82(0.07)

0.98(0.09)

0.65(0.12)

0.90(0.01)

Fat
Area
TV8

-0.48(0.09)

-0.51(0.11)

-0.62(0.11)

0.75(0.14)

0.35(0.13)

0.58(0.12)

-0.89(0.05)

-0.85(0.09)

-0.93(0.04)

0.93(0.03)

0.97(0.09)

0.75(0.08)

Fat
Area

1sc

I

t Heritabilities on diagonal, phenotypic correlations above and genetic correlations below diagonal.
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Heritabilities for traits assessed at slaughter and meat quality traits are shown in Table
3.5. Maternal and litter effects were generally not significant. These heritabilities were
less well estimated than those for the CT traits, simply because of the smaller available
dataset. In general terms, a dataset of Ca. 350 phenotypic observations with nine sires
contributing most progeny would be inadequate for genetic parameter estimation.
However, genetic parameters are estimable from this dataset with an acceptable degree
of precision in part because of the large and complex pedigree available. Most traits
were moderately heritable and, in the case of the carcass classification measures (fat
class and conformation), surprisingly heritable. These results indicate that genetic
change, by some means, should be feasible for most traits investigated. A factor which
may contribute to the larger than expected heritabilities for fat classification and
conformation score is the experimental design, in which animals were slaughtered at a
fixed age rather than a fixed degree of 'finish', as is current commercial practice in the
UK sheep industry.

Table 3.5 1-leritabilities for traits assessed at slaughter and meat quality traits
Trait
Slaughter live weight (kg)
Cold carcass weight (kg)
Hot carcass weight (kg)
Fat class value (units)
Conformation value (units)
Subcutaneous fat (g/kg)
Shear force (kg)
Redness (a*) (+ve-+red)
Yellowness (b*) (+ve-4yellow)
Lightness (L*) (0=black, 1 00=white)
Hue (0°=red, 90°=yellow)
Saturation
pH45
Ultimate pH
Juiciness (units)
Toughness (units)
Overall liking (units)
Flavour (units)
Dry matter proportion
Nitrogen proportion
Intramuscular fat (mg/bOg muscle)

h2
0.30
0.47
0.47
0.33
0.52
0.34
0.39
0.45
0.33
0.15
0.30
0.45
0.54
0.21
0.21
0.15
0.22
0.11
0.51
0.01
0.32

S.E.( h2 )
0.20
0.19
0.19
0.16
0.18
0.16
0.16
0.19
0.17
0.12
0.15
0.18
0.18
0.14
0.12
0.13
0.13
0.11
0.16
0.06
0.09

G

2

27.1
7.41
7.12
0.21
0.28
481
3.84
2.17
1.02
3.43
3.96
2.78
0.03
0.01
35.1
99.7
51.7
23.8
0.98
0.01
664000
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Results from the analyses investigating in vivo prediction of meat quality traits (see
below) indicated that muscle density measurements were informative in terms of
predicting some meat quality traits. Therefore, phenotypic and genetic correlations
were estimated between average muscle density and carcass and meat quality traits,
and the results are presented in Table 3.6. Genetic correlations involving redness,
yellowness, lightness of meat and saturation were all less than 0.10 and are not
presented. Phenotypically, most of the correlations with average muscle density shown
in Table 3.6 were low to moderate, although those with live and carcass weights,
fatness traits, juiciness, flavour and overall liking were all negative and significantly
different from zero. Genetic correlations tended to be stronger than the phenotypic
correlations, although interpretation of some correlations is hindered by large standard
errors. Muscle density is strongly negatively genetically correlated with fatness traits,
including intramuscular fat content, and it is also strongly negatively correlated with
juiciness, flavour, overall liking and muscle dry matter content.

Table 3.6 Phenotypic and genetic correlations (with standard errors) for meat and
carcass traits with average muscle density
Trait
Cold Carcass
Hot carcass
Live Weight
Fat class value
Conformation value
Subcutaneous fat
Shear force
Hue angle
pH45
pH Ultimate
Dry matter proportion
Intramuscular Fat
Toughness
Juiciness
Overall liking
Flavour

Phenotypic correlation
-0.23 (0.07)
-0.25 (0.07)
-0.20 (0.08)
-0.26 (0.07)
0.10 (0.07)
-0.24 (0.07)
-0.16 (0.06)
-0.05 (0.07)
0.06 (0.07)
0.14 (0.07)
-0.56 (0.04)
-0.57 (0.04)
0.15 (0.07)
-0.16 (0.07)
-0.29 (0.05)
-0.20 (0.07)

Genetic correlation
-0.30 (0.21)
-0.36 (0.20)
-0.34 (0.30)
-0.67 (0.19)
0.38 (0.19)
-0.62 (0.19)
-0.49 (0.14)
-0.31 (0.27)
0.30 (0.39)
0.41 (0.31)
-0.87 (0.09)
-0.67 (0.14)
-0.08 (0.39)
-0.71 (0.22)
-0.80 (0.21)
-0.73 (0.24)

In addition, genetic and phenotypic correlations were estimated between average fat
density and carcass and meat quality traits. Average fat density was strongly correlated
with weight traits (genetic correlations with cold carcass weight and live weight were
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0.92 and 0.83, respectively), but correlations for all the other traits were not
significantly different from zero. Attempts to estimate genetic correlations with other
CT traits resulted in either failed to converge or had very large s.e.s, reflecting the
weakness of the meat quality dataset for estimating genetic correlations.

Finally, due to the observation that intramuscular fat content was significantly
correlated with average muscle density and is an important predictor of meat quality,
the genetic and phenotypic correlations were estimated between intramuscular fat
content and meat traits. Table 3.7 shows that intramuscular fat is moderately correlated
with shear force, juiciness and flavour.

Table 3.7 Phenotypic and genetic correlations (with standard errors) for
intramuscular fat content with meat traits
Trait
Shear force
Juiciness
Flavour

Phenotypic correlation
-0.09 (0.07)
0.12 (0.06)
0.20 (0.06)

Genetic correlation
-0.54 (0.24)
0.69 (0.24)
0.52 (0.22)

3.3.3 In vivo prediction of meat quality traits

Regression analysis was used to investigate whether or not meat quality traits could be
predicted using CT measurements (i.e. densities and areas of fat, muscle and bone),
using data collected from 2000 to 2002. Most traits were not well predicted, with the
prediction equations explaining proportionately less than 0.1 of the trait variation.
However, prediction was successful for some traits, and Table 3.8 shows results
obtained for redness, juiciness, intramuscular fat, fat classification score and ultimate
pH of lamb meat. In all cases where CT measures gave an adequate prediction of meat
quality traits, it was muscle density that was the predominant predictor. Redness (a)
was accurately predicted (proportionately 0.5 of variance explained) and intramuscular
fat, fat class value, ultimate pH and juiciness were also predicted with reasonable
accuracy. Cross validation was performed using data collected on 2003-born lambs,
and the correlations of predicted with observed scores were somewhat lower than those
obtained from the regression analyses. The difference between the original R2 and
was 0.01, 0.05 and 0.03 for the fat classification score, intramuscular fat and ultimate
pH respectively, which indicates that the prediction equations were robust. However,
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for redness and juiciness of meat the difference was 0.20 and 0.31 respectively.

Table 3.8 Coefficients of determination (R2) and cross-validity coefficient (i) for
best-ft regression equations developed to predict in vivo meat quality traits from CT
traits
ryy,
Trait

Factors in best-fit model

Redness (a*)

Muscle density (ISC. LV5, TV8)

Intramuscular fat

Original R

r-

R-ryy

-

(2000-2002 data)

(2003 data)

0.50

0.71

0.30

0.20

Muscle density (ISC, LV5. TV8)

0.25

0.50

0.20

0.05

Juiciness

Muscle density (TV8), Fat area (LV5)

0.34

0.58

0.03

0.31

Fat class

Muscle density (LV5, ISC. TV8)

0.25

0.50

0.24

0.01

Muscle density (TV8, ISC). Fat area (LV5)

0.17

0.41

0.14

0.03

Ultimate pH

Prediction equations developed using the whole dataset are shown in Table 3.9, along
with the R2 values and residual standard deviations for each equation, as indicators of
the precision of each equation. Redness (a), intramuscular fat, fat class and ultimate
pH were somewhat better predicted on the whole dataset than on the 2000 to 2002
subset.

Table 3.9 Final prediction equations of meat quality traits from CT traits with
coefficient of determination (R2) and standard error of estimate (RSD), based on whole
dataset
R2

RSD

0.62

0.79

033

6.62

Juiciness= -0.01 +0.34 x (Muscle density TV8)+0. 12 x (Fat area LV5)

0.31

0.95

Fat Class= 0.17-0.32 x (Muscle density LV5)-0.07 x (Muscle density ISC)-0. 19 x (Muscle density TV8)

0.46

0.82

Ultimate pH -0.11+0.24 x (Muscle density TV8)-0.08 x (Muscle density ISC)-0.24 x (Fat area LV5)

0.30

0.95

Final Prediction equations
Redness (a*)= 0.08 -0.19 x (Muscle density ISC) +0.22 x (Muscle density LV5) -0.71 x (Muscle density TV8)
Intramuscular fat= 9940-120.4 x (Muscle density LV5) -29.09 x (Muscle density TV8) -14.2 x (Muscle density
ISC)

For abbreviations see Table 3.1 footnote.

3.4 Discussion
The present study has produced novel and practically useful information on the genetic
control of carcass and meat quality traits in Blackface sheep. As a broad summary, the
results showed that reducing carcass fatness has simultaneously changed muscle
density, intramuscular fatness, and changed aspects of muscle colour and eating quality
traits (juiciness), making the muscle darker, less yellow and less juicy. The
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heritabilities observed for the meat quality traits indicate ample opportunities for
altering most meat quality traits, provided that these traits can be adequately measured
or predicted. The possibility of measuring these traits under field conditions is
indicated by the predictions for redness, intramuscular fat, juiciness, fat class and
ultimate pH made using CT measures, particularly aspects of muscle density.
Together, these results, along with strong genetic correlations between muscle density
and some of the meat quality traits, provide potential opportunities for genetically
improving components of meat and carcass quality.

3.4.1 Line differences

Modest but significant FAT-LEAN line differences were seen for nearly all traits
describing carcass fatness, with these traits being significantly higher in the FAT line.
Furthermore, muscle densities (LV5, TV8) showed significant differences between
lines, with the FAT line having lower muscle density than the LEAN line. This
suggests more intramuscular fat in the FAT line, as fat is less dense tissue than muscle.
Selection for carcass composition also changed some meat quality traits. The result
that selection for increased leanness is likely to lead to a darker meat colour, which is
generally less acceptable to consumers, has been seen in pigs (Cameron, 1990),
although this difference is probably small compared to differences that may be induced
by stress or nutritional factors. In the Cameron study, lines of Large White pig were
selected for components of efficient lean growth rate, and a leaner carcass was
achieved by reducing the rate of fat deposition. Lastly, the FAT line was significantly
lighter in weight at slaughter (ca. 8 months) but not at the time of CT scanning (ca. 5
months), indicating that it is perhaps earlier maturing with a lower mature live weight
than the LEAN line.

Bone densities (LV5, TV8) were found to be significantly higher in the FAT than the
LEAN line. This result was in contrast with the study by Campbell et al. (2003), aimed
at detecting the QTL for bone mineral density (BMD) in Coopworth sheep, in which
bone density was generally negatively correlated with the amount of fat (subcutaneous,
intramuscular, internal and total), the amount of muscle and body weight. Body weight
and fat and muscle components are also correlated with bone density in humans
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(reported by Campbell et al., 2003). Low BMD has been shown to be an important
factor in osteoporotic fracture risk in humans (Cummings et al., 1990). A number of
QTL contributing to genetic variation in BMD were identified in the study by
Campbell et al. (2003). These results along with the present study indicate that bone
density is either correlated with, or a consequence of, body composition.

3.4.2 Inheritance of traits

The heritability estimates for CT traits on the live animal were moderate to high,
indicating that CT provides a quick and reliable means of genetically changing carcass
composition in sheep. In particular, heritabilities for tissue areas and densities at
specific sites were nearly always high. There are not available other published
estimates of site-specific genetic parameters, although Jones et al. (2004) report
heritabilities for fat and lean weights derived from CT measurements. Their estimated
heritabilities for lean and fat weight were 0.38 and 0.47, respectively, in general
agreement with our heritability estimates of 0.60 and 0.48, respectively.

The closest comparisons for the CT measurement results are with ultrasonic
measurements, which are also site-specific measurements. Genetic parameters for
ultrasonic measurements have previously been reported in this and genetically related
populations by Bishop (1993), using measurements taken in intensively housed lambs,
and by Conington et al. (1995 and 2001), using measurements taken on lambs reared
under hill conditions. Measurements taken under hill conditions tended to be less
heritable than those taken under intensive conditions (0.27 and 0.30 vs. 0.36 for muscle
depth, 0.16 and 0.25 vs. 0.39 for fat depth), and heritabilities were generally lower than
those observed here from CT measures, particularly for fat measurements.

The heritability estimates for most of the meat quality traits measured in this study
indicate that there is substantial genetic variation in these traits, such that meat quality
can potentially be improved through direct selection on the traits or through indirect
selection. Colour parameters were moderately heritable, with the additive genetic
coefficients of variation being 0.07 for redness, 0.10 for yellowness and 0.03 for
lightness indicating that genetic improvement for the first two colour attributes is
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potentially feasible. Although these results indicate that genetic improvement of
lightness may be difficult, the lines did differ significantly. Breed differences have also
been reported for sheep meat colour. For example, KUchtik et al. (1996) reported
significant sheep breed differences in reflectance values of joints of muscle. Young et
al. (1993) indicated that cooked Merino meat was darker than cooked Coopworth
meat, and suggested that the darker colour was a result of higher iron content, present
as myoglobin and other iron-containing proteins.

Due to a lack of information on heritabilities in meat traits in sheep, we will compare
our results with published studies in other species. In pigs, the heritability estimates for
muscle lightness, obtained by Lo et al. (1992) for Duroc and Landrace pigs and Larzul
et al. (1997) for Large White pigs, were 0.11 and 0.20, respectively, similar to the
estimate obtained in the present study. Hermesch et al. (2000) and Sellier (1998) found
that muscle lightness in pigs was moderately inherited, with heritabilities of 0.29 and
0.28 respectively, higher than that of the presented study. The heritability estimate of
muscle lightness (0.15) is almost identical to that obtained for pigs by Cameron (1990).
There appear to be no published heritabilities for redness and yellowness.

The heritability for muscle pH at 45 min post-mortem was high (0.54) while the
estimate for ultimate pH was much lower (0.21). However, the genetic and phenotypic
correlations between pH45 and pH,, were 0.97 and 0.40 respectively, indicating that the
rate and extent of the post-mortem pH fall are probably governed by the same genes.
Our heritability for pH is similar to values seen in pigs, although our estimate for PH45
is higher than published values for pigs. For example, in the study of Hermesch et al.
(2000), the heritability for pH45 in pigs was 0. 15, i.e. somewhat lower than our value,
and 0.14 for pH. Sellier (1988) found average heritability estimates of 0.16 and 0.21
for pH45 and pH,, respectively, of pigs and Cameron (1990) reported an estimate of
0.21 for pH,,. However, heritability values alone can be misleading, as the variability in
pH values is not large. In all cases cited above, the genetic coefficients of variation
were less than 0.01, indicating that genetic change would be slow. Non-genetic factors
affecting pH are well documented. For example, McGeehin et al. (2001) found that the
most important factors that influence the pH of lamb meat were sex, carcass weight
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and to a lesser degree, age and ambient temperature. Also, rates of pH fall are faster in
stressed animals, and ultimate p1-I is usually governed by diet. Care was taken in this
experiment to minimise variations in pre-slaughter diet or stress levels.

Intramuscular fat content of the semimembranosus muscle was moderately heritable in
this study (h2 = 0.32), although this is slightly lower than values reported in pigs.
Maimfors and Nilsson (1979) obtained heritability estimates of 0.58 and 0.68 for
Swedish Landrace and Large White pigs, respectively. Scheper (1979) reported a
heritability estimate of 0.35 for German Landrace pigs, and heritabilities of 0.55 were
reported for Landrace pigs in Denmark (Just et al., 1986) and in Switzerland
(Schworer et al., 1987). The average heritability weighted by number of sires for
intramuscular fat content from previous reports is 0.53 (Sellier, 1988).

Previous published estimated heritabilities for taste panel evaluations of meat quality
also come from pigs. Cameron (1990) reported heritability estimates for toughness,
pork flavour, juiciness and overall liking of 0.23, 0.16, 0.18 and 0.16, respectively,
from data on 40 full-sib litter groups of Duroc and halothane-negative British Landrace
pigs, in agreement to estimates of 0.15, 0.11, 0.21 and 0.22 for these traits in the
present study. In contrast, Lo et al. (1992) reported heritability estimates of 0.45, 0.13,
0.12 and 0.34 for toughness, pork flavour, juiciness and overall liking, respectively,
from data on Duroc and Landrace pigs. Based on results of a small number of studies,
eating quality traits in general seem to be low to moderately heritable of the order of
0.10 to 0.20 (Lo, 1990), in agreement with the present study. However, these estimates
tend to be quite variable, as would be expected given the relatively small sample sizes
generally used in these studies. Overall, these results indicate that sensory meat quality
traits, assessed by taste panels, are determined to some extent by additive genetic
effects and as such there is some scope for genetic improvement by means of selection.

3.4.3 Relationships between traits

Our dataset was large enough to allow estimation of genetic correlations between CT
traits, and between some of the CT traits and some of the meat quality traits, but there
was insufficient data for reliable estimation of correlations amongst the meat quality
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traits. As a broad summary of the CT traits, measurements of the attributes of the same
tissue taken at different sites were generally strongly genetically correlated, indicating
that they are essentially expressions of the same trait. Fat area was moderately
positively genetically correlated with muscle area, but moderately to strongly
negatively correlated with muscle and fat densities. Likewise muscle area was
negatively correlated with muscle and fat densities. Genetic change in any of these
attributes is feasible in principle, and correlated responses in other traits predictable
from genetic theory.

There is no published information available on genetic relationships between carcass
traits assessed by CT and meat quality traits in any species. We have demonstrated
consistent relationships between muscle density and meat quality traits, however
analyses involving other CT measurements generally did not give consistent or
significant results. Muscle density was negatively genetically correlated with
intramuscular fat, lamb juiciness, flavour and overall liking. Selection to decrease
muscle density and hence increase intramuscular fat is expected to result in lamb meat
that is juicier and with more flavour. Furthermore, muscle density was negatively
correlated with shear force value (a quantitative measure of toughness), again
highlighting a means of reducing toughness. The only other significant and consistent
genetic correlation was between fat density and weight traits, with fat becoming denser
as live weight increased.

Relationships of muscle density with meat quality traits were borne out when
intramuscular fat content was investigated in more detail; it was positively correlated
with juiciness and flavour, indicating that fat plays a role in these properties.
Intramuscular fat content has long been recognised as a factor in eating quality,
although the strength of the relationship has been questioned (Wood, 1990). Dc Vol et
at. (1988) reported genetic correlation coefficients of 0.21, 0.32 and 0.23 for pork
intramuscular fat content with juiciness, toughness and flavour, respectively. Based on
a reassessment of these data, Lo et al. (1992) estimated correlations of 0.24 and 0.63
for intramuscular fat content and juiciness and flavour, respectively, and they
suggested the relationship between eating quality and intramuscular fat content is
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dependent on the amount of intramuscular fat. In the same study it was found that
selection for increased intramuscular fat content would decrease shear force value, as it
was found in our study. According to Fernandes et al. (2002) intramuscular fat,
extracted from longissimus muscle in beef, is a good indicator for flavour and
juiciness: these authors observed a high heritability for intramuscular fat content (0.57)
and strong genetic correlations between marbling and intramuscular fat (0.94 and
0.65). These results suggest there is a potential to improve meat quality for flavour and
juiciness through intramuscular fat, and muscle density measures may be a means of
doing this in vivo.

In vivo prediction of meat quality traits, at the phenotypic level, using CT measures
was successful for some traits, including redness, intramuscular fat, juiciness, fat class
and ultimate pH. In all cases, shown in Table 3.9, where CT measures predicted meat
quality traits with an R2 > 0.3, it was muscle density that was the predominant
predictor, backing the results from the genetic correlations. However, it should be
noted that using muscle density and hence intramuscular fat to improve juiciness,
flavour and overall liking will result in an increase in intramuscular fatness, and this is
in the opposite direction to consumers' perceived desire for decreased fatness.

3.5 Conclusions
This study has confirmed that CT measurements, in principle, provide an effective
means of selecting for improved carcass composition, in agreement with the results of
Chapter 2. Additionally, it has shown that there is considerable scope for genetic
change in many meat quality traits, provided that they can be measured or predicted.
This study has also shown that altering carcass fatness has simultaneously changed
muscle density and intramuscular fatness, and changed aspects of muscle colour and
eating attributes, with selection for increased fatness making meat lighter, more yellow
and more juicy. Also, bone density (LV5, TV8) differed between lines, being higher in
the FAT line and, together with other studies, shows that bone density is correlated
with other traits, such as fat and muscle weight, indicating that it is an important trait
for further research.
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An important contribution made by this study is the realisation that it is possible to
measure some meat quality traits under field conditions, using CT measures,
particularly aspects of muscle density. Muscle density is a trait collected automatically
during CT assessments of commercial animals, but currently not utilised. Therefore,
this information could feasibly be utilised for predicting these traits and effecting
changes in meat juiciness and flavour.

