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Introduction

The basis of feed utilization has been instigating
the curiosity of researchers for many years. In
1859, Charles Darwin pointed out initial
insights about the variation of animals under
domestication. He mentioned that ‘the nature of
the organism’ and ‘the nature of conditions’
account for utilization of food by the organism,
such as colour from the nature of the food or
size from the amount of food. For almost one
and a half centuries, geneticists; physiologists;
nutritionists and researchers from other
disciplines have been working hard in this broad
topic: feed efficiency in farm animals; and a
number of important advances were made. Crop
scientists developed efficient varieties of diverse
grains and forages, which are adapted to the
different environments around the world that
can be economically used to feed farm animals.
On the other hand, animal scientists developed
breeds and strains, which produce goods that are
essential to meet the demand of humankind for
animal products. For all livestock production
systems feed is a major expense, ranging from
60 to 80% of the total costs across the most
common farm animals species. There are also
environmental issues associated with livestock
production (e.g. greenhouse gases emission,
land degradation, loss of biodiversity, water
shortage and pollution), which are related to the
type of husbandry system, to the compounds of
the diet and to the quantity of feed necessary to
supply the animals’ needs for growing and
production. To date, the livestock sector
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generates more greenhouse gases than transport
activities, being responsible for 18% of total
greenhouse gases emissions from human
activity (FAO, 2006). Therefore, improvements
in the efficiency of feed utilization by farm
animals could bring economical benefits for the
livestock industry and also could be more
environmentally sustainable.

Some of the feed efficiency measurements have
their theoretical roots on feed evaluation
systems. The conceptual framework and initial
determinations of the variables used in the two
most popular models for representation of
nutrient utilization by animals (metabolic - ME
and net energy systems — NE) were suggested
early in the 20" century (e.g. Armsby, 1917).
Based on these models, multiple approaches to
measuring and reporting feed efficiency
utilization where developed in the last 50 years,
such as: maintenance efficiency (Ferrell &
Jenkins, 1985), partial efficiency of growth
(Archer et al. 1999), Kleiber ratio (Arthur at al.
2001), and residual feed intake (RFI) (Koch et
al. 1963). Among these, RFI is the only measure
independent from production traits. As a result,
RFI probably reflects more variation in basic
metabolic processes (maintenance requirements)
(Nkrumah et al. 2006) than variation due to
differences in level of production. Moreover,
there is a known genetic variation in RFI in all
livestock species (Pitchford, 2004), making the
selection for RFI possible. However, the
biological basis associated with this variation
has not been completely elucidated either in



small animals (e.g. poultry, mice) or in large
animals such as beef cattle. A better
understanding of the biological basis associated
with RFI might result in the following benefits:
prediction of correlated response to selection;
identification of traits that are less expensive to
measure than feed intake and efficiency and; it
might suggest alternative, non-genetic methods,
which might be used to manipulate metabolism
in beef cattle.

The biological basis associated with RFI in beef
cattle have been intensively investigated in the
last few years (Johnston et al. 2002; Richardson
et al. 2004; Herd et al. 2004; Richardson &
Herd, 2004, Kolath et al. 2006a,b, Nkrumah et
al. 2006, Hegarty et al. 2007). It is recognised
that progress is being made in this area. Some
plausible explanations for variation in RFI and
identification of physiological markers as
predictors for RFI have been developed. As
well,  technologies such as infrared
thermography (Schaefer et al. 2005, Montanholi
et al. 2006) and indirect calorimetry (Nkrumah
et al. 2006, Castro Bulle et al. 2006) has been
applied as a predictive tool for the animal’s RFI.
There is no shortage of approaches that,
singularly or in combination, might contribute
to genetic variation in energy utilization in
ruminants. Therefore, a challenge for the future
is to unravel the mechanisms responsible for the
remaining unexplained variation in RFI and to
validate the proportional contribution of the
already known mechanisms, which might result
in new predictors for RFI that could be applied
as selection criteria for feed efficiency in beef
cattle. The objectives of this paper include: 1) to
contextualize and define the concept of RFI and
to present some of its genetic parameters; ii) to
review some of the studies conducted to
evaluate the biological basis of RFI and to
suggest possible ‘new-candidates’ for RFI bio-
markers; and iii) to highlight some of the
potential implications and opportunities for beef
cattle breeding on the biological basis of feed
efficiency.
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Review of literature

