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ABSTRACT

The objective of this experiment was to determine if nuclear magnetic resonance (NMR)
profiles or blood metabolites could explain dry matter intake (DMI) in developing heifers and
mature cows in the weeks leading to breeding. A total of 335 heifers and 60 cows were fed a
forage-based diet. A general linear model (GLM) was fit for DMI using fixed effects; breed, frame
size and birth year. Non-esterified fatty acids (NEFA) had the greatest association with DMI (R?
ranged 54.4% to 58.1% and 64.4% to 70.6%) in heifers and cows, respectively. The NMR profiles
accounted for the smallest variation (51.9% and 55.6%) for rumen metabolism and (52.0% and
55.8%) for cellular metabolism in heifers and cows, respectively. Additional exploration to profile
NMR data is needed. The models containing NEFA accounted for high levels of variation, fit plots

indicated these predictions could be used to manage animals in distinct groups for DMI.
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1. INTRODUCTION

In contrast to the monogastric stomach, the ruminant stomach is capable of converting
inedible feed like grasses and forages into edible food such as meat and milk; this shows that
ruminants possess the ability to use these types of feed efficiently (input to desired output) given
their digestive system. Notwithstanding, this feat is accompanied by a low conversion efficiency
of feed to gain, particularly in cattle (Eisler et al., 2014). Increased cattle prices have spurred the
maximization of production outputs such as gain and weaning weight (Schulz, 2015). Efficiency
in beef cattle is determined by feed and other input factors of all physiological stages in animal
production as well as the desired output of the production system (weaned calves, slaughter
animals, etc.). An animal’s physiological state, maintenance requirement, body composition, sizes
of visceral organs, digestion efficiency and level of physical activity are possible sources that can
be explored to improve feed efficiency (Archer et al., 1999). Even so, improving feed efficiency
is challenging because it is both a complex and polygenic trait. This might be achieved by
calculating feed intake in growing animals coupled with genetic correlations that may exist
between efficiency of growing animals and mature animals (Archer et al., 1999). Research has
focused mostly on identifying superior cattle during the finishing phase when cattle are fed grain-
based, high-energy diets before harvest (Shike, 2013). However, physical fill from low-energy,
forage-based diets may limit intake (Mertens, 1994) because physiological energy demand and
chemical factors regulates intake. Feed provision constitutes the largest direct expenditure incurred
by beef producers and is a major economic factor determining profitability of beef production
(Finneran et al., 2010), where the majority of total energy expenditure for beef production goes

towards cow herd maintenance alone (Johnson, 1984; Ferrell and Jenkins, 1985).



The future of the beef industry is dependent on our ability to keep producing high-quality
beef for the global market through the use of new technologies, genetics and economic
management strategies (Corah, 2008). Some studies on blood metabolites considered the
association between plasma urea-Nitrogen (PUN; Kelly et al., 2010), glucose (GLC; Kelly et al.,
2010) and non-esterified fatty acids (NEFA; Wood et al., 2014) with feed efficiency. Such studies
were conducted in growing heifers and cows using low-energy diets. It is known that some blood
metabolites are associated with feed efficiency (Kelly et al., 2010), which might be able to predict
dry mater intake. Even so, little research has been conducted on cattle fed low-energy diets and
how blood metabolites relate to feed efficiency measures at different physiological stages of
production in developing heifers and mature cows, including how it may be used to predict
breeding season dry matter intake needs. Targeting phenotypes that improve efficiencies in female
animals, for example fertility, pregnancy rate, gestation length, feed conversion ratio, average daily
gain and weaning weight (Crowley et al., 2011) will ultimately improve beef and livestock
agriculture on a global scale (Clemmons et al, 2019). It is important to collect dry matter intake
(DMI) because it provides information about the amount of digestible nutrients, microbial yield,
as well as nutrient and energy supply (Khampa and Wanapat, 2006). Therefore, the purpose of this
study was to consider blood metabolites as potential predictors for explaining dry matter intake

levels in developing heifers and mature cows leading up to the breeding season.