3.6 Implications
As a consequence of these experimental results and comparing them to previously
published literature, it is obvious that CT traits provide more accurate measurement of
carcass traits in the live animal than ultrasonics. Beyond doubt it is a very useful
research tool. However, the expense and lack of portability of CT equipment, means
that there are logistical difficulties in using it in breeding programs. But it is being
used in the UK for two-stage selection strategies in which only elite animals, identified
by other means, are CT scanned. Selecting effectively for improved meat quality
attributes would require a similar approach, so that both the quantity of product and
quality of product can be increased. Our results indicate the potential for a decrease in
sheep eating quality resulting from selection for improved lean meat characteristics,
and this must be avoided. Using field and CT measurements, multi-trait animal model
evaluations could be introduced including traits such as muscle density that influence
meat quality, and the resulting breeding values could be used in selection strategies
that attempt to simultaneously improve lean meat output and improve meat quality
characteristics.
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Chapter Four
A partial genome scan to map
quantitative trait loci for carcass
composition, assessed by X-ray
computer tomography, and meat
quality traits
4.1 Introduction
In the past, leanness was considered one of the most important traits. As a result,
dramatic improvements in body composition, mostly in pigs, have been made.
However, it has been shown that lean meat is not always associated with good meat
quality (Cameron 1990; Hovenier et al. 1992), and therefore several other traits must
be considered to improve meat quality. Improving meat quality genetically is
difficult by standard selection methods, but possible if, firstly, in vivo predictors
could be used and secondly, if the genes responsible for meat quality are identified
and mapped. A possibility of utilising CT measures, particularly muscle density, as
predictors of certain meat quality attributes has been suggested in Chapter 3.
However, even with this information, routine measurement of meat quality attributes
will remain expensive and difficult.

Marker or gene-assisted selection has been suggested as a promising strategy for
genetic improvement of difficult-to-measure traits such as meat quality (Meuwissen
and Goddard, 1996). Identification of quantitative trait loci (QTL) for meat quality
will be an important step towards marker-assisted selection. The development of
genetic markers and their application to farm animals has progressed rapidly,
opening new prospects for identifying chromosomal regions defining QTL. There is
less activity in QTL identification in sheep populations compared to other livestock
species, and surprisingly few QTL have been published for traits of direct relevance
to meat production, apart from studies of individual major genes such as the
callipyge locus (Freking et al., 2002). Thus, there is a clear need to utilise genetic
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resources for research to detect QTL for carcass and meat quality traits in sheep.
This Chapter addresses this issue and aims to identify QTL for carcass composition
and meat quality traits.

4.2 Material and Methods
4.2.1 Animals and trait measurement

The population structure of this study has been provided in detail in Chapter 3. In
summary, lambs were derived from LEAN and FAT lines of Blackface sheep,
divergently selected for predicted carcass composition (Bishop, 1993). A small
number of LEAN x FAT line crosses were produced in the 1999 matings, so that a
cohort of F1 lambs were born in April 2000 along with purebred LEAN and FAT
line lambs. The male F1 lambs were then backcrossed to the purebred LEAN and
FAT line ewes to create a population ofF1 x LEAN and F1 x FAT lambs from 2001
to 2003, for the purpose of QTL detection. This double backcross design created 9
half-sib families for QTL detection. On average, families contained 67 offspring for
carcass composition traits measured on the live animal and 33 offspring for meat
quality traits, with a range from 25 to 96 progeny and 12 to 46 progeny,
respectively. A summary of the families is presented in Table 4.1.
Table 4.1 Summary of the families used in the study/or carcass traits assessed by

CT and meat quality traits
Family
Si
S2
S3
S4
S5
S6
S7
S8
S9

Number of progeny
for CT traits
36
88
56
53
96
25
70
82
94

Number of progeny
for meat traits
20
38
24
30
45
12
39
46
46

Phenotypic measurements of carcass composition, taken on cross-sectional scans at
8th1 thoracic vertebrae
the ischium (ISC), the 51h lumbar vertebrae (LV5) and the
(TV8), were obtained by computerised tomography (CT) on 600 5-month old live
lambs. From each scan image the areas and image densities were obtained for the

78

Chapter 4 - A partial genome scan to map quantitative trait loci for carcass
composition, assessed by X-ray computer tomography, and meat quality traits

fat, muscle and bone components of the carcass. Additionally, meat quality
measurements were made on 300 8-month old male lambs that had previously been
CT scanned. Measurements were performed at the University of Bristol, on cohorts
of 20 animals treated similarly during their growth, transportation and pre-slaughter
periods. Meat quality measurements, presented in this study, included initial and
final pH of m. semimembranosus, colour (L*, a* and b*) and sensory characteristics,
as assessed by a trained taste panel (juiciness, lamb flavour, toughness and overall
liking). Muscle pH was measured using a glass electrode on ig core of muscle,
sampled from the m. longissimus thoracis at the last rib and homogenised in 10 ml
of ice cold iodoacetate buffer. Measurements were then taken at 45 mm (pH) and
24 h (pHu) post slaughter. Muscle colour was recorded on loin chops cut at the time
of boning, overwrapped with oxygen permeable film and allowed to bloom for 2 h
before taking an average of three measurements on the cut surface. Colour was
measured with reference to reflectance (L*: 0= black, 100= white) and two colour
co-ordinates, a* and b*, with the extreme colours of a* equal to red (positive) and
green (negative) and b* equal to yellow (positive) and blue (negative). Descriptive
sensory analyses were performed using a trained taste panel. A section of m.
thoracis et lumborum (LTL), removed 24h after slaughter from the left side of the
carcass, was packaged under vacuum and conditioned at 1°C for a further 10 days,
whereupon it was frozen at -20°C prior to assessment of eating quality under
standardised conditions. Samples were thawed at 4°C overnight and cut into 2.5 cm
chops, which were grilled to an internal temperature of 78°C, as measured by a
thermocouple inserted into the centre of the muscle. Eating quality traits included
intensities of toughness, juiciness and lamb flavour. Overall liking, a hedonic
characteristic, was also assessed. Ten experienced taste panellists assessed the
eating-quality of every animal on 100mm unstructured line scales, where 0= nil,
100= extreme for each eating quality attribute. Specifically, for juiciness 0= not
juicy, 100= extremely juicy; for toughness 0= very tender, 100= very tough; for
flavour 0= no lamb flavour, 100= full lamb flavour and for overall liking 0= least
favourable impression, 100= most favourable impression. Carcass weight traits were
also recorded. Further details of the phenotypic measurements have been provided in
Chapter 3.
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4.2.2 Genotyping and map construction

DNA was extracted from blood samples for all animals for a partial genome scan,
covering chromosomes 1, 2, 3, 5, 14, 18, 20 and 21. These eight chromosomes were
chosen because previous work had revealed QTL affecting meat and carcass traits
on these chromosomes in sheep or in syntenic regions in other species (Kmiec,
1999; Broad et al., 2000; Stone et al., 1999; Freking et al., 1999; Freking et al.,
2002; Nicoll ci al., 1998; Elo et al., 1999; Walling et al., 1998). Informative marker
panels were developed separately for each sire, containing an average of 16, 8, 10, 6,
7, 6, 7, 4 informative microsatellite markers per sire on chromosomes 1, 2, 3, 5, 14,
18, 20 and 21, respectively. This was achieved by initially genotyping each sire for
all available microsatellite markers across each candidate region and then selecting
heterozygous markers at approximately 10 centiMorgan (cM) intervals wherever
possible. All offspring were subsequently genotyped for selected markers that were
heterozygous in their sire. In total, 139 markers were included in this study.

Marker locations were estimated by producing linkage maps using CriMap version
2.4 (Green ci al., 1990). These were in close agreement with previous studies
(Maddox et al., 2001), indicating accurate genotype data, and only differed for
closely linked markers. In cases where there was a disagreement with regard to
marker order between the published linkage maps, the marker order was checked
using the CriMap-flips option. The marker order with the highest likelihood was
chosen, in order to create a consensus linkage map that was used in subsequent QTL
analyses.

4.2.3 QTL analysis
4.2.3.1 Treatment of data

Prior to QTL analyses the phenotypic data were subjected to a variance component
analysis (Chapter 3) and significant fixed effects were identified. The fixed effects
included in this analysis were: lamb sex (male or female), dam age (four classes: 2,
3, 4 and 5 years old), year of lamb birth (three classes: 2001, 2002 and 2003),
management group (1 or 2), and litter size at birth (two classes: 1 or 2). Triplets
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comprised proportionately less than 0.02 of the data and were combined with the
twin lambs in the classification of litter size. The model for meat quality traits
included dam age (four classes), litter size (two classes) and date by year of
slaughter (15 classes). The only interaction found to be significant was between
fixed effects year of lamb birth and management group. Date of birth was fitted as a
covariate for the CT traits.

The QTL analyses (described below) fitted these fixed effects simultaneously with
estimates of the QTL effects. QTL analyses were performed for all meat quality
traits, but a rationalised set of traits was chosen for the CT measures (only areas and
densities of tissues at the three sites). Furthermore, genetic correlations had been
previously calculated between all equivalent CT measures taken at different sites
(Chapter 3); when the genetic correlation between the same measurement at
different sites was greater than 0.8, the measurements were averaged after scaling by
their standard deviations (otherwise they were treated as separate traits). Thus,
measurements were averaged across sites for all traits except muscle density ISC,
bone density ISC, bone area LV5, bone area TV8.

4.2.3.2 Information content

Information content was calculated at 1-cM intervals across all the regions under
investigation in this study for each analysis. The information content of an
individual marker is the proportion of animals in which the allele inherited from the
sire can be unambiguously identified. Information content at genome position i was
calculated as Var(p)/O.25 where p1 is the inheritance probability for each offspring
included in the analysis and 0.25 is the expected variance of inheritance probabilities
for a fully informative marker (Knott et al., 1998).

4.2.3.3 Regression model

The genotyped pedigree contained nine half-sib families with 600 or 300 progeny,
depending upon the trait. The analysis used the multimarker approach for interval
mapping in half-sib families as described by Knott et al. (1996), as implemented by
the web-based software package QTL Express (Seaton et al., 2002), and as applied

.
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to QTL mapping studies in cattle by Spelman et al. (1996) and Vilkki et al. (1997).
The method contains the following steps: for each offspring the probability of
inheriting a particular sire haplotype is calculated at 1-cM intervals conditional on
the linkage phase of the sire and marker genotypes of the individual and its sire. For
a given position the conditional probabilities of the offspring provide independent
variables on which the trait score can be regressed. Therefore, the regression model,
in which fixed effects were simultaneously fitted, may be represented as:
y1

where

= a1 +blk pl/k + e (1)

denotes the trait score of the j1h individual originating from sire i; ai is the

average effect for half-sib family i; b,k is the effect of one of the paternal haplotypes
at interval k within half-sib family i; Pyk is the probability for individual j of
inheriting the first paternal haplotype at interval k conditional on the marker
genotypes; and e,1 is the residual effect for individualj. Fixed effects fitted in these
analyses were those found to be significant, for each trait, by the variance analysis.

For each regression, an F-ratio of the full model including the inheritance
probabilities vs. the same model without the inheritance probabilities was calculated.
In a one-QTL model, the location with the largest F-ratio was taken to be the best
estimated position for a QTL for each trait.

4.2.3.4 Size of QTL effects

From the half-sib analysis the within-sire substitution effects were obtained for each
sire. The average substitution effect was calculated for those sires that showed
significant evidence of a segregating QTL, i.e., for which the absolute value of the
sire-specific t-statistic was significant (P<0.05). Results were expressed in residual
standard deviation units (RSD).

For single-QTL analyses, the proportion of the phenotypic variance explained by the
QTL, under the regression approach, may be obtained by 4 * (1- m.s. 11 / m.s. reduced)
(Knott et al., 1996), where, m.s. 11 is the model with one QTL fitted and m.s.re duced is
the model with no QTL fitted.
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To address possible concerns of overestimating the size of QTL effects, QTL
analyses were rerun by fitting background genetic effects on other linkage groups,
i.e. cofactors, as suggested by Zeng (1993) and Jansen (1993). Background genetic
effects were included as cofactors stepwise, beginning with the locus showing the
largest estimated effect, followed by the locus with the second largest effect, until no
further QTL were detected at the suggestive level of significance.

4.2.3.5 Significance Thresholds

Two significance thresholds were applied. The first level was the chromosome wise
threshold, which takes account of multiple tests on a specific chromosome but does
not correct for testing on the entire genome. Although calculated as an F-ratio, the
distribution of the test statistic under the H0 of no QTL is unknown for half-sib
analyses (Dc Koning et al., 2001). Therefore, chromosome-wise significance
thresholds were determined empirically by permutation for individual chromosome
(Churchill and Doerge, 1994). One thousand permutations were studied for each
trait and the relevant fixed effects and covariates were fitted. The chromosome-wise
levels vary between chromosomes depending on their length and the markers they
contain. Secondly, the genome-wise significance level (where, by chance, we expect
0.05 significant results per genome analysis) was obtained using the Bonferroni
correction: Pge,ioine-wise 1 - (liic/,romosomeoise) ' (Knott et al., 1998). For example,
assuming 27 chromosomes are being analysed (i.e. there are 27 independent tests),
the chromosomal test significance level would be p=0.00 1898 to give the genomewise 0.05 level ((1-0.001898) 27l_0.05). None of these significance levels take the
testing of multiple traits in the present and future studies into account.

For the genome-wise threshold levels, little variation was found in equivalent
significance thresholds across different traits and across different chromosomes, and
the appropriate F- value was invariably close to 3.0. Therefore a rounded F-value of
3.0 was used for 5% genome-wise significance.
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4.2.3.6 Confidence Intervals

If the largest F-ratio indicated a QTL at the genome wise level, one- and two-LOD
support intervals were produced by taking the region of the chromosome
encompassed when reducing the largest F-ratio by the equivalent of a LOD score of
either 1.0 or 2.0, to get 95% and 99% support intervals (Lander and Botstein, 1989).
For comparison, bootstrap confidence intervals were also calculated (Visscher et al.,
1996).

4.2.3.7 Two QTL model

Where evidence was found for a single QTL on a chromosome at the genome-wise
significant level, a model with two linked QTL on that chromosome was tested. This
model was implemented by a grid search at 1 cM resolution of all possible positions
for two QTL, the two chosen QTL positions being those that maximised the joint Fvalue testing the model of two QTL vs. no QTL. The significance of the second
QTL was judged by deriving the F-value for the comparison of the best two QTL
model vs. the best single QTL model for that linkage group. This F-value was tested
against significance thresholds derived for the tests of one QTL vs. no QTL, as has
previously been found to be appropriate (De Koning et al., 2001).

4.3 Results

This study was successful in detecting QTL significant at both chromosome-wise
and genome-wise level in seven out of eight chromosomal regions. All families
produced evidence for significant QTL in one or more regions and 20 QTL were
declared significant at the chromosome-wise level or greater. Two-QTL model
analyses, performed on the nine QTL that reached the 5% genome-wise significant
level, never gave a statistically significantly better fit than the corresponding oneQTL models.

Descriptive statistics for the traits for which significant QTL were found are
presented in Table 4.2. No significant QTL were identified for traits associated with
direct measures of fatness (i.e. fat area, fat density, fat classification score,
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conformation score and subcutaneous fat) and the sensory traits of juiciness,
toughness and overall liking.

Table 4.2 Mean values, standard deviation (SD) and residual standard deviation
(R SD) for traits showing significant QTL
RSD
SD
Mean
Trait'
4.46
32.2
4.97
CT live weight (kg)
7.57
24.2
7.69
Average muscle area (mm2)
1.59
2.85
43.3
Muscle density ISC
7.16
7.13
21.7
Muscle density LV5-TV8
88.7
716
128
Bone area LV5 (mm2)
2
527
359
Bone area TV8 (min )2846
25.3
317
39.3
Bone density ISC
5.20
19.1
26.0
Slaughter live weight (kg)
3.22
2.55
18.0
Hot carcass weight (kg)
2.51
3.14
17.5
Cold carcass weight (kg)
1.88
1.37
17.8
Colour a*(redness) (units)
2.08
3.24
40.5
Colour L* (lightness) (units)
1.30
7.65
1.32
Colour b* (yellowness) (units)
4.71
6.39
26.5
Lamb flavour (0-100)
tLV55th lumbar vertebrae, TV8= 8" thoracic vertebrae
Standard deviation of the phenotypic residual values after correcting for fixed effects and covariates
included in the model.

A summary of the genome- (shown graphically in Appendix I) and chromosomewise significant QTL is presented in Table 4.3. The size of effects and the
proportion of variance attributable to the QTL are presented in Table 4.4.
Quantitative trait loci reaching significance at the genome-wise levels were observed
for a range of traits, including lamb flavour, muscle densities, live weight-related
traits, and colour traits. The result supported by the strongest statistical evidence was
a QTL affecting lamb flavour on chromosome 1 (Figure 4. 1), for which the genomewise significance level (P= 0.002) was obtained. The most likely position of this
QTL is near marker M.4F64. The QTL effect for lamb flavour was on average 1.89
residual standard deviation (RSD) in families Si, S3, S4 and S6. The proportion of
the phenotypic variance explained by the QTL for lamb flavour was 0.44.
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Figure 4.1 F-ratio profile for the QTL on sheep chromosome 1 affecting lamb
flavour (.), and information content (+). Marker positions are indicated on the lower
X-axis and map distances in cM are shown on the upper X-axis. The thin horizontal
line indicates the 5% genome-wise significance threshold

A highly significant QTL affecting muscle density (LV5-TV8) (P= 0.0003) was
identified on chromosome 2 with the estimated position at 28-cM lying between
markers CSSM47 and FCB226 (shown in Appendix I). This QTL had an average
effect of 1.51 RSD, in segregating families, and it accounted for 0.15 of the
phenotypic variance in this trait (Table 4.4). Additionally, a QTL was identified on
chromosome 3 for muscle colour a* (redness) (P= 0.005) (shown in Appendix 1).
The QTL was located at 113-cM, the size of the effect was 2 RSD and the
proportion of the phenotypic variance due to the QTL was 0.28. A QTL for
slaughter live weight was also identified on chromosome 1 (shown in Appendix 1)
and the proportion of the phenotypic variance explained by this QTL was 0.36. On
chromosome 5, a QTL was found for cold carcass weight (P= 0.007) and hot carcass
weight (P= 0.004) (shown in Appendix I) explaining 0.27 and 0.25 respectively, of
the phenotypic variance, with an effect of 1.22 and 1.20 RSD at 0-cM, in the region
of marker TGLA176. A QTL affecting bone density (ISC) was located on

FIR
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chromosome I close to the transferrin gene, with size effect of 1.14 RSD (shown in
Appendix I). The QTL explained 0.13 of the phenotypic variance. Muscle density
(ISC) produced evidence for a QTL at the 5% genome-wise level, on chromosome 3
and the proportion of the phenotypic variance explained by this QTL was 0.13
(shown in Appendix I). Finally, a QTL for slaughter live weight was, also, found on
chromosome 2 (P= 0.003) at 262cM, explaining 0.33 of the phenotypic variance.

Table 4.3 Summary of significant QTL, from across families analyses, exceeding the
5% genome- (F>3. 0, in bold) and chromosome-wise significance level, presented by
chromosome for carcass traits assessed by CT and meat quality traits
Traitt

Chrl Position,

cm

Marker Interval

119
MAF64
1
Lamb flavour (0-lOO)
LCVI05-BMS 1789
1
229
Slaughter live weight (kg)
BM3205-OarHH36
Bone density ISC
1
261
LCV105-BMS
1789
1
227
Hot carcass weight (kg)
INRAII-BMS527
165
Colour b* (yellowness) (units) 1
2
28
CSSM47-FCB226
Muscle density LV5-TV8
BM6444-BMS356
262
Slaughter live weight (kg)
2
KDOI03-BL4
3
113
Colour a* (redness) (units)
172
BM6433-BM5772
Muscle density ISC
3
TGLA176
Cold carcass weight (kg)
5
0
TGLA176
Hot carcass weight (kg)
5
0
116 MCM527-CSRD2 134
Average muscle area (mm2)
5
ILSTS54-MCMA26
Colour L* (lightness) (units) 18
80
18
0132-CSSM0I8
Bone area LV5 (mm2)
83
42
BM1815-DRBI
Colour L* (lightness) (units) 20
20
OMHC1
Bone area TV8 (mm2)
55
OLARDB-OMHC1
20
52
Bone density ISC
Bone area LV5 (mm2)
20
21
MCMA36-CP73
21
HH22-BMC1948
Hot carcass weight (kg)
88
11
BMC2228-BMC 1206
CT live weight (kg)
21
tLVSSth lumbar vertebrae, TV8= 81h thoracic vertebrae
Chr= chromosome

F-ratio
4.80
3.23
3.15
2.97
2.55
3.45
3.02
3.31
3.16
3.23
3.07
2.44
2.74
2.26
2.94
2.90
2.46
2.45
2.72
2.41

5% Chr-Wise 1% Chr-Wise
Threshold Threshold
3.15
3.91
2.98
3.66
2.70
3.26
3.44
2.86
2.55
2.95
3.45
3.95
2.88
3.49
2.68
3.26
3.15
2.60
2.56
3.25
3.27
2.72
2.88
3.27
2.24
2.75
2.21
2.60
2.43
2.94
2.50
3.08
2.47
3.00
2.46
3.24
2.48
3.14
2.76
2.08

A further 11 QTL achieved significance at the 5% chromosome-wise level. These
were for hot carcass weight (OAR 1 and OAR 21), muscle colour L* (lightness)
(OAR 20 and OAR 18), bone area (TV8) (OAR 20), muscle colour b* (yellowness)
(OAR 1), bone density (ISC) (OAR 20), bone area (LV5) (OAR 20 and OAR 18),
muscle area (OAR 5), and live weight at CT scanning (OAR 21). The size of the
effects for the chromosome-wise level significant QTL varied from approximately
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0.6 to 1.8 RSD. The largest effect of 1.79 RSD was for hot carcass weight on
chromosome 21. The four QTL that mapped to chromosome 20 were all located in
the major histocompatibility complex (MHC) region.