Like in other livestock production sectors, the
beef sector aims for high productivity and profit
to be a successful enterprise. A significant
portion of this success is due to the objectives of
the breeding program applied. An objective of
breeding programs is to increase the efficiency
of production, and irrespective of how
efficiency is defined, the efficiency of nutrient
utilization will form a major component of the
breeding program objective (Pitchford, 2004).
Feed costs are the main portion of total expenses
in cattle feeding operations. The cost of feeding
beef cows may account for 60—65% of the total
cost of production in a cow-calf operation
(Kaliel & Kotowich, 2002). In the feedlot
operation these costs may represent more than
70% of the total expenses of production (Taylor
& Field, 1999). Thompson & Barlow (1986)
modelled the effect of changes in feeding and
growth parameters on the efficiency of the cow-
calf unit and they concluded that one of the
most promising avenues for increasing the
biological efficiency of the total production
system would be to decrease the maintenance
feed costs of breeding cows. To date,
approximately 24 million metric tonnes of feed
dry matter are fed to an estimated 6.5 million
growing calves destined for slaughter in
Canada. An improvement in feed utilization of
only 1% would result in an estimated savings of
over $31 million annually in feed costs to the
beef industry alone. It also could result in a
reduction of over 242,000 metric tonnes of
manure dry matter per year and minimize the
greenhouse gases emissions which could have a
large impact on reducing the environmental
impact of cattle feeding operations. Therefore,
improvements in the efficiency of feed
utilization will go a long way in reducing the
cost of production and will also result in
important environmental benefits.

Feed efficiency traits have been incorporated in
selection objectives and selection criteria in
poultry (Fairfull & Chambers, 1984) and pig



breeding programs (De Vries & Kanis 1992). In
dairy (Persaud et al. 1991) and beef cattle
(Barwick et al. 1994) breeding programs,
selection objectives have generally focused on
outputs (e.g. fertility and carcass traits), which
have not included feed efficiency traits. This
approach has been used in cattle due to the
difficulty in recording feed inputs. Indeed, the
establishment of nucleus breeding herds in dairy
and beef presents the opportunity to include
feed efficiency traits in the selection objectives
and also the opportunity to identify biological
predictors of the feed efficiency traits. Besides
the myriad of feed efficiency measures
described in the literature herein special
emphasis will be given to RFI, which has
emerged as one of the key parameters for
assessing feed efficiency in all livestock species
in the last two decades. Especially in the case of
beef cattle, there has been increased interest in
using RFI as a selection criterion in animal
breeding programs. Actually, the Australian
beef genetic improvement scheme,
BREEDPLAN, started providing estimated
breeding values for RFI on animals from 2002
(Arthur & Herd, 2005).

The concept of RFI was first described in 1963
by Koch et al. These authors examined various
indices for calculating feed efficiency and
suggested that feed intake could be adjusted for
liveweight and weight gain, effectively
partitioning feed intake into two components:
(1) the feed intake expected for the given level
of production; and (2) a residual portion. The
residual portion (RFI) can be used to identify
those animals that deviate from their expected
level of feed intake, and they can be classified
as high efficiency (negative residual intake) or
low efficiency (positive residual intake). The
units of RFI are in amount of feed eaten
adjusted to mean production rather than feed per
unit production, which is common for other
efficiency measures. The residual portion is
related to true metabolic efficiency which would
be comparable across beef industry segments.
This feature not only overcomes the limited
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insight into efficiency of the entire production
system, which occurs when using others
measures of feed efficiency, but also overcomes
the problem of the high correlation with
production traits that is characteristic of other
feed efficiency traits.