2. LITERATURE REVIEW
2.1. Overview of feed efficiency in beef cattle

Feed efficiency can be defined as the relationship between an animal’s dry matter intake
(DMI) and productive output. Adopting only one measure of feed efficiency in the beef industry
as a universal selection criterion is inadequate because feed intake is dependent upon the
complexity of traits like growth rate, reproduction, basal metabolic rate, activity, body
composition, health, and climate (Arthur et al., 2004). While feed efficiency has been studied for
many years and feedlot profitability is directly impacted by feed efficiency, the beef industry is
lagging behind when compared to the swine, fish and poultry industries. Feedlot cattle typically
have a feed conversion ratio (FCR), which is the mass of feed per mass of meat, carcass, and fat
deposition (Cusack et al., 2021), of about 6 to 1. Even so, beef cattle are not as efficient as
monogastric animals in FCR due to the higher fiber diets fed to ruminants that lose energy partly
as carbon dioxide and methane through rumen fermentation (Shike, 2013), among other reasons.
Snelling et al. (2011) stated that feed efficiency may become increasingly important due to
environmental concerns and competition from alternative uses of traditional livestock feedstuffs
(e.g., corn and soybean biofuels). In beef production systems, the cow-calf herd accounts for an
average of 75% of overall feed costs (Montafio-Bermudez and Nielsen,1990). Feed efficiency
becomes very important because of the increased cost incurred in feeding and maintaining animals
(Nkrumah et al., 2006). Therefore, improvements in feed efficiency of beef cattle may potentially
increase producers’ profitability and also lower the environmental impact of beef production
(Kenny et al., 2018).

Generally, cattle tend to have a high maintenance requirement because of their large frame

(Ferrell et al., 1986) and the lag in improvement in growth rate is partially because we have not
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genetically selected for feed efficiency. Before now, more efficient cattle were identified when fed
individually, however this process is expensive, labor-intensive and does not allow for social
interaction compared to when fed as a group (Shike, 2013). There are several factors that can be
responsible for impacting feed efficiency, including, age, sex, type of diet, breed, production level,
environmental temperature, the use of growth enhancers, physical activity, and many other
management variables (National Academies of Science, Engineering, and Medicine [NASEM],
2016). Although dietary modification and genetic selection have resulted in superior beef cattle
populations (Arthur and Herd, 2005), the feed efficiency status of beef cattle can be improved by
other factors including diets and feed additives (Song and Choi, 2001), environmental conditions
(Grandin, 2016), and management practices.
2.2. Feed types and feed efficiency

Some cattle can effectively convert feed to products more easily than others, thus selection
of those more efficient cattle will improve the efficiency and likely the profitability of beef
production (Basarab et al., 2013; Berry and Crowley, 2013). Around the world, beef cattle breeding
values for feed intake and feed efficient care mostly derived from cattle fed high concentrate diets
more than those fed forages because of faster growth (Kenny et al., 2018). Even so, only 7% to
13% of the world’s beef production is raised on grain-feeding systems (Mottet et al., 2017). Grass
often is the cheapest source of feed available to ruminants when compared to concentrates and
grass silage (Finneran et al., 2011). Feed consumption for ruminant animals is more complex,
especially under grazing conditions, as ruminants consume pasture with varying supply and
nutritive value to meet requirements for growth and maintenance (Gregorini et al., 2008).
Maximizing profit in beef production in the near future will generally depend on selecting and

breeding cattle that convert forage-based feed efficiently, especially across different diets. Thus,
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there is a need to explore feed efficiency in beef cattle further, especially for the majority of beef
cattle whose dietary intake is mostly from forage (O’Donovan et al., 2011).