Table 4.4 Summary ofphenotvpic variance explained by the significant QTL for CT
traits and meat quality traits, presented by chromosome
Trait t

Chromosome

Families
significant

Effectt
±SE

Proportion of phenotypic
variance
due to QTL
0.44
0.36
0.13
0.23
0.19
0.15
0.33
0.28
0.13
0.27
0.25
0.09
0.21
0.08
0.24
0.12
0.09
0.09
0.21
0.09

SI, S3, S4, S6
1.89±0.65
Lamb flavour (0-100)
1
S3, S4, S8
1
1.29±0.28
Slaughter live weight (kg)
S2, S3, S5
1.14±0.26
Bone density ISC
1
S3, S4
1.53±0.34
Hot carcass weight (kg)
1
S2
1
1.37±0.34
Colour b (yellowness) (units)
S3, S4
2
1.5 1±0.28
Muscle density LV5-TV8
S2, S3, S4, S8
1.19±0.28
Slaughter live weight (kg)
2
SI
1.91±0.58
Colour a' (redness) (units)
3
3
S1, S6
Muscle density ISC
1.51±0.41
S3,
S4,
S5
1.22±0.27
Cold carcass weight (kg)
5
S3, S4, S5
1.20±0.27
Hot carcass weight (kg)
5
S3,
S4
1.35±0.29
Average muscle area (mm 2)
5
S2, S4, S9
0.93±0.21
Colour L* (lightness) (units)
18
S3, S8
0.81±0.22
Bone area LV5 (mm2)
18
L*
S5, S7
20
1.02±0.26
Colour (lightness) (units)
S5
20
0.57±0.21
Bone area TV8 (mm2)
51, S4, S9
0.68±0.17
Bone density ISC
20
S2, S9
0.64±0.16
Bone area LVS (mm)
20
S1,S3,S5
1.79±0.41
Hot carcass weight (kg)
21
S5, S9
CT live weight (kg)
21
0.85±0.24
tLv55t! lumbar vertebrae, TV8= 8` thoracic vertebrae
lEffect is measured in residual standard deviation units and is averaged across families for which the
QTL effect was significant

The analyses in which background genetic effects were fitted as cofactors generally
did not alter the results because in most cases where multiple QTL were observed
for the same trait, these QTL segregated in different families. The exceptions were
slaughter weight and hot carcass weight, and for these two traits the apparent
overestimation of the size of the QTL effects was reduced somewhat. For slaughter
live weight, where the QTL on OAR I and OAR 2 segregated in the same families,
the proportion of the phenotypic variance explained by the QTL was reduced to 0.31
for OAR 1 and to 0.21 for OAR 2. For hot carcass weight, where three QTL found
on OAR 1, OAR 5 and OAR 21, with the same families segregating, the proportion
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of the phenotypic variance accounted for the QTL was 0.14 for OAR 1, 0.21 for
OAR 5 and 0.13 for OAR 21, accounting for a total of 0.49 of the phenotypic
variation.

Confidence intervals for the QTL significant at the genome-wise level are reported
in Table 4.5. The one- and two-LOD support intervals were on average 17 and 41
cM long, respectively. Smaller LOD support intervals were typically obtained when
the maximum F-ratio was high (F3.0). The chromosome-wise significant QTL for
Iamb flavour, muscle density, bone density, colour a* (redness) and slaughter live
weight all had relatively small tight confidence intervals as assessed by the LODdrop method. As expected, the bootstrap confidence intervals are wider, and
generally cover the greater part of the chromosome.
Table 4.5 confidence intervals for QTL significant at the 5% genome-wise
significant level, presented by chromosome
Trait t

Chromosome 1 LOD Support 2 LOD Cl Position, Bootstrap C.I.
(95% Cl)
(99% Cl) (cM)
Lamb flavour (0- 100)
1
111-131
106-136
119
5-269
Bone density ISC
1
246-279
234-287
261
0-287
Slaughter live weight (kg)
1
218-239
209-287
229
117-287
Muscle density LV5-TV8
2
17-40
7-49
28
6-227
Slaughter live weight (kg)
2
223-244
210-297
262
0-297
Colour a* (redness) (units)
93-125
113
63-205
3
106-117
Muscle density ISC
3
158-195
149-205
172
83-197
Cold carcass weight (kg)
5
0-15
0-21
0
0-133
Hot carcass weight (k)
5
0-15
0-21
0
0-139
fLV5=5t11 lumbar vertebrae, TV8= 81l thoracic vertebrae

4.4 Discussion
This study has identified 20 significant QTL for a range of meat quality and carcass
traits. Of these, nine were genome-wise and 11 chromosome-wise significant. This
is novel and useful information that may provide opportunities for genetic
improvement of meat and carcass quality. Traits for which QTL have been found
include various definitions of carcass (hot and cold) and live weight (assessed by
CT), lamb flavour, meat colour (a*, b* and L), muscle density (ISC, LV5-TV8),
muscle area, bone area (LV5 and TV8) and bone density (ISC). The last trait, bone
density, may be of particular importance as an animal model for osteoporosis.
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Chromosome 1 was chosen because of the presence of the transferrin gene at
272cM, which has been shown to be associated with growth (Kmiec, 1999). Five
QTL were found to be segregating on chromosome 1 in this Blackface sheep
population. The regression analysis revealed three significant QTL, at the genome
level, for lamb flavour, slaughter live weight, and bone density (ISC) and two at the
chromosomal level for hot carcass weight and colour b* (yellowness). Regarding the
QTL for lamb flavour, there is no comparable published information available on
sheep or other species, except for studies in pigs on pork flavour and 'boar taint'
traits (androstenone, indole and skatole) (Quintanilla et at., 2003; Lee et at., 2004).
Lee et at. (2004) identified QTL for boar flavour traits, as detected by sensory panel
evaluations, in the same or adjacent marker intervals as QTL for chemically
determined levels of androstenone, on pig chromosomes 6, 13 and 14. We used a
comparative mapping approach to identify segments of conserved synteny between
porcine chromosome 13 (SSC 13), human chromosome 21 (HSA 21), and the
portion of ovine chromosome 1 (OAR 1) that contains the region for lamb flavour
identified in this study. We found that a segment of HAS 21 shares conservation of
synteny with SSC 13, indicated by the gene MX1 (Myxovirus resistance 1) which is
flanked by markers SW1056-S02151 that are in the region in which Lee et at. (2004)
identified a QTL for pork flavour, and it also shares conservation of synteny with
OAR 1, indicated by KRTAP6-1 (keratin associated protein 6-1). Therefore, the
lamb flavour QTL on chromosome 1 is likely to be in the same relative position as
the QTL for flavour in pigs described by Lee et al. (2004).

According to Young et at. (1997), whilst sheep meat odour/flavour is specifically
caused by the medium branched chain fatty acids, there is a dietary interaction that
intensifies the perception, and that is almost certainly caused by 3-methylindole
(skatole). Skatole is associated with unpleasant odour in meat from entire male pigs
(Claus et at., 1994), and skatole (and indole) have long been known as microbial
products of rumen bacteria (Yokoyama et at., 1975; Hammond et at., 1979). In the
study of Young et at. (2003) it was concluded that skatole was the major cause of
pastoral flavour in sheep meat, and that fat oxidation products represented a
background flavour that varied with fatty acid profile. Young et al. (1999) suggest
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that the higher ratio of protein/non-fibrous carbohydrate characteristics of grass diets
enhances skatole production through a higher deamination of protein amino acids by
rumen microbes. Furthermore, in the study of Campbell et al. (2003), they have
found a QTL for bone density in lean x fat backcross Coopworth sheep at the same
location on OAR 1 as with the lamb flavour QTL identified in this study. This is of
interest because we found the genetic correlation, estimated from the same dataset,
between lamb flavour and bone density to be strongly negative (rg= -0.67), although
a biological explanation for this result is not obvious. In mice, Mehrabian et al.
(2005) showed that QTLs for body fat and bone density both mapped to the vicinity
of the Aiox5 locus on chromosome 6.

The QTL affecting slaughter live weight and hot carcass weight on chromosome 1
are in the same region as a QTL for live weight previously detected in Charollais
sheep by McRae et al. (2005). The QTL for bone density was detected at 261cM in
the region of the transferrin gene. Also, analyses of the phenotypes showed that the
FAT line had significantly denser bone than the LEAN line (Chapter 3). This result
was in contrast with the study by Campbell et al. (2003), who showed that bone
density was generally negatively correlated with the amount of fat (subcutaneous,
intramuscular, internal and total) (P< 0.01) in the carcass. Body weight and fat and
muscle components are also correlated with bone density in humans. Low bone
mineral density (BMD) has been shown to be an important factor in osteoporotic
fracture risk in humans (Cummings et al., 1990). Additionally, a potential QTL for
cold carcass weight on chromosome 1, which had a nominal significance of P=
0.008, mapped to the same location as a QTL for slaughter live weight and
segregated in the same families. Hence, it might be assumed that this is the same
QTL expressing itself in different, but closely related, traits.

A QTL on chromosome 2 for muscle density (LV5-TV8) was detected near marker
CSSM47. Muscle density is genetically correlated with intramuscular fat, and
analysis of the FAT and LEAN lines revealed that the FAT line had a lower muscle
density than the LEAN line (Chapter 3); this suggests more intramuscular fat, as fat
is a less dense tissue than muscle. The QTL identified for muscle density (LV5-
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TV8) on chromosome 2 might also influence fat area and fat density, as QTL for
these traits mapped to similar locations (26-cM and 30-cM, respectively) and
segregated in the same families. However, the significance levels for these possible
QTL were much lower, only reaching nominal significance levels of P= 0.0006 and
P= 0.0005, respectively. But a QTL jointly affecting these traits is plausible:
according to Chapter 3, fat area and fat density are strongly genetically correlated
with muscle density. The evidence for a QTL on chromosome 2 affecting slaughter
live weight was only significant at chromosome-wise level, and it was located 23cM
distal to the GDF8 gene, responsible for the double muscling phenotype in cattle.
Chromosome 2 was chosen for the mounting evidence of one or several QTL for
carcass composition segregating around the GDF8 gene in sheep (Broad et al., 2000
and Walling et al., 2001). However, the region covered by the one LOD support
interval for muscle density is approximately 200cM proximal from the region
around GDF8 in which growth effects have been observed.

Two QTL were found on chromosome 3, one for each of muscle density (ISC) and
colour a* (redness). The QTL affecting this muscle density and colour a* (redness)
were located 55cM and 113cM, respectively, again not consistent with the candidate
locus this chromosome was chosen for, insulin-like growth factor I gene (IGFJ)
which maps to 227cM. Other studies have identified QTL for carcass traits in
homologous regions of chromosome 5 in cattle (Casas et al., 2000; Davis et al.,
1998; Moody etal., 1996). Also, associations with IGFJ gene have been observed in
other species. Collins et al. (1993), using markers closely linked to IGF1, detected a
QTL associated with growth in mice. Casas-Carillo et al. (1997) also found a
potential QTL associated with growth rate in pigs near IGFJ. However, further
studies will be needed to ascertain whether the same gene or genes is (are)
responsible for the expression of the traits in different species. The detected QTL for
colour a* (redness) is unique for sheep; however studies have been carried out in
pigs. De Koning et al. (2001) found a suggestive QTL for colour a* (redness) on
chromosome 13 (SSC 13) in pigs. We have previously shown that as lamb fatness
increases the colour of meat becomes lighter (Chapter 3).
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Three QTL, for hot carcass weight, cold carcass weight and for average muscle area,
were observed on chromosome 5. The QTL for cold and hot carcass weight was
located at 0cM, i.e. at the beginning of the mapped region of the chromosome, while
the QTL for muscle areas was located at 116 cM, near the region the calpastatin
gene maps to at 139cM.

Another significant region detected in the regression analyses was on chromosome
18. Chromosome 18 contains the Callipyge muscling gene (Cockett et al., 1994), the
rib-eye muscling locus (Nicoll etal., 1998) and the Texel muscling QTL (Walling et
al., 2004). Two QTL were detected on that chromosome, one for colour L*
(lightness) and one for bone area (LV5). Both these QTLs were located very close to
the callipyge region, but biological inferences are difficult to draw for this result.
Four QTL for colour L* (lightness), bone areas (TV8 and LV5) and bone density,
were identified on chromosome 20. The major histocompatibility complex (MHC) is
located on chromosome 20, and contains genes coding for antigen presentation, that
are critical to the acquired immune response. Studies in cattle (Elo et al., 1999) and
pigs (Walling etal., 1998) have found effects for growth and fatness in homologous
regions of their genomes. Biological links between acquired immunity and bone and
meat attributes are currently not obvious to us.

4.5 Conclusions
In summary, this study has been successful in detecting QTL, that meet stringent
significance thresholds, for a range of meat quality and carcass traits, including
carcass and live weight, flavour of meat, meat colour, muscle density, muscle area,
bone area and bone density. Bone density may have a lesser relevance to meat
production but it may be of particular importance as an animal model for
osteoporosis. These QTL offer several possibilities to breed sheep for improved
meat quality. Verification of these results in independent populations is a logical
progression. The results of these investigations coupled with previous variance
component studies may enable us to design possible alternative breeding goals and
selection strategies for meat quality traits.
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Figure 4.2 F-ratio profile for the QTL on sheep chromosome 2 affecting muscle
density (LV5-TV8) (.). Marker positions are indicated on the lower X-axis. The
thin horizontal line indicates the 5% genome-wise significance threshold
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Chapter Five
Genetic analyses and QTL detection,
using a partial genome scan, for
intramuscular fatty acid composition
and eating quality
5.1 Introduction
There is increasing concern over the healthiness of the human diet, one
recommendation being that the content of total fat be reduced, as it has an impact on
human cardiovascular diseases, obesity and cancer (Simopoulos, 2001). In
particular, lamb meat has been criticized because of high concentration of saturated
fatty acids (SFA), presumed to increase the risk of heart disease, and a low
polyunsaturated fatty acid (PUFA) to SFA ratio (Enser et al., 1996). However, it has
become apparent that only some SFA have hypercholesterolaemic effects, and that
certain monounsaturated fatty acids (MUFA) such as oleic acid (C18:1 c9) have
beneficial effects (Schafer, 2002). More recently, nutritionists have focused on the
types of PUFA that lower blood cholesterol concentrations, and the balance in the
diet between n-3 PUFA formed from linolenic acid (18:3) and n-6 PUFA formed
from linoleic acid (18:2) (Williams, 2000).

Fatty acid composition is influenced by both genetic and environmental factors.
Genetic factors have not been widely investigated in sheep, and it is not known
whether fatty composition can be genetically manipulated towards a more favorable
profile. In this thesis, we studied muscle fatty acid composition, because
intramuscular fat cannot be easily removed, and, thus, inevitably has an impact on
human health. The aims of this Chapter are, first, to investigate the inheritance of
fatty acid composition in sheep meat; secondly, to estimate genetic relationships
between fatty acids and computer tomograph-assessed muscle density (which
previously established as being a visual predictor of intramuscular fatness); and
thirdly, to identify quantitative trait loci for fatty acid composition. These results
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will jointly determine options for genetically improving the fatty acid profile of
sheep meat.
5.2 Materials and Methods
5.2.1 Animals
Blackface lambs born at Roslin Institute's B!ythbank farm, Scotland, during the
period 2000 to 2003, were used as the experimental resource (more details in
Chapters 3 and 4). The population comprised 300 lambs from 9 half-sib families
for QTL detection. On average, families contained 33 male offspring for
measurement of fatty acids traits, as described below, with a range from 12 to 46.
Additionally, LEAN and FAT line lambs born in 2000 were also included in the
study.

5.2.2 Phenotypic measurements
Phenotypic measurements of fatty acids were made on 350 8 month-old male grassfed lambs, comprising 300 male lambs from the 9 backcross families, plus 25 LEAN
and 25 FAT line male lambs born in 2000. Measurements were performed at the
University of Bristol, on cohorts of 20 animals treated identically during their
growth, transportation and pre-slaughter periods.

Lipids were extracted from lOg duplicate samples of ion gissimus (loin) muscle
essentially as per Folch et al. (1957), separated into neutral and phospholipid,
saponified and methylated, and individual fatty acids were separated by column
chromatography and quantified as described by Demirel et al. (2004). Total fatty
acids (used in this study) were taken as the sum of all of the phospholipid and
neutral lipid fatty acids quantified. Total fatty acids included some unassigned fatty
acids.

Fatty acid results are reported for major fatty acids and minor identifiable fatty acids
relevant to the study. As a result of incomplete resolution, the trans-18:1 isomers are
reported as a single value that does not include minor isomers (trans-13, trans-1618:1) not resolved from cis- 18:ln-9 and cis- 18:ln-7. In addition to the minor cross-
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contamination of the latter two fatty acids, the fatty acid listed as cis-16: 1 consists
of n-9 and n-7 isomers. Fatty acid data are presented as weight of fatty acids per
weight of muscle tissue (mg/ 100 g).

Additional phenotypic measurements of carcass composition and meat quality were
also taken on this population of lambs (Chapter 3). In particular, computerised
tomography (CT) assessments of carcass composition were obtained on these lambs
at 5 months of age, plus 350 females from the same families. From each scan image,
the areas and image densities were obtained for the fat, muscle and bone
components of the carcass. In Chapter 3 we showed that muscle density was highly
heritable and correlated with many meat quality traits influenced by intramuscular
fat content. Thus, we assessed phenotypic and genetic correlations of muscle density
with fatty acids.
5.2.3 Genotyping

The genotyping strategy was described in detail in Chapter 4. In summary,
informative marker panels were developed separately for each sire, containing an
average of 16, 8, 10, 6, 7, 6, 7, and 4 informative microsatellite markers per sire on
chromosomes 1, 2, 3, 5, 14, 18, 20 and 21, respectively. Initially, each sire was
genotyped for all available microsatellite markers across each candidate region, and
heterozygous markers were then selected at approximately 10 centiMorgan (cM)
intervals, wherever possible. All offspring were subsequently genotyped for selected
markers that were heterozygous in their sire. In total, 139 markers were included in
this study.
5.2.4 Data Analysis

All fatty acid measurement traits were right-skewed and were, therefore, log
transformed prior to further analysis. Residual maximum likelihood (REML)
methods were used to estimate variance components using an animal model, fitting
the complete pedigree structure (4,847 animals), using ASRemI (Gilmour et al.,
2004). The fixed effects included in this analysis were: line category (seven classes
as given in Chapter 3) year of birth (2000, 2001, 2002 and 2003), management
group (1 or 2), litter size (1= single or 2= twins and triplets) and year by slaughter
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day (15 classes). Triplets comprised proportionately less than 0.02 of the data, and
hence were combined with the twin lambs in the litter size classification. The only
significant interaction was between year and group.

It was investigated whether or not the primary data could be reduced to a small
number of independent traits by a principal component analysis (PCA) (SAS, Proc
Princomp, 2003) of each set of variables. Before PCA was carried out, the data were
standardized by applying regression analysis to each trait, fitting fixed effects and
recording the standardized residuals. The PCA was performed on these standardised
residuals to create the new variables. Eigenvalues from this analysis indicated that
four components provided a good summary of the 17 fatty acid measurements,
accounting for 82% of the variance.

Heritability estimates were calculated for each log-transformed fatty acid, for total
saturated fatty acids (SFA) (i.e., the sum of the saturated fatty acids), for total
monounsaturated fatty acids (MUFA) and for total polyunsaturated fatty acids
(PUFA), using a bivariate analysis with CT-assessed muscle density. These analyses
also yielded genetic and phenotypic correlations between each fatty acid
measurement and muscle density.

Line Effects. To estimate genetic differences between the LEAN and FAT lines for
each trait, using all of the data rather than just the 50 pure line lambs, true line
effects were estimated as the generalized least squares solutions to equations
describing the genetic composition of each line or cross. Details of the methodology
for predicting means and variances for line categories have been provided elsewhere
(Chapter 3). Line effects were estimated using untransformed fatty acid data.
5.2.5 QTL Analysis
QTL analysis was performed on the log-transformed data for each fatty acid, and for
the three categories of total fatty acids (SFA, MUFA and PUFA).

Map Construction. Linkage analysis was carried out with the CriMap program,
option 'build' (Green et al., 1990). Marker locations were in close agreement with

It,"

Chapter 5 - Genetic analyses and QTL detection, using a partial genome scan, for
intramuscular fatty acid composition and eating quality
previous studies (Maddox et al., 2001). In cases where there was a disagreement
with the published linkage map, the marker order was checked using the CriMapflips option. The marker order with the highest likelihood was chosen, in order to
create a consensus linkage map that was used in subsequent QTL analyses.
QTL Detection. The method was described in Chapter 4.
Size of QTL Effects. For cases where QTL effects were significant, the within-sire
substitution effects were obtained for each sire. The average substitution effect was
calculated for those sires that showed significant evidence of a segregating QTL
(i.e., for which the absolute value of the sire-specific t-statistic was nominally
significant (P< 0.05)).
For single-QTL analyses, the proportion of the phenotypic variance explained by the
QTL (2QTL

/ 2p)

was calculated as 4*(lMean Square fi1ll /Mean Squarere duced) (Knott

et al., 1996), where cy2QTL is the additive variance at the QTL.

Significance Threshold. Chromosome-wide empirical threshold values of the test
statistics from the regression analysis, at a= 0.05 chromosome level, were estimated
with the permutation test procedure by Churchill and Doerge (1994). The thresholds
vary between chromosomes depending on their length and the markers they contain.

Confidence Intervals. Bootstrap confidence intervals were estimated, as described
by Visscher et al. (1996). Additionally, 95% support intervals for QTL location
were obtained using the one-LOD drop approximation (Lander and Botstein, 1989).

Two-QTL Model. Once a single QTL on a chromosome had been identified, the
presence of a second QTL was investigated by performing a grid search at 1-cM
intervals. The two-QTL model was accepted if there was a significant improvement
over the best possible one-QTL model at P< 0.05 using a variance ratio (F) test with
2 d.f. (for the additional additive effect and position estimated for the second QTL)
as an approximate significance test.
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5.3

Results

5.3.1 Summary Statistics

Summary statistics and estimated line differences for the fatty acid content of
longissimus muscle are shown in Table 5.1. Concentrations of linoleic acid,
arachidonic acid and DPA were lower in the LEAN line. The FAT line had a higher
concentration of intramuscular fat (total fatty acids) than the LEAN line. Significant
trends were also seen for myristic and stearic acid, with the FAT line having higher
concentration of saturated fatty acids than did the LEAN line. The FAT line also had
a higher content of oleic acid than the LEAN line, whereas conjugated linoleic acid
(CLA) was at a lower concentration in the FAT line.