The computation of RFI requires the estimation
of expected feed intake. This can be predicted
from production data by using feeding standards
formulae (e.g. National Research Council,
1996), by wusing individual feed intake
prediction models (e.g. Cornell Value Discovery
System, 2004) or by phenotypic or genetic
regression using actual feed test data (Kennedy
et al. 1993). Calculation of RFI, as reported in
several recent studies which used the phenotypic
regression approach (Archer et al. 1997; Arthur
et al. 2001a,b; Crews et al. 2003), can generally
be summarized as:

y = Bo + B1(ADG) + B2(WT) + RFI

Where y is daily feed intake, By is the regression
intercept, P; is the partial regression of daily
intake on average daily gain (ADG), and B, is
the partial regression of daily intake on body
weight (WT). Note that the above equation was
designed for young and growing cattle; although
the concept of RFI is not so limited, it is
possible to adapt equations for other beef cattle
categories as well such as pregnant beef cows
(Montanholi et al. 2006).

All reviews (e.g. Kelley, 2006) and major
studies highlight the existence of genetic
variation in feed efficiency and the fact that
most feed efficiency traits are moderately
heritable, hence the potential for genetic
improvement (Arthur & Herd, 2005). Pitchford
(2004) calculated the mean heritability of 0.25
for RFI from 35 estimates across seven
species/types. Specific heritability estimates of
RFT in beef cattle include 0.39 to 0.43 (Arthur et
al. 2001a); 0.26 to 0.30 (Crews et al. 2003) and
0.38 (Schenkel et al. 2004). There are no
estimates for heterosis associated with RFI in



cattle but, negligible values (around 3%) were
found in Japanese quail (Pitchford, 2004). From
the genetic point of view, RFI owns an extra
advantage in comparison to other traits of feed
efficiency. It presents a high genetic correlation
between the trait measured in the young animal
and that measured in the adult, while for other
feed efficiency traits, such as feed conversion
ratio, this correlation is low (Archer et al. 2002).
This indicates that RFI probably reflects more
variation in basic metabolic processes
(maintenance requirements) than variation due
to differences in level of production or growth
rate.

Although RFT offers the possibility to select on
the proportion of feed intake, which is due to the
metabolic  processes, in some respects
quantitative genetics has been based on a ‘black
box’ approach. This philosophy has been useful,
and during the past few decades the discipline of
Genetics has been very successful in delivering
tools and outcomes to improve animal
production (Arthur & Herd, 2005). However,
this approach does not make use of the
knowledge of physiological processes of animal
production. The better understanding and
application of the biological basis involved in
RFTI differences can be very useful for a number
of disciplines. The biological basis associated
with RFI might work as a tool in Animal
Breeding, as well as a bridge between Nutrition,
Physiology and Genetics research. Especially in
the case of Genetics, a comprehensive
understanding of the biological basis of RFI
might be helpful for prediction or assessment of
correlated responses to selection, supporting
quantitative geneticists and also by giving some
hints to molecular geneticists about possible
metabolic pathways, which might be controlled
by certain major genes.

Some studies have been conducted on the
biological basis of RFI in beef cattle, mainly by
Australian, American and Canadian researchers
(Johnston et al. 2002; Richardson et al. 2002
and 2004; Herd et al. 2004a; Richardson &
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Herd, 2004, Kolath et al. 2006a,b, Nkrumah et
al. 2006, Hegarty et al. 2007). Richardson et al.
(2002), by looking at the blood cell profiles in
animals selected for and against RFI, concluded
that it is doubtful that blood cells parameters
could be used as predictors for RFI. In a more
comprehensive study, Richardson et al. (2004)
looked at a number of physiological parameters
through key metabolites in beef steers from
weaning through to slaughter (Table 1). These
researchers found phenotypic correlations
between RFI and concentrations of: B-hydroxy
butyrate (r = 0.55 at weaning); aspartate
aminotransferase (r = 0.34 at weaning; r = 0.43
at feedlot phase); plasma urea (r = 0.26 at
weaning); total blood protein (r = 0.26 at
weaning); plasma levels of glucose (r = 0.40 at
feedlot phase); creatinine (r = -0.45 at feedlot
phase); insulin (r = 0.43 over the experiment);
blood plasma cortisol (r = -0.40 over the
experiment) and leptin (r = 0.31 over the
experiment). The concentrations of urea,
triglycerides, insulin, and cortisol tended to be
correlated with sire estimated breeding values,
providing evidence for genetic associations with
RFI. Johnston et al. (2002) demonstrated that
plasma IGF-1 levels are correlated to RFI (r =
0.56) and its adequacy as a selection criterion
for RFI was suggested (Wood et al. 2004).
Currently, IGF-1 is used as a marker in a two-
stage selection for RFI in Australian breeding
programs and since 2004, IGF-1 information
was also included in the generation of EBVs for
RFI (Arthur & Herd 2005).

