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ABSTRACT 

 

 

The relationship between the circadian cycle of blood plasma  

analytes with feed efficiency in beef heifers 

 

 

Caroline Victoria Gonano              Advisor: Dr. Stephen P. Miller 

University of Guelph, 2013 

 

 

 Factors underlying biological differences in feed efficiency were investigated in order to 

determine if these factors could be utilized as indirect measures of feed efficiency. Residual feed 

intake (RFI) was determined in 36 beef heifers. Hourly blood samples were taken over 24 hours 

at 367 ± 15 days, 542 ± 23 days, and 704 ± 25 days of age corresponding to open, early 

pregnancy, and late pregnancy, respectively. Then hematological measures of basic metabolic 

processes that contribute significantly to energy expenditures were determined including albumin, 

urea, creatine kinase, glutamate dehydrogenase, aspartate aminotransferase and carbon dioxide. 

Creatine kinase, aspartate aminotransferase and carbon dioxide showed relationships with RFI in 

open heifers, urea and creatine kinase  in late gestation and carbon dioxide overall.  These 

associations tend to be reflective of differences in liver function, tissue turnover and whole body 

metabolism that may act as effective indirect measures of RFI. 
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Chapter 1 

 

1. GENERAL INTRODUCTION 

 

The Canadian beef industry provides a safe and nutritious food supply while also adding 

significantly to the national and provincial economies. Canada’s beef industry is the largest single 

commodity source of farm cash receipts comprising about 20% of the total. In addition, Canadian 

beef production also contributes to the processing, retail, food service and transportation sectors. 

With these other sectors considered, beef production adds about $26 billion to the Canadian 

economy annually. The industry consists of 210, 400 bulls, 3, 956, 200 cows, 569, 800 breeding 

heifers, 996, 800 slaughter heifers and 1, 292, 500 steers, which comprises 1.1% of the world 

cattle inventory and provides 7.0% of the world exports (Statistics Canada, 2013). Therefore the 

Canadian beef industry is an integral part of the Canadian economy and great importance should 

be placed on its success allowing for its expansion. The trend for rising costs associated with 

raising cattle have been decreasing profit margins in the cattle industry, preventing expansion 

(CCA, 2011). Small improvements in feed efficiency can reduce the cost of gain considerably 

since the price of feed comprises 70 to 80% of the total gain cost (Field and Taylor, 2002). Feed 

efficiency is an economically important trait for the cattle feeder. It has been determined that a 

5% improvement in feed efficiency is equivalent to any one of the following, reducing ration 

costs on a dry matter basis by $8 per ton, reducing purchase costs of the feeder animal by $1.75 

cwt or increasing daily gain by 0.6 lbs per day (Field and Taylor, 2002). Investigations into 

factors related to feed efficiency is important for profitable beef production in Ontario and 

Canada.  

Efficiency is defined as performance in the best possible manner with the least waste of 

time and effort. An efficient animal will attain the greatest amount of output, measured as meat or 
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milk for example, from the least amount of inputs, generally measured as feed consumption. 

Lessening inputs would maximize the profitability of beef cattle production through the 

minimization of input costs since feed provision is one of the greatest costs of production (Herd et 

al., 2003). Improvement in animal feed efficiency has the potential to not only increase profits for 

cattle producers, but also to decrease the environmental footprint of beef cattle production. Both 

are important in addressing the challenges of increasing feed costs and land pressure (Moore et 

al., 2009). There exists individual variation in animal feed efficiency which can be measured and 

utilized in replacement heifer selection (Herd et al., 2003).   

The limitation to the application of this measurement is due to the time consuming and 

laborious need for the quantification of individual feed intake and body weight measurements 

over a relatively lengthy time period. The costs and equipment required to assess efficiency 

prohibit its wide scale application. In order to implement a measurement of animal feed 

efficiencies, there is the need to determine indirect assessments for feed efficiency that are more 

easily measured while still maintaining high accuracy. There have been studies into indirect 

assessments which give an indication of how there exists variation in efficiency between animals. 

Some of these factors are based directly off observations that affect animal energy expenditures 

while some are more complex underlying factors. 

 Animal behavioural responses can alter physical activity and thus influence total energy 

expenditure and feed efficiency (Susenbeth et al., 1998). A relationship has been shown between 

feeding behaviour and residual feed intake (Sowell et al., 1998; Pritchard and Bruns, 2003; 

Schwartzkopf-Genswein et al., 2003). Studies show that more feed efficient animals typically 

engage in less daily feeding events in addition to have shorter eating bouts (Robinson and Oddy, 

2004; Kelly et al., 2010b). This may have evolved as an energy-sparing mechanism since low RFI 

animals may spend more time being sedentary, thereby utilizing less energy for activity. Another 

potential alternative to the direct assessment of feed efficiency is infrared thermography, which 
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measures the surface temperature of the animals’ body. Montanholi et al. (2009 and 2010) have 

suggested that more efficient cattle have a lower body surface temperature than less efficient 

animals, potentially explained by their lower maintenance requirements resulting in less heat 

being dissipated through the body surface (Richardson et al., 2001; Nkrumah et al., 2006; Castro 

Bulle et al., 2007). Montanholi et al. (2008, 2009, and 2010) have found that more efficient steers 

had cooler body extremities which were better predictors of heat production than core body 

locations, since they play a large role in body heat dissipation (Whittow, 1962; van den Heuvel et 

al., 2004).  

 Mitochondria are the site of energy production in the cell and produce the majority of 

cellular ATP. They are also part of numerous functional, metabolic, and signalling networks 

(Poyton and McEwen, 1996; Hood and Saleem, 2007). Due to its importance in energy 

metabolism, variation in the function of this organelle is a candidate for the underlying control of 

maintenance energy requirements (McDonald et al., 2009). Data has shown that energetically 

efficient animals have higher mitochondrial respiration rate (Kolath et al., 2006), ADP control of 

oxidative phosphorylation (Lancaster et al., 2007), and mitochondrial complex protein 

concentration (Bottje and Carstens, 2009) while having lower mitochondrially derived reactive 

oxygen species production (Davis, 2009), uncoupling protein 3 mRNA (triggers mitochondrial 

proton leak in muscle; Ojano-Dirain et al., 2007), muscle protein carbonyl concentrations 

(indicative of oxidative stress; Sandelin et al., 2004).  

 Many quantitative trait loci (QTL) have been identified throughout the cattle genome 

(Nkrumah et al., 2007a; Sherman et al., 2009), and single nucleotide polymorphism (SNP) 

associated with RFI have been identified (Sherman et al., 2008). In addition, a whole genome 

association study by Barendse et al. (2007) identified many SNP throughout the bovine genome 

associated with RFI.    
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Glucocorticoids are increased under stressful situations (Mostl and Palme, 2002) and play 

a key role in energy metabolism, influencing the animals’ performance (Sapolsky, 2002). Cortisol 

and its metabolites can be assessed in several manners, plasma cortisol represents the immediate 

response of the adrenal gland while fecal cortisol metabolites represents the cortisol that was 

released into the blood stream about 12 h before sampling (Palme et al., 1999 and 2005). How 

animals react to stressful situations may be impacting their efficiency. Koolhaas et al. (1999) 

found that shy animals have greater cortisol baseline and when exposed to stress situations have a 

predominantly parasympathetic response that is associated with energy conservation. Conversely, 

bolder animals have a lower cortisol baseline and when under stress exhibit a sympathetic 

response causing a fight and flight response that increases the energy expenditures. Montanholi et 

al. (2010) found that more efficient steers had greater baseline cortisol levels indicating a shy 

coping style. 

Another factor that may provide an indirect measure of animal energy requirements is 

through hematological measurements. Concentrations of key metabolic hormones associated with 

feed intake, growth, fat accumulation, nutrient repartitioning, and nutrient utilization have been 

examined to identifying potential physiological markers of feed efficiency (Wood et al., 2004; 

Nkrumah et al., 2007b). Insulin-like growth factor-I, a hormone that has a number of effects on 

growth and metabolism, was determined to be genetically (Moore et al., 2005) and phenotypically 

(Brown et al., 2004) positively correlated with RFI in growing bulls and heifers and has also been 

shown to be heritable (Herd et al., 1995).  

Leptin is another hormone that functions as a regulator of body weight, feed intake, and 

energy expenditure (Houseknecht et al., 1998). Richardson et al. (2004) observed a significant 

phenotypic correlation between serum leptin and residual feed intake. Studies have reported 

greater systemic insulin concentrations in high RFI steers at the end of a feedlot test (Richardson 

et al., 2004; Brown, 2005). This has been attributed to a decrease in leanness resulting from 
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increased fat deposition since insulin can reduce lipolysis and stimulate lipogenesis in adipose 

tissue (McCann and Reimers, 1986; Brown et al., 2004).  

Plasma metabolites are useful biochemical indicators of energy metabolism and 

nutritional status of beef cows (Russel and Wright, 1983; Agenas et al., 2006). Previous reports in 

cattle by Richardson et al. (1996 and 2004) have found greater blood concentrations of urea in 

less efficient genotypes. This may be credited to a greater protein intake in high RFI animals, a 

greater rate of body protein degradation, or deviation in the supply of amino acids due in part to 

variation in the efficiency of microbial protein production in the rumen (Lush et al., 1991; Kahn, 

2000). Creatinine is a breakdown product of creatine phosphate, an energy storage compound in 

the muscle and a proposed marker for muscle mass in cattle (Hansett and Michaux, 1985; Istasse 

et al., 1990). Studies by Richardson et al. (2004) and Lawrence et al. (2011) reported greater 

plasma creatinine concentrations in low RFI animals than in high RFI animals. Products of body 

fat mobilization such as nonesterified fatty acid and beta hydroxybutyrate increase in proportion 

to the degree of fat mobilization. Nonesterified fatty acid concentration has been found to be 

greater in the high efficiency animals (Richardson et al., 2004; Kelly et al., 2010a). Kelly et al. 

(2010a) found a positive relationship for beta hydroxybutyrate with residual feed intake.  

In the current study, feed intake was recorded from puberty through to calving for the 

determination of feed efficiency measured by residual feed intake (RFI) defined by Koch et al. 

(1963). Residual feed intake is the difference between the actual feed intake and the expected 

intake for the maintenance of body weight and production calculated from measures of body 

weight. Animals classified as more efficient would be represented by a low RFI since they eat 

less than expected for the same growth while high RFI would be considered inefficient since they 

have intakes that are greater than expected. This feed efficiency trait represents variations in the 

requirements for basic metabolic processes rather than variations due to differences in level of 

production (Richardson et al., 2001; Nkrumah et al., 2006; Montanholi et al., 2010). These 



6 

 

requirements for background metabolic processes represent 60 to 70% of total energy 

expenditures (Ferrell, 1988) with a large proportion of individual variation due to differences in 

visceral organ metabolism (Kolath et al., 2006; Nkrumah et al., 2006).  

Hematological measurements of visceral organ function were measured to assess their 

relationship to feed efficiency. They included metabolites such as urea and acetate, enzymes such 

as creatine kinase (CK), aspartate aminotransferase (AST), and glutamate dehydrogenase 

(GLDH) and proteins such as albumin. The blood samples were taken over a 24 hour time period 

to determine their variability throughout the day. Any relationship between circadian analyte 

profiles and differences in residual feed intake could help to clarify the factors underlying 

individual observed differences in feed efficiency. If these profiles were found to significantly 

vary, they could be utilized as an indirect measure of efficiency, which could enable the 

classification of animals according to efficiency without the collection of feed intake and body 

weight measurements. Additionally measurements were taken at three ages corresponding to 

different physiological states to investigate how these influence animal energy requirements and 

overall animal metabolism potentially affecting hematological measurements. Results from this 

study could give some insight into factors underlying individual differences in animal feed 

efficiency. Utilizing this information to access and select for animals of improved efficiency 

could help to counteract the rising input costs that producers face from surging feed and land 

costs ensuring more profitable and sustainable beef production.  
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Chapter 2 

 

2. LITERATURE REVIEW 

 

2.1 Feed efficiency in livestock production  

Historically, the majority of national genetic improvement programs for livestock have 

emphasized selection to improve outputs such as body weight and gains (Herd et al., 2003). More 

recently, selection has moved towards the focus on inputs in order to improve efficiency of 

production to increase profit (Herd et al., 2003). Providing feed to animals is responsible for a 

significant proportion of expenses with any animal production system. Therefore improving the 

efficiency with which animals use available feed is an important strategy to reduce feed costs 

resulting in an improvement in profitability. There is known variation in the efficiency in which 

nutrients supplied from feed are used for maintenance and growth (Herd et al., 2004). It is well 

known that differences in the amount and type of feed eaten, the sex and breed of the animal and 

the environmental conditions in which the animal is managed will influence feed efficiency (Herd 

et al., 2004). Still there is variation in efficiency of nutrient utilization between animals of the 

same breed, sex and age, raised under the same conditions and eating the same feed indicating 

that there is individual variation in the efficiency of utilization of feed (Herd et al., 2004). 

 

2.1.1 Assessment of feed efficiency 

Feed intake and its utilisation by the animal involve multiple biological processes and 

pathways, in addition to interactions with the environment and are highly correlated with live 

weight and level of production (Pitchford, 2004). Therefore to improve production system 

efficiency feed intake by itself cannot be used so other measures have been determined 

(Pitchford, 2004).  
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 The most widely used index of efficiency in the literature is that of gross efficiency or its 

inverse, feed conversion ratio (Archer et al., 1999). Gross efficiency is defined as the ratio 

between production outputs and feed inputs. For meat production systems, outputs are often 

measured as weight gain of growing animals and feed conversion ratio becomes the ratio between 

feed intake and weight gain measured over a defined period of growth (Archer et al., 1999). Feed 

conversion ratio is defined as feed intake per unit gain in weight and has been the most common 

measure of efficiency used in the swine and poultry industries (Pitchford, 2004).  However, 

despite widespread use, this measure is undesirable for genetic improvement purposes because 

they are often correlated with growth rate or other production traits, such as mature cow body 

weight which would result in higher feed requirements for the cow herd (Koots et al., 1994). The 

increase in feed requirements of the breeding herd would offset the gains in growth efficiency 

resulting in no change in production system feed efficiency. Also placing selective pressure on 

the components of a ratio trait is not predictable given that more intensity is usually placed on the 

component with greater variation (Gunsett, 1984). 

 Since maintenance requirements constuitue such a large proportion of total energy 

requirements measuring efficiency as maintenance efficiency may provide insight into differenes 

in efficiency. Maintenance requirements can be defined as the feed energy required for zero body 

weight change (Ferrell and Jenkins, 1985). Maintenance efficiency can then be defined as the 

ratio of body weight to feed intake at zero body weight change (Archer et al., 1999). Although 

maintenance efficiency is important there are difficulties associated with its measurement (Archer 

et al., 1999). Furthermore, maintenance efficiency cannot be measured in growing animals, as the 

requirement for weight stability is not satisfied (Archer et al., 1999). To obtain a true meaurement 

of maintenance requirements it is necessary to hold animals at a constant bodyweight, a process 

which can take up to 2 years in beef cattle (Taylor et al., 1981).  
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 Another proposed measure of efficiency is the partial efficiency of growth which is 

defined as the ratio of weight gain to feed after the expected requirements for maintenance have 

been subtracted (Archer et al., 1999). Maintenance requirements can be estimated from feeding 

tables which are based on average body weight during the measurment period (Archer et al., 

1999). However, problems are associated with their measurement since the estimation of 

maintenance requirements from feeding tables carries with it the assumption that no variation 

exists in the efficiency of feed use for maintenance. 