Table 5.1 Line means (mg/100 g), trait phenotypic standard deviations, and line

differences' (with standard error) for total fitly acids
Line
Trait

FAT

LEAN

difference

s.e.

Line

Line

(FAT-

(Diff.)

s.d.

LEAN)
Saturated

Myristic acid - 14:0

86.27

62.0

24.3

1.93

62.0

Palmitic acid- 16:0

515.1

509

6.1

4.44

515.1

Stearic acid - 18:0

405.4

389.1

16.3

2.20

405.4

Palmitoleic acid - cis 16:1 (n-7, n-9)

54.78

55.92

-1.14

1.42

19.07

Oleicacid - cis 18:1 n-9

820.6

768.8

51.8

4.68

286

Cis-Vaccenic acid - cis 18:1 n-7

13.55

13.5

0.05

0.73

13.55

Vaccenic acid - trans 18:1 n-7

90.92

87.59

3.33

2.00

39.57

Gadoleic acid - 20:1

1.726

1.806

-0.08

0.25

0.654

Linoleicacid - cis 18:2n-6

92.07

86.98

5.09

0.22

22.8

Linolenic acid - cis 18:3 n-3

39.47

40

-0.53

0.68

12.6

Dihorno-y-linolenic acid - 20:3 n-6

3.894

3.518

0.376

0.27

0.76

Arachidonic acid - 20:4 n-6

34.36

32.46

1.90

0.85

6.95

Monounsaturated

Polyunsaturated
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EPA (Eicosapentanoic acid) - 20:5 n-3

29.93

28.14

1.79

1.11

6.69

Adrenic acid - 22:4 n-6

1.138

1.007

0.131

0.19

0.33

DPA (Docosapentaenoic acid) - 22:5 n-3

26.73

24.59

2.14

0.55

5.52

DHA (Docosahexaenoic acid) - 22:6 n-3

9.328

9.242

0.086

0.41

2.78

32.89

36.67

-3.78

1.30

15.2

2258

2150

108

7.80

795

Conjugated fatty acid
Conjugated linoleic acid (CLA) 9-cis, 11-trans 18:2
Total fatty acids (mg/100g)

Line differences were estimated using the raw fatty acid data. Significant (P< 0.05) line differences
are shown in bold.

5.3.2 Principal component analysis

The results of the principal component analysis are presented in Table 5.2 and
graphically in Figure 5. 1, for the four principal components (PC). The analysis
showed that about 55% of the standardized variance is explained by the first
principal component, 68.2% by the first two principal components, 76.5% by the
first three principal components and 82% by the four principal components. Hence,
82% of the total variance in the 17 variables considered could be condensed into
four new variables (PCs).

The first component (PC,) showed approximately equal loadings on all input
variables (Table 5.2) and hence may be interpreted as a descriptor of total fatty acid
content. The second component (PC2) explained 13.2% of the standardised variance.
PC2 had high positive loadings on long-chain (C20 and C22) fatty acids and negative
loadings on the rest of the fatty acids, thus expressing long-chain fatty acids versus
saturated and monounsaturated fatty acids. The third component (PC3) had high
positive loading for the dihomo-y-linolenic and adrenic acid (Table 5.2), and
explained 8.29% of the variance in fatty acid measurements. Finally, the fourth
component (PC4) had a high positive loading on DPA but explained only 5.3 1% of
the standardized variance.
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Table 5.2 Coefficients in the eigenvectors (loadings) for the first four principal
components (PC) and their respective variances
Variables
Myristic acid- 14:0
Palmitic acid - 16:0
Stearic acid - 18:0
Palmitoleic acid - cis 16:1 (n-7, n-9)
Oleicacid - cis 18:1 n-9
Cis-Vaccenic acid - cis 18:1 n-7
Vaccenic acid - trans 18:1 n-7
Gadoleic acid - 20:1
Linoleicacid - cis 18:2n-6
Linolenic acid - cis 18:3 n-3
Dihomo-y-linolenic acid - 20:3 n-6
Arachidonic acid - 20:4 n-6
EPA (Eicosapentanoic acid) - 20:5 n-3
Adrenic acid - 22:4 n-6
DPA (Docosapentaenoic acid) - 22:5 n-3
DHA (Docosahexaenoic acid) - 22:6 n-3
Conjugated linoleic acid (CLA)
9-cis, 11-trans 18:2

Pc
0.89
0.95
0.92
0.89
0.68
0.92
0.74
0.77
0.82
0.82
0.26
0.31
0.18
0.16
0.53
0.22

PC,
-0.12
-0.25
-0.14
-0.21
-0.45
-0.23
0.33
-0.16
0.21
0.21
0.51
-0.54
0.77
0.47
0.21
0.62

PC3
-0.02
0.05
-0.01
0.05
0.29
0.01
-0.21
0.33
-0.32
-0.32
0.68
0.44
-0.12
0.60
-0.22
0.27

PC4
0.08
-0.02
0.02
-0.18
-0.16
-0.13
-0.39
0.15
0.20
0.20
0.17
0.34
0.12
-0.27
0.56
-0.06

0.79

0.22

-0.24

-0.36

SFA (saturated)
MUFA (monounsaturated)
PUFA (polyunsaturated)

0.96
0.98
0.90

-0.17
-0.06
0.36

0.00
-0.06
0.09

0.03
-0.16
0.18

% of total variance
Cumulative % variance

55.0
55.0

13.2
68.2

8.29
76.5

5.31
82.0

The loading plot (Figure 5.1) shows the location of each of the 20 variables in the
multivariate space of the first two principal component loading vectors. In the plot
the direction and the length of the vector indicated how each variable contributed to
the first two principal components. The first principal component is represented by
the horizontal axis and has positive coefficients for all 20 fatty acids, corresponding
to the 20 vectors directed into the right half of the plot. The second principal
component, represented by the vertical axis, has positive coefficients for total PUFA
and negative for total SFA and total MUFA. This result indicates that this
component distinguishes between meats that have high concentration for total PUFA
and low for total SFA and MUFA, and vice versa.
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Figure 5.1 The dimensionally reduced fatty acid data. All fatty acids are plotted on
the first and second principal components. The first component is a measure of total
fatty acid content and the second component may be interpreted as a measure of
long-chain (C20-C22) fatty acids vs. SFA and MUFA
5.3.3

Genetic Parameters

Heritability estimates for fatty acids (log-transformed fatty acids) are shown in
Table 5.3. Almost all of the fatty acids were low to moderate heritable, with the
exception of cis-vaccenic, vaccenic, CLA, and arachidonic acid, which were highly
heritable. Traits describing combinations of fatty acids (i.e., total SFA, MUFA, and
PUFA) were generally moderately to highly heritable.

Phenotypic and genetic correlations between average muscle density and fatty acids
are also presented in Table 5.3. Phenotypic correlations were low, except for
intramuscular fat content, which was strongly negatively correlated with muscle
density. Genetic correlations tended to be stronger than the phenotypic correlations.
In particular, muscle density was strongly negatively genetically correlated with
vaccenic acid, CLA, intramuscular fat content, total MUFA and total PUFA. Genetic
correlations with the proportions of total fatty acids that were SFA, MUFA and
PUFA were -0.23, -0.54 and 0.39, respectively.
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Table 5.3 Bivariate heritabilities (h2) for fatty acids (with standard errors (se.)),
and phenotypic and genetic correlations (with standard errors (s. e.)) of total fatty
acids with CT-assessed muscle density'
Trait

h (s.e.)

Phenotypic
Genetic
correlation (s.e.)correlation (s.e.)

Saturated
0.01 (0.06)
-0.09 (0.15)
0.19 (0.14)
Myristic acid - 14:0
-0.30 (0.10)
0.29 (0.17)
-0.07 (0.07)
Palmitic acid - 16:0
(0.15)
-0.01
(0.06)
-0.10 (0.16)
0.24
Stearic acid - 18:0
Monounsaturated
0.31 (0.18)
0.02 (0.07)
-0.17 (0.15)
Palmitoleic acid - cis 16:1 (n-7, n-9)
0.27 (0.17)
-0.02 (0.07)
-0.30 (0.15)
Oleic acid - cis 18:1 n-9
-0.47 (0.14)
0.67 (0.16)
-0.35 (0.06)
Cis-Vaccenic acid - cis 18:1 n-7
-0.50 (0.18)
0.49 (0.17)
-0.11 (0.07)
Vaccenic acid - trans 18:1 n-7
-0.24 (0.15)
0.30 (0.17)
0.01 (0.07)
Gadoleic acid - 20:1
Polyunsaturated
-0.45 (0.14)
0.10 (0.09)
-0.19 (0.06)
Linoleic acid - cis 18:2 n-6
0.30
(0.02)
-0.24 (0.15)
0.01
(0.07)
Linolenic acid - cis 18:3 n-3
-0.22 (0.13)
Dihomo-y-linolenic acid - 20:3 n-6
0.12 (0.10)
-0.05 (0.06)
0.60 (0.17)
0.08 (0.07)
0.28 (0.18)
Arachidonic acid - 20:4 n-6
0.21 (0.13)
0.01 (0.06)
-0.35 (0.16)
EPA (Eicosapentanoic acid) - 20:5 n-3
0.12 (0.15)
0.22 (0.13)
-0.09 (0.06)
Adrenic acid - 22:4 n-6
0.12 (0.12)
0.13 (0.12)
0.12 (0.06)
DPA (Docosapentaenoic acid) - 22:5 n-3
-0.14 (0.06)
-0.47 (0.15)
0.16 (0.10)
DHA (Docosahexaenoic acid) - 22:6 n-3
Conjugated fatty acid
Conjugated linoleic acid (CLA)
-0.60 (0.17)
0.48 (0.16)
-0.15 (0.06)
9-cis, 11-trans 18:2
-0.57 (0.04)
-0.67 (0.14)
0.32 (0.09)
Total fatty acids (mg/100 g)
-0.30 (0.06)
-0.45 (0.14)
0.90 (0.16)
SFA (saturated)
0.73 (0.18)
-0.35 (0.06)
-0.60 (0.13)
MUFA (monounsaturated)
0.40 (0.16)
-0.26 (0.06)
-0.56 (0.17)
PUFA (polyunsaturated)
Heritabilities, and phenotypic and genetic correlations were estimated using the transformed fatty
acid data.

5.3.4 QTL Results

A total of 21 QTL, significant at chromosome-wide level, were detected in six out of
eight chromosomal regions, for 14 out of 17 fatty acids, and for every category of
fatty acid. All families produced evidence for significant QTL in one or more
regions. A summary of the chromosome-wide significant QTL, along with the
proportions of variance attributable to the QTL and the confidence intervals for QTL
location are presented in Table 5.4. The profile for the QTL affecting linolenic acid
is shown in Figure 5.2.
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Figure 5.2 F-ratio profile for across-family QTL on sheep chromosome 2, affecting
linolenic acid (18:3 n-3) (.). Marker positions are indicated on the lower X-axis.
The thin horizontal line indicates the 5% chromosome-wide significance threshold

Results for fatty acids corrected for live weight were essentially identical to those
for uncorrected fatty acids. Additionally, the two-QTL analyses never gave a
significantly better fit than the single QTL analyses; hence, all results presented in
Table 5.4 are from the single QTL analyses.

The QTL tended to be observed for individual fatty acids, rather than totals. In fact,
the only QTL for combinations of fatty acids was for PUFA on chromosome 1.
Bootstrapped confidence intervals were very large, typically covering the whole
chromosome; however, it is known that this technique produces conservative
intervals, around areas of higher marker density (Walling et al., 1998b; 2002), and
typically produces intervals covering the whole chromosome. The 1-LOD drop 95%
support intervals were much smaller, typically 37 cM on average, ranging from 5 to
84 cM.
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Table 5.4 Most likely locations and effects of QTL detected for total fatty acids
Estimated
effects

F-ratios
Trait

Chromesome

Location
(CM)

Families
% of
I vs. 0
Additive
5%
threshold QTL (SE) significant phenotypic
variance4

Saturated
Myristic acid - 14:0

21

Palmitic acid - 16:0

21

Stearic acid- 18:0

21

Monounsaturated
Palmitoleic acid
5
cis 16:1 (n-7,17-9)
Oleicacid - cis 18:1
21
n-9
Cis-Vaccenic acid
-21
cis 18:1 n-7
Gadoleic acid -20:1

21
18

Polyunsaturated
Linolcic acid - cis
18:2n-6
Linolenic acid - cis
18:3n-3

21
2
21

Arachidonic acid 20:4 ,i-6

21
2

EPA
(Eicosapcntanoic
acid) - 20:5 n-3

DPA
(Docosapentaenoic
acid) - 22:5 n-3

12
(0, 139)
58
(0,90)
58
(0,85)
21
(0,106)
97
(23,105)
58
(0,85)
269
(6,294)
57
(0,88)
58
(0,72)
21
(0,250)

3.02

3.14

2.94

3.17

3.13

3.25

2.63

2.77

2.98

3.23

2.99

3.26

3.03

3.49

2.01

2.38

3.14

3.22

2.89

3.97

3.08

3.17

2.41

3.84

2.73

2.75

3. 03
(1.03)
3. 03
(1.03)
2. 81
(1.00)
107
.
(0.24)
280
.
(1.00)
281
.
(1.00)
2. 39
(1.31)
0.82
(0.23)
280
.
(1.00)
1.66
(0.31)
3.03
(1.04)
361
.
(0.32)
1.62
(0.37)

S3,S7

26.1

S3,S7

29.0

S3,S7

30.1

51, S5, S7

27.5

S3,S7

27.2

S3,S7

30.2

S3,S7

33.1
18.4

S3,S7

29.7

51, S8

37.6

S3,S7

29.1

S5

20.3

51, S3, S4

36.1

2

229
(6,294)

2.70

3.05

1.34
(0.16)

S5, S8, S9

28.1

I

79
(50,280)

3.00

3.02

2.09
(0.45)

51, S8

26.6

1

168
(50, 286)

3.19

3.52

1.63
(0.35)

S2,S6

32.7

3.32

3.49

S2, S3, S6

32.2

2.66

3.07

S6, S7

27.9

2.31

2.32

S4, S8

24.2

2
21
DHA
(Docosahexaenoic
acid) - 22:6 n-3
Conjugated linoleic
acid (CLA)

57
(6. 100)
57
(0, 100)
58
(0,85)

18

87
(6,290)
0
(0, 107)
105
(25, 107)

1.60
(0.32)
2.71
(0.65)
0.94
(0.25)

1.50
159
S2
28.6
2.51
3.22
(0.40)
(83,205)
1.87
85
SI, S8
23.9
1
2.59
2.84
PUFA
(0.41)
(56,286)
The 95% confidence intervals by bootstrap analysis are given in parentheses. The QTL were
classified as significant at the 5% chromosome-wide level.
2
The chromosome-specific 5% F value thresholds estimated via permutation analyses.
The additive effects are given as the average effects within significant families.
The proportion of phenotypic variance explained by the QTL is given as 520TL/C2P
3
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The most remarkable results were on chromosome 21 where 10 significant QTL
were identified. Five of these were at position 58 cM, and a further three at position
57 cM. Moreover, apart from arachidonic acid, these QTL all segregated in the same
families (S3 and S7). However, these individual fatty acids were not necessarily
strongly correlated with each other. Residual correlations between the individual
fatty acids were calculated as an approximation of phenotypic correlations. The
correlations were seldom strong, ranging from 0.03 to 0.50.

5.4 Discussion
This study has produced novel information on the genetic control of fatty acid
composition in sheep. The heritabilities indicate opportunities for genetically
altering fatty acid composition, and the genetic correlations with muscle density
suggest a means of genetic selection using in vivo measurements. Additionally, the
study was successful in identifying 21 QTL for a range of fatty acids. The QTL
tended to be for the individual fatty acids rather than for trait combinations, and
QTL were found for each category of fatty acid (i.e., SFA, MUFA and PUFA).

5.4.1 Line Differences

Selection for increased leanness changed some aspects of fatty acid composition, as
the FAT line had a significantly higher intramuscular fat content (total fatty acids),
and a higher content of stearic (18:0), oleic (18:1 n-9), linoleic (18:2 n-6) and DPA
(22:5 n-3) fatty acids than the LEAN line. Stearic acid accounts for 18% of the total
fatty acid in lamb meat (Rhee, 1992; Enser et al., 1996). Several studies have shown
that stearic acid is essentially neutral in its effects on serum total cholesterol, similar
to oleic acid (Bonanome and Grundy, 1988; Zock and Katan, 1992; Kris-Etherton et
al., 1993; Grundy, 1994; Judd et al., 2002). It is not clear why dietary stearic acid
does not raise human serum cholesterol level as do other saturated fatty acids. Oleic
acid is the primary monounsaturated fatty acid in lamb meat and accounts for about
32% of the total fatty acids (Rhee, 1992; Enser et al., 1996). Available evidence
indicates that, while the shorter chain saturated fatty acids raise human serum
cholesterol concentrations, the monounsaturated oleic acid does not (Denke, 1994).
The fatty acid composition of muscle influences important components of meat
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quality, such as meat flavor, flavor liking and overall acceptability. In the study of
Cameron et al. (2000), where the effects of genotype, diet and their interaction on
fatty acid composition of intramuscular fat in pigs were examined, it was found that
linoleic acid was positively correlated with pork flavour (0.33), taste panel-assessed
flavour liking (0.23), and overall acceptability (0.23), whereas DPA was negatively
correlated with pork flavour (-0.30), flavour liking (-0.33) and overall acceptability
(430). In particular, linoleic acid (18:2 n-ó), which is low in ruminant tissues
(Wood ci' al., 1999) (about 3.5% of total fatty acids), is a plant fatty acid that can be
transformed to CLA (conjugate linolenic acid) by bacteria in the rumen (Kepler ci
al., 1966). This low level of linoleic acid causes the polyunsaturated: saturated fatty
acid ratio (an important nutritional index) to be below the recommended dietary
value, which is 0.45 (Department of Health, 1994).

The LEAN line had more CLA than the FAT line, in agreement with the results of
Wachira et al. (2002) in a comparison between (lean) Soay and (relatively fat)
Suffolk breeds. Interest in CLA research has increased in the past few years as a
result of reports of CLA consumption providing several health benefits (Kramer ci'
al., 1998). Because plants do not synthesize CLA, ruminant fats in meat are the
primary dietary source of CLA for humans (Herbein ci al., 2000). It has been found
that CLA has positive effects of reducing cardiovascular risk, protecting against
atherosclerosis, is anti-carcinogenic, reduces intake, reduces body content of adipose
tissue and lipid, and enhances the immune system (Cook etal., 1993; Ip etal., 1994;
Lee et al, 1994; Nicolosi et al., 1997; West et al., 1998). In summary, these results
show that, as the lamb becomes leaner, the polyunsaturated fatty acids of muscle
increase and, in particular, quantities of the beneficial CLA increase.

5.4.2 Inheritance of Fatty Acids

The heritability estimates for most of the fatty acids measured in this study indicate
that there is substantial genetic variation in these traits, such that fatty acid
composition can potentially be improved, probably through indirect selection. In
particular, saturated fatty acids were moderately heritable. The additive genetic
coefficient of variation for these traits was 0.45 for myristic and 0.09 for palmitic
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and stearic acids, indicating that genetic alteration of these fatty acids is feasible.
Due to lack of information on heritabilities of fatty acids in sheep, we will compare
our results to published studies in other species. In pigs, heritability estimates for the
content of palmitic and stearic fatty acids, obtained by Fernandez et al. (2003) for
Iberian pigs, were 0.31 for palmitic and 0.41 for stearic acid. The estimate for
palmitic acid is similar to the one obtained in the present study. The review by
Sellier (1998) of three previous studies indicated that stearic acid had a higher
heritability (0.51) than found in the present study.

The heritability estimates for monounsaturated fatty acids were high for cis-vaccenic
(18:1 ii-7) and vaccenic (trans 18:1 n-7) acid, and moderate for palmitoleic (16:1),
gadoleic (20:1) and oleic (18:1 n-9) acid. In the study of Fernandez etal. (2003), the
heritability of oleic acid was almost the same (0.30) as in our study.

The heritability of polyunsaturated fatty acids was variable with an average of 0.23.
In pigs, Fernandez et al. (2003) and Sellier (1998) presented heritabilities for
linoleic acid of 0.29 and 0.58, respectively. Linoleic acid appears to be more
heritable in pigs than in sheep, although it should be noted that linoleic acid is much
lower in ruminant tissues than in pigs, and in all species is obtained from the diet
rather than being synthesized in the animal. The rumen biohydrogenates a high
proportion of both linoleic and linolenic acid, reducing concentrations in body
tissues (Wood et al., 1994; 1999). Significant heritabilities for fatty acids not
synthesized by the animal may be a result of different rates of fatty acid catabolism
between animals.

Intramuscular fat (total fatty acids) was moderately heritable, although the value
reported here is slightly lower than results from studies done in pigs. Malmfors and
Nilsson (1979) obtained heritability estimates of 0.58 and 0.68 for Swedish
Landrace and Large White pigs, respectively. Scheper (1979) reported a heritability
estimate of 0.35 for German Landrace pigs, and a heritability of 0.55 was reported
for Landrace pigs in Denmark (Just ci' al., 1986) and in Switzerland (Schworer etal.,
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1987). The average heritability weighted by number of sires for intramuscular fat
content from previous reports is 0.53 (Sellier, 1998).

The heritabilities of trait combinations were surprisingly high in our dataset. One
possible reason for this result is that, by combining correlated traits, the random
measurement error or imprecision associated with individual fatty acids is reduced.

5.4.3 Relationships between Fatty Acids and Muscle Density

The results presented in Chapter 3, where we estimated genetic parameters for
carcass composition, assessed in the live animal, and meat quality traits in these
same sheep, demonstrated that altering carcass fatness will simultaneously change
muscle density and aspects of intramuscular fat content. Hence, muscle density was
chosen as the trait to be used for estimating phenotypic and genetic correlations with
fatty acids, and we observed that muscle density was indeed strongly correlated with
intramuscular fat content.