2.3. Types of feed efficiency measures in beef cattle based on animal stage

Feed efficiency is not a new concept as researchers have been studying this for over 40
years and different methods in agriculture have shed more light on feed efficiency research (Shike,
2013). Further understanding of feed efficiency might show correlated responses to selection,
identification of less expensive traits to measure feed efficiency, and a non-genetic method, which
might be used to understand metabolism in beef cattle (Montanholi, 2007; Swanson and Miller,
2008). Altogether, there isn’t any feed efficiency measure that is all-encompassing to all cattle
industry sectors.
2.3.1. Measures of growing animal efficiency
2.3.1.1. Gross efficiency

Gross efficiency, commonly known as gain to feed (G:F) ratio, is a generally accepted
measure of feed efficiency defined as a ratio of outputs to inputs. Precisely put, G:F is an individual
animal’s body weight (BW) gains relative to feed consumption over a specific period of growth
(Swanson and Miller, 2008).Gross efficiency has been widely used in the beef industry and is a
great tool to monitor feedlot cattle performance (Schenkel et al., 2004). Although selection for
improved gross efficiency may improve animal performance during the growing and finishing
phases of beef cattle production, it may not necessarily improve the profitability of the entire
production system (Arthur et al., 2001a). Care must be taken during selection because retaining
heifers with improved gross efficiency in the herd could yield increased average cow BW, cow

size, feed cost, and greater maintenance requirements (Swanson and Miller, 2008).



2.3.1.2. Partial efficiency of growth

Partial efficiency of growth (PEG) is defined as the ratio of weight gain to feed intake, after
taking into account the energy for maintenance (Berry and Crowley, 2013). Maintenance
requirements are obtained using the National Research Council (NRC) prediction equations for a
group of cattle. This can be challenging to achieve, so it is advisable to singly determine individual
animal maintenance requirements even though this procedure may not be economically achievable
(Retallick, 2012). In a study by Nkrumah et al. (2004) on growing cattle, it was discovered that
PEG is correlated to the relative growth rate (r = 0.36). Predicting individual maintenance
requirements and effectively utilizing PEG as a selection criterion may positively impact overall
beef production efficiency.
2.3.1.3. Residual average daily gain

Residual average daily gain (RG) represents the difference between actual gain (i.e.,
average daily gain (ADG)) and the predicted gain, which is performed through regression analysis
among the test population, accounting for the animals’ body weight, feed intake (Koch et al., 1963)
and body composition (Freetly, 2014). Animals are considered more efficient when they exceed
the predicted body weight gain (Crowley et al., 2010), therefore a greater RG value connotes a
more efficient animal. A feed test can serve as a metric to determine individual RG values, as RG
can represent the residuals of a multiple regression model regressing ADG on DMI and metabolic
BW (North et al., 2010).

On average, an animal has a RG value of zero and those that have increased daily gains per
unit of feed consumption are considered more efficient animals (lowa Beef Center, 2010). Given
that RG is moderately heritable, it can serve as an effective selection tool for feedlot producers,

especially considering its strong correlations with accelerated growth rates and FCR (Berry and
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Crowley, 2012; Retallick, 2012). Even so, RG may not be the most efficient feed efficiency tool
because its calculations omit animals’ growing periods (North et al., 2010).
2.3.1.4. Residual feed intake

Residual feed intake (RFI) is a measure of feed efficiency that has gained more interest in
recent years. The idea of RFI in cattle was proposed many years ago by Koch et al. (1963),
suggesting that one of the factors affecting feed requirements were weight maintained and weight
gained. Residual feed intake is the difference between actual feed intake and predicted feed intake
over a specific time period. Cattle having a negative RFI are considered more efficient given that
they produce more on a given consumption level compared to other cattle. Selection for RFI has
been studied in both growing and mature animals. In a study by Basarab et al. (2003) on growing
crossbred steers, it was discovered that efficient cattle had a 6.4 and 10.4% reduction infeed intake
when compared to medium and high-RFI cattle, respectively. This difference can easily be used
to manage groups of cattle better to improve use of feedstuff, thereby cutting costs for the producer.
Advantages of RFI are that it adjusts feed intake based on production traits used for its calculation,
is relatively repeatable, and is moderately heritable (Swanson and Miller, 2008). These
characteristics altogether show that RFI is an efficiency trait that should be considered in selection
programs (Crowley et al., 2011).
2.3.2. Measures of mature cow efficiency
2.3.2.1. Cow-calf efficiency