 Fifty years ago, Koch et al. (1963) suggested an alternative measure that avoids many of 

the problems listed above. He suggested that feed intake could be adjusted for live weight and 

weight gain and effectively partitioned into two components, the feed intake expected for a given 

level of production and a residual portion. The residual portion could then be used to identify 

those animals that deviate from their expected level of feed intake, which could then be classified 

as either high efficiency (negative residual feed intake) or low efficiency (positive residual feed 

intake). The concept of RFI adjusts an animal’s intake for the variation in feed intake due to body 

mass and gain, while the remainder of its intake is considered representative of background 

energy requirements (Carstens and Tedeschi, 2006; Nkrumah et al., 2006). Improvements in 

maintenance energy requirements can decrease the amount of feed required in a cow herd, 

thereby reducing costs associated with feed and increasing profitability (Arthur and Herd, 2008; 

Swanson and Miller, 2008). Other advantages of the use of RFI evolve from it having less 

dependence on production and growth factors (Arthur and Herd, 2008), which allows for 

improved points of comparison between animals (Carstens and Tedeschi, 2006).  

 

2.1.2 Biological differences in response to feed efficiency in other species 

 Utilizing work that has been done regarding feed efficiency in other species provides 

insight into indications of variation, which could be applied to the improvement of feed efficiency 
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in beef cattle. The concept of residual feed intake was originally proposed in the early 1940s as a 

direct approach to limit feed costs in laying poultry (Foster et al., 1983). Studies on heritabilities 

of RFI in poultry have shown heritabilities ranging from 0.21- 0.49 (Van Bebber and Mercer, 

1994; Pakdel et al., 2005). The concept of RFI was then further developed for use in other species 

including pigs where several studies have indicated that RFI in growing pigs is heritable, with 

estimates ranging from 0.15 to 0.40 (Johnson et al., 1999; Gilbert et al., 2007; Cai et al., 2008; 

Hoque et al., 2009). Similar heritabilities have also been observed in sheep (Cammack et al., 

2005), mice (Bunger et al., 1998), fish (Silverstein et al., 2005) and dairy cows (Williams et al., 

2010).            

 Several studies have been done that evaluated the relationship of animal behaviour with 

RFI. In mice, it was found that high efficiency mice were 67% less active than the low efficiency 

line (Hastings et al., 1997; Bunger et al., 1998). As well laying hens from a low RFI line were 

less active than those from the high line (Braastad and Katle, 1989; Luiting et al., 1991). Feeding 

behaviour also contributes to animal feed efficiency. Finisher pigs that were selected for 

decreased RFI resulted in pigs that spent less time eating and ate faster (de Haer et al., 1993; Von 

Felde et al., 1996; Rauw et al., 2006a and 2006b; Young et al., 2011). There is also evidence that 

heat production factors into differences in RFI since it influences maintenance energy 

requirements. Barea et al. (2010) observed that less efficient pigs have a higher heat production 

relating to their greater physical activity and basal metabolic rate. At the same time, Bordas et al. 

(1992) reported that lower efficiency chickens also had lower rectal and comb temperature. 

Investigations into some genetic differences between animals selected for divergent efficiency 

provides insights into possible indirect measures of feed efficiency. SNPs have been identified in 

a Yorkshire pig experimental population, which were associated with differences in RFI (Fan et 

al., 2010). QTLs have also been found in chickens that affect feed efficiency (Van Kaam et al., 

1999). Since the role of mitochondria is universal between species, any investigations into their 
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function would be easily applied to beef cattle. It has been determined that all 5 respiratory chain 

complex activities were greater in sheep exhibiting the low RFI phenotype compared with those 

exhibiting the high RFI phenotype (Rajaei Sharifabadi et al., 2012). The same trend was observed 

in broilers (Bottje et al., 2002) and pigs (Grubbs et al., 2013). 

 

2.2 Evidences of variation in feed efficiency 

 2.2.1 Genetic evidences of variation in feed efficiency 

Residual feed intake is a valuable tool for selection of more efficient animals since it is 

genetically independent of growth rate and body weight in growing cattle (Herd and Bishop, 

2000; Arthur et al., 2001a) meaning that selection based on RFI could offer progeny that would 

eat less without compromising growth performance (Herd et al., 2004). However, the direct 

measurement of RFI for individual animals is an expensive process, and this has been a major 

limitation to the adoption of feed efficiency as an economically important trait in animal 

breeding. Therefore, DNA based marker-assisted selection would help beef breeders to accelerate 

genetic improvement for feed efficiency by reducing the generation interval and would avoid the 

high cost of measuring residual feed intake (Chen et al., 2011). The genetic assessment of feed 

efficiency would provide an accurate measurement that is not confounded by environmental or 

feed effects (Sherman et al., 2009). Sherman et al. (2009) identified associations between SNPs 

underlying five RFI QTL on five bovine chromosomes with measures of dry matter intake, RFI 

and feed conversion ratio in beef cattle. Six SNPs were found to have effects on RFI. Further 

studies by Sherman et al. (2010) found a total of 150 SNP were associated with RFI. This shows 

that these SNPs may be affecting the underlying biological mechanisms of feed efficiency beyond 

feed intake control and weight gain efficiency. Chen et al. (2011) used global gene expression 

profiling by microarray to identify genes that were differentially expressed in cattle of different 

efficiencies and to uncover candidate genes for residual feed intake. One hundred and sixty-one 
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unique genes were identified as being differentially expressed between animals with high and low 

residual feed intake. These genes were involved in seven gene networks affecting cellular growth 

and proliferation, cellular assembly and organization, cell signalling, drug metabolism, protein 

synthesis, lipid metabolism, and carbohydrate metabolism. This analysis allows for the 

identification of candidate genes for marker-assisted selection. 

 

 2.2.2 Behavioural evidences of variation in feed efficiency 

 Variation in energetic costs associated with feeding activities including eating time and 

eating frequency may contribute to variation in RFI because of their association with activities 

such as standing and walking (Lancaster et al., 2009). Energy expenditures are 19% greater 

during standing compared with lying (Susenbeth et al., 1998). For example more efficient bulls 

took 6% less steps than less efficient bulls, which accounted for 10% of RFI variation 

(Richardson et al., 2000). It has been found that more efficient animals eat smaller meals 

(Montanholi et al., 2010), eat slower (Kelly et al., 2010a; Montanholi et al., 2010), visit the feeder 

less often (Montanholi et al., 2010), eat fewer meals (Robinson and Oddy, 2004; Golden et al., 

2008; Kelly et al., 2010a) and overall spend less time feeding (Lancaster et al., 2005; Nkrumah et 

al., 2006; Golden et al., 2008). This indicates that a decrease in feeding-associated activities of 

the more efficient animals may have evolved as an energy-sparing mechanism (Richardson and 

Herd, 2004; Nkrumah et al., 2006; Golden et al., 2008). Additionally, Hickman et al. (2002) and 

Golden et al. (2008) found greater variability of feed intake throughout the day for inefficient 

animals. 

 

2.2.3 Metabolic evidences of variation in feed efficiency                                                                                                               

 As early as 1966, Hungate noted that animal variation in digestion, fermentation, and 

rumen turnover rate offered an opportunity to select ruminant livestock for increased productivity 
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(Hungate, 1966). Furthermore behavioural evidences may also affect animal digestion since 

eating rate is negatively related to total mean retention time (Forbes et al., 1972). Within the 

rumen, the retention time of feed will affect animal productivity by many means, including 

changes to the ratio of ruminal microbial species (bacteria, protozoa and methanogens), volatile 

fatty acid pattern, chemical composition of the microbes, alteration of the maintenance energy 

requirement of the microbes and also the energetic efficiency of the growth of microbes 

themselves (Meng et al., 1999).  A large component of the individual variation is due to the 

microbial population since they are responsible for the breakdown of feed components, enabling 

ruminants to derive approximately 70% of their metabolic energy from the microbial 

fermentation of feedstuffs and act as a source of protein (Bergman, 1990). Recent studies have 

suggested that bacterial structure in the rumen is associated with cattle feed efficiency (Guan et 

al., 2008). Hernandez-Sanabria et al. (2012) identified associations between specific bacterial 

phylotypes and VFAs with feed efficiency traits. Three bacterial phylotypes (Succinivibrio sp., 

Eubacterium sp., and Robinsoniella sp.) were identified to be potentially associated with RFI 

based on their sequences. As well differences in rumen retention time are associated with starch 

digestion and absorption (Meissner et al., 1996; Orskov et al., 1988). It is possible that there is 

between animal variations in the capacity to digest starch in the small intestine (Channon et al., 

2004). Inefficient digestion could result in an animal with an overall lower feed efficiency. 

Fermentation of starch in the hindgut follows poor starch digestion in the rumen and small 

intestine and it is the least desirable site of starch digestion in the gastrointestinal tract of 

ruminants (Orskov, 1986). Methane and heat losses make fermentation in the hindgut is a much 

less energetically efficient process than enzymatic starch digestion and absorption of glucose in 

the small intestine (Black, 1971; Owens et al., 1986). Any microbial protein produced in the 

hindgut cannot be absorbed and is lost in the faeces resulting in a loss of protein available to the 

animal (Channon et al., 2004). Channon et al. (2004) found that high efficiency parents generally 
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produced progeny that had higher faecal pH and faecal DM indicating that starch was more 

extensively utilised in the rumen and small intestine meaning less starch reached the hindgut to be 

fermented. This provided evidence for genetic differences between animals in their capacity to 

digest starch, which contributed to differences in efficiency of feed utilisation. 

 2.2.3.1 Visceral organ function       

 The maintenance of an optimum nutrient balance in ruminant animals is important for the 

most efficient growth and requires a wide range of responses to supply the necessary metabolites 

(Seal and Reynolds, 1993). The visceral organs play a pivotal role in the moderation of nutrients 

available for peripheral tissues since they are responsible for the digestion, absorption and 

intermediary metabolism of ingested nutrients (Huntington and Reynolds, 1987). Firstly, nutrients 

must cross the intestinal tissues since they form an interface between the diet and the animal and 

will influence the flux of nutrients from the intestinal lumen into the bloodstream. After passing 

the intestinal wall, nutrients must transverse the liver before reaching the vena cava. The liver is 

situated to integrate the flow of absorbed nutrients and their metabolites from the digestive tract 

to peripheral tissues. This will further moderate the supply of nutrients to peripheral tissues for 

maintenance or productive functions such as muscle deposition (Seal and Reynolds, 1993). This 

results in a pattern of nutrients in the bloodstream, which does not exactly reflect the quantity and 

form of those that were available from the diet, meaning that these organs have a profound impact 

on the supply of nutrients for production in ruminants. Removal of nutrients is a major 

determinant of the amount of nutrients reaching peripheral tissues, mainly responsible for whole-

body protein retention (Lapierre et al., 2000). The degree of release of nutrients from the visceral 

organs has also been shown to be influenced by feed intake (Huntington and Prior, 1985; 

Huntington et al., 1988). Lapierre et al. (2000) observed an increase in hepatic removal of total 

amino acids with increasing feed intake.    
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 The amount of nutrients available for gain in cattle is also influenced by the considerable 

amounts of energy requirements that are put towards visceral organ metabolism. Even though 

these organs only represent approximately 6-10 % of body-weight, estimates indicate that 

metabolically active visceral organs account for a large proportion of total energy requirements at 

40-50 % (Webster, 1981). Liver accounts for about half of this amount (Baldwin, 1995) while 

only comprising 1.45% of the body weight in beef steers (Terry et al., 1995). Some of the 

metabolic events that contribute to the high energy expenditure of the visceral organs include diet 

digestion, nutrient absorption and metabolism, maintenance of gut epithelial structure and 

immune functions, and synthetic processes within the pancreas and spleen (Reynolds, 2002). On a 

biochemical level, these energy costs go towards Na+, K+-ATPase, protein synthesis, protein 

degradation, substrate cycling and urea synthesis (McBride et al., 1990).  In particular, the 

maintenance of cell structure through protein turnover requires a high rate of energy expenditure 

and amino acid requirements (Reynolds, 2002).  The high rate of protein synthesis in the 

gastrointestinal tract is associated with cellular turnover and sloughing, secretion and enzymatic 

action (McBride et al., 1990).  While in the liver, protein synthesis is important in the mediation 

of hormonal induction, which influences regulation of body systems, synthesis of plasma 

proteins, enzymatic and cellular turnover and detoxification of blood (McBride et al., 1990).  

 The high metabolic capacity also requires these organs to have a high rate of blood flow 

to provide oxygen and remove carbon dioxide (Reynolds, 2002). The kidneys receive more blood 

flow per unit mass than any other tissue in the ruminant (Hales, 1973), due to their function in the 

excretion of waste products and the maintenance of fluid balance. Though their blood flow is 

relatively constant and their fractional extraction of oxygen is lower than for tissues such as the 

liver their metabolic functions represent a true maintenance cost (Reynolds et al., 1991). On the 

other hand, other visceral organs including the gastrointestinal tract, pancreas, spleen, and liver 

account for substantial portions of body oxygen consumption and show variability due to body 
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weight, physiological state or diet composition, indicating that their exists individual animal 

variation. Across a variety of experimental conditions, the total splanchnic tissues account for 

from 36 to 54% of body oxygen use (Reynolds, 1995). Evidence suggests that the proportions of 

maintenance energy requirements that visceral organs require is highly variable depending on 

genotype, ration, physiological state, nutritional status, maturity and physiological state (Ferrell, 

1988). In particular, the level of nutrition evokes changes in visceral organs that results in 

changes to organ metabolic activity. This is both a function of organ size and tissue metabolic 

activity (Burrin et al., 1989). An increase in feed intake will influence blood flow and oxygen 

consumption (Burrin et al., 1989). Burrin et al. (1989) observed a 37% decrease in oxygen 

consumption of the portal drained viscera and a 63% decrease in oxygen consumption of liver in 

lambs fed at maintenance intake compared with lambs with ad libitum intake. It has been 

suggested that this regulation of blood flow ensures a constant rate of delivery of nutrients and 

removal of end products for a given unit of tissue.  