There is no published information on genetic relationships between muscle density,
assessed by CT, and fatty acids in any species. Genetic correlations of saturated and
monounsaturated fatty acids with muscle density were negative, with correlations
involving vaccenic and cis-vaccenic acids being the strongest. Genetic correlations
of polyunsaturated fatty acids with muscle density were mostly negative, except for
arachidonic, adrenic, and DPA fatty acids. CLA, DHA, and linoleic fatty acids were
strongly negatively correlated with muscle density. This result indicates that
selection for decreased muscle density increases the concentration of CLA, DHA
and linoleic fatty acids in lambs. In summary, selection to decrease muscle density,
and, hence increase intramuscular fat, is expected to result in lamb meat with more
total fatty acids. This is in accordance with the review of meat fatty acid
composition by De Smet et al. (2004), where they reported that variation in fat
content has an effect on fatty acid composition, independent of species or breed and
dietary factors. Hence, the content of total SFA and total MUFA increases more
rapidly with increasing fatness than does the content of total PUFA, leading to a
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decrease in the relative proportion of PUFA. This is shown at the phenotypic level in
Figure 5.3.
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Figure 5.3 Relationships between total SFA, MUFA, and PUFA contents and their
sum (mg per 100 g muscle) in intramuscular fat content
5.4.4 Identified QTL

Chromosome 1 was chosen for study because of the presence of the transferrin gene,
which has been shown to be associated with growth effects (Kmiec, 1999), at 272
cM. Significant QTL on this chromosome affected two individual long-chain fatty
acids, the EPA (20:5 n-3) and DPA (22:5 n-3) acids, and the total PUFA. The QTL
for DPA is at the same relative position as the meat color trait yellowness (b),
which was reported in Chapter 4 on the same Blackface population. Regarding
QTL for fatty acids in sheep populations, there in no comparable published
information, although there have been some studies in pigs. The importance of the
long-chain n-3 PUFA is that they are not incorporated into triacyiglycerols to any
important extent in ruminants, as they are in pigs (Wood et al., 1999). They are
restricted to phospholipids (mainly in membranes) and, therefore, are found in
muscle but not fat tissue, except at very low levels in the total lipid (Enser et al.,
1996). This fact has important implications for PUFA supply in the diet of
individuals consuming muscle and fat in the usual portions. Pig meat contributes
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about 80% of the total PUFA provided by pork, lamb, and beef, and about 60% of
the n-3 PUFA, 50% coming from pig fat (Enser et al., 1996).

Chromosome 2 showed significant QTL for linolenic acid (18:3 n-3), DPA (22:5 n3), EPA (20:5 n-3) and arachidonic acid (20:4 n-6). The QTL for linolenic acid
mapped to the same position as slaughter live weight in these sheep (Chapter 4),
and it was located 23 cM distal to the myostatin locus, which is responsible for the
double muscling phenotype in cattle. Chromosome 2 was chosen for the mounting
evidence of one or several QTL for carcass composition segregating around the
myostatin locus (Broad et al., 2000; Walling et al., 2001; Johnson et al., 2005a,b;
Clop etal., 2006). In the study of Clop etal. (2003), a significant QTL for linolenic
fatty acid was identified on pig chromosome 12 (conservation of synteny with sheep
chromosome 11). In the present study, the QTL on chromosome 2 affecting
arachidonic fatty acid mapped to the same position as a QTL for muscle density in
Blackface sheep (Chapter 4).

One QTL for CLA was found on chromosome 3, at 159 cM, excluding the candidate
locus this chromosome was chosen for, insulin-like growth factor I, (IGF-1) at 227
cM. The QTL for muscle density was also significant and mapped to a position (172
cM) close to the CLA fatty acid content QTL. The concentration of CLA in lamb
muscle is important in human nutrition, because it has been linked to a multitude of
metabolic effects, including inhibition of carcinogenesis, reduced fat deposition,
altered immune response, and reduced serum lipids (Mulvihill, 2001).

Another significant region was detected on chromosome 21. Remarkably, eight
significant QTL (Figure 5.4) for arachidonic (20:4 n-6), cis-vaccenic (18:1 n-7),
stearic (18:0), oleic (18:1 n-9), linoleic (18:2 n-6), palmitic (16:1), linolenic (18:3 n3), and myristic (14:0) fatty acids were mapped to the same position (57-58 cM),
and gadoleic (20:1) acid and DPA (22:5 n-3) were mapped to 21 cM and 0 cM,
respectively. Additionally, the families segregating for eight out of 10 QTL
identified, at the genome level, were the same. Hence, these effects likely
correspond to a single QTL. Results from other studies in Iberian x Landrace pigs
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have identified QTL affecting linoleic fatty acid on pig chromosome 4 (PerezEnciso et al., 2000; Clop et al., 2003) (conservation of synteny with sheep
chromosome 25). Also, Perez-Enciso et al. (2000) have found that effects on backfat
thickness, backfat weight, and longissimus muscle area in pigs were also significant
and mapped to the same position as the linoleic acid content QTL. Linoleic acid is
an essential fatty acid for mammals, because they lack desaturase capacity beyond
the 9th carbon atom (Vance and Vance, 1996). It is a key component of cellular
membranes and a precursor of prostaglandins and thromboxanes. It is also stored in
adipose tissue or fl-oxidized for energy production. In fact, it is highly digestible and
preferentially deposited compared with other fatty acids (Lawrence and Fowler,
1997). High linoleic acid content is also associated with toughness and low
consumer acceptability in pig meat (Whittington et al., 1986; Cameron and Enser,
1991; Lawrence and Fowler, 1997).
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Figure 5.4 F-ratio profile for across-family QTL on sheep chromosome 21,
affecting myristic acid (14:0), palmitic acid (16:0), stearic acid (18:0), oleic acid (cis
18:1 n-9), cis-vaccenic acid (cis 18:1 n-7), linoleic acid (cis 18:2 n-6), linolenic acid
(cis 18:3 n-3), and arachidonic acid (20:4 n-6). Marker positions are indicated on the
lower X-axis. The 5% chromosome-wide significance thresholds for each fatty acid
are shown in Table 5.4
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5.5 Conclusions
In summary, this study has shown that altering carcass fatness has simultaneously
changed oleic acid (18:1 n-9), linoleic acid (18:2 n-6), DPA (22:5 n-3), CLA, and
intramuscular fatness (total fatty acids). Heritabilities for most of the fatty acids
were moderate to high, suggesting that composition of Iamb meat can be changed
genetically. Also, selection to alter muscle density and intramuscular fat content
would also alter both the total quantities and proportions of saturated and
monounsaturated fatty acids in lamb meat. Hence, the opportunity exists to use
muscle density as a tool to breed pasture-finished lambs that have the potential to
compete as a health-promoting food with other health oriented products on the
market.

This study was also successful in detecting significant QTL related to fatty acid
composition on sheep chromosomes 1, 2, 3, 5, 14, 18, and 21, and the same QTL
were detected irrespective of whether the data were corrected for live weight or not.
These QTL are clearly of potential importance to the sheep industry; however, they
first need to be confirmed in independent populations, and more precise genetic
markers would be required. Several genes might be selected as functional candidate
genes to explain the QTL found in this study, as fatty acid metabolism can be
influenced by a large number of genes involved in complex metabolic routes (Clop
et al., 2003). Association analyses between allelic variants of these genes and fatty
acid content would need to be performed to find the necessary genetic markers.

5.6 Implications
This study has identified new information on the genetic basis of intramuscular fatty
acid composition in sheep meat. We have demonstrated that quantities of different
fatty acids are moderately to highly heritable; we have shown genetic correlations
between live animal measurements and fatty acid composition; and we have found
several QTL for fatty acid composition. These include eight QTL in one location on
chromosome 21 with large effects on myristic, palmitic, stearic, oleic, cis-vaccenic,
arachidonic, linoleic and linolenic acid content of intramuscular fat. Thus, we have
demonstrated that it is possible, in principle, to breed for altered fatty acid
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composition, and we have gone a long way towards providing the tools for
achieving this. The next step may involve finer mapping of the QTL detected, and
analysis of these QTL in commercial populations.
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Chapter Six
Genetic analyses of sensory
characteristics and their relationship
with fatty acid composition
6.1 Introduction
The most important aspect of meat quality is eating quality, usually defined as
scores given by taste panellists for toughness, juiciness and flavour. These
characteristics are affected by several factors in production, such as breed and diet
(Wood et al., 2004a). It is known that muscles differ in the amount and fatty acid
composition of the main lipid classes, neutral and phospholipids, these two
constituting marbling fat. Variations in these fatty acids explain some of the quality
differences between muscles, for example in shelf life and flavour. It is also known
that variation in the amount and fatty acid composition of the lipids classes explain
meat quality differences brought about by breed and diet, although this is more
controversial (Wood et al., 2004b). Fat and fatty acids are important in their own
right because of their effects on human health and it is important to select production
options which maximise both meat quality and healthiness in meat production
(Kouba etal., 2003).

Fat, especially animal fat, has been the subject of much interest and debate because
of risks of some diseases when consumed in excess. Fat however is not only a
concentrated source of energy for the body, the fat in meat also provides flavour,
aroma and texture. When eaten, fat is also a carrier of the fat-soluble vitamins A, D,
E and K and the essential fatty acids, and is important in growth and in the
maintenance of many body functions (Nurnberg et al., 2005). As far as most
consumers are concerned, meat should contain only a small amount of fat. However,
some fat is always present in meat and indeed is required to impart flavour and
juiciness (Melton, 1991). Many reports also show positive effects of fat level on
tenderness (Wood, 1990).
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Lipid oxidation in muscle systems is initiated at the membrane level in the
phospholipid fractions as a free-radical autocatalytic chain mechanism (Labuza,
1971) in which prooxidants interact with unsaturated fatty acids resulting in the
generation of free radicals and propagation of the oxidative chain (Ashgar et al.,
1988). Also, lipid oxidation is a major cause of deterioration in meat quality (Gray
and Pearson, 1987; Gray et al., 1996). It limits the storage or shelf life of meat
exposed to oxygen under conditions where microbial spoilage is prevented or
reduced such as refrigeration or freezing. The products of fatty acids oxidation
produce off-flavours and odours usually described as rancid (Gray and Pearson,
1994).

The dataset analysed in this thesis provides a unique opportunity to investigate
relationships between fatty acid composition and meat eating quality assessments.
Thus, this Chapter aims to examine, first, the inheritance of eating quality of
muscle longissimus thoracis et lumborum (LTL) from grass-fed lambs; and
secondly, to investigate relationships between eating quality assessments and fatty
acid composition of meat.
6.2 Materials and Methods
6.2.1 Animals

The population structure is given in Chapter 3. Phenotypic measurements of eating
quality traits and fatty acids were made on 350 8-month old male grass-fed lambs,
i.e. 300 lambs from the QTL families, plus 25 LEAN and 25 FAT line male lambs
born in 2000. Measurements were performed at the University of Bristol, on cohorts
of 20 animals treated identically during their growth, transportation and preslaughter periods.

6.2.2 Sensory (taste panel) analysis

Descriptive sensory analyses were performed using a trained taste panel. A section
of muscle longissimus thoracis et lumborum (LTL) was removed 24h after slaughter
from the left side of the carcass, was packaged under vacuum and conditioned at 1°C
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for a further 10 days when it was frozen at -20°C prior to assessment of eating
quality under standardised conditions. Samples were thawed at 4°C overnight and
cut into 2.5cm chops, which were grilled to an internal temperature of 78°C, as
measured by a thermocouple inserted into the centre of the muscle. Sensory
descriptors were defined (Table 6.1) and ten experienced panellists rated the
intensities of lamb flavour, abnormal, acidic, ammonia, bitter, fatty/greasy, fishy,
grassy, livery, metallic, rancid, soapy, stale, sweet, vegetable, juiciness, and
toughness as well as the hedonic overall liking on every animal on a 100mm
unstructured line scale with anchor points at each end, where 0 meant no flavour or
dislike extremely, and 100 meant very intense flavour or like extremely. The
hedonic scale served as an indication of preference by the panel, but it cannot be
used to infer consumer acceptance since the results are based on ten assessors who
can no longer be considered as typical consumers because of the training they have
received in meat assessment.
Table 6.1 Definition of eatin2 civalitv descriptors
Attributes
Lamb
Abnormal
Acidic
Ammonia
Bitter
Fatty/greasy
Fishy
Grassy
Livery
Metallic
Rancid
Soapy
Stale
Sweet
Vegetable
Juiciness
Toughness
Overall likinc

Definition
Flavour associated with cooked lamb: no lamb/lavour tofu/I lamb
flavour
Abnormal flavour not found in cooked lamb: none to strong off-flavour
Sour taste
Flavour associated with ammonia
Bitter taste
Flavour associated with oil
Flavour associated with fish
Flavour associated with fresh grass
Flavour associated with liver
Flavour associated with meat taste
Rancid flavour found in the meat
Flavour associated with soap
Flavour associated with stale meat
Sweet taste
Flavour associated with vegetables
Amount of moisture released: not juicy to extreinelyjuicv
: very tender to very tough
Hedonic likinc from the vanellists

6.2.3 Lipid extraction and fatty acid composition

Lipids were extracted from lOg duplicate samples of longissimus (loin) muscle
essentially as per Folch et al. (1957), separated into neutral and phospholipid,
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saponified, methylated, and individual fatty acids separated by column
chromatography and quantified as described by Demirel et al. (2004). Total fatty
acid was taken as the sum of all the phospholipid and neutral lipid fatty acids
quantified. Total fatty acids included some unassigned fatty acids. Detailed
descriptions of fatty acid extraction and analysis were given in Chapter 5.

Fatty acid data are presented as mg/lOOg of muscle. Two ratios of fatty acids types
were calculated as indices of nutritional value. The polyunsaturated: saturated fatty
acid ratio (PUFA: SFA) was defined as the sum of polyunsaturated to saturated fatty
acids. The ratio of the omega-6: omega-3 fatty acids was also calculated.

6.2.4 Data analysis

Residual maximum likelihood (REML) methods were used to estimate variance
components using an animal model, fitting the complete pedigree structure (4847
animals), using ASReml (Gilmour et al., 2004). The fixed effects included in the
analysis of sensory traits were: line category (seven classes as given in Chapter 3),
year of lamb birth (four classes: 2000, 2001, 2002 and 2003), management group (1
or 2), litter size (two classes: 1 or 2), year by slaughter day (15 classes) and panel
number (26 classes). The model for fatty acids included the same fixed effects used
for the sensory traits, apart from the panel number. Triplets comprised
proportionately less than 0.02 of the data and were combined with the twin lambs in
the classification of litter size. The only interaction found to be significant was
between fixed effects year and group. Heritability estimates were then calculated for
each eating quality trait, using an animal model, fitting the complete pedigree
structure (4847 animals), using ASReml (Gilmour et al., 2004).

Principal component analysis (PCA) (SAS, Proc Princomp, 2003) was performed on
the primary data of eating quality traits alone, and eating quality traits and fatty
acids. The PCA was used to reduce the primary data into a smaller number of
independent traits, and also to investigate any relationships between eating quality
traits and fatty acids composition. Before PCA were carried out, the data were
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standardised by applying regression analysis on each trait, fitting fixed effects and
keeping the standardised residuals. The PCA were performed on these standardised
residuals to create the new variables. Eigenvalues from this analysis indicated that
five components provided a good summary of the 18 eating quality traits,
accounting for the 80.8% of the variance. Also, six components accounted for 81.2%
of the total variance for eating quality traits (juiciness, lamb flavour, abnormal
flavour, toughness and overall liking) and fatty acids.

The dataset was not large enough to do bivariate genetic analyses with acceptable
precision. Therefore, residual correlations between the individual eating quality
traits with fatty acids were estimated using REML, as an approximation to
phenotypic correlations. The model included the fixed effects of line category, year
of lamb birth, management group, litter size, year by slaughter day and panel
number. Sire was included as a random effect. The residual correlations were tested
for significance (P<0.05).

Line Effects. In order to estimate genetic differences between the LEAN and FAT
lines for each trait, using all the data rather than just the 50 pure line lambs, true line
effects were estimated as the generalised least squares solutions to equations
describing the genetic composition of each line or cross. Details of the methodology
for predicting means and variances for line categories have been provided elsewhere
(Chapter 3).
6.3 Results
6.3.1 Summary statistics

Summary statistics for eating quality traits are shown in Table 6.2, with significant
(P<0.05) line differences shown in bold. The FAT line meat was perceived to be
more juicy than the LEAN line meat. A significant trend was also seen for vegetable
flavour, with the FAT line meat being more associated with vegetable flavour than
the LEAN line meat. Non-significant trends, in the same direction, were also seen

122

Chapter 6 - Genetic analyses
fatty acid composition

of sensory characteristics and their relationship with

for abnormal flavour, bitter and metallic flavour. The LEAN line meat, although not
significant, was perceived to have more normal 'lamb' flavour than the FAT line.

Table 6.2 Predicted line means (0-100 scales), trait phenotvpic standard deviations,
and line differences (with standard error) for sensory panel traits. Sign y'icant
(n<0. 05) line differences are shown in bold
Trait

FAT
Line

LEAN
Line

s. d.

Line difference
(FAT-LEAN)

s.e.
(Duff.)

Abnormal flavour
Acidic
Ammonia
Bitter
Fatty/greasy
Fishy
Grassy
Juiciness
Lamb flavour
Livery
Metallic
Overall liking
Rancid
Soapy
Stale
Sweet
Toughness
Vegetable

21.10
4.826
1.166
5.820
16.52
1.283
1.600
43.38
25.20
12.58
6.002
22.02
3.528
4.906
4.932
6.300
36.32
6.555

18.78
3.791
1.106
4.421
16.99
1.107
1.597
40.65
26.86
12.15
4.641
21.96
3.225
4.698
4.637
7.192
36.37
3.208

8.03
3.19
1.91
3.96
5.48
1.49
4.88
2.08
5.93
7.19
6.19
3.28
3.04
4.86
3.66
3.68
9.98
3.68

2.32
1.03
0.06
1.40
-0.47
0.17
0.003
2.73
-1.66
0.43
1.36
0.06
0.30
0.21
0.29
-0.89
-0.05
3.35

1.22
0.79
0.65
0.85
0.96
0.57
0.24
1.14
1.04
1.17
0.85
1.22
0.79
1.02
0.82
0.77
1.16
1.14

6.3.2 Principal component analysis

The results of the principal component analysis for the 18 eating quality traits are
presented in Table 6.3 and graphically in Figure 6.1. The five first principal
components explain 80.8% of the total variation (40.1, 18.6, 10.9, 6.10 and 5.10,
respectively). Each PC represents an independent cause of variation, thus traits near
each other are positively correlated, traits separated by 900 are independent and traits
separated by 180° are negatively correlated. All PC are linear combinations of traits,
but a trait far from origin that lies on a PC is predominant in defining this PC.

The first component (PC,) explained 40.1% of the standardised variance and can be
interpreted as a descriptor of abnormal meat flavours (Table 6.3). Figure 6.1 shows a
plot of the traits on the first two principal components. Two groups were clearly
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distinguished lying on the first PC far from the origin. The first group included
abnormal meat flavours (abnormal flavour, bitter, fatty/greasy, rancid, and stale).
These variables are correlated and negatively correlated with the other group, the
normal meat flavours (lamb flavour and overall liking), lying near the first PC on the
opposite side. The second PC2 grouped juiciness, grassy and sweet flavour, as an
independent cause of variation. Toughness is not well presented by the first two
PCs, lying near the origin. The third PC3 explained 10.9% of the total variance and
essentially represents toughness of meat. Toughness is negatively correlated with
overall liking and juiciness (Table 6.3). The fourth PC4 had high positive loadings on
metallic and acidic flavours and explained 6.10% of the variance. Finally the fifth
PC5 was represented mostly by fishy flavour, but explained only 5.10% of the
standardised variance.

Table 6.3 Coefficients in the eigenvectors (loadings) for the first five principal
components (PC) and their respective variances
Trait

PCi

PC2

PC3

PC4

PC5

% of variance accounted for
Loadings:
Abnormal flavour
Acidic
Ammonia
Bitter
Fatty/greasy
Fishy
Grassy
Juiciness
Lamb flavour
Livery
Metallic
Overall liking
Rancid
Soapy
Stale
Sweet
Toughness
Vegetable

40.1

18.6

10.9

6.10

5.10

0.39
0.24
0.20
0.27
0.30
0.20
0.16
0.04
-0.33
0.17
0.16
-0.28
0.30
0.24
0.29
0.11
0.07
0.19

0.00
0.03
-0.25
0.08
0.18
0.06
0.44
0.37
0.07
-0.28
-0.14
0.17
-0.14
-0,26
0.04
0.54
0.13
0.22

-0.04
-0.06
-0.27
0.16
-0.14
-0.10
-0.16
-0.34
-0.10
-0.39
-0.06
-0.31
-0.05
-0.06
0.23
-0.09
0.63
0.11

-0.05
0.46
-0.15
0.09
-0.02
-0.19
-0.11
0.36
0.10
-0.11
0.68
0.00
-0.09
-0.03
-0.07
-0.11
0.15
-0.22

-0.08
0.17
-0.04
-0.19
0.24
0.59
-0.14
-0.24
0.05
-0.23
0.21
0.26
0.05
-0.28
0.02
-0.26
-0.09
0.34
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Figure 6.1 The dimensionally reduced taste panel data. The first component is a
measure of abnormal meat flavours and the second component group comprises
juiciness, grassy and sweet flavours
The results of the principal component analysis of the fatty acids and juiciness, lamb
and abnormal flavour, toughness and overall liking are presented in Table 6.4 and
graphically in Figure 6.2. The first six components explain 81.2% of the
standardised total variation (41.4, 16.2, 7.4, 6.5, 5.9, and 3.8, respectively).