Herd et al. (2004) and Richardson & Herd
(2004) utilized data from the above studies
along with scientific information about feed
utilization to  estimate the percentage
contribution of different physiological events to
variation in RFI. Herd et al. (2004) reviewed
and summarized five plausible mechanisms by
which the variation in the efficiency of nutrient
use may occur, Figure 1. Together, these
mechanisms may be responsible for about one-
third of the variation in RFI, with the remaining
two-thirds likely to be associated with heat loss



due to variation in other processes, such as
protein turnover, ion transport and proton
leakage. The study conducted by Richardson &
Herd (2004) was slightly different from the
previously discussed. Herein, the contribution of
‘protein turnover, tissue metabolism and stress’
was computed by using a multi-trait prediction
equation, without any direct measurement of
actual ‘protein turnover’, Figure 2. The traits
selected for this multi-trait equation were:
Aspartate amino transferase (AST), beta-
hydroxy butyrate (BOH), creatinine (CRE), dry
matter digestibility (DMD), leptin (LEP),
cortisol (COR), blood viscosity (VIS) and
ultrasound measurements (rib (RIB), rump
(RUM) and eye-muscle area (EMA). These
traits were used to identify differences in body
composition (BOH, LEP, CRE, RIB, RUM,
EMA); tissue turnover and metabolism (AST
and BOH); stress responsiveness (COR) and;
any difference in digestibility (DMD). This
multiple-trait equation explained 0.52 of the
observed variation in RFIL.

These two studies discussed above imply that
protein turnover might be a meaningful source
of variation for RFI. Thus, more specific studies
in this area might improve our understanding on
the biological basis of RFI. Besides protein
turnover, another two physiological processes
also have major contributions to the total
maintenance energy requirements; these are ion
pumping and proton leakage (Rolfe et al. 1999).
It is important to be reminded that the basic
premise behind the concept of RFI is that the
variation in feed efficiency is the result of
variation in the basic biological processes,
which are mainly represented by these three
processes.

Ion pumping is a cellular metabolic process
where ions are moved across cell membrane
against their concentration gradient. Such
transport is highly demanding in energy. In the
field of Energy Metabolism one particular kind
of ion pumping deserves special emphasis, the
Na'/K" pump that accounts for 20 to 30% of the

114

total maintenance energy requirements (Baldwin
et al. 1980). The electrical and concentration
gradient established by the Na'/K' pump
supports the cell resting potential. The
exportation of sodium from the cell provides the
driving force for several facilitated transporters,
and also the translocation of sodium from one
side of an epithelium to the other side creates an
osmotic gradient that drives the absorption of
water. The function of this pump is controlled
by the enzyme Na'/K'-ATPase, which is located
in the cell membrane of every animal cell
(Reece & Dukes, 2004). Although it has been
suggested that ion pumping is an important
source of variation to explain the differences
associated with RFI (Richardson & Herd, 2004),
there is a lack of studies demonstrating a genetic
variation on this physiological event. However,
there are some studies that identified a genetic
component of ion pumping. For instance, the
hyperkalemic periodic paralysis in some lines of
Quarter horses is associated with a genetic
dysfunction of the Na'/K" pump (Pickar et al.
1991). Similarly, in certain human families one
of the forms of migraine headaches is associated
with mutations in a gene that encodes a subunit
of the Na'/K'-ATPase (Wessman et al. 2004).