2.2.3.2 Organ size and activity       

 A relationship has been shown between feeding level and organ size from changes of 

workload. In a series of experiments with pigs, rats and sheep, a decreased plane of nutrition 

consistently resulted in decreased sizes of visceral organs such as liver, kidney, stomach and 

intestines (Koong et al., 1982; Ferrell and Koong, 1986). Since metabolic activity of an organ is 

the product of organ size and metabolic activity per unit of tissue this greatly relates to animal 

energy requirements (Burrin et al., 1990). From the divergent selection for basal metabolic rate in 

mice, there was a resulting increase in liver size with increases in basal metabolic rate (Ksiazek et 

al., 2004). Some research has suggested that changes in visceral tissue mass are associated with 

differences in RFI (Archer et al., 1999; Basarab et al., 2003).   
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2.2.3.3 Organ function and cellular activity     

 A large proportion of dietary intake is directed towards “housekeeping” activities of the 

animal potentially decreasing the amount available for utilization for gain. There is evidence that 

these maintenance events are associated with genetic variation in RFI (Herd et al., 2004). Protein 

turnover in living animals is an energetically expensive process, with energy costs of protein 

turnover accounting for 15- 20% of basal metabolic rate across a range of species (Waterlow, 

1988). Variation in protein metabolism has been shown to accompany genetic selection for 

growth and other traits in domestic animals (Oddy, 1999) and for cattle divergently selected for 

RFI (McDonagh et al., 2001).  Transcriptomic analysis of liver biopsies from Angus bulls have 

identified 163 differentially expressed genes between animals with high and low RFI, that 

represent several cellular pathways, such as growth, proliferation, protein synthesis, lipid 

metabolism, and carbohydrate metabolism (Chen et al., 2008).     

 Inefficiency of energy production may also contribute to differences between animal feed 

efficiencies. There has been evidence of a link between inefficient mitochondrial respiration and 

decreased gain to feed ratio in poultry (Bottje et al., 2002) and rats (Lutz and Stahly, 2003). 

Mitochondria produce the majority of cellular ATP from oxidative phosphorylation through the 

electron transport chain from proton pumping across the inner mitochondrial membrane (Bottje et 

al., 2009). However, protons may also flow back into the mitochondria at sites other than the 

designated site in a process called proton leak (Brand, 1995). Therefore the inefficiency of 

mitochondria can be measured through proton leak. Proton leak represents up to 30% of oxygen 

consumption in isolated liver cells and up to 50% of oxygen use in a perfused muscle (Brand, 

1990; Rolfe and Brand, 1996) meaning that proton leak could contribute as much as 25% of total 

basal metabolic rate of an animal, contributing to inefficiency (Rolfe and Brand, 1996 and 1997; 

Rolfe et al., 1999). Further adding to the trend of efficiency of mitochondrial complexes 

contributing to the efficiency of the animal has been shown by Bottje and Carstens (2009) that 
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found that reduced activities of respiratory chain complexes may be associated with reduced feed 

efficiency. Rajaei Sharifabadi et al. (2012) found that in sheep all 5 respiratory chain complex 

activities were greater in sheep exhibiting the low RFI phenotype compared with those exhibiting 

the high RFI phenotype. Moreover, in breast muscle, liver and duodenal mitochondria from 

higher efficiency broilers it was found that there was a more tightly coupled respiratory chain 

along with lower electron leak and reactive oxygen species production compared with lower 

efficiency broilers (Bottje et al., 2004).  

2.2.4 Effect of selection for feed efficiency      

 The selection for RFI may only be viable if detrimental effects on output are not observed 

due to genetic correlations of RFI with other key production traits. These traits include carcass 

and meat quality traits at slaughter, and cow traits, such as age at puberty, mature size, milk 

production, and lifetime reproductive performance (Herd et al., 2003).   Several studies have 

looked at the effects of selection for RFI on performance and carcass traits. Richardson et al. 

(1998) found no difference between the progeny of parents selected for low RFI or for high RFI 

in average daily gain over the test, and body weight at the end of the test. Carcass traits measured 

ultrasonically before slaughter showed that low RFI line steers had less subcutaneous fat depth at 

the 12/13th rib and rump, and a smaller cross-sectional area of the longissimus dorsi muscle. It 

was concluded that progeny of low RFI parents grew as fast, or faster, than steers of high RFI 

parents but ate less feed per unit gain and produced carcasses that were acceptable with no 

compromise in retail meat yield. Baker et al. (2006) also looked at meat quality and palatability 

after selection for RFI. No differences among RFI groups were found for hot carcass weight, 

longissimus dorsi muscle area, ultrasound fat thickness, USDA yield grade, marbling score, or 

quality grade. Shear force and sensory panel tenderness and flavour scores of steaks were similar 

across RFI groups.    
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The effects of selection of cows based on post weaning RFI measurements and later 

performance as a mature cow is important to understand. Arthur et al. (2005) found no significant 

selection line differences were observed in performance traits including fatness and weight. In 

addition, no significant differences in maternal productivity traits were observed between high 

and low RFI selection lines including differences in pregnancy, calving and weaning rates, milk 

yield and weight of calf weaned per cow exposed to bull. Basarab et al. (2007) observed that 

cows that produced more efficient calves were in better body fatness throughout their lifetime, 

had less calf death loss, had a similar calving interval and produced the same weight of calf 

weaned per 100 kg of cow exposed to breeding compared with cows that produced inefficient 

progeny. Crowley et al. (2011) also found that selection for improved feed efficiency had no 

deleterious effects on cow performance traits including fertility, calving difficulty, or perinatal 

mortality with the exception of delaying the age at first calving, which may be due to a delay in 

the onset of puberty, although it did not affect subsequent reproductive performance. Arthur et al., 

1999 also reported that milk yield, did not differ between high and low efficiency lines. Overall 

the results indicate that females, which were more efficient as weanlings, required less feed as 

mature cows, with no compromise in performance. Therefore the addition of selection of RFI into 

breeding programs has been found to have very little negative effects on overall performance and 

value of end product while making significant improvements on animal feed efficiency.  

 The effects of selection for RFI on bull fertility are also very important factors 

influencing the profitability of beef production since bull fertility plays a key role in the success 

of calf production and identifying bulls with superior fertility and with superior feed efficiency 

could significantly impact cow-calf production efficiency (Awda et al., 2013). Studies have 

looked into selection for RFI and fertility traits (Arthur et al., 2001b; Fox et al., 2004; Schenkel et 

al., 2004). Wang et al. (2012) went further and looked into traits measured for breeding 

soundness evaluations including body weight at one year, scrotal circumference at one year, front 
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and hind feet score, temperament score, semen density score, normal sperm morphology and 

sperm motility. With the exception of sperm motility, none of the breeding soundness traits were 

associated with RFI (Wang et al., 2012). However the scoring procedure for motility is somewhat 

subjective and can be affected by many factors, such as temperature, time, concentration, 

contamination, and method of collection and should not be used as a sole measure of bull fertility 

(Barth, 2000; Agdex, 2002). Furthermore no effect on siring ability was found. Awda et al. 

(2013) also looked into measurements of scrotal circumference and semen quality, including 

sperm motility, viability and morphology to evaluate bull fertility. In this study they found that 

improved feed efficiency was negatively associated with sperm motility and viability. This may 

suggest the possibility of genetic associations between RFI and testicular tissue development, rate 

of maturation, spermatogenesis activity, sperm viability, and motility (Awda et al., 2013). 

Furthermore the more efficient bulls may be reaching puberty later and exhibiting less sexual 

activity while on the feed trial, which could benefit their RFI phenotype (Awda et al., 2013). 

 Benefits have been found to arise from the selection for improved efficiency, specifically 

differences in greenhouse gas emissions. Since livestock contribute 50% to Canada’s agricultural 

greenhouse gas emissions (Environment Canada, 2004) this benefit would be important. Low RFI 

cattle have been found to have lesser methane emissions since the quantity of ration consumed is 

an important determinant of the daily methane emission of livestock (Nkrumah et al., 2005 and 

2006; Hegarty et al., 2007).  The reduction in dry matter intake of low RFI cattle would also be 

expected to reduce the amount of manure produced, decreasing the magnitude of nitrous oxide 

liberated from manure, and also decreasing overall nitrogen intake (Okine et al., 2001; Herd et al., 

2002). Direct selection on RFI for multiple generations has proved to be effective in cattle 

(Arthur et al., 2005).   
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2.3 Blood plasma analytes as indicators of feed efficiency   

 2.3.1 Studies on blood plasma analytes as indicators of feed efficiency 

 Concentrations of metabolic hormones, enzymes and metabolites, mediators of nutrient 

uptake as well as inhibitors of tissue catabolism, have been examined with a view to identifying 

potential physiological biomarkers for feed efficiency in cattle (Richardson et al., 2004; Wood et 

al., 2004; Nkrumah et al., 2007b).       

 Hormones have been investigated to determine if their actions mediate any differences in 

efficiency of feed use. Leptin is a hormone synthesised primarily by adipose tissue whose role 

includes the participation in, and regulation of, multiple physiological systems, including 

reproduction, inflammation, and cell-mediated immunity, in addition to the coordination of whole 

body energy homeostasis (Houseknecht and Portocarrero 1998; Houseknecht et al. 1998; 

Friedman and Halaas 1998). Its concentration in plasma is related to the extent of body lipid 

depots (Ji et al., 1997; Chillard et al., 1998; Minton et al., 1998). Leptin has been shown to be 

positively correlated with steer RFI (Richardson and Herd, 2004; Richardson et al., 2004). 

Alternatively, Brown et al. (2004) and Kelly et al. (2010a) reported that systemic leptin 

concentrations were unrelated to RFI. Another hormone linked to RFI is insulin. Following 

divergent genetic selection, high RFI steers tended to have higher insulin concentration than low 

RFI steers at the end of a feedlot test (Brown, 2005; Richardson et al., 2004). Kelly et al. (2010b 

and 2011) also found a positive association between RFI and plasma insulin concentration. 

Higher blood insulin concentrations in the high RFI cattle may be associated with their greater fat 

composition, since insulin inhibits lipolysis and stimulates lipogenesis in adipose tissue 

(Hocquette et al. 1998; Orr et al. 1988). Furthermore insulin concentration increases with feeding 

frequency (Mineo et al. 1990) and since high RFI steers have a higher feed intake (Richardson et 

al. 1998, 2001) this may be contributing to observed differences.   
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There has been less research into the relationship of circulating enzymes on differences in 

RFI. Aspartate aminotransferase is a key enzyme in amino-acid metabolism (Stryer, 1988). It acts 

as a marker of liver function and indicates higher levels of protein catabolism in the liver of less 

efficient steers (Richardson et al., 2004). Richardson et al. (2004) demonstrated a positive 

correlation of -0.36 with feedlot RFI. Products of metabolism may give insight into underlying 

differences in animal metabolism which may reflect inherit differences in feed efficiency. 

Triglycerides are a reserve of energy that is stored in adipocyte cells (Vernon and Houseknecht, 

2000). Plasma triglycerides have commonly been used as indicators of energy status (Cameron, 

1992). Muscle tissue can use plasma triglycerides as an extra-muscular source of fuel following 

their transformation to non-esterified fatty acids (Hocquette et al., 1998). It has been suggested 

that lower plasma concentrations of triglycerides indicate higher use by muscle as an energy 

source for protein synthesis (Cameron, 1992). There has been evidence that less efficient animals 

had less plasma triglyceride concentrations than low RFI steers, indicating a greater energy 

requirement by their muscle, due to a higher protein turnover rate (Richardson et al., 2004). Beta-

hydroxybutyrate (BHB) is a product of tissue fatty acid catabolism that is oxidized in muscle 

(Hocquette et al., 1998). Systemic concentrations increase in proportion to the degree of fat 

mobilization (Kelly et al., 2010b). Ruminants have a higher use of BHB as an energy substrate by 

muscles than monogastrics, with extraction rates by hindlimb muscle ranging from 10 to 45%, 

which are higher glucose utilization (Hocquette et al. 1998). In sheep, BHB is reported as 

positively correlated with carcass protein content (Cameron 1992; Clarke et al. 1996) and 

negatively correlated with subcutaneous fat depth (Clarke et al. 1996). Higher concentrations of 

BHB have been seen in high RFI cattle (Kelly et al., 2010a, 2010b; Lawrence et al., 2011). 

Richardson et al. (2004) observed the same trend, however, the direction of the association 

changed from positive to negative as the animals increased in age.     
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Urea is a product of protein degradation (Cameron, 1992) with increased plasma urea 

nitrogen indicating increased amino acid catabolism (Mortimore and Poso, 1987). Blood urea 

nitrogen was reported to be negatively related to protein content in bulls (Robinson et al., 1992), 

negatively related to lean growth (Cameron, 1992; Clarke et al., 1996) and positively related with 

back fat in sheep (Clarke et al., 1996). Blood urea concentrations have been reported as 

negatively correlated with high lean growth in sheep (Cameron, 1992; Clarke et al., 1996), with 

predicted carcass lean in sheep (Cameron et al. 1994), and positively correlated with back fat 

depth in sheep (Cameron et al., 1994; Clarke et al., 1996). Urea has also been shown to be 

positively related to genetic and phenotypic measures of RFI in steers (Richardson et al., 1996, 

2004; Kelly et al., 2010b). There is evidence that high RFI steers have a higher rate of protein 

degradation than low RFI steers (Richardson et al., 1996; McDonagh et al., 2001). This may be 

credited to a greater protein intake in high RFI animals, a greater rate of body protein 

degradation, or deviation in the supply of amino acids due in part to variation in the efficiency of 

microbial protein production in the rumen (Lush et al., 1991; Kahn, 2000). Mixed results have 

been found regarding any relationship between RFI and concentration of glucose. Richardson et 

al. (2004) found a positive phenotypic correlation with feedlot RFI. Kelly et al. (2010a and 2011) 

did not find any relationship between circulating glucose and RFI. Plasma proteins have 

important functions as sources of amino acids for tissue protein synthesis and in the control of 

blood pressure and blood viscosity (Clarke et al., 1996). There have been observed trends for 

positive phenotypic relationships between RFI with total plasma protein. Richardson et al. (1996) 

observed this trend while Richardson et al. (2004) observed this relationship only from blood 

samples taken at weaning and Lawrence et al. (2011) found this on final sampling, indicating 

inconsistencies between day of testing. Increased plasma protein reported in the less efficient 

cattle may reflect differences in the rate of protein turnover (Richardson and Herd, 2004). 

Creatinine is a break-down product of creatine phosphate, an energy storage compound in the 
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muscle that has been shown to be positively associated with muscle mass in sheep (Cameron 

1992; Clarke et al. 1996) and cattle (Hansett and Michaux, 1985; Istasse at al., 1990) and 

negatively associated with fat depth in sheep (Clarke et al., 1996). A study by Richardson et al. 

(2004) reported a negative correlation between RFI and plasma creatinine concentration which 

was in agreement with the findings of Lawrence et al. (2011) who found that plasma 

concentrations of circulating creatinine were higher for low RFI heifers than high RFI heifers 

relating to lower protein turnover.       