The first PC (PQ explained 41.4% of the total variability in fatty acid composition.
This component was mainly characterised by total composition of fatty acids, while
juiciness is not well represented by the first two PCs, lying near the origin. The
second PC essentially distinguished two groups, lying far from the origin. The first
group represents normal sensory variables (lamb flavour, overall liking) correlated
with arachidonic acid (C20:4) (arachidonic produced from the conversion of linoleic
acid by a series of desaturation and elongation steps) and the ratio of n-6: n-3. On
the opposite side of the PC2 the second group represents abnormal sensory variables
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(abnormal flavour, fatty/greasy, rancid, stale, bitter, vegetable, sweet, grass, acidic,
ammonia, metallic, fishy and livery).

Table 6.4 Coefficients in the eigenvectors (loadings) Jbr the first six principal
components (PC) and their respective variances
PCi PC2 PC3 PC4 PC5 PC6
Trait
7.40
6.50
5.90
3.80
41.4
16.2
% of variance accounted for
Loadings:
-0.16
0.15
0.42
-0.09
0.28
-0.06
Abnormal flavour
-0.04
0.08
-0.21 -0.19
-0.47
0.07
Lamb flavour
-0.57
-0.09 0.08
0.05
-0.30
0.00
Juiciness
-0.09
0.61
0.04
0.15
0.06
-0.07
Toughness
-0.29
0.11
-0.16 -0.25
-0.41
0.08
Overall liking
-0.22
-0.04
0.11
-0.08 0.00
0.25
Myristic acid- 14:0
-0.03
0.00
0.10
0.26
-0.13 0.00
Palmitic acid- 16:0
-0.04
0.06
-0.09 -0.01
0.07
0.26
Stearic acid 18:0
-0.05
0.11
0.06
-0.12 -0.02
0.25
Palmitoleic acid - cis 16:1 (n-7, n-9)
-0.01
0.08
0.09
-0.13 -0.04
0.26
Oleicacid -cis 18:1 n-9
0.13
-0.04
-0.19 0.13
0.17
0.18
Cis-Vaccenic acid - cis 18:1 n-7
-0.03
0.13
0.27
0.21
0.14 -0.13
Vaccenic acid - trans 18:1 n-7
0.12
-0.01
-0.08
0.09 -0.13
0.24
Gadoleic acid -20:l
-0.04
0.05
-0.08
0.21
-0.09 0.23
Linoleic acid - cis 18:2 n-6
0.12
-0.01
-0.08
0.24
0.09 -0.13
Linolenic acid - cis 18:3 n-3
-0.18
-0.01
-0.16
0.16
0.47
0.08
Dihomo-y-linolenic acid 20:3 n-6
-0.24
0.00
0.23
0.09
-0.26 0.25
Arachidonic acid 20:4 n-6
0.02
-0.14
-0.03
0.35 -0.06
0.06
EPA (Eicosapentanoic acid) 20:5 n-3
0.19
-0.21
0.14
-0.05
0.05
0.40
Adrenic acid - 22:4 n-6
DPA (Docosapentaenoic acid) 22:5
-0.12
0.05
0.16
0.12 -0.13
-0.39
n-3
DHA (Docosahexaenoic acid) 22:6
-0.14
0.11
-0.09
0.15
0.07
0.26
n-3
0.16
0.21
-0.06
0.22
0.10 -0.14
Conjugated linoleic acid (CLA)
0.00
0.10
-0.12
-0.10 0.00
0.27
Total SFAa
0.12
0.12
0.00
-0.04 -0.05
0.27
Total MUFAb
-0.04
0.02
-0.09
0.26
0.14
0.08
Total PUFAC
0.08
0.03
0.14
-0.28
0.07
0.36
PUFA: SFAd
3e
-0.14
-0.17
0.05
0.21
0.27 -0.08
0.00
0.11
-0.01 0.24
-0.18
0.24
0.20
0.06
0.00
-0.01 -0.35 0.34
n-6: n-35
-

-

-

-

-

-

Sum of saturated fatty acids: C14:0 + C16:0 + C18:0

'Sum of monounsaturated fatty acids: cis-C16:1 (n-7.n-9)+

cis-C18:1 ,,-9+cjs-C18:1 ,7-7±frans-C IS: 1 n-7 + C20:1
Sum of polyunsaturated fatty acids: cis-C18:2 tz-6 ± cis-C18:3 n-3 + C20:3 ,i-6 C20:4 n-6 ~ C20:5 n-3 + C22:4 n-6 ± C22:5
n-3 + C22:6 n-3
Ratio of sum polyunsaturated: sum of saturated fatty acids
Sum of n-3 fatty acids
Sum of n-6 fatty acids
Ratio of sum of n-3 : sum of n-6

C
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Figure 6.2 The dimensionally reduced fatty acid and taste panel data. The first
component is a measure of total composition of fatty acids and the second
component may interpreted as a measure of normal sensory variables (lamb flavour,
overall liking) correlated with arachidonic acid (C20:4) and the ratio of n-6: n-3
6.3.3 Genetic Parameters

Univariate heritability estimates for eating quality traits are shown in Table 6.5. The
heritabilities were quite variable, with acidic, bitter, fatty/greasy, stale, sweet and
vegetable, being highly heritable. The heritabilities for juiciness, abnormal flavour
and lamb flavour were moderate and ranged from 0.31 for juiciness to 0.21 for lamb
flavour.

The estimated residual correlations among eating quality traits are presented in
Table 6.6. The correlation for lamb flavour with almost all the adverse eating traits
(abnormal flavour, acidic, ammonia and bitter flavour) was significantly negative,
however it was positively correlated with juiciness. Also, juiciness was significantly
positively correlated with fatty/greasy flavour, and negatively correlated with bitter
flavour. Overall liking was significantly positively correlated with fatty/greasy,
juiciness and lamb flavour (0.34, 0.25, and 0.62, respectively), and also was
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negatively correlated with abnormal flavour, ammonia, bitter and metallic flavour (0.41, -0.27, -0.31, -0.20, respectively). Finally, correlations of toughness with
juiciness and lamb flavour were negative (-0.43 and -0.11). Thus, these high
correlations suggest that fatty/greasy flavour, juiciness and toughness of meat have
the greatest effect on lamb flavour.

Table 6.5 Univariate heritabilities (h2), with standard errors (s.e.)for sensory panel
traits (0-100 scales)
Trait
Abnormal flavour
Acidic
Ammonia
Bitter
Fatty/greasy
Fishy
Grassy
Juiciness
Lamb flavour
Livery
Metallic
Overall liking
Rancid
Soapy
Stale
Sweet
Toughness
Vegetable

h2

s.e.

0.27
0.68
0.25
0.68
0.57
0.09
0.12
0.31
0.21
0.22
0.09
0.05
0.30
0.04
0.63
0.92
0.15
0.60

0.14
0.14
0.13
0.15
0.19
0.11
0.11
0.17
0.13
0.13
0.10
0.09
0.16
0.08
0.14
0.14
0.13
0.20
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Table 6.6 Residual correlations for eating quality traits. Significant (P< 0.05) residual correlations (except diagonal) are shown in
bold
Trait

Abnormal
flavour

Lamb
flavour

Overall
. .
liking

Acidic

Ammonia

Bitter

Fatty/greasy

Fishy

Grassy

0.36
0.30
0.39
0.00
0.40
-0.30
0.01

1.00
0.08
-0.01
0.00
0.38
-0.18
0.03

1.00
0.20
-0.19
0.09
-0.37
-0.08

1.00
0.07
0.02
-0.47
-0.25

1.00
-0.20
0.01
0.22

1.00
-0.02
0.17

1.00
0.11

1.00

-0.58

-0.20

-0.29

-0.33

0.05

-0.04

0.18

0.22

1.00

0.24
0.23

0.24
0.29

0.16
0.11

0.25
0.21

0.17
0.06

-0.09
0.09

-0.21
-0.19

0.03
0.10

-0.06
0.02

1.00
0.09

1.00

-0.41

-0.18

-0.27

-0.31

0.34

-0.02

0.09

0.25

0.62

-0.17

-0.20

1.00

0.18
0.22
0.21

0.19
0.31
0.03

0.17
0.15
0.13

0.23
0.12
0.47

0.03
0.18
-0.01

-0.06
0.20
0.04

0.05
-0.17
-0.25

-0.01
0.29
-0.28

-0.22
0.07
-0.17

0.47
0.25
-0.06

0.06
0.40
0.35

Sweet

-0.32

-0.01

-0.28

-0.66

0.05

-0.09

0.18

0.33

0.29

-0.19

Toughness
Vegetable

-0.07
-0.16

-0.10
-0.09

-0.30
0.09

0.05
0.02

0.01
0.11

0.06
-0.08

-0.03
-0.19

-0.43
-0.09

-0.11
0.06

-0.44
-0.33

Abnormal
flavour
Acidic
Ammonia
Bitter
Fatty/greasy
Fishy
Grassy
Juiciness
Lamb
flavour
Livery
Metallic
Overall
liking
Rancid
Soapy
Stale

Juiciness

Livery

Metallic

Rancid

Soapy

Stale

-0.21
-0.02
-0.29

1.00
0.08
0.24

1.00
0.13

1.00

-0.29

0.38

-0.25

0.04

0.07
-0.32

-0.06
0.06

-0.30
-0.28

-0.13
-0.19

Sweet

Toughness

Vegetable

1.00
0.34

1.00

1.00

034
0.23
0.11

1.00
-0.08
0.15
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Residual correlations between eating quality traits and fatty acid composition
(mg/100g muscle) are given in Table 6.7. The correlations were significantly
negative for all the polyunsaturated fatty acids with lamb flavour, and arachidonic
acid and EPA showed the highest correlation coefficients (-0.54 and -0.46,
respectively). Correlations for mostly all fatty acids were negative with meat
juiciness. However, correlations for fatty acids with toughness of meat were
generally low and did not show a particular pattern. Finally, correlations for overall
liking followed a similar pattern with lamb flavour. In particular, overall liking was
negatively correlated with cis-vaccenic and all the individual polyunsaturated fatty
acids.

Of interest were the positive and negative correlations of overall liking with the
proportion of total fatty acids that were MUFA and PUFA respectively. These
results imply that meat with high MUFA and low PUFA proportions will be
perceived to taste better. The high correlations suggest that fatty acid composition
affects flavour, juiciness and overall liking to an important extent.

Table 6.7 Residual correlations between eating quality traits and fatty acid
composition of intramuscular ./at. Significant v<0.05) residual correlations are
shown in bold
Traits
Myristic acid - 14:0
Palmitic acid - 16:0
Stearic acid - 18:0
Palmitoleic acid - cis 16:1 (n-7, n-9)
Oleic acid - cis 18:1 n-9
Cis-Vaccenic acid - cis 18:1 n-7
Vaccenic acid - trans 18:1 n-7
Gadoleic acid -20:1
Linoleic acid - cis 18:2 n-6
Linolenic acid - cis 18:3 n-3
Dihomo-y-linolenic acid - 20:3 n-6
Arachidonic acid - 20:4 n-6
EPA (Eicosapentanoic acid) - 20:5 n-3
Adrenic acid - 22:4 n-6
DPA (Docosapentaenoic acid) - 22:5 n-3
DHA (Docosahexaenoic acid) - 22:6 n-3
Conjugated linoleic acid (CLA)
% SFA
% MUFA
% PUFA

Lamb flavour

Juiciness

Toughness

-0.07
0.02
-0.03
-0.02
0.00
-0.18
0.10
0.04
-0.25
-0.19
-0.42
-0.54
-0.46
-0.21
-0.33
-0.29
0.03
0.25
0.30
-0.45

-0.13
-0.08
-0.20
-0.11
-0.10
-0.19
-0.19
-0.04
-0.12
-0.37
0.01
-0.18
-0.11
-0.27
-0.32
-0.09
-0.13
0.40
0.25
0.31

0.02
-0.12
-0.09
-0.06
-0.13
0.05
-0.04
-0.13
-0.05
0.01
0.04
0.12
0.15
0.02
0.08
0.25
-0.03
-0.07
-0.11
0.11

Overall
liking
-0.10
0.07
0.07
-0.06
0.10
-0.39
0.05
-0.01
-0.31
-0.23
-0.43
-0.60
-0.50
-0.34
-0.50
-0.24
-0.01
0.25
0.29
-0.54
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6.4 Discussion
The dataset analysed provided us with a unique opportunity to investigate, in detail,
the relationship between taste panel traits and fatty acid composition. Selection for
increased leanness did not change many aspects of eating quality, although meat
from the FAT line was perceived to be juicier than meat from LEAN line. The
heritability estimates for most of the eating quality traits were variable, with the
exception of fishy, grassy, metallic, overall liking, soapy, and toughness, which had
estimates that were small and not significantly different from zero.
Due to a lack of information on heritabilities in eating quality traits in sheep, we will
compare our results with published studies in other species. The estimate of
heritability for toughness (0.15) from the current analyses is similar to the
heritability of 0.23, which is reported by Wilson et al. (1976) for polled Hereford
sires and Angus-Holstein cows. Most previous research (e.g. Van Fleck et al., 1992;
Barkhouse et al., 1996; Splan et al., 1998; Nephawe et al., 2004) indicated that
selection for decreased toughness would result in little, if any, genetic progress. The
reported estimate for this trait was 0.10 from crossbred cattle (Van Fleck et al.,
1992), 0.06 from crossbred steers and heifers (Barkhouse et al., 1996), 0.05 from
crossbred steers and heifers (SpaIn et al, 1998), and 0.26 from steers (Nephawe et
al., 2004).

Our heritability estimate for juiciness was moderate (0.31), and in close agreement
with Wilson et al. (1976), that estimated a heritability of 0.26. In contrast, other
studies in beef cattle reported estimates of 0.14, 0.0, and 0.05 (Van Fleck et al.,
1992; Splan et al., 1998; Nephawe et al., 2004, respectively).

Flavour, is assumed to have low heritability, based on estimates from the literature.
Lamb flavour, in our study, was moderately heritable (0.21), which is in
contradiction with other estimates in studies in beef cattle. Specifically, the
heritabilities of beef flavour were 0.03 (Van Fleck et al., 1992), 0.04 (Splan et al.,
1998), and 0.05 (Nephawe et al., 2004).
In pigs, Cameron (1990) reported heritability estimates for toughness, pork flavour,
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juiciness and overall liking of 0.23, 0.16, 0.18 and 0. 16, respectively, from data on
40 full-sib litter groups of Duroc and halothane-negative British Landrace pigs, in
agreement with estimates of 0.15 for toughness and 0.21 for lamb flavour, in the
present study. In contrast, Lo et al. (1992) reported heritability estimates of 0.45,
0.13, 0.12 and 0.34 for toughness, pork flavour, juiciness and overall liking,
respectively, from data on Duroc and Landrace pigs. Based on results of a small
number of studies, the same eating quality traits in general seemed to be low to
moderately heritable of the order of 0.10 to 0.20 (Lo, 1990), in agreement with the
present study. However, these estimates tend to be quite variable, as would be
expected given the relatively small sample sizes generally used in these studies.
Overall, these results indicate that sensory meat quality traits, assessed by taste
panels, are determined to some extent by additive genetic effects and as such there is
some scope for genetic improvement by means of selection.
6.4.1

Relationships between sensory scores and fatty acid concentrations

The residual correlations were used as an approximation of phenotypic correlations.
Note that a sire model was used so it would have been possible to present
phenotypic correlations by adding sire components to environmental components.
The correlations were strong for most of the polyunsaturated fatty acids with lamb
flavour, overall liking and juiciness. The high correlations suggest that fatty acid
composition affects flavour development and juiciness of lamb meat to an important
extent.

Correlations between lamb flavour and polyunsaturated fatty acids were strongly
negative. Other reports in the literature (Kemp et al., 1981; Larick and Turner, 1990;
Melton, 1990) have shown that the n-6 and n-3 polyunsaturated fatty acids are
important contributors to the flavour of ruminant meats fed grain or grass-fed. The
development of rancid flavours in grass-fed lambs comes from the degradation of
polyunsaturated fatty acids in the tissue membranes. This might explain the negative
correlations of flavour and overall liking with polyunsaturated fatty acids.

The strong positive correlation between overall liking and proportion of total MUFA
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by Etherton et al. (1999) reported that high-MUFA diets lowered total cholesterol in
humans by 10% and LDL ('bad') cholesterol by 14%. Also, in the same study
triacylglycerol concentrations were 13% lower in subjects consuming the highMUFA diets. Although the cholesterol-lowering response to PUFA is greater than to
MUFA, there has been caution in recommending high PUFA diets, because of
potentially adverse health effects of their lipoperoxidation products (Williams,
2000). Recent studies show that low fat diets can raise triglycerides and reduce the
levels of protective HDL cholesterol (Mensink et al., 1987; Sandstrom et al., 1992),
have renewed interest in the possibility of altering fat quality, by altering fatty acid
composition of animal products, as a cholesterol-lowering strategy within the
population.
6.5 Conclusions
In summary this study has shown that altering carcass fatness has simultaneously
changed some aspects of eating attributes, with meat from FAT line animals being
juicier and, less easily explicable, having a significantly more vegetable flavour.
Heritabilities for most of the eating quality traits were moderate to high, suggesting
that lamb meat perception can be changed genetically, jointly with fatty acid
composition of meat. It has verified that some taste panel traits are strongly
associated with fatty acid profile.
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7.1 Objectives overview
Changes to the national and international meat market have brought new challenges
for lamb meat production. This is not only because lamb consumption has declined,
but also because the consumers are becoming increasingly conscious of product
quality. High expectations of meat quality and for healthy meat products by
consumers are forwarded to the meat processing industry and thus to the sheep
breeders. The expectation of maintained high meat quality increases the interest for
investigating the factors that influence meat quality. Meat does not have a
predetermined quality; many factors can affect meat quality - from genetics, to
growth and slaughter and the final product. Numerous features, both genetic and
environmental, are involved in the final meat quality. This thesis has focused on
investigating the genetic background of meat quality.

As already mentioned throughout the thesis, the term meat quality concerns both the
meat as a product (product quality) and the way the meat is produced (production
quality) (Hofmann, 1994). The meat processing industry might be most concerned
with technological meat quality, whereas the consumer is concerned with sensory
meat quality and, increasingly, production quality (Hofmann, 1994).

Prior to this study, the benefits of new measurement technology, such as CT, that
offers more accurate measurements of carcass traits over other in vivo technology,
had not been thoroughly quantified in sheep. Furthermore, the question of prediction
of the genetic relationship between carcass and meat quality traits by CT was
unknown.

Chapter 7- General Discussion

With regard to meat quality, little was known on both quantitative genetics and
identification of QTL for meat quality traits in sheep. This was defined as a research
objective for this thesis and was perceived as a relevant requisite for allowing the
development of an appropriate framework for predicting meat quality in the live
animal. The relevance of this study was that, for the first time, this thesis presented
predictive relationships between CT measurements and meat quality attributes.
Therefore, this thesis has focused on the understanding of the quantitative genetics
of both CT assessed and meat quality traits, and also in identifying QTL for meat
quality in sheep.

7.2 Key findings
The main developments and findings of each of the five research chapters are
summarised below.
Chapter 2: This Chapter verified that CT can be used to genetically improve
carcass composition and conformation, under field conditions. After five years of
selection on an index designed to improve both composition and conformation (the
'CT index'), a large response was observed in the CT index, with genetic progress of
52 units/year, equivalent to 0.11 phenotypic standard deviations per year.
Heritabilities for the index, and the component traits of average CT-assessed muscle
area, ultrasonic muscle depth and ultrasonic fat depth were 0.41 (s.c. 0.08), 0.38 (s.c.
0.07), 0.41 (s.c. 0.05) and 0.30 (s.c. 0.05), respectively. The index was positively
genetically correlated with ultrasonic muscle depth and carcass weight and
negatively genetically correlated with fat class. The genetic and phenotypic
correlations among ultrasonic measurements were positive and moderate. However,
many of the genetic correlations tended to have large standard errors. Selection on
CT index moderately improved conformation and was successful at decreasing fat
class of the carcass. Thus, genetic improvement of carcass quality can be achieved
in hill sheep using CT assessed traits.

Chapter 3: Genetic parameters were presented for carcass composition and meat
quality traits in Scottish Blackface sheep. CT was used to obtain non-destructive in
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vivo estimates of the carcass composition of 700 lambs, at Ca. 24 weeks of age, with
tissue areas and image densities obtained for fat, muscle and bone components of the
carcass. Meat quality was assessed on 350 male lambs, at Ca. 8 months of age,
which had previously been CT scanned. Meat quality traits included intramuscular
fat content, initial and final pH of the meat, colour attributes, shear force, dry matter,
moisture and nitrogen proportions, and taste panel assessments of the cooked meat.
FAT line animals were significantly (p<0.05) fatter than the LEAN line animals in
all measures of fatness (from CT and slaughter data), although the differences were
modest and generally proportionately less than 0. 1. Correspondingly, the LEAN line
animals were superior to the FAT line animals in muscling measurements.
Compared to the LEAN line, the FAT line had lower muscle density (as indicated by
the relative darkness of the scan image), greater estimated subcutaneous fat
(predicted from fat classification score) at slaughter, more intramuscular fat content,
a more 'yellow' as opposed to 'red' muscle colour, and juicier meat (all p<0.05). All
CT tissue areas were moderately to highly heritable, with h2 values ranging from
0.23 to 0.76. Likewise, meat quality traits were also moderately heritable. Muscle
density was the CT trait most consistently related to meat quality traits, and genetic
correlations of muscle density with live weight, fat class, subcutaneous fat score, dry
matter proportion, juiciness, flavour and overall liking were all moderately to
strongly negative, and significantly different from zero. In addition, intramuscular
fat content was positively genetically correlated with juiciness and flavour, and
negatively genetically correlated with shear force value. The results of this study
demonstrate that altering carcass fatness will simultaneously change muscle density
(indicative of changes in intramuscular fatness), and aspects of intramuscular fat
content, muscle colour and juiciness. The heritabilities for the meat quality traits
indicate ample opportunities for altering most meat quality traits. Moreover, it
appears that colour, intramuscular fat content, juiciness, overall liking and flavour
may be adequately predicted, both genetically and phenotypically, from measures of
muscle density. Thus, genetic improvement of carcass composition and meat quality
is feasible using in vivo measurements.
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Chapter 4: Quantitative trait loci (QTL) were identified for traits related to carcass
(600 lambs) and meat quality (300 lambs) in nine half-sibs from the same population
described in Chapter 3. In total, nine genome-wise significant and 11 chromosomewise and suggestive QTL were detected in seven out of eight chromosomes.
Genome-wise significant QTL were mapped for lamb flavour (OAR 1); for muscle
densities (OAR 2 and OAR 3); for colour aX (redness) (OAR 3); for bone density
(OAR 1); for slaughter live weight (OAR 1 and OAR 2) and for the weights of cold
and hot carcass (OAR 5). The QTL with the strongest statistical evidence affected
the lamb flavour of meat and was on OAR 1, in a region homologous with a porcine
SSC 13 QTL identified for pork flavour. This QTL segregated in 4 of the 9 families.
This study provided new information on QTL affecting meat quality and carcass
composition traits in sheep.