Defining feed efficiency in the mature cow is quite different and more challenging than in
growing animals. Different production systems and environments make it challenging to generate
a one method fits all feed efficiency plan within the cow-calf sector. Dinkel and Brown (1978)

defined cow efficiency as a ratio of calf weaning BW pertinent to both calf and cow total digestible
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nutrient (TDN) intake. This is a better measure of production system efficiency than other
measures of biological efficiency and is a very instrumental indicator to verify the phenotypic
variation in the beef herd (Archer et al., 1999). According to Jenkins and Ferrell (1994), cow-calf
efficiency involves measuring the total feed intake of both the dam and the progeny, over an entire
production cycle starting from weaning of one calf to the weaning of another calf. Since cow
efficiency can affect long-term profitability, an efficient cow will be one that weans off a heavy
calf yearly, returns to estrus appropriately before the breeding season, and has moderate intake.
Unfortunately, there is no universally accepted measurement of cow efficiency. This is critical
because about half of all feed resources are required to maintain the cowherd (Ferrell and Jenkins,
1985) and the majority of a cow’s feed consumption occurs between conception and weaning.
Considering most producers wean their calves all at once in a bid to achieve heat synchronization
in cows, calves born earlier in the calving season are able to nurse their dams for a longer period
of time pre-weaning, typically resulting in a heavier weaned calf. The downside of this measure is
that the intake of the progeny isn’t measured until weaning. This leaves an information gap
regarding the performance from birth until weaning. Also, the cost and labor to evaluate these
parameters for an extended time period can be a major limiting factor.
2.4. Sources of variation in feed efficiency

Many factors constitute variations in feed efficiency. The type and the amount of feed
consumed by an animal, the sex, breed of animal and the environmental condition in which an
animal is kept are capable of causing variations on how nutrients are used for maintenance and
growth (Corbett et al., 1990). There are at least five major processes by which variation in
efficiency is influenced by feed intake, feed digestion, body composition and metabolism, activity,

and thermoregulation.



2.4.1. Feed intake

Variation in feed intake is related to variation in maintenance requirements of ruminants
because as feed intake increases, the quantity of energy released to digest the feed
increases, partially due to a change in the size of the digestive organs. The amount of energy used
by the tissues increases per unit weight of the animal. Heat increment of feeding (HIF) is described
as all the heat production caused by the act of eating, chewing, regurgitating, digesting and
absorbing the nutrients from the gut. This HIF has been known for a considerable time, whereas
in ruminants, it is ~9% of metabolizable energy intake (Corbett et al., 1990). Weeks and Webster
(1975) measured the amount of energy used within the gut of sheep as a consequence of eating. It
was estimated that energy could account for ~40% of the entire HIF. Weeks and Webster (1975)
hypothesized the rest was due to increased metabolism in peripheral tissues. Weather variables can
also affect DMI in beef cattle (Yusuf et al., 2020). As long as selection for RFI is related to
variation in intake, animals that eat less with similar performance can be expected to have less
energy expended as HIF (Nkrumabh et al., 2006).
2.4.2. Feed digestion

It has been established that an increase in the level of feed intake relative to maintenance
usually results in a decrease in feed digestion (Corbett et al., 1990). Richardson et al. (1996)
examined beef cattle for net feed conversion efficiency (FCE) for possible physiological indicators
of net FCE. It was found that young heifers and bulls ranked low or high for RFI differed in their
ability to digest dry matter by a small margin and a dry matter digestibility of 68%. This difference
in dry matter digestibility accounted for 14% of the difference in intake between the 2 groups of
cattle studied, regardless of sex. In dairy cows, selection for high milk yield in animals is

accompanied by improvements in digestion and absorption of dietary energy and protein (Adams
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and Belyea, 1987). Kahn et al. (2000) suggests that differences in the substrate availability and
processes of draining blood from the gastro-intestinal tract (GIT) to liver; (creating a circulation
of nutrient-rich blood between the GIT and the liver) do occur. Also, increased microbial protein
presence in the rumen derived from the proteolysis of dietary protein increased digestion and wool
growth in sheep. This provides a feasible mechanism to explain variation in the efficiency of feed
utilization.
2.4.3. Body composition and metabolism