 Mediators of nutrient uptake may directly affect animal feed efficiency. Insulin-like 

growth factor I is a single-chain 70 amino acid, basic polypeptide that mediates the growth 

stimulating action and metabolic activities of growth hormone (Kelly et al., 2011). IGF-I has been 

determined to be positively correlated with RFI in growing animals (Moore et al., 2005; Brown et 

al., 2004). However no relationship between overall plasma IGF-I and RFI has been observed. 

Johnston et al. (2007) reported that as cattle became more physiologically mature, the genetic 

relationship between plasma IGF-I concentration and RFI became less positive. 

2.3.2 Albumin        

 Albumin is one of the longest known and likely most studied of all proteins due to its 

abundance and ease of measurement. In mammals albumin is synthesized by the liver and is 

primarily regulated by the colloid osmotic pressure of the interstitial fluid surrounding 

hepatocytes (Peters and Anfinsen, 1950) and possesses a half-life in circulation of 19 days 

(Waldman, 1977). Thus albumin reflects the liver’s synthetic ability (Lee, 2004). Albumin 

functions in the regulation and maintenance of the colloidal osmotic pressure in the blood and as 

a major transporter in the blood. The substances that albumin transports includes the bile acids, 

free fatty acids, bilirubin, cations, hormones, cholesterol, bilirubin, and heme in addition to trace 

elements including iron, copper, cobalt, manganese and zinc and many drugs such as penicillin 

(Reece, 2004). The transport of cortisol in the blood is through the attachment to carrier proteins 



25 

 

including corticosteroid binding globulin or by albumin (Reece, 2004). Albumin has a much 

greater capacity for binding cortisol since its levels are much higher in the plasma, but its binding 

is much weaker. Seventy five percent of albumin is bound to corticosteroid binding globulin, 15 

percent is albumin bound, and 10 percent is unbound or free (Reece, 2004). The binding to 

albumin protects cortisol from kidney excretion and from liver inactivation, provides water 

stability, storage for the hormones and regulates availability to effector tissues (Reece, 2004). 

Albumin also maintains normal blood pressure by contributing to the viscosity of blood and 

regulating blood acid base balance (Reece, 2004). Albumin also possesses the ability to affect the 

solubility of carbohydrates, lipids, and other substances held in solution by the blood (Reece, 

2004). There is evidence that albumin has antioxidant activity which may promote wound healing 

(Nicholson, 2000). Variation in serum albumin levels occur. Hyeralbuminemia is usually only 

observed with dehydration (Peters, 1996).  Hypoalbuminemia can result from decreased synthesis 

due to malnutrition or liver disease, from increased degradation due to nephrosis or 

gastrointestinal tract losses or from increased loss from circulation from shock or edema (Peters, 

1996).  Even under optimal conditions variation may be observed (Peters, 1996). A higher than 

normal level of serum albumin is associated with body weight in humans (Micozzi et al., 1989) 

and with birth weight, neonatal survival, and growth rate in piglets (Stone and Leymaster, 1985; 

Wise et al., 1991).   

2.3.3 Urea          

 Blood urea nitrogen is the concentration of nitrogen, as urea, in the serum. Its 

concentration in the blood depends on urea production in the liver as a result of protein 

metabolism and tubular reabsorption, in addition to glomerular filtration in the kidneys before 

excretion into the urine (Wilson, 2008). Elevated urea concentrations indicate malfunction of the 

kidneys due to acute or chronic kidney disease, damage, or failure. It may also be indicative of 

decreased blood flow to the kidneys, from problems such as congestive heart failure, shock, 
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stress, or from conditions that cause obstruction of urine flow, or from dehydration from 

inadequate fluid intake or from the administration of corticosteroids, tetracylines, or any drug 

with antianabolic effects (Lee, 2004). Lower than normal levels could indicate liver disease or 

damage, or malnutrition (Lee, 2004). Urea is often considered a waste product of protein 

metabolism, resulting from the need to detoxify ammonia arising from the oxidation of amino 

acids. However, urea has many other functions in different organisms. For example, in the 

kidney, urea is essential for concentrating urine (Sands et al., 1992), in marine animals it has an 

important osmotic role (Goldstein, 1970), in snails it is involved in shell formation (Campbell, 

1970) and in ruminants urea is part of the “protein regeneration cycle” (Houpt, 1959). Ruminant 

animals are able to recycle substantial amounts of urea into the gastrointestinal tract rather than 

excreting it in the urine. After hydrolysis to ammonia, gut bacteria can use the nitrogen from urea 

to satisfy their metabolic need, ultimately providing the host ruminant animal with amino acids, 

nucleic acids and ammonia (Sejrsen et al., 2006). Urea enters the rumen in feeds, in saliva and by 

direct translocation from blood across the rumen wall (Reece, 2004).   

2.3.4 Creatine kinase        

 Creatine Kinase (CK) is an enzyme found primarily in the heart and skeletal muscles and 

in smaller amounts in the brain (Wilson, 2008). Creatine kinase is a dimeric globular protein 

consisting of two subunits (Brancaccio et al., 2007). Its function is to buffer cellular ATP and 

ADP concentrations by catalyzing the reversible exchange of high energy phosphate bonds 

between phosphocreatine and ADP produced during contraction (Brancaccio et al., 2007). Total 

creatine kinase levels depend on age, gender, race, muscle mass, physical activity and climatic 

condition (Brancaccio et al., 2007). The serum level of skeletal muscle enzymes is a marker of 

the functional status of muscle tissue and varies widely in both pathological and physiological 

conditions (Brancaccio et al., 2007). An increase in the activity of creatine kinase in the plasma 

can be caused by fasting, exercise and the administration of adrenaline due to anaerobic 
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metabolism (Holmes et al., 1973). The production of lactic acid in muscle causes local and 

systematic acidosis resulting in a decrease in pH at the tissue level resulting in increased 

permeability of cell membranes and cell lysis, releasing intracellular enzymes including creatine 

kinase to the blood thus elevated concentrations of creatine kinase in serum or plasma reflect 

damage to skeletal and cardiac muscle (Bollinger et al., 1989). Elevation of serum creatine kinase 

concentration appears to be the most sensitive and specific index of muscle damage in mammals 

(Chalmers and Barrett, 1982). Elevated plasma creatine kinase also occurs in hypothyroidism 

(Scott et al., 2002) and from the administration of several drugs including statins, fibrates, anti-

retrovirals, angiotensin-II receptor antagonists, immunosuppressants and hydroxychloroquine 

(Dugue et al., 2004).  

2.3.5 Glutamate dehydrogenase      

 Glutamate dehydrogenase (GLDH) has the key role of acting as an interface between 

carbohydrates and amino acids in the vicinity of the citric acid cycle and the urea cycle (Lee et 

al., 1999; Thomas, 2005; Kravos and Malesic, 2008). It is a key enzyme in amino acid oxidation 

and urea production where it catalyzes the reversible deamination of glutamate to alpha-

ketoglutarate and ammonium ions (Kravos and Malesic, 2008). It is a relatively liver specific 

enzyme (Lindena et al., 1986, Clampitt, 1978) and is located in the mitochondrial matrix 

(Zimmerman, 1974, Schmidt and Schmidt, 1988). GLDH activity is higher in the centrilobular 

region than in the periportal zone. Therefore GLDH can be considered a marker of liver function. 

It has several features, which makes it a viable biomarker of hepatocellular disease. It is highly 

conserved in structure, tissue-distribution, and function across a wide range of species (Schmidt 

and Schmidt, 1988). The remote intracellular concentration of GLDH in the mitochondrial matrix 

of hepatocytes and its large size (330 kDa) delays its release in cell damage and makes it a more 

specific marker of necrosis (Schmidt and Schmidt, 1988).  



28 

 

2.3.6 Aspartate aminotransferase       

 Aspartate aminotransferase (AST) is an enzyme involved in amino acid metabolism that 

catalyses the transfer of alpha keto group of ketoglutaric acid, to produce oxaloacetic acid and the 

transfer of an amino group from aspartate to produce glutamate (Kew, 2000). Oxaloacetate then 

acts as a substrate for the citric acid cycle and gluconeogenesis. It is widely distributed in the 

liver, cardiac muscle, skeletal muscle, red blood cells, kidneys, lungs, brain, pancreas, leukocytes, 

and erythrocytes (Lee, 2004). Greatest activity occurs in liver, heart, and skeletal muscle and in 

erythrocytes while minimal activity occurs in skin, kidneys and pancreas (Wu, 2006). Aspartate 

aminotransferase is found in both mitochondria (80% of total) and cytoplasm (20%), with a 

specific isoenzyme identifying each site (Rej, 1978). It may be released from hepatocytes into the 

circulation by necrosis or by changes in cell membrane permeability that allows the enzymes to 

leak out of cells resulting in elevated levels in the blood (Fregia and Jensen, 1994). It may also be 

elevated due to a variety of conditions including musculoskeletal diseases including muscular 

dystrophy, dermatomyostitis, trichinosis, gangrene, muscle damage, intestinal injury, renal 

infraction or failure (Fregia and Jensen, 1994).                                                 

2.3.7 Carbon dioxide        

 Carbon dioxide is produced by oxidative metabolism in the mitochondria (Reece, 2004). 

The amount produced depends on the rate of metabolism and the relative amounts of 

carbohydrate, fat and protein metabolized (Arthurs and Sudhaker, 2005). During the process of 

respiration, excess carbon dioxide is removed from the body and this is replaced by atmospheric 

oxygen; however there is still some level of carbon dioxide that remains in the blood (Lee, 2004). 

The major portion of carbon dioxide is present in the body either as bicarbonates or carbonic acid 

(Lee, 2004). A major determinant of serum bicarbonate levels is kidney function (Widmer et al., 

1979). The kidneys reabsorb filtered bicarbonate to prevent depletion (Lee, 2004). Lower than 

normal levels may be due to ketoacidosis, kidney disease, lactic acidosis, and metabolic acidosis 
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while higher than normal levels may be due to breathing disorders, cushing syndrome, or 

hyperaldosteronism (Lee, 2004).  

2.4 Sources of variation of blood plasma parameters   

 Blood metabolite concentrations can represent differences in energy, protein and mineral 

metabolism (Ndlovu et al., 2007). Blood metabolites that are commonly related to energy 

metabolism include blood glucose, betahydroxy butyrate and non-esterified fatty acids. While 

blood urea nitrogen, creatinine, and total protein, albumin, and creatinine levels can be related to 

protein metabolism. It is important to understand any underlying factors affecting these 

constituents in order to effectively use them as potential indictors of normal metabolic function. 

Many factors have been shown to influence blood metabolites including environmental factors 

such as season, management practices such as diet fed, as well as animal factors like sex and 

breed.     

 2.4.1 Circadian variation in blood plasma parameters    

 Circadian rhythm is a twenty-four hour period repetition of certain phenomena in living 

organisms. It may represent an important regulating mechanism for the physiological and 

behavioural responses of animals to their changing environment associated with the solar day 

(Aranas et al., 1987). There exists an intrinsic rhythm in mechanisms regulating metabolism that 

is evident by variations in rumination (Gordon and McAllister, 1970), body temperature (Bitman 

et al., 1984), and differences in blood constituents including cortisol (Lefcourt et al., 1993), 

prolactin (Evan et al., 1991), thyroid hormones (T3 and T4) (Bitman et al., 1994), aldosterone 

(Aranas et al., 1987) and insulin (Lefcourt et al., 1999). Blood metabolites including glucose 

(Shehab-El-Deen et al., 2010), cholesterol (Shehab-El-Deen et al., 2010), non-esterified fatty 

acids (Toharmat et al., 1999), urea nitrogen (Toharmat et al., 1999), and enzymes (Caldeira  et al., 

1999) have also been shown to be influenced by circadian rhythm indicating a potential circadian 

rhythm of animal metabolism.          
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 More specifically, Caldeira et al. (1999) looked at the blood profiles of sheep over a 

twenty-four hour period. Glucose profiles were higher 9 to13 hours after time of feeding. The 

fluctuation of glycemia was a result of variations in the gluconeogenesis rate depending on 

availability of propionate (Katz and Bergman, 1969; Bergman, 1973). The production of beta 

hydroxybutyrate peaked 3 hours after feeding and decreased until the next meal. Triglyceride 

levels decreased after feeding. Albumin concentrations decreased 3 to 6 hours after the meal 

while globulin concentration increased after feeding along with total protein levels. Urea levels 

were characterised by a rise in concentration after feeding. Creatinine peaked after feeding and 

then decreased after the meal likely due to the switch to an anabolic state after feeding due to 

availability of amino acids for protein synthesis. Aspartate aminotransferase activities showed a 

decrease after the meal. A higher activity before feeding could be explained by an increase in the 

utilisation of amino acids as an energy source, or as glucose precursors to counterbalance a phase 

of energy negative balance in the daily cycle. Glutamate dehydrogenase activities also reflect the 

magnitude of protein metabolism and showed a decrease after feeding. In mammals, the circadian 

system is organized with the master pacemaker located in the suprachiasmatic nucleus that 

controls downstream oscillators in peripheral tissues (Ko and Takahashi, 2006). This system is 

entrained to the light/ dark cycle in addition to other inputs, such as temperature, social cues, or 

access to food (Stokkan et al., 2001). The peripheral tissues generate transcriptional rhythms 

thought to be important for the daily timing of physiological processes (Reppert and Weaver, 

2001; Ripperger and Schibler, 2001). Some molecular studies on rodents identified the liver as 

the site of a food trainable oscillator (Stephan, 2001), which could be synchronized by feeding 

time (Damiola et al., 2000; Hara et al., 2001).        
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2.4.2 Age influence in the variation of blood plasma parameters  

 As animals age they undergo changes in growth and body composition due to differences 

in metabolism (Loyd et al., 2011). As cattle grow, composition of their gain shifts from protein 

accretion to fat deposition (Trenkle and Willham, 1977). Since the energetic expense associated 

with protein accrual is less than for fat deposition (Ferrell and Jenkins, 1985) the efficiency with 

which cattle convert feed into body weight gain is reduced as they mature. Metabolic rates tend to 

decline with age (Shaffer et al., 1981). The higher metabolic rates of younger animals can be 

attributed to the higher rates of cellular reactions and from the rapid synthesis of cellular 

materials and growth of the body (Guyton, 1976). The higher metabolic rate may affect the 

metabolite profile of blood.          

  Doornenbal et al. (1988) looked at blood component levels in shorthorn calves at 

birth, weaning and approximately one year of age then as heifers at 2 years of age and cows at 4 

to 5 years of age and 6 to 10 years of age. Blood glucose levels were higher at birth and then 

decreased with age up to one year of age. In growing animals, glucose requirement is determined 

by growth rate (Reynolds et al., 2003). Growing animals have higher energy requirements for 

growth. Total protein and albumin levels were found to be lower in young animals and higher in 

mature animals agreeing with the findings of Shaffer et al. (1981). Blood urea nitrogen levels 

from birth to one year of age were slightly lower than those of older animals. Blood enzymes 

were also shown to be related to metabolism and therefore age of animal. Alkaline phosphatase, a 

group of enzymes, which catalyzes the liberation of Pi from many molecules, originates from the 

liver in mature animals and from bone tissue in growing animals (Doornenbal et al., 1988). 