The proton leakage (H') across the
mitochondrial membrane is partially catalyzed
by uncoupling proteins (UCPs). These proteins
have an important role in the total heat
production in mammals, representing around
20% of the maintenance energy requirements
(Rolfe et al. 1999). The respiration chain across
the inner membrane of the mitochondria
provides an efficient conversion of energy from
a membrane gradient to ATP, through the
conversion of ADP + ~P using an
electrochemical gradient generated by H'
concentration (mitochondrial matrix: lower H"
concentration, mitochondrial intermembrane
space high H' concentration). When this
gradient results in the production of ATP, the
system is defined as ‘coupled’. However, if the
energy is directed away from ATP production
toward heat production, due to the activation of



a given uncoupler (e.g.: weak acids or UCPs)
that dissipates the H' electrochemical gradient,
less energy is available for ATP production and
the system is ‘uncoupled’ (Jezek et al. 1998). In
this situation, energy efficiency is decreased
because energy is lost as heat rather than used as
an energy source by the cells. The UCPs are
located in the mitochondrial inner membrane
and promote the pumping of protons from the
mitochondrial intermembrane space (H') back
to the mitochondrial matrix, avoiding the
generation of an electrochemical gradient, and
thus impairing the ATP formation (Garlid et al.
2000). Kolath et al. (2006b) observed that high
and low-RFI beef steers had similar expression
of the two most popular UCPs (2 and 3).
However, in a previous study these authors
(Kolath et al. 2006a) found out that the
mitochondrial function was not different
between high and low-RFI steers but rather the
rate of mitochondrial respiration is increased in
low-RFI  compared to high-RFI steers,
suggesting a better efficiency of electron
transfer in low-RFI steers.

Protein turnover involves the continual
synthesis and breakdown of body proteins.
These processes greatly exceed those of either
protein intake or protein deposition (Reeds &
Fuller, 1983). Although protein turnover has an
important role in helping to ensure
homeothermy in mammals, its role in ‘tissue
plasticity” is also vital (Lobley, 2003).
Continual, extensive remodeling of tissue
proteins to alter tissue structure, metabolism or
activity occurs as part of normal physiological
mechanisms. Depending on the physiological
condition, increases and decreases in both cell
number and size within specific tissues can
occur (Lobley, 2003); as well protein synthesis
and degradation within cells can be changed
(McBride & Kelly, 1990). These changes in
metabolism are associated with maintenance
energy requirements, which might be reflected
on variation in RFI. Around 20% of the
maintenance energy requirements are due solely
to whole body protein synthesis (Rolfe et al.
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1999). There are some divergent information
about relationships between protein turnover
and RFI. Tatham et al. (2000) found a positive
relationship  between RFI and plasma
creatinine:urea ratio, which is indicative of
higher turnover of creatine phosphate in the
muscle of high-RFI bulls. Conversely, Castro
Bulle et al. (2006) did not find any difference
between high and low-RFI beef steers in terms
of myofibrillar protein metabolism. These two
studies looked at metabolites derived from
muscle metabolism which represents 50% of the
whole body protein but accounts for only 15-
20% of the whole body protein synthesis.
However, there has been no investigation done
in the protein turnover of more metabolic active
organs such as gut, which accounts for only 5-
7% of the body mass and represents 32-45% of
the whole body protein synthesis.

Protein turnover, ion pumping and proton
leakage account for around 60 to 70% of the
total energy requirements for maintenance,
which basically represent the animals’ energetic
inefficiency.  Therefore, not only are
investigations on these individual physiological
events desirable, but also studies looking at the
total ‘heat’ output are needed and sometimes
easier to conduct than punctual investigations.
Animal calorimetry studies have been carried on
beef steers separated in low and high RFI
groups. Nkrumah et al. (2005) found that more
efficient beef steers (low-RFI) had lower heat
production than medium or high-RFI steers.
Similar results were presented by Castro Bulle
et al. (2006). These results indicate that RFI
may be negatively correlated with maintenance
energy requirements. However, from the
practical point of view the assessment of
animals’ heat production is too laborious and
expensive to be performed on a large scale (e.g.
testing a contemporary group of bulls). Thus,
more reliable alternatives are required. The
principal route for energy loss in ruminants is
evaporative heat loss (through heat exchange in
the lungs and nasal turbinates) (Blaxter, 1967).
However, part of the energy loss happens