There is more variation associated with the efficiency of depositing lean gain than fat gain,
and their energy costs also vary. Efficiencies of nutrient used for lean gain are about 40 to 50%,
showing more variation in efficiency of lean (protein) gain, and more turnover in organs than in
fat gain. Efficiency of fat deposition is dependent on dietary type. Dulloo et al. (1995) stated that
the differences in the efficiency of fat deposition are obvious during a rapid phase of tissue
deposition. Fat gain will be highly dependent on the genetic background of the animal. This should
be considered when creating diet-based strategies for fatty acid composition of beef cattle tissues
(Da Costa et al., 2013). Protein synthesis is more efficient than fat synthesis as indicated by
predictions of energy retained to energy expended ratio of 0.88 for protein and 0.81 for fat
(McDonald et al., 1988). Once produced, protein is continually degraded and reproduced which
results in a reduced efficiency of maintaining protein than fat with 0.4 for protein versus 0.70 to
0.75 for fat (McDonald et al., 1988). Protein turnover in living animals is not a cost-effective
process and variation in protein metabolism has been associated with genetic selection for growth
and other traits in domestic animals (Oddy, 1999). Further evidence proving an association
between protein turnover and RFI was reported by Tatham et al. (2000). They discovered a positive

relationship between RFI and plasma creatinine to urea ratio, which translates to a higher turnover
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of creatine phosphate in the muscle of high-RFI (low-efficiency) bulls. Changes in the conversion
of feed to gain and rate of protein degradation, in response to selection for growth and leanness,
have been noted in many species such as chickens (Tomas et al., 1991) and rainbow trout
(MccCarthy et al., 1994). Oddy et al. (1993) found that the sensitivity of muscle to insulin varied
among sheep selected for high and low growth rates; also, the sensitivity of insulin towards feed
intake varied.

There are notable signs of variation in metabolism regulation at the endocrine, autocrine
and paracrine levels, which could contribute to variation in efficiency of nutrient utilization (Hill
and Herd, 2003). Overall, the evidence supports different possible mechanisms of variation in
metabolism but suggests that these mechanisms are principally regulated at the tissue level (Muller
etal.,2009). Clearly, there is a large scope for sources of variation in efficiency to arise at the tissue
level. Observing the variation in intake relative to animal size and growth performance will be
difficult because without specific selection of target attributes, the emergence of a desired feed
efficient type of cattle seems unlikely. This will make it difficult to identify major genes that
account for substantial variation in the efficiency of nutrient use (Herd et al., 2004).

2.4.4. Activity

Animal activity can greatly contribute to the variation in heat production as a result of
varying energy expenditure. Luiting et al. (1991) concluded that the difference in physical activity
accounts for about 79% of the genetic difference in RFI between lines of chickens divergent in
RFI. For example, in mice selected for and against RFI after weaning (Hughes et al., 1997), more
efficient mice were not as active as less efficient mice. Changes in activity have been associated
with variation in RFI in cattle. Richardson and Herd (2004) reported a phenotypic correlation of

0.32 for RFI with daily distance covered, which equates to about 10% of the observed variation in
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RFI. Techniques associated with variation in activity include work involved in eating, ruminating
and movements from place to place at various speeds. Estimates of the energy cost of these
activities exist (Corbett et al., 1990). Considering the high-efficiency and low-efficiency selection
line of heifers and bulls tested by Arthur et al. (2001b), the possible variation from eating and
walking activity to the difference in RFI can be calculated. Measured by a pedometer, Richardson
and Herd (2004) reported that heifers and bulls took about 4,000 steps per day with high-RFI bulls
walking 6% more than low-RFI bulls. These cattle were observed for about two days in their
feeding stall and both high- and low-RFI animals were assumed to spend similar time ruminating.
Since both bulls and heifers were grouped based on high- and low-RFI, the high-RFI animals were
assumed to spend 13% longer in the feeding stall and ruminating due to their greater daily intake.
The increase in distance walked and time spent standing and ruminating accounted for more
than5% of the increased feed energy intake by the high-RFI low-efficiency cattle, compared to the
low-RFI (high-efficiency) cattle.
2.4.5. Thermoregulation