Higher serum levels found in young animals would be indicative of rapid skeletal growth. 

Aspartate aminotransferase catalyzes the transfer of an a-amino group from an amino acid to an 

alpha keto acid and is widely distributed in animal tissues and generally increases with age 

(Doornenbal et al., 1988). Lactate dehydrogenase is a glycolytic enzyme, which is involved in the 
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reversible conversion of pyruvic acid to lactic acid and levels at birth are somewhat lower then 

with older animals.  Calcium and phosphorus have a large function in skeletal growth in young 

animals. In older animals there is a decreased need for calcium and phosphorus for this purpose. 

This is reflective in decreased amounts in blood beyond one year of age. Shaffer et al., 1981 also 

observed age of animal effects on blood characteristics. Packed cell volume, a volume percentage 

of red blood cells in blood decreased with age. A decrease in red blood cells with age may be 

revealing a decreased capacity to produce red blood cells with age or an increased rate of 

destruction of red cells associated with old age or related to decreased activity with aging, thereby 

requiring less red cell capacity.  

2.4.3 The effect of physiological status on blood parameters  

 Whether or not the animal is pregnant or non-pregnant or lactating will factor into 

differences in blood metabolite levels since pregnancy and lactation, especially in the early 

stages, are very demanding on the organism and are when nutritional requirements are highest 

(Goff and Horst, 1997; Antunovic et al., 2002; Roubies et al., 2006). The physiological status of 

an animal affects the glucose concentration (Otto et al., 2000). Glucose concentrations were lower 

in pregnant cows (Peterson and Waldern, 1981; Otto et al., 2000; Grunwaldt et al., 2005). Low 

glucose levels in high pregnancy are associated with fetal development and mobilization of 

maternal glucose to fetal blood circulation (Jacob and Vadodaria, 2001). This also occurs when 

comparing lactating cows to non-lactating cows (Peterson and Waldern, 1981; Otto et al., 2000; 

Antunovic et al., 2011) due to the high energy demand and constant energy loss with the milk 

(Pambu-Gollah et al., 2000). It has been found that in pregnant ewes and cows blood urea levels 

are higher than in non-pregnant counterparts (Peterson and Waldern, 1981; Doornenbal et al., 

1988; El- Sherif et al., 2001; Grunwaldt et al., 2005). This has been explained by an increase in 

protein catabolism due to the high need for energy for pregnancy which would lead to an increase 

in urea levels to an extent above the ability of the kidneys to eliminate excess amounts (El- Sherif 
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et al., 2001). Creatinine levels rose during pregnancy (Peterson and Waldern, 1981; El- Sherif et 

al., 2001; Yokus and Cakir, 2006). Protein measured either as albumin, globulin or total protein 

during pregnancy have shown mixed results with Otto et al. (2000); El- Sherif et al. (2001); 

Yokus and Cakir (2006); Antunovic et al. (2011) finding increases with gestation while decreases 

have been found by Peterson and Waldern (1981) and Grunwaldt et al. (2005). During lactation, 

Peterson and Waldern (1981) and Antunovic et al. (2011) found a decrease of total protein and 

albumins over the lactation period which could be explained by a rapid extraction of 

immunoglobulin from the plasma during the last few months of pregnancy when colostrum is 

being formed in the mammary gland (Kaneko et al., 2008). Serum triglycerides and cholesterol in 

the blood of the pregnant ewes and cows were higher than non mated (Yokus and Cakir, 2006) 

this can be explained by increased energy requirements and negative energy balance (Antunovic 

et al., 2011). Increases in serum concentrations of hepatic enzymes (aspartate aminotransferase, 

alanine transaminase) during pregnancy have been observed by Otto et al. (2000); El- Sherif et al. 

(2001); Grunwaldt et al. (2005) which indicated an increase in hepatic metabolism. (Antunovic et 

al., 2011). Variation in levels of circulating hormones has been observed between lactating and 

non-lactating animals. Significantly lower concentrations of T3 were obtained in the blood of 

lactating ewes (Karapehlivan et al., 2007; Antunovic et al., 2011). Lower blood T3 concentration 

could reduce the rate of oxidation and the rate of continuous breakdown and formation of protein 

and fat in most, if not all mammary tissue (Riis and Madsen, 1985). Lower concentrations of 

serum leptin were obtained in the blood of lactating ewes if compared to pregnant ewes 

(Antunovic et al., 2011). At the same time, lower concentrations of serum insulin were obtained 

in the blood of lactating ewes if compared to pregnant ewes (Antunovic et al., 2011).   

2.4.4 Other sources of variation in blood parameters    

 Differences in blood parameters with season are due to differences in environmental 

temperature, particularly from heat stress in the summer (Shaffer et al., 1981). Depression in 
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many blood parameters of animals under heat stress may be due to a hemodilution effect, where 

more water is transported in the circulatory system for evaporative cooling (Shaffer et al., 1981). 

Furthermore, there is a significant decline in feed consumption with rising temperature (Shaffer et 

al., 1981).  An increased activity of some enzymes with rising temperature such as an increase in 

serum AST and CK activities observed by Georgie et al. (1973) and Shaffer et al. (1981) has been 

observed potentially due to the fact that their reactions may be simply accelerated at higher 

temperatures (Shaffer et al., 1981). Glucose levels decrease with an increase in body temperature 

and respiration rate of animals normally experienced in hot summer season (Ndlovu et al., 2007). 

This increase in respiration rate causes a rapid utilization of blood glucose by the respiratory 

muscles and thus results in a decrease in blood glucose content under heat stress (Hassan and 

Roussel, 1975). Heat stress also resulted in a depression of packed cell volume, red blood cells, 

hemoglobin, and oxyhemoglobin (Shaffer et al., 1981). This has been suggested to be due to a 

reduction in cellular oxygen requirements to reduce metabolic heat load to compensate for 

elevated environmental heat load (Lee et al., 1978). Total protein and albumin have also been 

shown to have a relation to changes in temperature showing an increase in hotter months (Shaffer 

et al., 1981), which may be indicative of a loss of extracellular fluid due to heat exposure (Rasooli 

et al., 2004). A higher concentration of blood urea is observed in summer likely as a result of a 

loss of extracellular fluid due to heat exposure (Rasooli et al., 2004).   

 Differences in diet fed would of course affect concentrations of some metabolites in 

blood including concentrations of blood glucose, albumin of serum, and nitrogen in urea due to 

differences in dietary intakes of energy and crude protein (Lee et al., 1978). Depending on when 

the animal had consumed its meal and when blood testing occurred, this could cause large 

variations in results.          

 It is well known that lean tissue growth is regulated largely by hormones and that 

differences in lean tissue growth may affect the blood profile of cattle (Doornenbal et al., 1987). 
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Concentrations of cortisol, urea nitrogen and albumin in serum were higher in steers than in intact 

males and those of glutamic oxaloacetic transaminase, lactate dehydrogenase, alkaline 

phosphatase and creatinine were lower in steers than in intact males (Doornenbal et al., 1987). 

Ban-Tokuda et al. (2007) looked at differences in the blood profile of males and females they 

found higher leptin, triglyceride and insulin concentrations in females than in males, possibly 

explained by the higher fat deposition of females than males.     

 Breed differences would likely reflect differences in body size and weight for the breed. 

For instance, larger size gives a greater consumptive capacity (Shaffer et al., 1981).  Breed effects 

were found to be significant for hemoglobin, oxyhemoglobin, packed cell volume, alkaline 

phosphatase, creatine phosphokinase, total protein, albumin, globulin, urea, cholesterol, and 

calcium (Shaffer et al., 1981).         

 Differences in RFI reflect differences in metabolic processes (Koch et al., 1963). Blood 

measures can be utilized to look at differences in metabolic process of organs that account for 

large proportions of energy expenditures that may contributes to variations in animal feed 

efficiency. Therefore blood measures offer the potential to act as biological indicators of feed 

efficiency if an association are found. Associations have been observed between blood analytes 

and RFI (Richardson et al., 1996 and 2004; Richardson and Herd, 2004; Brown, 2005; Kelly et 

al., 2010a, 2010b and 2011; Lawrence et al., 2011). However these measures were limited in their 

sampling numbers therefore obtaining an understanding of the relation observed between blood 

analytes and RFI will require increased numbers of sampling.   
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Chapter 3 

 

CIRCADIAN PROFILES OF BLOOD PLASMA ANALYTES IN BEEF HEIFERS AT 

DIFFERENT PHYSIOLOGICAL STATES WITH DISTINCT FEED EFFICIENCIES 

 

ABSTRACT 

 

Indirect methods for assessing feed efficiency would lower costs associated with individual feed 

intake determination making its use more accessible enabling more widespread improvement of 

feed efficiency in livestock.  Therefore potential biological factors underlying differences in feed 

efficiency were assessed through hematological measures including albumin, urea, creatine 

kinase, glutamate dehydrogenase, aspartate aminotransferase and carbon dioxide. These measures 

of basic metabolic processes were determined in a population of 36 heifers from hourly blood 

samples collected over a 24 h period on three separate sampling occasions corresponding 

approximately to the yearling, early gestation, and late gestation stages in order to determine 

variation throughout the day, with physiological status as well as their associations with residual 

feed intake. It was found that there was variation in blood analytes with time of day with the most 

variation between 08:00 and 16:00. This variation was consistent between heifers of high and low 

residual feed intake and was generally consistent between physiological states. There were also 

significant differences in concentrations of analytes from open to pregnancy and throughout 

pregnancy. Albumin increased in pregnancy (P<0.05) with a lower concentration in late gestation 

compared to early. Plasma urea was higher in early gestation (P<0.05) then in open or late 

gestation. Activity of creatine kinase decreased in bred heifers (P<0.05) and through pregnancy 

(P<0.05). Plasma glutamate dehydrogenase activity was greatest in early pregnancy (P<0.05) and 

then decreased back to the same activity as open heifers. Aspartate aminotransferase decreased in 

bred heifers (P<0.05) and through pregnancy (P<0.05). A concentration of carbon dioxide 
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decreased from open to bred heifers (P<0.05) and was not effected by advancing gestation. In 

addition, associations between feed efficiency, measured as residual feed intake, on analyte 

concentrations and activities were observed. In open heifers that were more feed efficient there 

were higher activities of creatine kinase (P<0.05) and aspartate aminotransferase (P<0.05) and a 

lower concentration of carbon dioxide (P<0.05). While in late gestation more efficient heifers had 

lower urea concentrations (P<0.05) and lower creatine kinase levels (P<0.05). Over the whole 

experimental period carbon dioxide concentrations were also shown to be lower in more feed 

efficient heifers (P<0.05).  This indicates that plasma analyte concentrations are related to animal 

feed efficiency through their reflection of differences in animal metabolism. These measured 

differences may be able to be utilized as indirect measures of feed efficiency. 

 

INTRODUCTION 

 

Improving feed efficiency in cattle is crucial for reducing feed costs and lessening the 

detrimental environmental impact of beef production, while allowing for industry sustainability 

and growth. Improvements in feed efficiency can reduce the cost of gain considerably because the 

price of feed comprises 70 to 80% of the total cost of body weight gain (Field and Taylor, 2002). 

However, the direct assessment of individual feed efficiency is not normally obtained until late in 

the life of cattle and it is a time-consuming, laborious, and expensive measurement (Arthur et al., 

2004). The preferred method of measurement of feed efficiency currently used in beef cattle is 

residual feed intake (RFI), which is defined as the difference between the actual feed intake of an 

animal and expected feed intake based on body size, growth rate and body composition 

(Montanholi et al., 2009) over a specified test period. Residual feed intake is often a favoured 

measurement of efficiency as it represents variations in the requirements for basic metabolic 

processes rather than variations due to differences in level of production (Richardson et al., 2001; 
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Nkrumah et al., 2006; Montanholi et al., 2010) which allows for closer comparison between 

animals regardless of production level (Carstens and Tedeschi, 2006). It also allows for the 

investigation into biological processes and mechanisms that contribute to differences observed in 

feed intake (Arthur and Herd, 2008) which may represent an avenue for identifying new traits for 

predicting feed efficiency in beef cattle.  

 Hematological measures provide a readily accessible means of determining differences in 

efficiency between animals. Previous work has been done to look at relationships between RFI 

and metabolites such as urea (Richardson et al., 1996 and 2004; Kelly et al., 2010b), β-

hydroxybutyrate (Kelly et al., 2010a and 2010b; Lawrence et al., 2011) and triglycerides 

(Richardson et al., 2004), total protein (Richardson et al., 1996), creatinine (Richardson et al., 

2004; Lawrence et al., 2011), hormones such as insulin (Richardson et al., 2004; Brown, 2005; 

Kelly et al., 2010b and 2011), leptin (Richardson and Herd, 2004; Richardson et al., 2004) and 

enzymes such as aspartate aminotransferase (Richardson et al., 2004). These measures, however, 

were done at only one point in time during the day and typically at one particular physiological 

state. Since there are known sources of variation in blood variables including season (Shaffer et 

al., 1981), sex (Ban-Tokuda et al., 2007), circadian cycle (Caldeira et al., 1999), age (Doornenbal 

et al., 1988), and physiological status (Otto et al., 2000), it is important to determine how these 

factors cause variation in the concentrations of blood analytes. Here, the circadian cycle and 

physiological state were assessed, and additional metabolic and enzyme assays were performed 

that may better reflect differences in RFI then those previously determined.  

 There exists an inherent rhythm in the mechanisms regulating metabolism that is evident 

in variations in rumination patterns (Gordon and McAllister, 1970), body temperature (Bitman et 

al., 1984), and concentrations of blood constituents (Caldeira et al., 1999). This rhythm is 

controlled by the circadian system, which is largely controlled by the environmental light cycle in 

addition to other cyclic inputs, such as temperature, noise, social cues, or access to food (Stokkan 
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et al., 2001). These inputs will result in variations in measured blood analytes. Therefore it is 

important to investigate circadian variation in order to identify how time of measurement affects 

accuracy. The physiological status of the animal also influences blood metabolite levels since 

pregnancy is demanding on the organism and is when nutritional requirements rise (Goff and 

Horst, 1997; Antunovic et al., 2002; Roubies et al., 2006). There are large amounts of 

mobilization of body reserves to meet these increased energy demands associated with growth of 

the reproductive organs, fetus and growth of the heifer resulting in increases in organ metabolism 

to fulfill this mobilization (Bell and Bauman, 1997; Wallace, 2000; Herrera, 2002).   

 

HYPOTHESIS AND OBJECTIVES 

 

 Since basal metabolic processes are responsible for a large proportion of energy 

requirements, blood variables that reflect the workload placed on them, measured over the 

circadian cycle as well as with growth and over the pregnancy period, may give indications of 

differences in animal efficiency. These measures of metabolic function include metabolites such 

as urea, enzymes such as creatine kinase (CK), aspartate aminotransferase (AST), and glutamate 

dehydrogenase (GLDH), and proteins such as albumin. Differences in these levels may mirror 

differences in feed efficiency due to changes in organ function, protein turnover and whole body 

metabolism.  