Chapter 5: Genetic parameters for longissimus muscle fatty acid composition were
estimated in the population (350 lambs), described in Chapter 3. Furthermore,
quantitative trait loci (QTL) were identified for the same fatty acids using data on
300 lambs. Fatty acid composition measurements included in total 17 fatty acids of
three categories: saturated, monounsaturated, and polyunsaturated. The FAT line
had a greater intramuscular fat content and more oleic acid, but less linoleic acid
(18:2 n-6) and DPA acid (22:5 n-3) than did the LEAN line. Saturated fatty acids
were moderately heritable, ranging from 0.19 to 0.29 and total saturated fatty acids
(SFA) were highly heritable (0.90). Monounsaturated fatty acids were moderately to
highly heritable, with cis-vaccenic acid (18:1 n-7) being the most heritable (0.67),
and total monounsaturated fatty acids (MUFA) were highly heritable (0.73).
Polyunsaturated fatty acids were also moderately to highly heritable with
arachidonic acid (20:4 n-6) and conjugated linoleic acid (CLA) being the most
heritable, with values of 0.60 and 0.48, respectively. The total polyunsaturated fatty
acids (PUFA) were moderately heritable (0.40). In total, 21 chromosome-wide QTL
were detected in six out of eight chromosomal regions. The chromosome-wide
significant QTL affected three saturated, five monounsaturated, and 13
polyunsaturated fatty acids. The most significant result was a QTL affecting
linolenic acid (18:3 n-3) on chromosome 2. This QTL segregated in 2 of the 9
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families and explained 37.6% of the phenotypic variance. Also, 10 significant QTL
were identified on chromosome 21, where 8 out of 10 QTL were segregating in the
same families and detected at the same position. The results of this study
demonstrate that altering carcass fatness will simultaneously change intramuscular
fat content and oleic, linoleic, and DPA acid content. The heritabilities of the fatty
acids indicate opportunities for genetically altering most fatty acids. Moreover, this
is the first study of detection of QTL directly affecting fatty acid composition in
sheep.

Chapter 6: Further analyses were performed for the eating quality traits measured
in this population. Also, relationships between eating quality assessments and fatty
acid composition were investigated. Eating quality measurements included 18
definitions. The FAT line had juicier meat and more vegetable flavour than the
LEAN line. Heritabilities for most of the eating quality traits were variable, ranging
from 0.21 (lamb flavour) to 0.92 (sweet flavour). Lamb flavour, juiciness and
overall liking were strongly negatively correlated with individual polyunsaturated
fatty acids, with the correlations being significantly different from zero. Overall
liking was strongly positively correlated with the proportion of total
monounsaturated fatty acids.

To summarise, this thesis has contributed substantial information to the genetics of
sheep meat quality. It has been shown:
v'

There is substantial genetic variation in meat quality attributes, particularly
in fatty acid composition of meat

( Meat quality attributes could be predicted in vivo by CT-muscle density
/ Many QTL have been identified for a range of meat and carcass traits
v" There is a strong relationship of fatty acid composition with flavour

perceptions and juiciness of meat.

7.3

Implications - Selection for meat quality

Product quality data is expensive and difficult to collect. With varying definitions of
quality, the benefit of building a selection and production programme around
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consumer product quality is difficult to identify. All traits that have been the focus
of genetic improvement programmes so far have been traits that can be measured
easily and relatively cheaply on the live animal either directly or indirectly using
non-invasive technology, such as ultrasound and CT. Hence, this system works well
with our traditional traits but it is time to look to the future and determine how best
to work on traits that are much more closely related to meat quality.

Problems associated with improvement of carcass and meat quality traits include:
Carcass and meat quality traits of primary importance to sheep retailers and
consumers are generally not included in sheep carcass grading and
classification, therefore do not, currently, affect the income of commercial
sheep farmers.
Most meat quality traits cannot be evaluated accurately in breeding animals.
It becomes very difficult to motivate breeders to invest in selection
programmes to improve carcass and meat quality traits. However benefits
from selection accrue many years in the future, therefore any selection
programme initiated should be aimed at improving future industry
profitability.
Due to lack of motivation, because of the long term nature of selection
programmes, breeders may often lose interest before the real benefits arise.
Mode of improvement: should traits be best selected using live animal
measures of CT or ultrasound, progeny testing, measures on indicator traits
or gene mapping? What technologies are currently available and which are
the most cost effective and accurate?
Thus, this section will focus on the potential opportunity to include meat and eating
quality traits in a breeding programme using CT measured traits and QTL identified
throughout this thesis, so that both quantity of product and quality of product can be
increased. The general question to be addressed is "How to select for meat and
eating quality?"
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7.3.1 Breeding goals

A fundamental question that needs to be addressed is "Which genetic traits can be
selected for (or altered) at the genome level to satisfy the consumer's sensory and/or
organoleptic and healthiness requirements without impairing efficiency in the
livestock production chain?".

Meat quality today, is not only about improving organoleptic traits (juiciness,
flavour and intramuscular fat) but also about healthiness of meat. Consumer surveys
world-wide have demonstrated that juiciness, flavour and intramuscular fat are the
most important sensory quality attributes of meat, irrespective of animal species
(Schönfeld, 2001). From the perspective of healthiness of meat, saturated fatty acid
content of the human diet continues to be of concern for health-conscious
consumers, especially with regard to plasma cholesterol concentration. The reason
for concern is that cardiovascular disease is the leading cause of death (American
Heart Association, 1999). For example, nearly 60 million people in the United
States (20% of the population) have at least one type of cardiovascular disease such
as hypertension, coronary artery disease, stroke, or rheumatic heart disease
(American Heart Association, 1999). Animal products provide collectively 56% of
total fat, 74% of saturated fatty acids, and 100% of the cholesterol consumed by
humans (Rhee, 1992). Replacing saturated fatty acids with unsaturated fatty acids
(MUFA and PUFA) rather than with carbohydrates is the common approach to
normalize plasma lipid profiles (National Cholesterol Education Program, 2001).
Diets rich in monounsaturated fatty acids (e.g., Mediterranean diet) result in
lipoprotein profiles that are more favourable for maintaining vascular health
(Rivellese et al., 2003, Kok and Kromhout, 2004). In summary, decreasing the
saturated fatty acid composition of lamb meat by replacing these "less healthy" fatty
acids with MUFA and PUFA would lead to an improvement in the healthiness of
lamb meat products for use in the human diet.

The rationale behind this study is the philosophy that breeding goals of the future
must reconcile meat quality, genetics and the consumer. This thesis showed that
lamb meat quality is affected at the genetic level; hence it must be addressed as an
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integrated approach. A further question that needs to be answered is the following:
which one (or how many) of the following Jive dimensions, should the breeding goal
actually address?
structuring breeding goals to satisfy the present consumer or the
consumer of the future
structuring breeding goals to satisfy the producer and/or the commercial
producer
structuring breeding goals to satisfy the slaughterhouses and processors
structuring breeding goals to satisfy all the links in the supply chain

According to Grunert et al. (1997), the information on the end user's needs and
trends is crucial. The value of product (as perceived by the end user) sets the limit
for the price of a product and therefore the returns (earnings) for the entire value
chain. Van Trijp, Steenkamp and Candel (1997) indicated a positive relationship
between perceived quality and economic returns. The higher the perceived quality of
a product, the higher is the selling price resulting in an increased market share and
profitability.

Consequently, inclusion of traits in the breeding goal should be viewed within the
context of the breeding programme and the broader sheep industry. This Chapter
explores selection methods, using in vivo predictors and "known" QTL affecting
meat quality, using selection index techniques. The following aspects were included
as the breeding goals:
Health of meat has evolved over the last decade especially as a major issue
for the consumer. Thus, health per se must feature as a building block in the
breeding goal. From a genetic point of view, identification of genes that
influence e.g. fatty acid composition of meat could enhance the improvement
of health.
Eating quality of meat, as preferred by consumers, such as flavour of meat.
Any objectionable flavour can influence consumption and affect total
consumption of meat.
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ill) Shelf-life of meat, the development of oxidative off-flavours (rancidity) has
been recognised as a serious problem during holding or storage of meat and
thus the meat becomes unacceptable by the consumer. Altering the PUFA
content in sheep may have important implications for meat quality, such as
shelf-life characteristics of meat because of their greater susceptibility to
oxidative breakdown and the production of volatile compounds during
cooking. However, attempts to increase levels of PUFA in meat for health
reasons could be compromised by increased lipid oxidation.

Table 7.1 Breeding goals which are recommended for the meat sheep indust
Trait
Intramuscular Fat (IMF)

Flavour

Reason for inclusion
• Could be predicted by CT-muscle density (rg= 0.67)
Affects juiciness and flavour of meat positively (rg= 0.69,
0.52, respectively)
Heritability of this trait is moderate (0.32)
Most important sensory trait for the consumer
One of the primary consumer acceptance criteria of lamb

Juiciness

• It affects the consumer's impression and acceptance of
lamb
. Positive relationship with IMF and flavour

Fatty acid profile

• PUFA: beneficial effects on human health, but susceptible
to oxidation with an effect on meat shelf-life
MUFA of the cis-configuration protect against coronary
heart disease
Could be predicted by CT-muscle density

7.3.2 Defining selection index calculations
7.3.2.1 Data and genetic parameters

In order to calculate the properties of the selection indices, genetic and phenotypic
parameter estimates (heritabilities and correlations) are required for all goal and
index traits. The genetic and phenotypic parameter values were taken from the
results presented in this thesis. In the cases where heritabilities were very high (e.g.
> 0.50) a value of 0.50 was used instead. Univariate heritabilities and phenotypic
standard deviations used in index calculations are shown in Table 7.2.
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Table 7.2 Heritabilities (h2), phenotypic standard deviations (o) and mean values
used in the index calculations
Trait
Intramuscular fat (IMP) (mg/bOg)
Flavour (0-100 units)
Juiciness
Live weight at CT (LW) (kg)
Muscle density at CT (MD)
SFA (mg/lOOg)
MUFA (rng!lOOg)
PUFA (mg/lOOg)
Conjugated linolenic acid (CLA)
(rng/lOOg)
Linolenic acid (mg/lOOg)
Oleic acid (mg/100g)

h2
0.32
0.11
0.21
0.20
0.35
0.50
0.50
0.40

815
4.88
5.92
3.94
2.21
361
301
42.4

mean
2511
26.5
41.3
32.2
43.3
987
984
233

048

15.2

33.4

0.30
0.27

12.6
286

39.2
828

GP

The genetic and phenotypic correlations used in the index calculations are shown in
Table 7.3. The same parameters were used for each selection index.

Table 7.3 Correlations between breedincz 2oal and index traits
IMF
IMF
Flavour

0.52

Juiciness

0.69

flavour

Juiciness

020

SFA

MUFA

PUFA

acid

0.12

0.23

-0.57

0.71

0.40

0.33

0.40

0.40

0.40

0.22

-0.45

-0.20

-0.20

0.30

-0.45

0.00

-0,19

0.00

0.00

-0.16

-0.13

0.25

-0.31

-0.13

-0.37

-0.10

0.22

0.20

0.14

0.29

0.26

-0.05

0.00

0.00

-0.30

-0.35

-0.26

-0.15

0.00

0.00

0.49

0.28

0.87

0.55

0.97

0.26

0.50

0.52

0.90

0.16

0.50

0.26

0.37

0.50

LW

0.38

-0.17

0.00

-0.67

-0.50

-0.50

0.20

SFA

0.71

-0.20

-0.13

0.14

-0.45
0.49

0.40

0.30

0.25

0.23

-0.50

PUFA

0.33

-0.45

-0.31

0.50

-0.56

0.28

0.26

CLA

0.40

0.00

-0.13

0.00

-0.50

0.87

0.16

0.50

0.40

-0.19

-0.37

0.00

-0.24

0.55

0.50

0.52

0.37

0.40

0.00

-0.10

0.00

-0.30

0.97

0.26

0.50

0.50

Linolenic

Oleic

acid

MD

MD

MUFA

Linolenic
CLA

LW

0.52

acid
Oleic

0.50

acid

Phenotypic correlations above and genetic correlations below the diagonal

7.3.2.2 Relative economic values

In all cases described below, the selection goals were restricted to single traits or
pairs of traits. Therefore, relative economic values of +1- 1 were used, simply to
indicate whether the goal traits should be increased or decreased. A full economic
appraisal of the traits is beyond the scope of this thesis.
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7.3.2.3 Index equations
A selection index combines information from an individual's own and relatives'
phenotypic performance for multiple traits into an overall score. It is an effective
way of selecting breeding stock when several traits are being evaluated. The best
way to implement multiple trait selection is via EBVs from best linear unbiased
prediction (BLUP). However, a multi-trait BLUP framework does not readily lend
itself to decision making regarding which traits and measurements to include in an
index and the relative importance of each trait (Conington et al., 2001). This may be
achieved by selection index theory. In this case, selection indices that mimic the
typical contribution from relatives with BLUP may be constructed to: i) determine
how each trait contributes to selection, ii) determine which traits are important and
which can be dropped from the index with little effect, iii) calculate the expected
genetic change in each trait with selection, and iv) determine the overall accuracy of
selection.

The selection index used the following assumed data structure for the traits: i) a
measurement on the lamb itself, ii) a measurement on a "known" QTL for the goal
trait, assuming 5, 10, 20 or 50% genetic variance explained by the QTL, and iii) a
measurement on 30 paternal half-sibs of the lamb.

The selection index calculations were programmed using GENS TAT (2003) and based
on index theory outlined by Cunningham (1969). The index matrices and vectors
were:

X = vector of phenotypic observations for the m variables (measured traits) or
sources of information included in the index; v = vector of relative economic
weights of the n traits included in the breeding goal; b = vector of weighting factors
to be used in the index; P = m x m matrix of phenotypic covariances between the rn
measured variables in X. G = m x n matrix of genetic covariances between the m
measured variables in X and the n traits in the breeding goal. C = n x n matrix of
genetic covariances between the n traits in the breeding goal; D = selection
differential on a standardized normal distribution.
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The general solution to the index equations is:

b = P 1Gv
The variance of the index is:

b'Pb
and the accuracy (r1) of the index is:

To derive the progress in each trait, a selection intensity of I was assumed. The
genetic gain for each trait per generation is the regression of each trait in the
thI
aggregate genotype on the index, i.e. the element of:

b'G
b!Pb
One round of selection on the index will produce

D1

units of change in the index,

and therefore a vector:

b'G
.Jb'Pb
of units of change in each trait.

The contribution of each index trait to the breeding goal was calculated as the
proportional reduction of the response in the breeding goal, if the trait was excluded
from the index. Therefore, the contribution of a trait in the index to the breeding
goal is actually measured as the proportional reduction to the accuracy of the index
if the trait was excluded from the index. The contribution of a trait or measurement
in the index to the breeding goal is:
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=1— /l\I b'PbFJ'
X1
Where, r1 is the accuracy of the selection index with the trait
omitted from the
selection index and

is the 1 diagonal element of the inverse of P the matrix

(Cunningham, 1975).
7.3.2.4 Breeding schemes with "known" QTL

In the breeding schemes with QTL assisted selection, additional information,
consisting of information on a "known" QTL, was available for an index based on
phenotypic information of the candidate. The QTL explained 5, 10, 20 or 50% of the
genetic variance of the trait of interest, referred to as Q05, Q10, Q20 and Q50,
respectively. The remaining genetic variation resulted from polygenes (i.e. not
marked). In the index calculations, the QTL information was modelled as a trait that
was correlated with the breeding goal trait and had a heritability of 1. The
correlations between the QTL and the breeding goal trait depended on the amount of
variation that was explained by the QTL. Genetic correlations of the breeding goal
trait with the QTL were NF
q , where q is the fraction of the genetic variance
explained by the QTL.

7.3.3 Index calculation results
The results from this work (presented below) show that selection indices can
theoretically improve meat flavour, meat profile into a more healthy option for
human, and meat shelf-life for the benefit of the market.
Genetic improvement of sheep meat has largely focused on increasing growth rate
and muscularity while reducing total carcass fat content in sheep. This trend to
reduce the total amount of carcass fat is mainly due to the consumer demand and
price incentive (for producers) for lean carcass. However, we have shown that
flavour and juiciness of sheep meat is related to its intramuscular fat (IMF) content
and the industry aim is to retain IMF at 3-5g/lOOg meat (S. Kitessa, personal
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communication). Intramuscular fat in sheep is also an important source of essential
fatty acids that have health benefits. This section presents whether breeding goals
offer opportunities to: i) increase the perception of meat flavour and juiciness and
retain the IMF content from the consumer perspective, ii) increase the proportion of
the beneficial fatty acids while reducing the amount of saturated fatty acids in sheep
meat from the healthiness perspective, and iii) increase the proportion of beneficial
fatty acids and protect those lipids from pro-oxidative environment from the market
perspective.

7.3.3.1 Expected benefits from selection for meat flavour

Three breeding goal traits are evaluated for their inclusion into the selection indices
to improve meat flavour. They include intramuscular fat, flavour and juiciness of
meat. To achieve the goals, five recorded ('index') traits are considered. The index
traits are live weight and CT-muscle density measured on the individual animal and
combinations of measures on 30 paternal half-sibs or "known" QTL for the goal
trait (e.g. flavour) each time explaining 5, 10, 20 or 50% of the genetic variance of
the goal trait. The goal and index traits are shown in Table 7.4.

Table 7.4 Breeding goals and index (measured) traits to imnrove meat flavour
Breeding goal traits
Intramuscular fat (IMF)

Index traits
Live weight on individual and half-sibs + CT-muscle density on
individual and half-sibs

IMF + Flavour

Live weight on individual and half-sibs + CT-muscle density on
individual and half-sibs + "known" QTL for flavour explaining 5,
10, 20 or 50% of the genetic variance of the goal trait (flavour)

IMF + Juiciness

Live weight on individual and half-sibs + CT-muscle density on
individual and half-sibs

Flavour

Live weight on individual and half-sibs + CT-muscle density on
individual and half-sibs + 'known" QTL for flavour explaining 5,
10, 20 or 50% of the goal trait (flavour)

The accuracy of each index was higher when combinations of measures on half-sibs
or QTL were used, and the results are shown in Table 7.14 (Appendix II). Selection
on CT-muscle density (highly correlated with IMF content) had a predicted progress
in IMF content, ranging from 8.65 - 9.81% of the mean, using only individual
measurement or measurement on 30 paternal half-sibs, respectively (Table 7.5). In
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the case where the selection goal was to improve IMF content and flavour, when a
"known" QTL for flavour was included in the index, the expected progress in IMF
was higher when the QTL for flavour explained 50% of the genetic variance of the
trait, (13.7% mg/i OOg). However, in a real situation, a QTL is unlikely to explain
50% of the genetic variance, and hence using a QTL which explains less than 20%
of the genetic variance gave the same response as using information on relatives. In
the same index, the small responses in flavour, in the desired direction, reflect the
low heritability for this trait. In the third index case explored, the goal was to
improve IMF and at the same time increase juiciness. The responses were in the
same range for IMF, as in the previous situations and juiciness increased by 4.35%
units proportional of the mean, when 30 paternal half-sibs were used. In the final
case, where the selection goal was to improve flavour perception, the progress
ranged from 1.82% - 4.36% of the mean, for individual and QTL information.

Table 7.5 Expected genetic change in each goal trait to improve meat fiavourt
Response in
IMF (mg/bOg)
(LW±MD)5
IMF (fig/bog) +
Flavour (Units 0-100)
(LW -I-MD QTLFLAVOUR )*
IMF(mg/lOOg) +
Juiciness (units 0-100)
(LWFMD)*

Economic
value

INDt

IND+HS30

-Fl

8.65

9.81

+1

8.64

+1

1.50

-1

8.64

9.82

+1

4.12

4.35

IND-5Q05

IND±Q10

IND+Q20

IND+Q50

9.82

9.14

9.68

10.7

13.7

1.51

1.89

1.90

2.65

4.16

*The genetic change expressed as % of the mean of the goal trait.
tTo derive the genetic progress in each trait for one round of selection, a selection intensity of 1 was
assumed.
*Measure d ('index') traits to achieve each goal.

The importance of each measured trait in the overall index is shown in Table 7.6.
The figures shown represent the proportional genetic improvement lost if a
particular measurement was dropped from the index, compared with the genetic gain
achieved by the full index. Therefore, the higher the value, the more important that
measurement is and the more it contributes to the index. For example, for Index 1
where we assume information only on the individual, if CT-muscle density is
dropped from the index, the genetic progress would be reduced by 64%. The results
show that CT-muscle density and a "known" QTL, which explains more than 20%
of the genetic variance, are the most important traits for all the indices. This is due to
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the relatively high correlations between intramuscular fat, flavour, and juiciness with
live weight and CT-muscle density traits, as well as the high heritability estimate for
IMF (0.32). Live weight is the least important trait for the indices.
Table 7.6

Contribution of each trait to the index'
IND fND+HS30
0.05
0.16
0.64
0.08
0.08
0.25

Index I

LW+
MD (IMF)*
LW-HS
MD-HS

Index 2

LW +
MD +
QTLFLA VOUR
(IMF+Flavour)*
LW-HS
MD-HS

0.15
0.64

LW +
MD+
(IMF+Juiciness)*
LW-HS
MD-HS

0.14

0.08

0.65

0.09

LW+
MD +
QTLFLA VOUR
LW-HS
MD-HS

0.02
0.74

0.05
0.24
0.01
0.08

Index 3

Index 4

0.05
0.08

[ND+Q05

rND±Q10 [ND+Q20 IND4-Q50

0.13
0.44

0.12
0.32

0.08
0.18

0.03
0.02

0.06

0.11

0.19

0.37

0.02
0.02
0.15

0.03
0.07
0.25

0.04
0.19
0.38

0.06
0.33
0.58

0.09
0.24

0.02
0.29

The higher the value, the more the trait contributes to the index
*Measured ('index') traits to achieve each goal.