The primary means of energy loss in ruminants is evaporative heat loss, which normally
occurs through heat exchange in the lungs and nasal conchae (Blaxter, 1962). Primarily, energy
loss is controlled by the rate of respiration, although we are not aware of any study affirming the
relationship between respiration rate and RFI. Postural position changes and other adaptation
measures such as seeking shelter and huddling do not individually constitute a large proportion of
variation in heat loss, except in extreme situations. Luiting et al. (1994) has shown that chickens
with lower RFI have a smaller body area, having a fuller and better feather coverage, are less
active, and conserve energy better. As suggested earlier, each of these factors impact

thermoregulation because they contribute to the variation in RFI of chickens (Luiting et al., 1994).
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The large variation in body size between poultry and cattle suggests that the contribution of
thermoregulation to variation in energy expenditure could differ remarkably (Luiting et al., 1991).
2.5. Metabolic markers of efficiency

Recently, the spotlight has been on biological markers of efficiency as an alternative due
to measuring feed efficiency. It has become important to explore potential biological markers of
efficiency in animals fed a forage diet to seek a better option for measuring feed efficiency (Meale
et al., 2017).There are many factors responsible for controlling metabolic processes that influence
the efficiency of feed utilization, resulting in numerous options for potential biological markers.
For example, blood metabolites and hormones (Wood et al., 2014), tissue morphology
(Montanholi et al., 2013), tissue functional proteins (Mader et al., 2009), enzymes and metabolites,
as well as inhibitors of tissue catabolism associated with energetic body demands could all be a
pointer to the dissimilarity in the efficiency of feed utilization (Blaxter, 1962). Often times, GLC,
PUN and NEFA are indicators of animal’s carbohydrate, protein and lipid metabolism,
respectively, showing variations in feed efficiency since these metabolites’ concentration can be
dependent on levels of DMI (Yambayamba et al., 1996).
2.5.1. Plasma urea-nitrogen

Urea-Nitrogen (Urea-N) from Nitrogen (N) metabolism in ruminant animals can be
associated with some variations in feed efficiency. Since the 1950s, researchers have explored urea
as a cheap N source capable of replacing a part of the protein component in ruminant diets (Reid,
1953). Many studies have proven that when urea is fed at proper levels (for example, up to 40 mg
dL1), it has no adverse effect on the DMI (Almora et al., 2012; Sweeny et al., 2014), rumen
fermentation (Currier et al., 2004), nutrition digestibility (Benedeti et al., 2014), or growth

performance (Spanghero et al., 2017) in ruminants. However, Coleman et al. (2017) stated that
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blood urea-N can be affected by time of sampling and age of animals even though their effects are
very small.

Animals possess a certain level of protein metabolism, varying from negative to positive
protein balances, which is influenced by the availability of urea-N in the diet and efficiency of N
utilization in animals. Urea-N Kinetics can be considered as a mechanism where liver synthesis is
similar to digested N, with one-third lost through urine via the kidney, and the remaining two-third
returning to the GIT at some fixed levels of urea-N. Upon reaching the digestive tract, about 10%
or more of N is lost via feces with 40% being reabsorbed as ammonia. Half of the ammonia (50%),
which is mainly amino acids, is then reconverted to anabolic N, which can be absorbed again and
used for productive purposes. Most of the remaining half of the gut entry rate (GER) is reabsorbed
as ammonia that is reconverted to urea and can be further re-partitioned between urinary loss and
GER. The process then allows the conversion of urea-N into anabolic forms, which stays longer
within the body, and provides the animal with increased opportunities to utilize products derived
from dietary N (Archibeque et al., 2001; Sarraseca et al., 1998; Lapierre and Lobley, 2001). Both
ruminants and non-ruminants have a mechanism that makes it possible for urea produced by the
liver to get into the GIT where it is then used for microbial protein production. It is reasonable to
think that urea recycled in ruminants is much larger than those in non-ruminants, which stresses
the importance of urea recycling in ruminants (Lapierre and Lobley, 2001). Data from a variety of
studies has shown that hepatic urea-N synthesis may sometimes equal digestible N intake (33 to
99%) and even exceed digestible N intake (Kiran and Mutsvangwa, 2010). Due to the low quantity
requirement of dietary N contents needed in ruminant feed and how cheap these are, feed costs are
reduced. Below are three reasons to achieve an efficient urea recycling in ruminants (Huntington