through the skin. This tissue is responsible for
11% of the total heat production of the animal’s
body (Webster, 1983). Heat is dissipated
through the skin by radiation, convection,
conduction, or evaporation (Turner, 2001). A
possible way to introduce this ‘heat’” information
in breeding programs could be through infrared
images (IRI). The infrared camera measures and
images the emitted infrared radiation from an
object. The fact that radiation is a function of
object surface temperature makes it possible for
the camera to calculate and display its estimated
temperature (Turner, 2001).

Infrared thermography has been applied to
assess a number of different aspects of animal
production. The surface temperature of the
animal’s body could be related to several
pathological and physiological mechanisms and
production aspects. IRI may have potential as a
technique for early detection of illness in cattle
(Hurnik et al. 1984; Berry et al. 2003; Schaefer
et al. 2004). IRI appears to have limited
usefulness for routine detection of estrus in
dairy cows, but the technique may have
potential as a research tool for the study of skin
temperature patterns (Hurnik et al. 1985). IRI
could be used prior to slaughter to detect poor
quality beef and pork (Tong et al. 1995;
Schaefer et al, 1989). IRI also may have
applications in the field of Animal Nutrition:
Caldwell (2007) noticed that bulls fed a high
energy diet had higher foot temperatures than
bulls fed a low energy diet. Schaefer et al.
(2005) demonstrated some preliminary results
that IRI may be useful in the assessment of feed
efficiency in cattle. Thermal image technology
is a potential tool to be applied in large scale
animal production systems, because it is a non-
invasive, quickly and easily obtained
measurement. Moreover, Montanholi et al.
(2007) have some preliminary information
demonstrating, for the first time, a positive
correlation (r = 0.43) between infrared
thermography and indirect calorimetry (heat
production measured through gas exchange) in
COWS.
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Another approach to look at the maintenance
requirements is to consider the individual organs
metabolic rate. The gastrointestinal tract (GIT)
and liver are the main contributors to the
maintenance energy requirements, relative to
their contributions to total body mass (less than
10%) in ruminants (Lobley, 2003). Around 50%
of the maintenance energy requirements are due
to GIT (16 to 29%) and liver (20 to 26%)
metabolism  (Johnson et  al 1990).
Unfortunately, there is limited information in
the scientific literature relating RFI and the
metabolism of the GIT and liver. However, the
literature is rich in information about
maintenance energy requirements and visceral
tissue changes. There are demonstrated
differences in efficiency of energy use for
maintenance between animals, within species
and at similar physiological states. There is also
evidence that the maintenance energy
requirement is associated with genetic variation
in RFI (Herd et al. 2004).

Liver and GIT weights appear to increase or
decrease in direct proportion to dietary intake
within and across physiological stages of
maintenance, growth, fattening or lactation
(Johnson et al. 1990). There are also changes in
visceral organ weights according to the plane of
nutrition (Sainz & Bentley, 1997; Swanson et al.
1999). Changes in tissue mass are the net result
of rates of cellular proliferation, cellular losses,
as well as changes in cellular size (Alberts et al.
2002). The intestine has a remarkable capacity
to adapt to changing conditions of alimentation.
Starvation or protein deficiency results in
atrophy (shrinkage of a tissue or organ due to a
reduction in the size or number of cells). On the
other hand, refeeding or feed intake above the
normal levels results in hyperplasia (increment
in the size of a tissue or organ due to the
increment in the number of cells) (Fawcett,
1994). Compared to other organs that are
constantly being renewed, the hepatic
parenchyma is a rather stable cell population;
cells in division are seldom seen in the normal



liver (Fawcett, 1994). This implies that changes
in the liver weight are mainly due to
hypertrophy (increment in the size of a tissue or
organ due to the enlargement of existing cells).