 The objectives of this study were to define the circadian variation of blood analytes in 

addition to determining the differences in blood analyte concentrations and activities with 

physiological status and how they relate to feed efficiency. The study was intended to provide 

insight into the biological basis of observed differences in RFI and to assess the practicality of 

using hematological measures as an indirect measure of RFI and to define if a certain time of day 

and physiological status are most accurate for testing.  
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MATERIALS AND METHODS 

 

Animals  

Thirty-six cross-bred replacement heifers from the Elora Beef Research Centre, 

University of Guelph were used for this study. The study took place from March 2011 to April 

2012. Average breed composition of the heifers was 63.4% Angus, 24.3% Simmental, 2.9% 

Gelbvieh, and 9.4% other European breeds. Characteristics of the heifers at each of the stages 

including age, body weight and day of gestation are found in Table 3.1. All experimental 

procedures followed the recommendations as outlined by the Canadian Council of Animal Care 

guidelines, 1993 and were approved by the University of Guelph animal care committee.  

 

Housing, feeding and performance assessments  

Animals were housed in pens of six, with each animal having individual feed access 

through the use of Calan gates (American Calan Inc., Northwood, NH, USA). Calan gates limit 

animal access by requiring the recognition of a specific electronic key in close proximity to the 

head gate, which disengages the locking mechanism. Unique electronic keys attached to a collar 

around the heifer’s neck allowed entrance to only one feeder within the pen. Pens had a depth of 

10.8 m, a width of 5.4 m, and a shelter over 29.2 m
2
. The sheltered area contained straw bedding 

which was topped up weekly or when necessary.  

A total mixed ration was offered once daily in the morning and feed refusals were 

removed and measured at least once weekly in order to maintain fresh bunks. Animals were 

offered feed for ad libitum intake at a rate of 105 to 110% of actual intake to ensure access to feed 

was unlimited, with adjustments in offerings calculated from the previous week’s intake levels. 

Two total mixed ration diets, A and B, were fed over the duration of feed intake measurements 

(Table 3.2). Diet 1 was fed from weaning at an average age and body weight of 191 ± 17 days 
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and 242 ± 43 kg, respectively, until an average age and body weight of 584 ± 17 days and 575 ± 

63 kg, respectively. Diet 2, of lower energy density, was fed from this point through to calving. 

Individual animal weights were recorded biweekly and ultrasound measures for body 

composition were performed every 28 days while animals were restrained within a hydraulic 

squeeze chute (Silencer® Hydraulic Squeeze Chute; Moly Manufacturing Inc., Lorraine, KS, 

USA). Ultrasound measurements were taken with the use of an Aloka SSD-500 ultrasound unit, 

3.5 MHz long probe (Corometrics Medical Systems, Wallingford, CT, USA) and Auskey 

program (Animal Ultrasound Services, Ithaca, NY, USA) to measure back fat thickness (mm), rib 

eye area (cm
2
), intramuscular fat score (score based on 2-10+%) and rump fat thickness (mm).  

 

Residual feed intake determination 

 The trial started shortly after weaning at an average of 247 ± 17 and weight of 275 ± 47 

kg, and concluded the week before calving for each animal. The trial was subdivided into a pre-

feed trial period (PT) and a feed trial period (T). The pre-trial period covered the first 178 days of 

the trial and included the collection of biweekly body weights, and ultrasound measurements 

every 28 days in a similar manner to that described in details by Montanholi et al. (2009) but did 

not include the measurement of individual animal feed intake. The feed trial period consisted of 

the 286 to 342 days of the study remaining after the pretrial period included the assessment of 

individual feed intake assessment using Calan gates (American Calan Inc., Northwood, U.S.A.) 

and also included the collection of biweekly body weights, and ultrasound measurements every 

28 days.  

 Several models were tested to calculate residual feed intake (RFI), similar to the approach 

used by Montanholi et al. (2009). The most appropriate model for explaining variation in feed 

intake had an R
2
 of 0.43 and the lowest Bayesian information criteria (BIC) and was composed as 

follows: DMI = -6.102 + 0.013 × AGE + 1.354 × T_ADG + 0.002 × T_ABW + 0.584 × T_ABF - 
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60.509 × T_BFG + 1.600 × T_AIF + 4.675 × T_IFG + 0.011 × T_ARE + 3.430 × T_REG - 0.128 

× T_ARF - 1.856 × T_RFG - 0.307 × PT_ADG - 1141.999 × PT_ABG + 14.561 × PT_IFG + 

6.802 × PT_REG + 139.622 × PT_RFG + RFI where AGE is the Julian day of the year that the 

heifer was born; T_ADG is the test average daily gain; T_ABW is the test average body weight; 

T_ABF is the test average backfat; T_BFG is the test backfat average daily gain; T_AIF is the 

test average intramuscular fat; T_IFG is the test intramuscular fat average daily gain; T_ARE is 

the test average ribeye area; T_REG is the test ribeye area average daily gain; T_ARF is the test 

average rump fat; T_RFG is the test rump fat average daily gain; PT_ADG is the pre-test average 

daily gain; PT_ABG is the pre-test average daily backfat gain; PT_ IFG is the pre-test average 

daily intramuscular fat gain; PT_REG is the pre-test ribeye average daily gain and; PT_RFG is 

the pre-test average daily rump fat gain. Additionally, RFI is the residual proportion of the model 

that represents the deviation of the observed feed intake in relation to the expected feed intake. 

 

Blood sampling and processing  

Four stalls, each measuring 2.5 m × 1.1 m and bedded with wood shavings, were used to 

house the heifers during blood sample collection. Heifers were fitted with halters and tethered to a 

feed chamber located at the front of each stall to enable sample collection. Feed and water were 

provided for ad libitum consumption within the feed chamber throughout the duration of the 

sampling. Lighting in the room during sampling was controlled to mimic the lighting experienced 

by the animal in its regular pen setting. Stalls were kept clean and dry with the addition of 

shavings as required.  

Groups of four heifers were moved into individual stalls on three different occasions for 

sample collection. Heifers were adapted to the sampling environment, stall, and feed chamber for 

2 days prior to each day of blood sampling. Jugular catheters were inserted and blood samples 
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were taken and then processed as described by Montanholi et al. (2013). Blood collection started 

at 08:15 and concluded at 08:15 the following day.   

 

Blood analyte determination 

Measurements of plasma albumin, AST, CK, CO2, GLDH and urea were performed at 

the Animal Health Laboratory at the University of Guelph using the cobas 4000 c311 

biochemistry analyzer (Roche Diagnostics GmbH, Mannheim, Germany). The reagents used were 

ALB2: ACN 413 for albumin determination, UREA: ACN 418 for urea determination, CKL: 

ACN 057 for CK determination, GLDH3: ACN 588 for GLDH, ASTL: ACN 687 for plasma 

AST determination, and CO2: ACN 006 for CO2 determination.  

 

Statistical analysis 

 Homogeneities of variance were tested using residual plots as part of the MIXED 

procedure of SAS (SAS Inst. INC., Cary, NC). Three measures (AST, CK, and GLDH) showed 

significant skewness and, therefore, were transformed by taking their natural logarithm. Back-

transformed data are presented in the results for clarity. Data were analyzed using the MIXED 

procedure of SAS (SAS Inst. INC., Cary, NC), fitting the following model, Yijklm= µ + startagei + 

stagej + rfigroupk(j) + groupl(j) + β1(j)×hour + β2(j)×hour
2
 + β3(j)×hour

3
 + β4(j)×hour

4
 + heiferm + eijklm 

where Yijklm is the variable measured (albumin, urea, CK, GLDH, AST, CO2) in the m-th heifer, 

with i-th starting age, at j-th stage of pregnancy, belonging to the k-th RFI group, and in the l-th 

group of heifers; µ is the overall mean; startagei is the fixed effect of the i-th age at sampling; 

stagej is the fixed effect of the j-th stage of pregnancy (open, early pregnancy, late pregnancy); 

rfigroupk(j) is the fixed effect of the k-th RFI group (RFI groups were defined as group 1 having 

RFI < 0.10 and group 0 with RFI > 0.10) within the j-th stage of pregnancy; groupl(j) is the fixed 

effect of the l-th group of measurement (group of heifers corresponded to the group of animals 
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sampled on the same day; there were 14 classes in Open Stage, 11 classes in Early Pregnancy 

Stage, and 11 classes in Late Pregnancy Stage) within the  j-th stage of pregnancy; β1(j)×hour , 

β2(j)×hour
2
 , β3(j)×hour

3
 , and  β4(j)×hour

4
 are the fixed linear, quadratic, cubic and quartic 

regressions on the hour of measurement within the j-th stage;  heiferm is the random effect of the 

m-th heifer; eijklm is the random residual effect. The Scheffe multiple comparison test was applied 

to evaluate all pairwise comparisons between the RFI group means and physiological stage group 

means. The correlation procedure of SAS was also used to determine the association between 

different analytes at each physiological stage. Differences were considered statistically significant 

at P ≤ 0.05 and were considered trending toward significance at P values > 0.05 and ≤ 0.10. The 

means presented in the circadian curves are predicted means based on the model described above.   

 

RESULTS 

 

 Mean values with their standard deviations, and minimum and maximum values of the 

assessments performed are shown in Table 3.3. The average DMI was 10.91 kg/day with a 

standard deviation of 0.93 kg/day. Residual feed intake had a standard deviation of 0.65 kg DM/ 

day, with the most feed efficient heifer eating 3.05 kg DM/d less than the least feed efficient 

heifer. Correlation coefficients between analyte values are shown in Table 3.4. 

 

Circadian variation in analyte concentrations 

 The least squares means of analyte concentrations and activities over the circadian period 

are shown in Figure 3.1. This graphical representation displays the pattern of analytes throughout 

the day. The concentration of albumin increased to 12:00 then decreased to 21:00 and then 

increased again. Urea concentrations peaked at 20:00. Activity of CK in plasma peaked at 12:00. 

The profile of GLDH activity increased to 11:00 and then reached its lowest at 23:00 and then 
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increased. Plasma AST activity increased to 12:00. Concentration of CO2 in plasma decreased to 

01:00. 

 

Effect of physiological status on analyte concentrations 

 Table 3.5 shows the mean analyte concentrations at each sampling period. Albumin 

concentrations showed a 3.89 g/L decrease between open and early gestation, a 1.35 g/L increase 

between early and late gestation, and a 2.54 g/L decrease between open and late gestation. Urea 

concentrations showed a 1.29 mmol/L decrease between open and early gestation, a 1.25 mmol/L 

increase between early and late gestation, and a 0.04 mmol/L decrease between open and late 

gestation. Creatine kinase concentrations showed a 12.51 U/L increase between open and early 

gestation, an 85.37 U/L increase between early and late gestation and a 97.88 U/L increase 

between open and late gestation. Glutamate dehydrogenase concentrations showed a 0.9 U/L 

decrease between open and early gestation, a 1.02 U/L increase between early and late gestation 

and a 0.12 U/L increase between open and late gestation. AST concentrations showed a 2.4 U/L 

increase between open and early gestation, a 1.8 U/L increase between early and late gestation 

and a 4.2 U/L decrease between open and late gestation. Carbon dioxide concentrations showed a 

3.87 mmol/L increase between open and early gestation, no change between early and late 

gestation and a 3.87 mmol/L increase between open and late gestation. The least squares means 

of all measured analytes over the circadian period at each physiological state are presented in 

Figure 3.1.   

 

Differences in circulating analyte concentrations with RFI  

 The means of each analyte separated by RFI group over each sampling period are shown 

in Table 3.6. Plasma albumin values differed between low and high RFI groups by -0.42 to +0.52 

g/L. Plasma urea values differed by +0.02 to -0.46 mmol/L with low RFI heifers in late 



46 

 

pregnancy having significantly (P <0.05) lower urea concentrations at late gestation. Plasma CK 

values differed by -42.7 to +113.62 U/L. Creatine kinase activity in low RFI open heifers was 

significantly higher (P <0.05) than high RFI heifers while more feed efficient heifers in early and 

late pregnancy showed lower CK activities with a significant difference (P <0.05) in late 

gestation. Plasma GLDH values differed by -0.63 to -1.68 U/L. Plasma AST values differed by    

-3.40 to 7.62 U/L with a significantly (P <0.05) higher activity of AST in low RFI open heifers. 

Plasma carbon dioxide values differed by -0.57 to -1.34 mmol/L with all values lower in low RFI 

heifers with a significant difference in open heifers. The least square means over the circadian 

period of measured analytes that were found to have significant differences between low and high 

RFI animals are shown in Figure 3.2.  

 

DISCUSSION 

 

 Values of DMI were similar to those measured by Bingham et al. (2009), Lancaster et al. 

(2009) and Kelly et al. (2010b) on growing heifers. Statistical difference was observed between 

the mean RFI value of -0.58 kg DM/ day in the low RFI group and the mean value of 0.41 kg 

DM/day in the high RFI group. The difference in feed intake of 0.99 kg DM/day is similar to the 

value of 0.87 kg DM/day found by Durunna et al. (2012), and the value of 1.15 kg/d found by 

Kelly et al. (2010a) in beef heifers.  However, this difference is lower than the published value of 

1.44 kg DM/day in young growing cattle reported by Basarab et al. (2003). The higher values of 

Basarab et al. (2003) are likely due to a larger population and the use of steers instead of heifers. 

 Values of albumin, urea and AST were in the range found by Doorenbal et al. (1988) and 

Grunwaldt et al. (2005) in beef heifers. Creatine kinase levels were higher than those observed in 

most studies but still within the range set by Latimer (2011) in cows. Observed GLDH levels 
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were lower than literature values (Latimer, 2011). Carbon dioxide levels were within the 

reference range of Kaneko et al. (2008) and Latimer (2011) in cows. 

 It is important to assess the variations that exist in blood analytes in order to determine 

how these differences are reflective of differences in animal feed efficiency. In animals, many 

physiological systems have some degree of circadian rhythm (Piccione and Caola, 2002). 

Circadian variation in blood metabolites may give insight into the circadian variation in feed 

intake of cattle. The major reason for studying eating and ruminating patterns is to understand 

both behavioral and physiological processes that control feeding since they may impact animal 

performance (Panksepp, 1978). Furthermore, pregnancy is one of the main physiological states 

during which large metabolic adaptations occur due to changes in the partitioning of nutrients to 

support growth of the conceptus, reproductive tissues and non-reproductive tissues (Bell and 

Bauman, 1997; Wallace, 2000; Herrera, 2002). Energy expenditures of pregnant cows have been 

determined to increase from 644 kcal/d in early gestation to 3,572 kcal/d in late gestation, but 

only approximately 50% of this increase can be accounted for by the uterus (Ferrell et al., 1976, 

Scheaffer, 1997). The remaining expenditures associated with gestation is hypothesized to be 

used by maternal tissues involved in service functions, including kidney and liver function 

(Ferrell, 1988 and 1991; Magness, 1998).  