and Archibeque, 2000): 1) Maximization of the microbial functioning in the rumen, 2)
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Optimization of the amino acid supply to the host ruminant and 3) Minimization of the negative
effects of N excretion into the environment. Numerous research studies have investigated the
relationship between PUN and feed efficiency, but have reported varying outcomes. Gonano et al.
(2014), when studying the circadian profile of various plasma analytes in beef heifers at different
physiological stages, discovered that more efficient pregnant heifers had lower PUN levels in late
gestation. Kelly et al. (2010) while observing the effect of divergence in RFI on blood metabolic
variables, found positive correlations between serum urea-N and DMI in growing heifers.
Considering the relationship between RFI measures during mid- to late-gestation in mature beef
cows with circulating serum metabolites, Wood et al. (2014) found that urea-N concentration was
positively correlated with DMI, ADG and G:F. This result shows that protein metabolism may
help regulate feed efficiency in the pregnant beef cow. Therefore, additional research is needed to
further investigate the associations between PUN concentrations and feed efficiency in ruminant
animals.
2.5.2. Glucose

In livestock, dietary carbohydrates provide more than half of the energy required for
maintenance (Hristov and Ro, 2003). A required energy source for animals is glucose. The major
sources of carbohydrates in ruminants are fibrous feeds containing cellulose, hemicellulose and
grains rich in starch. Most of the dietary carbohydrates are fermented in the rumen but a small
fraction of consumed carbohydrates is digested in the small intestine (Huntington, 1997).
Gluconeogenesis explains the synthesis of new glucose from non-carbohydrate precursors; it
provides glucose when dietary intake is not enough or absent. Gluconeogenesis also regulates acid-
base balance, amino acid metabolism, and synthesis of carbohydrate derived structural components

(Ha andBhagavan,2011). Gluconeogenesis occurs in the liver and kidneys. The pointers of
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gluconeogenesis are lactate, propionate, glycerol and amino acids. The gluconeogenesis pathway
consumes ATP, which is derived primarily from the oxidation of fatty acids. The process of
gluconeogenesis in ruminant animals is continual; therefore, they have little need to store glycogen
in their liver cells (Ha andBhagavan,2011). This indicates that ruminants rely mostly on
gluconeogenesis in the liver and lesser on kidneys for their tissue glucose requirements (Weeks,
1979).

Gluconeogenesis is very important in young and adult ruminant animals because it
provides 75% (Donkin et al., 2005) and 90% of the total glucose needs (Young, 1977) in these
animals, respectively. Early research on ruminant gluconeogenesis (Armstrong, 1965; Bergman et
al., 1974; Leng, 1970) showed that glucose generated from propionate, amino acids, valerate,
glycerol and lactate were high in ruminants overall and important in lactating ruminants. The
authors also showed that after ruminants consumed feed, the rate of gluconeogenesis increases.
Due to dietary carbohydrates being fermented to short chain volatile fatty acid (VFA) production
in the rumen, less than 10% of the animal glucose requirement is absorbed from the digestive tract.
This was shown in classic glucose kinetic studies by Bergman et al. (1974) and Young et al. (1974).
Other products before rumen fermentation such as acetate and 3-hydroxybutyrate, are substantial
substrates for oxidation in the heart, kidneys and skeletal muscle (Weeks, 1979). Overall, these
factors support that most ruminant tissues are unable to considerably substitute VFA and their
derivative ketoacids for glucose as respiratory fuel or lipogenic substrate (Bell and Bauman, 1997).