Measurements of DNA, RNA and protein
content in tissue samples can be used as indirect
parameters of cell proliferation and cell size
(Burrin et al. 1988; Sainz & Bentley, 1997;
Swanson et al. 1999; Baldwin et al. 2004). The
amount of DNA in the tissue sample is
associated with the number of cells, because
DNA is one of the components of the cell
nucleus. DNA content between cells is quite
constant within a specific cell type. The net
content of protein and RNA within a cell or
tissue is a result of the balance between
synthesis and degradation. The relationship
between estimates of actual rates of protein
synthesis and ratios of cellular constituents is
commonly used to indicate protein synthetic
capacity of a tissue. Research has been
conducted on the quantification of these nucleic
acids and its quantitative relationships in liver
and intestine of cattle relative to nutritional
treatments (Swanson et al. 1999; Baldwin et al.
2004). However, these determinations were not
well characterized between animals of different
breed types or in animals ranked according to
their RFI values. In the same way, direct
measurements through tissue morphological
studies of the patterns of cell proliferation and
cell size changes may display a complementary
role to the indirect measurements described
above (or vice-versa). As well, patterns of
natural cell death (apoptosis) might be observed
through light microscopy.

Still related to the source of variation ‘protein
turnover, tissue metabolism and stress’
discussed above (Figure 2), the stress
component seems to display an important role in
the variation of RFI in beef cattle. Stress in beef
cattle is a non-specific response of the body to
any demand from the environment (Frazer et al.
1975). Cattle in an intensive husbandry system
are potentially subjected to an increased
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abundance of stressors (Fox, 1985). These
stressors may end up requiring some extra
activation of the animals’ immune system,
which might result in a lower performance or a
poorer feed efficiency (Klasing & Leshchinsky,
2000). There are some indications that in the
main domestic species the high genetic pressure
applied for growth has contributed to the
development of lines in which nutrients are
more directed to the growth of muscle at the
expense of the immune system (Rauw et al.
1998). One of the consequences of chronic
stress in farm animals is a suppression of the
body defense barriers resulting in a lower
resistance to pathogens, which certainly will
result in an activation of the immune system
beyond the basal level. Cortisol, a glucorticoid
hormone, synthesized and released by the
adrenal gland, is a key component of the
physiological response to stress (Palme et al.
2005). Richardson et al. (2004) noticed that beef
steers with a genetic propensity for low-RFI
have a lower cortisol concentration in the blood
following stress than steers with high-RFT (8.51
vs 19.84 ng/ml) and the correlation between RFI
and concentration of plasma cortisol was -0.40.
Thus, cortisol levels might be a good candidate
as a bio-marker for RFI.

However, there are some concerns associated
with the measurement of stress hormone levels,
especially in blood samples, as done by
Richardson et al. (2004). Because secretion of
glucorticoids occurs in a pulsatile fashion, blood
hormone concentration can change by a factor
of 10 or more within minutes (Palme et al.
2005). Therefore, interpretation (on the
individual level) of most endocrine parameters
based on a single (blood) sample might be
misleading. In addition, stress experienced
during the sampling procedure imposes an
important limitation. Fortunately, stressful
sample collection can be avoided by using
alternative sample matrices such as: saliva
(Negrao et al. 2004), urine (Gwinup & Johnson,
1975), feces (Mooring et al. 2006), and hair
(Davenport et al. 2006). Like blood samples,



saliva is a ‘point’ sample strongly affected by
time of day, food intake, and any environmental
disturbance that may have occurred shortly
before sampling. On the other hand, cortisol
values obtained from urine, feces and hair
samples reflect somewhat longer periods of
hypothalamic-pituitary-adrenocortical —activity,
thereby providing a true basal hormonal
‘phenotype’ for each individual subject
(Davenport et al. 2006). Palme et al. (2003)
found that fecal concentrations of cortisol
metabolites in cattle reflected the total amount
excreted and therefore reflected cortisol
secretory patterns better than did blood
concentrations, which changed quickly. In
addition, because only the free cortisol fraction
from the blood is available for metabolism and
excretion, fecal cortisol metabolite
concentration may more accurately reflect the
biologically active portion of the hormone.
Therefore, it might be worthwhile to examine
the possible relationship between RFI and
cortisol levels in different tissues matrices (e.g.
feces) rather than blood plasma.