 

Circadian variation in analyte concentrations 

 Grazing cattle have a “crepuscular” feeding pattern, with a large proportion of intake 

consumed at dawn and dusk (Reviewed by Albright, 1993). A series of papers (Putnam and 

Davis, 1963; Putnam et al., 1964; Putnam et al., 1967) demonstrated that most of the eating 

activity of feedlot steers occurred between 06:00 and 18:00 hours. At the same time, when feed is 

first provided, over 16% of daily intake is consumed in the first 2 hours after feed is provided, 

which is nearly twice steady state consumption (Harvatine et al., 2012).  
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The greatest change in measured plasma analytes tended to occur between 8:00 and 16:00 

which could be explained by the increase in eating activity that tends to occur between 6:00 and 

18:00 (Putnam and Davis, 1963; Putnam et al., 1964; Putnam et al., 1967) and from the addition 

of feed to the bunk (Harvatine et al., 2012).  

 Plasma albumin tended to increase at 8:00, which lasted until 12:00 and began to 

decrease until 21:00 where another increase occurred.  Albumin is synthesized in the liver and 

exported to the blood stream. The circadian pattern of albumin concentration after feeding agrees 

with Simon and Bergner (1983) who found that in rats, before food intake, the fractional rate of 

protein synthesis in liver was 55 to 67 %/d and it increased 1 to 4 hours after food ingestion to 80 

to 120 %/d.    

 Plasma urea increased to a maximum at 20:00 before decreasing throughout the 

remainder of the day. This pattern of increase after a meal is relatively well known in ruminants 

(Manston et al. 1981; Gustafsson and Palmquist, 1993; Blum et al., 2000; Plaizier et al., 2005). 

However previous studies have found that the rhythm of urea vanishes when the animals are food 

deprived, indicating that it is driven by ingestion (Piccione et al., 2003).  

 Plasma CK showed an increase until 12:00 and then steadily declined. Haus and Touitou 

(1992) and Rivera-Coll et al. (1993) found that in humans, serum CK level peaked in the early 

afternoon. However, the daily changes were largely reduced under resting conditions 

(Gutenbrunner et al., 2000), indicating that they are largely due to physical activity and associated 

damage of cardiac and skeletal muscle cells.  

 Plasma GLDH showed the most variation in its circadian rhythm between physiological 

states. In open heifers plasma GLDH exhibited a small decrease until 16:00 and remained steady 

thereafter. In early and late gestation, plasma GLDH tended to increase until 11:00 and then 

decreased to 23:00, where an increase occurred. Caldeira et al. (1999) also found an increase in 

GLDH activity after feeding in sheep relating to the flux of amino acids. 
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 Plasma AST tended to increase from 08:00 to 12:00 and remained relatively stable 

thereafter. Rivera-Coll et al. (1993) found that, in humans, an increase in AST occurred in the 

morning relating to feeding and flux of amino acids.  

 Plasma carbon dioxide tended to decrease until 01:00 when a steady state occurred. 

Piccione et al. (2004) also observed a decrease in plasma bicarbonate in the morning. The 

circadian oscillation of CO2 may be due to its production in tissues, since metabolic rate has been 

shown to increase 60 % during eating in sheep (Christopherson and Webster, 1972). It could also 

be interpreted in relation to pH stabilization to compensate for acid production associated with 

nutrient digestion and metabolism after feeding.  

 The circadian rhythm of all analytes measured showed patterns with acrophases 

occurring mainly between 08:00 and 16:00. This shows a distinct circadian rhythm of blood 

analytes associated with visceral organs.   

 

Effect of physiological status on analyte concentrations 

 Albumin concentrations in plasma were higher in pregnant than in open heifers with 

higher levels in early than in late pregnancy. Decreases in plasma proteins throughout pregnancy 

have been observed (Brozostowski et al., 1996; El-Sherif and Assad, 2001; Antunovic et al., 2002 

and are explained by fetal demands for albumin as a source of amino acids for development 

(Jainudeen and Hafez, 1994). The lowest level that was observed in open heifers may be a result 

of high protein utilization for growth. 

 Circulating urea concentrations increased from open to early pregnancy and then 

decreased again at late pregnancy. Greater urea concentration can be a result of catabolizing 

amino acids when provided in excess or increased degradation of protein in the rumen. Our 

findings are in agreement with those of Greenfield et al. (2000) and Antunovic et al. (2002), who 
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found a steady decline in plasma urea nitrogen in dairy cattle prior to calving, indicating a greater 

efficiency of amino acid use for protein synthesis.  

 Creatine kinase concentrations decreased from open to pregnant and late-pregnant 

heifers. Antunovic et al. (2011) also found a decrease in CK concentrations between non-

pregnant and pregnant. The highest level observed in open heifers may have less to do with 

physiological status and more to do with the age of the heifers. Metabolic rate tends to slow down 

as an animal ages where adults usually show lower levels of skeletal muscle protein synthesis, 

degradation, and accretion (Castro Bulle et al., 2007) and CK is an indicator of myogenic growth 

(Hagiwara et al., 1989; Guglielmo et al., 2001). Higher plasma CK activity has been observed 

during rapid growth in turkeys (Wilson et al., 1990; Mills et al., 1998) and pigs (Mitchell 

and Heffron, 1975). 

 Circulating concentrations of GLDH were highest in early pregnancy and did not differ 

between open and late pregnancy. Glutamate dehydrogenase catalyzes the deamination of 

glutamate as part of ureagenesis (Kravos and Malesic, 2008). The pattern of levels in GLDH 

followed those of urea, possibly indicating that amino acid catabolism decreased throughout 

pregnancy while amino acids were partitioned into the fetus for growth. We are unaware of other 

studies on the effects of pregnancy on circulating GLDH. 

 Plasma concentrations of AST decreased throughout pregnancy. Studies in ewes have 

found increases in AST in pregnant ewes (Baranowski and Kmiec, 1997; El-Sherif and Assad, 

2001; Antunovic et al., 2002) and in goats (Jana et al., 1991). Alternatively, Ramos et al. (1994) 

and Lebedevaa et al. (2012) found a drop towards the end of pregnancy, which may be explained 

by greater liver weight agreeing with our findings. As well, the highest level in open heifers may 

be associated with the muscle mass growth that can increase the serum AST activity (Soback et 

al., 1985). 
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 Levels of carbon dioxide were lower in pregnant heifers then in open heifers and did not 

differ between open and late pregnancy. Production of CO2 by portal drained viscera can be 

attributed to respiratory metabolism, ruminal fermentation, and salivary bicarbonate from the 

rapid transfer of CO2 across the rumen epithelium (Pell et al., 1986). The highest level observed 

in open heifers may be reflective of an increase in rate of metabolism (Arthurs and Sudhaker, 

2005).    

 It was observed here that most of the measured analytes were at a level that indicated 

greater metabolism and organ function not in late gestation but instead in open heifers. Bauman 

and Currie (1980) proposed that maternal adjustments during pregnancy were both homeostatic 

and homeorhetic. Previous studies have indicated that pregnancy may increase the efficiency of 

visceral metabolism to act as an energy conservation tool designed to support pregnancy (Ferrell 

et al., 1976; Scheaffer et al., 2001; Scheaffer et al., 2003). 

  

Differences in circulating analyte concentrations with RFI   

 In open heifers, significant differences between high and low RFI heifers were found in 

circulating concentrations of plasma CK, AST, and carbon dioxide. Plasma CK concentration 

were higher in low RFI heifers. This is the opposite trend of what was observed by Richardson et 

al. (2004) and Lawrence et al. (2011) who found that low RFI cattle had lower concentrations of 

CK, though neither were significant. Circulating concentrations of AST were higher in low RFI 

heifers (P= 0.0123). A study by Richardson et al. (2004) looked into the associations of 

efficiency, measured as RFI, on AST and found that blood plasma samples taken from the steers 

at weaning showed a positively phenotypic correlation of AST with steer RFI over the whole 

experiment. Following transport, this correlation was negative, and returned to a positive 

correlation in steers sampled at the start of feedlot RFI test. Lawrence et al. (2011) found the 

opposite pattern of what we observed with a lower concentration of AST in low RFI heifers. 
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Higher activity of plasma AST in low RFI heifers may indicate a greater workload placed on the 

organ for enzyme synthesis. The functional workload concept defined by Johnson et al. (1990), 

states that as metabolizable energy intake increases, there is a change in the mass, function and 

resulting energy consumption of tissues. Therefore a higher activity of AST may indicate an 

overall higher metabolic function of liver of low RFI yearling heifers. Plasma carbon dioxide was 

higher in high RFI heifers (P= 0.0137). This may indicate greater hepatic metabolism (Antunovic 

et al., 2011) due to rapid gluconeogenesis (Krebs, 1966). No previous studies have looked into 

the association of RFI on carbon dioxide concentrations. The amount produced depends on the 

rate of metabolism and the relative amounts of carbohydrate, fat and protein metabolized (Arthurs 

and Sudhaker, 2005). Therefore a lower amount of CO2 produced may be indicative of a lower 

workload placed on the visceral organs and consequently a lower energy expenditure of the 

visceral organs decreasing animal energy requirements.  A lower carbon dioxide level in more 

feed efficient heifers may indicate a lesser amount of fat or protein metabolism from body 

reserves, which could translate into greater efficiency.  

 In early pregnancy, no significant differences were observed in blood analyte levels 

between RFI groups. When looking at differences between circulating analytes of high and low 

RFI in late pregnancy, urea and CK concentrations were significantly different. Circulating 

concentrations of urea were found to be lower in low RFI heifers (P= 0.0232). The same trend 

was observed in studies by Richardson et al. (2004) with a significant difference between 

groupings at the beginning of the trial and from Kelly et al. (2010a and b); Kelly et al. (2011). 

The lower concentration of urea in plasma of low RFI heifers means that the visceral organs are 

expending less energy for urea synthesis (McBride et al., 1990). The cost of urea synthesis in the 

ruminant liver is a major energy-consuming event and any process that alters ammonia 

production could alter energy use by the liver (McBride et al., 1990). It may also be possible that 

greater systemic concentrations of urea in high RFI animals is a function of their greater protein 
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intake and potentially greater ruminal passage rate (Hegarty et al., 2007), poorer protein 

digestibility, greater rate of body protein degradation, or deviation in supply of amino acids, in 

part because of variation in efficiency of microbial protein production in the rumen (Lush et al., 

1991; Kahn et al., 2000). In addition, urea, the major mammalian end product of ammonia and 

amino acid metabolism, is produced by the liver in greater amounts than are eliminated in the 

urine (Sarrasecal et al., 1998). Ruminants recycle substantial amounts of nitrogen as urea by 

transfer from blood to the lumen of the gut, which is an important source of nitrogen for synthesis 

of microbial proteins (Egan et al. 1986; Sakata et al. 2003). In cattle, as much as 40 to 80% of 

urea produced by the liver can enter the gastrointestinal tract (Harmayer and Martens, 1980). 

Therefore less plasma urea may indicate a greater transfer efficiency of urea from blood to the 

rumen potentially translating to greater synthesis of microbial protein for body deposition. 

Against the trend observed in open heifers in our study, plasma CK concentrations were lower in 

low RFI heifers, which agree with the findings of Richardson et al. (2004) and Lawrence et al. 

(2011). The serum level of CK is a marker of the functional status of muscle tissue (Brancaccio et 

al., 2007). An increase in the activity of CK in the plasma can be caused by muscle turnover since 

protein degradation accounts for 7-10 % of muscle tissue energy use as well as a further 20% use 

for protein synthesis it is a very energy demanding process (Caton et al., 2000). Therefore, more 

efficient cattle put less energy expenditure to protein turnover. 

 Moreover, the differences in the circadian rhythms of the RFI groups can give insight 

into underlying causes of differences in efficiency. Circadian rhythms allow organisms to predict 

and prepare for changes in the environment before they occur allowing the animal to be more 

proactive instead of reactive (Davidson et al., 2004). For example, synthesizing and releasing 

enzymes prior to the ingestion of a meal can enable digestion to begin immediately, making the 

metabolic fuel available in a more efficient manner (Saito et al., 1976). This timing could also 

apply to the release of enzymes by the liver. The only enzyme that was found to be significant 
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between RFI groups was AST in open heifers. The higher activity of AST in low RFI heifers 

could indicate a better preparedness of the animal for the meal indicating greater efficiency of 

digestion after the meal. 

 The workload concept defined by Johnson et al., 1990 could be utilized to explain some 

of the variations observed between RFI groups. Since metabolic activity per unit of tissue greatly 

relates to animal energy requirements (Burrin et al., 1990), less metabolic workload placed on the 

organs may relate to less energy put towards them, allowing for greater efficiency of ingested 

feed, reflective on differences in RFI.     

  Several correlations between AST and analytes throughout stages. In open heifers, AST 

showed a positive correlation of 0.68 with CK. In heifers in early gestation, AST showed positive 

correlations CK (r= 0.57), GLDH (r= 0.55) and albumin (r= 0.56). Additionally, heifers in late 

gestation had a positive correlation of 0.50 between AST and CK and 0.54 with albumin. The 

overall positive correlations observed show consistencies between indicators of visceral organs 

function. The positive correlations of plasma AST activity with albumin concentrations through 

pregnancy could be due to the involvement of AST in amino acid metabolism. Baranowski 

(1995) also connected the concentration of the total protein in blood to AST activity. The 

associations observed between AST and GLDH indicate the consistency of liver enzymes with 

variations in organ workload.  