7.3.3.2 Expected benefits from selection for meat healthiness

Like any other food, meat and meat products contain elements which in certain
circumstances, and in inappropriate proportions, have a negative effect on human
health. Fatty acid composition has a considerable effect on the diet/health
relationship, since each fatty acid affects the plasmatic lipid differently. Meat lipids
usually contain less than 50% SFA (SFA of which only 25-35% have atherogenic
properties), and up to 70% (lamb 50-52%, beef 50-52%, pork 55-57%, chicken
70%) unsaturated fatty acids (MUFA and PUFA) (Romans et al., 1994). The
presence of MUFA and PUFA in the diet reduces the level of plasma low-density
lipoproteins-cholesterol (LDL), although PUFA also depress the high density
lipoproteins-cholesterol (HDL) (Mattson and Grundy, 1985). Hence, it does not
seem reasonable to consider meat as highly saturated food, especially in comparison
with some other products (e.g. some dairy products).
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Current methods of increasing the content of the beneficial fatty acids (PUFA) of
meat have mainly focused on feeding sheep food supplements and additives. In
addition, a generation of cloned transgenic pigs rich in omega-3 fatty acids has been
created (Lai et al., 2006). Hence, this section explores the possibility of appropriate
selection goals that can change the total fatty acid composition in sheep for the
benefit of the consumer, without the need for supplements or any kind of transgenic
modification. The focus was on: i) increasing total MUFA of meat and at the same
time not altering meat flavour, ii) increasing beneficial fatty acids (e.g. cis-CLA,
linolenic acid), and iii) increasing, particularly, oleic acid which has beneficial
effects on human health (Chapter 5). Specifically, the five goal traits are used and
the index measures are live weight and CT-muscle density measured on the
individual animal and combinations of measures on 30 paternal half-sibs or
"known" QTL for the goal trait (e.g. CLA, oleic, linolenic) each time explaining 5,
10, 20 or 50% of the genetic variance of the goal trait. The goal and index traits are
shown in Table 7.7.

Table 7.7 Breeding goals and index (measured) traits to improve meat healthiness
Breeding goal traits

Index traits

Flavour + MUFA

Live weight on individual and half-sibs + CT-muscle density
on individual and half-sibs

CLA

Live weight on individual and half-sibs + CT-muscle density
on individual and half-sibs + "known' QTL for CLA
explaining 5, 10, 20 or 50% of the genetic variance of the goal
trait (CLA)

Oleic acid

Live weight on individual and half-sibs + CT-muscle density
on individual and half-sibs + "known QTL for oleic acid
explaining 5, 10, 20 or 50% of the genetic variance of the goal
trait (oleic)

Flavour + Linolenic acid

Live weight on individual and half-sibs + CT-muscle density
on individual and half-sibs + "known" QTL for linolenic acid
explaining 5, 10, 20 or 50% of the genetic variance of the goal
trait (linolenic)

'S

The fatty acid composition of lamb meat can be altered through traditional selection
to meet consumer demands for healthful fats (i.e lower SFA and higher MUFA or
PUFA). In general, greater responses are seen for total MUFA, CLA, oleic and
linolenic acid (Table 7.8). All predicted responses are in the desired direction, with
small improvement in flavour perception. In practice, flavour will be held more or
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less constant whilst improvements in MUFA, CLA, oleic and linolenic acid are
achieved. In addition, the genetic change gained from information using "known"
QTL, the four index cases that investigated, gave a higher response even when QTL
explained 5% of genetic variance of the goal trait. Furthermore, the change in SFA
when index 1 is used, although SFA are not included in the selection goal, can be
determined by the correlated response in SFA, which is 7% of the mean. In the
situation that we use a selection index for the benefit of consumer health, the
molecular information contributes more than information from the individual animal
or from 30 paternal half-sibs. However, when 60 paternal half-sibs were used the
result was the same as Q20.

Table 7.8 Expected genetic change in each goal trait to improve meat healthiness
Response in
Flavour (units 0-100) +

Economic
value
HI

+

IND5

IND+HS30

IND4-Q05

IND+Q10

IND+Q20

IND±Q50

1.55

1.57

1.89

2.19

2.76

4.20

MUFA (mg/bOg)
(LW+MD-fQTLLAVOUR)t

+1

7.31

9.81

8.27

9.22

10.9

15.4

CLA (mg/100g)
(LW+MD+QTL(,LA)*

+1

9.50

10.6

11.21

12.6

15.3

22.2

Oleic acid (mg/bOg)
(LWMDfQTLoLhrc)*

+1

3.27

3.67

4.87

6.13

8.16

13.0

Flavour (units 0-100)+

+1

1.79

1.98

2.00

2.30

2.83

4.27

LAnolenic acid (mg/100g)
(LWF MDIQTLLISIOLESIC)*

+1

2.55

2.83

4.44

5.75

7.86

12.8

'The genetic change expressed as % of the mean of the goal trait.
tTo derive the genetic progress in each trait for one round of selection, a selection intensity of 1 was
assumed.
*Measured ('index') traits to achieve each goal.

The importance of each measured trait in the overall index is shown in Table 7.9.
The results show that CT-muscle density is the most important trait for all the four
indices, unless a QTL is used, which is then the most important. For example, for
index 3 where we assume information only on the individual, if CT-muscle density
or the Q10 are dropped from the index, the genetic progress would be reduced by
96% or 47%, respectively.
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Table 7.9 Contribution of each trait to the index'
Index I

Index 2

Index 3

Index 4

LW+
NID
(Flavour+MUFA)*
QTLH.OIR
LW-HS
MD-HS

IND
0.12

IND+HS30
0.06

IND+Q05
0.09

IND+Q10
0.07

IND+Q20
0.04

IND+Q50
0.01

0.70

0.46

0.36

0.22

0.09

0.01

0.12

0.21

0.33

0.53

0.03
0.36
0.15

0.02
0.21
0.25

0.01
0.08
0.38

0.01
0.01
0.57

0.06
0.17
0.33

0.04
0.07
0.47

0.02
0.09
0.60

0.01
0.02
0.75

0.01
0.23

LW +
MD +
QTLc1 . (CLA)*
LW-HS
MD-HS

0.02
0.95

LW +
MD + (Oleic acid)*
QTLOIFI(•
LW-HS
MD-HS

0.01
0.96

LW +
MD +
(Flavour±Linolenic
acid)
QTLl.lNoLF,c
LW-HS
MD-HS

0.01

0.03

0.014

0.013

0.002

0.001

0.92

0.06

0.15

0.06

0.05

0.02

0.35

0.47

0.62

0.76

0.01
0.04
0.10
0.31
0.01
0.10
0.01
0.32

0.09
0.31

The higher the value, the more the trait contributes to the index.
*Measured ('index') traits to achieve each goal.

7.3.3.3 Expected benefits from selection for meat shelf-life

Several studies have been undertaken to increase the PUFA content in meat lipids.
Ruminants have been fed rations supplemented with protected (from ruminal
hydrogenation) or unprotected oilseeds or free oils rich in omega-6 PUFA
(sunflower, cotton, canola, safflower, soybean), or in omega-3 PUFA (linseed, fish
oils; Clinquart et at., 1995; Demeyer and Doreau, 1999; Wood ci' at., 1999);
however, PUFA are preferential targets for free radical attacks initiating
peroxidation. Lipoperoxidation may be involved in the alteration of animal
performance (growth, reproduction) and health (immunological disturbances),
owing to metabolic disturbances (Aurousseau, 2002) as described in humans (Slater,
1984; Pré, 1991). Lipid oxidation produces free radicals and therefore, may impair
the health of animals (Scislowski et at.,

2005).

In muscle tissues it can promote

myoglobin (colour) oxidation and lead to the formation of rancid odours and
flavours. Meat with more PUFA may be more oxidisable, but when these PUFA are
derived from pasture feeding, such as our population, they are associated with more
antioxidant in the form of a-tocopherol, carotenoids and flavonoids (Wood and
Enser, 1997), which stabilise the fatty acids and make the meat more desirable
(Gatellier ci' at., 2004; Moloney et at., 2001; Richardson etal., 2004). High levels of

152

Chapter 7- General Discussion

PUFA may cause meat shelf-life to shorten. This reduction in shelf-life is the result
of lipid oxidation products catalysing the oxidation reactions forming dark brown
metmyoglobin, and also because these products cause rancidity in cooked meat
(Wood etal., 1999).

Thus, in this section we explored two cases of indices with respect to improve meat
shelf-life (through PUFA), or equal emphasis on reducing PUFA and increasing
meat flavour. The specific goal traits are PUFA and flavour, with live weight and
CT-muscle density on individual and combinations of measures on half-sibs or QTL
for flavour, as the measured traits and are shown in Table 7.10. The first case was to
decrease PUFA and the second, to simultaneously decrease PUFA and increase
flavour of meat.

Table 7.10 Breeding goals and index (measured) traits to improve meat shelf-life
Index traits
Breeding goal traits

PUPA

Live weight on individual and half-sibs + CT-muscle
density on individual and half-sibs

Flavour + PUFA

Live weight on individual and half-sibs + CT-muscle
density on individual and half-sibs + 'known" QTL for
flavour explaining 5, 10,20 or 50/o of the goal trait
(flavour)

The results of the genetic change from one round of selection, expressed as a
proportion of the mean, for each goal trait are shown in Table 7.11. Using
measurements such as CT-muscle density and molecular information, we can
possibly decrease PUFA and keep the flavour of meat more or less constant.
Therefore, as the content of PUFA in the meat decreased by 11.9 and 13.7% of the
mean for the index case of using just information from the animal and combination
on half-sibs, respectively, the reduction in the flavour score was negligible. In
addition, PUFA were positively correlated with rancid flavour, which means that
reduction of PUFA will result in reduction in rancidity of 5% and, thus, increase
shelf-life. Hence, these results show that improvement of shelf-life of meat is
possible, through a small decrease in PUFA, with flavour score remaining
unchanged.

153

Chapter 7- General Discussion

Table 7.11 Expected genetic change in each goal trait to improve meat healthiness--t
Economic
value

Response in

INDt IND+HS30 IND+Q05 IND+Q10 rND+Q20 [ND+Q50

PUFA (mg/bOg)
(LW+MD)

-1

-11.9

-13.7

Flavour (units 0-100) +
PUFA (mg/lOOg)
(LW+MD+QTLFL.\VOVR)

+1

-0.32

-0.33

-0.41

-0.49

-0.63

-1.03

-1

-118
.

-13.6

-12.7

-136

-152

-200

tThe genetic change expressed as % of the mean of the goal trait.
To derive the genetic progress in each trait for one round of selection, a selection intensity of 1 was
assumed.
*Measured ('index') traits to achieve each goal.

The importance of each measured trait in the overall index is shown in Table 7.12.
The results show that again CT-muscle density is the most important trait for all the
four indices, unless a QTL is used, which is then the most important. For example,
in the case of using index 1, to improve shelf-life, decreasing PUFA, if CT-muscle
density, measured on individual was dropped from the index, the genetic progress
would be reduced by 50%. Hence, improvement in shelf-life of meat can be
achieved, decreasing PUFA and at the same time rancidity, and with flavour score
remaining constant.

Table 7.12 Contribution of each trait to the index
Index

JND+Q10

IND+Q20

IND+Q50

0.07

0.19

0.15

0.11

0.04

0.08

0.34

0.24

0.12

0.05

0.07

0.13

0.23

0.42

IND+HS30

0.25

0.07

0.50

0.08
0.12
0.20

+

0.24

MD +

0.52

LW

+

MD (PUFA)*
LW-HS
MD-HS
Index

1ND+Q05

fND

LW

QTLFLAVOUR

(LW+MD+QTLFLA VOUR)*
LW-HS
MD-HS

0.11
0.21

The higher the value, the more the trait contributes to the index
*Measured ('index') traits to achieve each goal.

7.4 Changing the way of breeding
The importance of meat quality traits to the sheep meat industry is beyond question.
However, their practical improvement from a genetic standpoint is limited by the
fact that no industry-wide programme has been established for their improvement.
Indirectly, however, through positive genetic associations between growth rate, live
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weight and muscle area, it appears likely that breeders have been selecting for
improved lean meat yield already.

Genetic gains made within breeding flocks accrue to other sheep industry
participants through sale of rams to commercial sheep farmers. Most farmers are in
business to make a profit, and this can be affected through purchase of rams from
breeders which increase income, or decrease expenses (or both). Currently farmers
are rewarded for increased carcass weight. This is reflected by the current breeding
goals (Simm and Dingwall, 1989), which essentially increase growth rate and lean
carcass weight. Predicted correlated responses, using this current index, in meat
quality traits (e.g. IMF, lamb flavour, PUFA) are found to be trivial. Therefore, the
current index is neutral with regard to meat quality.

The motivation for breeding sheep with superior carcass and meat quality
characteristics would have to arise through improved ram prices paid by sheep
farmers. Farmers would in-turn have to be motivated to pay more for rams from
which a high percentage of progeny meet the requirements of processors and attract
premium prices. Recent initiatives to improve carcass feedback to farmers may
provide motivation to purchase rams with improved carcass and meat quality.

Which of the above traits would be important for improvement in selection
programmes? Some traits such as muscle density can be improved relatively
efficiently by CT scanning potential breeding animals and incorporation of scanning
measures into a genetic evaluation. Although more accurate, CT scanning has
disadvantages relative to other scanning means, such as ultrasound scanning. Firstly,
CT is expensive. Secondly, CT scanning units are typically situated at fixed
locations, requiring transport of animals to and from the CT facility, whereas, for
example, ultrasound is readily portable. Therefore, CT is likely to be most
economically beneficial to the sheep industry when applied in a two-stage selection
programme where initial screening of selection candidates is done using other means
(e.g. ultrasound) (Jopson et al., 1995 and 1997; Lewis and Simm, 2002) or when CT
scanning a small number of relatives, such as 30 half-sibs of fewer, as it was

155

Chapter 7- General Discussion

suggested in this Chapter. To design a two-stage selection programme of this type
requires information on the accuracy of both ultrasound and CT scanning in
predicting carcass composition in the breed types to be selected (Jopson et al.,
1995).

Other traits such as flavour, juiciness, and meat fatty acids are more difficult to
improve through selection. In addition, there are negative genetic correlations
between some meat quality traits, for example improving intramuscular fat content
can lead to an increased carcass fatness and possibly to decrease in lean meat yield.

This Chapter explored the potential benefit of improving meat flavour, meat
healthiness and meat shelf-life in sheep by selection. The selection indices used here
included information on: i) individual animal, ii) relatives and iii) "known" QTL. In
all cases the information gained from the use of QTL depended on the heritability of
the trait and the genetic correlation with CT-muscle density. In general, the QTL
effect had to be quite large to give substantial improvements. As a broad summary,
the results demonstrated that using a QTL which explained more than 20% of the
genetic variance of the trait, the genetic progress was 20-30% higher than using
phenotypic information on the individual or its relatives.

The question arising is which direction one wants to follow (Table 7.13).
Table 7.13 Imolications when selection for and against certain meat Quality traits
Result of selection

Supposed breeding goal
V'

Improved meat flavour

V
V

Higher intramuscular fat
Better flavour
Juicier meat

Increase in total MUFA, CLA, Oleic acid
V Decrease in total SFA
/ Better flavour

/

Improved meat healthiness

Improved meat shelf-life
(Decrease PUFA content)

/
/
/

Decrease total PUFA
Decreased rancidity
Unchanged flavour

From the perspective of consumers, the demand is consistent for meat quality and
nutritional value, with increasing MUFA and PUFA, and reducing the amount of
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SFA in sheep meat. On the other hand, the retailers demand increasing shelf-life of
the final product, and although we have showed that this can be achieved by
selection, it may decrease the amount of PUFA and flavour score.

7.5 Perspectives, conclusions and recommendations
This thesis has raised interesting questions which were explored in each chapter, but
some new concerns brought forward which will involve further research. The first
aspect of study to further these investigations should be extended to more QTL
studies. It is important to determine if the same QTL identified in this study are
segregating in other flocks, and particularly commercial ones, which are under
selection for meat quality and production traits.

To expand upon the results presented in Chapters 4 and 5, it would be interesting to
complete the genome scan, as a partial scan was carried out - only eight
chromosomes were genotyped due to financial constraints. Given the quality of the
results obtained, completing the genome scan may yield yet more interesting results.
Furthermore, it would be of great interest to investigate the eight QTL for fatty acids
identified in the same location with large effects on chromosome 21 (Chapter 5)
that probably would correspond to a single QTL. Hence, the next step would require
more precise genetic markers. Also, several genes might be selected as candidate
genes to explain the fatty acid QTL identified in Chapter 5, as fatty acid
metabolism is influenced by large numbers of genes involved in complex metabolic
routes, and these issues should be under further research, as well. Association
analyses between allelic variants of these genes and fatty acid content would need to
be performed to find the necessary genetic markers.

Consider the results for CT-muscle density presented in Chapters 3 and 6, CTmuscle density appeared to influence important aspects of meat quality, such as
intramuscular fat, flavour, juiciness, and fatty acid content. Thus, muscle density
could be used in selection strategies that attempt to simultaneously improve lean
meat and meat characteristics. This was discussed in Section 7.3, where different
selection procedures explored the improvement of meat quality with CT-muscle
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density as a measured trait. Moreover, to our knowledge CT-muscle density is now
being explored in sheep breeding programmes in New Zealand (Campbell and
Waldron, 2006), as a direct result of the findings of this thesis.

This thesis has identified new information on the genetic basis of fatty acids in sheep
meat and new in vivo predictors of meat quality in sheep. A trial being done in
Merino sheep, in Australia, by Greef ci' al. (2006), confirmed that fatty acid content
of meat is indeed heritable. This suggests that composition of lamb meat can be
changed genetically and the next step of this project (personal communication with
S. Kitessa, CS1RO) is to include those fatty acids in a traditional breeding
programme.

Regarding other species such as beef cattle, there is the "RoBoGen" project, which
is performed by Roslin Institute, and they have identified many QTL affecting meat
quality with a complete genome scan. However, the results remain confidential. In
pigs, most of the studies in identifying QTL for meat quality and fatty acids are
focused in subcutaneous fat rather than intramuscular fat (Perez-Ensizo et al., 2000;
Clop et al., 2003). A recent example for the importance of fatty acid content of meat
for human health was the creation of transgenic pigs rich in omega-3 fatty acids (Lai
et al., 2006), although consumers are likely to reject such technology, because of the
negative perceived effects on animal welfare. Also, in pigs known major genes
affecting meat quality have been identified, such as the halothane- and the RN-gene
(Naveau et al., 1985; Le Roy et al., 1990; Fujii et at., 1991), which have a causal
negative effect on meat quality traits. The IMF-gene is believed to optimise the
eating quality and tenderness of pork (Hovenier, 1993).

The trend towards healthy (low fat) meat products has changed the demands of the
consumer. Not only is breeding about the future, but the end product of breeding
(lamb meat) is moving continuously to the forefront to the consumer. Hence,
genetics is the bullet on it's way (through the supply chain) to the target (a satisfied
consumer). This thesis illustrates how meat quality of lamb meat can and must be
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changed in order to satisfy consumer's needs. Thus, it is time to restructure the
breeding goals in the sheep sector for a more consumer orientated production.

In summary, genetic variation of meat quality traits in sheep has been quantified.
Furthermore, the incorporation of in viva and molecular information into a selection
index for improving the genetic profile of fatty acid in sheep meat has been
developed in this thesis. It has been shown, for the first time in sheep, that the use of
CT-muscle density may be a means of making broad improvements in the perceived
and actual quality of sheep meat. The key finding of this thesis is the prediction of
fatty acid composition in viva. Moreover, if identifying candidate genes to
eventually predict the fatty acid composition of lamb muscle tissue based on DNA
analysis is successful, this would lead to the development of lamb with an improved
fatty acid profile of "heart-healthy" lamb meat, without asking consumers to
drastically change food choices and without compromising the health of the sheep or
the flavour of the meat.
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APPENDIX II
Table 7.14 Accuracy of selection index to improve meat flavour
Breeding goal
IMF (LW+MD)

IND
0.47

IND+HS30
0.53

IND+Q05

IND+Q1O

IND+Q20

IND+Q50

0.47

0.54

0.50

0.53

0.58

0.74

0.47

0,54

0.30

0.33

0.35

0.40

0.48

0.71

IMF + Flavour
(LW±MD+QTLFLAVOUR)
IMF + Juiciness
(LW+MD)
Flavour
(LW+MD+QTLFLAVOUR)

Table 7.15 Accuracy of selection index to improve meat healthiness
Breeding goal
Flavour + MUFA
(LW+MD+QTLFLAVOUR)

IND
0.34

IND+HS30
0.45

IND+Q05
0.38

IND+Q1O
0.43

IND+Q20
0.51

IND+Q50
0.73

CLA
(LW+MD+QTLCLA)

0.30

0.34

0.35

0,40

0.49

0.71

Oleic acid
(LW+MD+QTLOLEIC)

0.18

0.20

0.27

0.34

0.45

0.72

Flavour + Linolenic
acid
(LW+MD+QTLLINOLFNIC)

0.22

0.24

0.33

0.42

0.56

0.90

Table 7.16 Accuracy of selection index to imorove meat shelf-life
Breeding goal
PUFA (LW+MD)

IND IND+HS30 IND+QO5 IND+Q1O IND+Q20 IND+Q50
0.44
0.51

Flavour + PUFA
(LW+MD+QTLFLAVOUR)

0.42

0.50

0.44

0.48

0.54

0.70
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