Conclusions and Implications to Genetic
Improvement of Beef Cattle

Feed efficiency measurements constitute one of
the key approaches to study animal
bioenergetics and metabolism, which represent
‘undiscovered’ niches of potential traits for beef
cattle breeding programs. Recently residual feed
intake has re-emerged as one of the potential
tools to verify the potential differences in feed
efficiency among different animals. This trait
likely reflects variation in basic metabolic
processes more than variation due to differences
in the level of production. Therefore, primary
research on the most basal energy demanding
processes of the organism might result in quite
reliable indicators of animals’ performance,
which might constitute potential tools for beef
breeding.

Research conducted by diverse research groups
worldwide have begun to emerge in the last few
years. However, reasonable explanations for
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differences in feed efficiency and accurate
predictors are still lacking and there are many of
hypotheses yet to be tested. Besides information
on increasing our understanding of the
biological basis associated with feed efficiency,
new bio-markers for feed efficiency will likely
be proposed. There is clearly a need for more
easily-obtainable indicators of the animals’
residual feed intake than that obtained through
the feed record per se.

In this paper, a few potential possibilities of
physiological explanations for distinct residual
feed intakes were suggested; certainly many
other approaches are possible to apply in the
searching for biological differences among
animals in respect to feed efficiency. For
instance, one of the most promising
technologies to ‘scan’ the animal’s tissues for
potential bio-markers is proteomics; however,
the costs associated with this technology are still
prohibitive on a large scale. On the other hand,
some of the above suggested topics such as
cellular studies, infrared thermography and
hormonal determinations might be examined
using technologies that are more affordable and
easily accomplished. Therefore an interesting
scenario of testing new traits and looking for
key-controlling genes will make the life of
Animal Geneticists more fascinating in the near
future.

Moreover, the fact that different disciplines are
being combined to study feed efficiency, one
might expect more biological meaningful
models to explore the variation that exists in

feed efficiency, as well as a greater
interconnection among  researchers  with
different expertise. This interdisciplinary

approach is beneficial for ‘Beef Science’ as a
whole.

Finally, the economical and environmental
benefits associated with selection for more feed
efficient animals are strong arguments for a long
life of research on this subject. One might
suggest that a new era of more and more fine



tuned and comprehensive investigations in feed
efficiency has emerged with the ‘re-discovery’
of residual feed intake, which certainly will
have important repercussions on Beef Breeding
in the next decades.
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Table 1. Metabolic processes evaluated and specific parameters measured to access the some potential
bio-marker for RFI in beef cattle

Process Parameter (in blood plasma unless shown otherwise)
Energy substrates - Glucose, B-hydroxy butyrate (BOH), triglycerides
Skeletal muscle mass - Creatinine (blood and urine), urea
- Creatine kinase, urea, albumin, total plasma protein
Protein metabolism (TPP), 3-methyl histidine (urine, 3MH), aspartate
aminotransferase (AST)
Fat mass and metabolism - Triglicerides, leptin
. . - Total bilirubin, y-glutamyl transferase, AST, alkaline
Liver function
phosphatase
Stress - Cortisol
Oxygen transport efficiency - Blood viscosity
Digestion - Dry matter digestibility (DMD)
Rumen microbial protein - Allantoin (urine)

production
Source: Richardson et al. 2004.
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Figure 1. Estimates of the percentage contribution of different mechanisms contributing to the variation
in RFI in beef cattle. Source: Herd et al. 2004.
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Figure 2. Estimates of the percentage contribution of different mechanisms contributing to the variation
in RFI in beef cattle. Source: Richardson & Herd, 2004
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