 

CONCLUSION 

 

 Significant patterns of circadian variation with each analyte were found. The circadian 

rhythm indicated an increase of workload on organs and muscle in the morning relating to feed 

intake. There were differences in analyte levels between physiological statuses with significant 

differences in almost every analyte with the highest workload in yearling heifer to meet 
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requirements for growth. There were also associations between RFI and blood analytes which 

give indications into metabolic rates. More efficient yearlings appear to have greater metabolic 

rate in liver and muscle while more efficient pregnant heifers appear to have lower metabolic rate 

in liver and muscle. It was found that these hematological measures may have the potential for 

the application as indirect measures of RFI. Furthermore it was observed that the circadian 

variation was consistent between RFI groups throughout the day indicating that a specific time of 

day for sampling is not important. However physiological status must be factored into 

measurement. Based on these findings, carbon dioxide shows the most promise as an indicator of 

RFI since it held consistency between physiological states. Combinations of indicators may be 

more effective as an indirect screening method for feed efficiency in cattle. Further studies are 

required to see if these associations hold up under different housing conditions or with different 

animal types including cows, steers or bulls. 
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Table 3.1. Average animal parameters and standard deviation for each sampling period  

Traits (abbreviation; unit) Open Early Gestation Late Gestation 

Animal parameters 
   

     Stage open early gestation late gestation 

     Age (d) 367 ± 15 542 ± 23 704 ± 25 

     Body weight (BW; kg) 354 ± 49 501 ± 57 645 ± 62 

     Days in gestation (DIG; d) 0 82 ± 24 244 ± 4 
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Table 3.2. Ingredient composition of the experimental diet  

 

  NE (Mcal/kg DM) % as fed basis 
% inclusion in diet on 

DM basis 

Diet 1 1.60
m
; 0.99

g
 

  
     Corn Silage  

 
49.75 50.29 

     Haylage 
 

49.75 48.17 

     Premix A
a
 

 
0.50 1.53 

    
Diet 2 1.41

m
; 0.82

g
 

  
     Corn Silage  

 
17.00 15.60 

     Haylage 
 

74.97 65.90 

     Wheat Straw 
 

7.30 16.70 

     Premix B
b
 

 
0.73 1.80 

 

DM = dry matter; NE = net energy.  
a 
Contains 40% of calcium phosphate, 60% trace mineralized salt (96.5% NaCl, 7500 mg/kg Zn, 

5000 mg/kg Mn, 2500 mg/kg Cu, 1600 mg/kg Fe, 70 mg/kg I, 40 mg/kg Co), 600, 000 IU/kg 

vitamin A, 200, 000 IU/kg vitamin D and 1, 000 IU/kg vitamin E 
b
 Contains 43% of calcium phosphate, 57% trace mineralized salt (96.5% NaCl, 7500 mg/kg Zn, 

5000 mg/kg Mn, 2500 mg/kg Cu, 1600 mg/kg Fe, 70 mg/kg I, 40 mg/kg Co), 600, 000 IU/kg 

vitamin A, 200, 000 IU/kg vitamin D and 1, 000 IU/kg vitamin E 
m
 Net energy for maintenance calculated according to Weiss et al., (1992) and NRC (1996).  

g
 Net energy for growth calculated according to Weiss et al., (1992) and NRC (1996). 
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Table 3.3. Descriptive statistics  

 

Traits (abbreviation; unit) Mean S.D. Minimum Maximum 

Performance traits
a
 

         Dry matter intake (DMI; kg /day) 10.91 0.93 9.14 13.19 

     Residual Feed Intake (RFI; kg DM/day) 0.00 0.65 -1.31 1.74 

     Average body weight (kg) 553.00 58.00 420.00 667.00 

     Analyte Concentrations/ Activity 

         Open 

              Albumin (g/L) 32.60 3.66 17.0 41.00 

          Urea (mmol/L) 3.85 1.20 1.30 6.90 

          Creatine kinase  (U/L) 261.00 1.80 90.00 2495.00 

          Glutamate dehydrogenase (U/L) 7.25 1.59 1.00 28.00 

          Aspartate aminotransferase  (U/L) 61.50 1.27 27.00 140.0 

          Carbon Dioxide (mmol/L) 24.20 2.68 17.00 32.00 

          Early Gestation 

              Albumin (g/L) 36.20 4.12 18.00 50.00 

          Urea (mmol/L) 5.03 1.11 2.40 8.20 

          Creatine kinase  (U/L) 244.00 1.60 96.00 1101.00 

          Glutamate dehydrogenase (U/L) 8.12 1.52 2.00 19.00 

          Aspartate aminotransferase  (U/L) 59.00 1.20 31.00 101.00 

          Carbon Dioxide (mmol/L) 20.20 2.49 12.00 29.00 

          Late Gestation 

              Albumin (g/L) 35.20 4.00 19.00 49.00 

          Urea (mmol/L) 3.91 0.99 1.50 6.90 

          Creatine kinase  (U/L) 160.00 1.54 49.00 774.00 

          Glutamate dehydrogenase (U/L) 6.96 1.54 2.00 18.00 

          Aspartate aminotransferase  (U/L) 57.10 1.18 31.00 85.00 

          Carbon Dioxide (mmol/L) 20.14 2.30 12.00 28.00 

          Overall mean for all samples  

              Albumin (g/L) 34.60 4.20 17.00 50.00 

          Urea (mmol/L) 4.25 1.23 1.30 8.20 

          Creatine kinase  (U/L) 217.00 1.74 49.00 2495.00 

          Glutamate dehydrogenase (U/L) 7.42 1.56 1.00 28.00 

          Aspartate aminotransferase  (U/L) 59.20 1.22 27.00 140.00 

          Carbon Dioxide (mmol/L) 21.54 3.14 12.00 32.00 

 
    

a 
Over the duration of feed intake measurements 
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Table 3.4. Correlations between blood analytes  

 

Traits 

(abbreviation; unit) 

ALB 

(g/L) 

UREA 

(mmol/L) 

CK 

(U/L) 

GLDH 

(U/L) 

AST 

(U/L) 

CO2 

(mmol/L) 

       Open 

           ALB (g/L) 
 

0.06 -0.07* 0.38** 0.09** 0.15** 

     UREA (mmol/L) 
  

0.19** 0.23** 0.27** 0.25** 

     CK (U/L) 
   

0.22** 0.68** 0.04 

     GLDH (U/L) 
   

 

0.39** 0.06 

     AST (U/L) 
   

  

0.19** 

     CO2 (mmol/L) 
   

   
       Early Gestation 

           ALB (g/L) 
 

0.04 0.11** 0.54** 0.56** 0.19** 

     UREA (mmol/L) 
  

0.01 0.06 0.03 0.24** 

     CK (U/L) 
   

0.43** 0.57** -0.01 

     GLDH (U/L) 
   

 

0.54** 0.08* 

     AST (U/L) 
   

  

0.14** 

     CO2 (mmol/L) 
   

   
       Late Gestation 

           ALB (g/L) 
 

-0.01 0.001 0.42** 0.54** 0.18** 

     UREA (mmol/L) 
  

0.14** -0.09* -0.06 0.03 

     CK (U/L) 
   

0.26** 0.50** -0.11** 

     GLDH (U/L) 
   

 

0.40** 0.08* 

     AST (U/L) 
   

  

0.11** 

     CO2 (mmol/L) 
   

          Overall mean for all 

samples     

 
  

     ALB (g/L) 
 

0.14** -0.04* 0.44** 0.30** -0.08** 

     UREA (mmol/L) 
  

0.16** 0.13** 0.09** -0.009 

     CK (U/L) 
   

0.30** 0.60** 0.14** 

     GLDH (U/L) 
   

 

0.43** 0.03 

     AST (U/L) 
   

 
 

0.20** 

     CO2 (mmol/L)             

       

ALB= albumin; UREA= urea; CK= creatine kinase; GLDH= glutamate dehydrogenase; AST= 

aspartate aminotransferase; CO2
 
= carbon dioxide 

* P<0.05; ** P<0.01 
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Table 3.5. Least square means by stage  

 

Traits (abbreviation; unit) Open Early Gestation Late Gestation 

Analyte Concentrations/ Activity      

     Albumin (g/L) 

 

32.50 ± 0.55
a
 

 

36.40 ± 0.55
b
 

 

35.00 ± 0.55
c
 

     Urea (mmol/L) 3.81 ± 0.10
a
 5.10 ± 0.10

b
 3.85 ± 0.10

ac
 

     Creatine kinase  (U/L) 254.00 ± 1.06
a
 242.00 ± 1.06

b
 157.00 ± 1.06

c
 

     Glutamate dehydrogenase (U/L) 7.05 ± 1.08
a
 7.95 ± 1.08

b
 6.93 ± 1.08

ac
 

     Aspartate aminotransferase  (U/L) 61.30 ± 1.02
a
 58.90 ± 1.02

b
 57.10 ± 1.02

c
 

     Carbon Dioxide (mmol/L) 24.00 ± 0.25
a
 20.10 ± 0.25

b
 20.10 ± 0.25

bc
 

 
   Means within a row with different superscripts differ based on Scheffe multiple comparison test 

(P<0.05) 
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Table 3.6. Least square means by RFI group  

 

Traits (abbreviation; unit) Low RFI High RFI P Value 

    
Residual feed intake (RFI; kg DM/d) -0.47 ± 0.37 0.47 ± 0.52 <0.001 

    Analyte Concentrations/ Activity  

    Open 

             Albumin (g/L) 32.30 ± 0.78 32.70 ± 0.78 0.7082 

          Urea (mmol/L) 3.82 ± 0.14 3.80 ± 0.14 0.9104 

          Creatine kinase  (U/L) 318.00 ± 1.09 204.00 ± 1.09 0.0007 

          Glutamate dehydrogenase (U/L) 6.74 ± 1.12 7.38 ± 1.12 0.5773 

          Aspartate aminotransferase  (U/L) 65.20 ± 1.03 57.60 ± 1.03 0.0123 

          Carbon Dioxide (mmol/L) 23.40 ± 0.35 24.70 ± 0.35 0.0137 

         Early Gestation 

             Albumin (g/L) 36.30 ± 0.78 36.40 ± 0.78 0.9781 

          Urea (mmol/L) 5.03 ± 0.14 5.18 ± 0.14 0.4264 

          Creatine kinase  (U/L) 223.00 ± 1.09 262.00 ± 1.09 0.1871 

          Glutamate dehydrogenase (U/L) 7.00 ± 1.12 8.83 ± 1.12 0.1941 

          Aspartate aminotransferase  (U/L) 57.24 ± 1.03 60.64 ± 1.03 0.2296 

          Carbon Dioxide (mmol/L) 19.70 ± 0.36 20.50 ± 0.36 0.1259 

         Late Gestation 

             Albumin (g/L) 35.30 ± 0.78 34.80 ± 0.77 0.6448 

          Urea (mmol/L) 3.62 ± 0.14 4.08 ± 0.14 0.0232 

          Creatine kinase  (U/L) 137.00 ± 1.09 179.00 ± 1.09 0.0288 

          Glutamate dehydrogenase (U/L) 6.37 ± 1.12 7.54 ± 1.12 0.2974 

          Aspartate aminotransferase  (U/L) 56.60 ± 1.03 57.64 ± 1.03 0.7025 

          Carbon Dioxide (mmol/L) 19.80 ± 0.36 20.40 ± 0.36 0.2727 

    
     Overall mean for all samples     
          Albumin (g/L) 34.60 ± 0.77 34.60 ± 0.77 0.9842 

          Urea (mmol/L) 4.00 ± 0.13 4.35 ± 0.13 0.3039 

          Creatine kinase  (U/L) 213.00 ± 1.09 212.00 ± 1.09 0.9716 

          Glutamate dehydrogenase (U/L) 6.75 ± 1.12 7.89 ± 1.12 0.3300 

          Aspartate aminotransferase  (U/L) 59.60 ± 1.03 58.60 ± 1.03 0.7283 

          Carbon Dioxide (mmol/L) 21.00 ± 0.36 21.90 ± 0.36 0.0795 
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Figure 3.1. Circadian profiles of plasma albumin, urea, CK, GLDH, AST and CO2 heifers at 

open ( ), early gestation ( ) and late gestation ( )  
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Figure 3.2. Circadian profiles of plasma CK, AST and CO2 of open heifers, plasma urea and CK 

of heifers in late gestation and the average CO2
 
separated by low RFI ( ) and high RFI ( )  
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Chapter 4 

 

GENERAL DISCUSSION 

 

 In this research, the circadian variations of blood plasma analytes in beef heifers at three 

different physiological states with known feed efficiency were assessed. This was done to give 

insight into factors impacting variations in feed efficiency as well as to assess the effectiveness of 

these analytes as indirect measures of feed efficiency. Evaluating the efficiency of feed use is 

important so that progress can be done on its improvement to counteract the rising feed and land 

prices, which would allow for increased profitability and industry growth and to offset the 

environmental footprint of beef cattle production.  

 The limitation to the application of selection for improved feed efficiency is due to the 

laborious and costly measurements of individual feed intake and body weight measurements over 

a relatively lengthy time period. Biological indicators of feed efficiency represent alternative 

measurements that are more easily measured and provide insight into the individual variation in 

the efficiency of utilization of feed.  

 In this study, feed efficiency, measured as RFI, was determined in 36 heifers. Blood 

samples were collected on these heifers hourly over a 24 hour time period at three different times  

corresponding approximately to the yearling stage, early gestation, and late gestation. Plasma 

samples were analyzed for concentrations of albumin, urea, CK, GLDH, AST and CO2. Measured 

values of analytes were assessed to determine their variation through the circadian cycle, their 

variability through physiological states and well as associations with RFI to provide insight into 

their effectiveness as indirect measures of feed efficiency. There was significant variation in 

analytes associated with feeding patterns. However the patterns of eating were consistent between 

RFI groups indicating that time of day for sampling may not need to be factored into sampling of 

blood analytes for RFI determination. On the other hand there was found to be significant 
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variation with physiological states on concentrations of analytes indicating that the physiological 

status at time of sampling should be factored into the assessment of RFI. RFI was found to be 

significantly associated with analytes in open and late pregnancy. Of the analytes that were found 

to be significant and show the most potential for its application as an indirect measure of RFI 

were plasma CO2 and CK in open heifers, plasma urea or CK in late gestation or plasma CO2 

overall. Plasma carbon dioxide was lower in low RFI open heifers, which may indicate lesser 

hepatic metabolism (Antunovic et al., 2011). A lower amount of CO2 produced may be indicative 

of a lower workload placed on the visceral organs and consequently a lower energy expenditure 

of the visceral organs decreasing animal energy requirements. Circulating concentrations of urea 

were found to be lower in low RFI heifers. The lower concentration of urea in plasma of low RFI 

heifers means that the visceral organs are expending less energy for urea synthesis (McBride et 

al., 1990). The cost of urea synthesis in the ruminant liver is a major energy-consuming event and 

any process that alters ammonia production could alter energy use by the liver (McBride et al., 

1990). Urea is the major mammalian end product of amino acid metabolism. It produced by the 

liver in greater amounts than are then eliminated in the urine (Sarrasecal et al., 1998). Ruminants 

recycle substantial amounts of nitrogen as urea by transfer from blood to the lumen of the gut, 

which is an important source of nitrogen for synthesis of microbial proteins (Egan et al. 1986; 

Sakata et al. 2003). Therefore less plasma urea may indicate a greater transfer efficiency of urea 

from blood to the rumen potentially translating to greater synthesis of microbial protein for body 

deposition. Plasma CK concentrations were lower in low RFI heifers. The serum level of creatine 

kinase is a marker of the functional status of muscle tissue (Brancaccio et al., 2007). An increase 

in the activity of creatine kinase in the plasma can be caused by exercise (Holmes et al., 1973). 

Since it has been found that more efficient bulls are generally less active and were found to take 

6% less steps than less efficient bulls (Richardson et al., 2000), this lower level of CK may be 
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indicative of less physical activity. Further studies are required to see if these associations hold up 

under different situation with bulls or feedlot cattle.  

 Overall these results suggest the potential for the alterative assessment in beef cattle for 

RFI and provides insight into observed differences in feed efficiency due differences in 

metabolism and function of the visceral organs altering animal energy requirements. A 

combination of these enzymes and metabolites may be effective indicators of feed efficiency.  
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