Although ruminants normally do not take a great deal of glucose from dietary intake,
glucose supply is still important for production and maintenance functions, because it serves as a
metabolic fuel for tissues such as the brain and liver (Weeks, 1979; Bell, 1981). Studies that

attempted to investigate the relationship between RFI and blood metabolites suggested that glucose
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metabolism might be associated with high or low RFI in forage and grain diets (Kelly et al., 2010;
Richardson and Herd,2004). The study further showed that blood glucose to insulin concentrations,
an indicator of glucose metabolism, did not differ between high- or low-RFI animals. These results
show that greater insulin concentrations in high-RFI animals may be linked to the greater visceral
fat deposition observed because insulin reduces lipolysis and stimulates lipogenesis in adipose
tissue (Brown et al., 2004). Glucose concentration in the blood of beef cows fed a mixed ration
with crude protein (CP) of 14%were higher than those on balanced mixed ration with CP of 7.9%.
This suggests that glucose concentration was greater in cows fed high CP diet. The surplus amino
acids from the high CP diet were possibly channeled towards gluconeogenesis. Amino acid
catabolism converts their carbon backbone into citric acid cycle or their precursors and they can
be subsequently metabolized to CO, and H,O releasing ATP or used to produce glucose
(gluconeogenesis). With these findings, it is evident there are still contrasting views on the results.
2.5.3. Non-esterified fatty acids

Research on lipid metabolism in livestock over the years has partly focused on studying
the anatomical sites and main hydrogen and carbon sources for lipogenesis in different animal
species (Regert, 2010). Using radioactively labeled precursors with in vivo and in vitro assays, it
was shown that adipose tissue is the key anatomical site for fatty acid synthesis in non-lactating
ruminants (Vernon, 1981). Smith and Crouse (1984) refuted the ideology of Ballard and Hanson
(1967) studies which established that glucose and acetate were the primary sources of carbon for
fatty acid synthesis in ruminant adipose tissue. Smith and Crouse (1984) showed that substrate
specificity can change depending on storage site, as seen in intramuscular adipose tissue of beef
cattle, where glucose was preferentially used instead of acetate as the primary substrate for fatty

acid synthesis.

17



Lipids from dietary supply such as triglycerides are converted into non-esterified fatty
acids (NEFA) and long-chain fatty acids (LCFA) in the rumen, and are primarily absorbed in the
small intestine. The major metabolic pathway in the small intestine will repackage LCFA into
triglycerides, in order to supply energy to accessary tissues, which consist of adipose tissue, heart
and skeletal muscle. The lipoprotein enzyme in the accessary tissues converts the triglycerides into
NEFA to store energy in the growing ruminant (Drackley, 2005). According to Wathes et al.
(2007), the circulating NEFA concentrations present in the plasma of mature cows can be
associated with the catabolism of body fat to provide the metabolic needs of the animal rather than
dietary supply of lipids. The concentrations of NEFA in the plasma could be of great importance
as an indicator of energy delivery to peripheral tissues. A negative correlation was found in
growing beef heifers between NEFA concentrations and RFI while investigating the relationship
between feed efficiency and blood metabolic variables (Kelly et al., 2010). Also, negative
associations have been recorded between NEFA and RFI in mature pregnant cows (Wood et al.,
2014). Considering that greater NEFA concentrations may be associated with increased energy
delivery to accessary tissues in growing animals, and that fat mobilization by mature cows may
play an important role in feed efficiency, the above findings appear to be physiologically relevant.

2.6. Metabolomics

Metabolomics is the study of metabolite profiles for a detailed description of biological
mechanisms at the molecular and cellular levels (Sun et al., 2015). Metabolites are molecular
compounds in an animal that have undergone enzyme activity that can be measured in an animal’s
blood, milk, and ruminal fluid (Kidhn et al., 2014). Nuclear Magnetic Resonance (NMR)
spectroscopy has been used for more than three decades to identify many metabolites because the

process is non-biased, preserves samples, and also is easily quantified (Wishart, 2008). The NMR
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measures spectral patterns and compares them to databases of pure compounds to identify
metabolites, with an internal standard (usually 4,4-dimethyl-4-silapentane-1-sulfonic acid) used to
quantify the metabolites (Wishart, 2008). Metabolites can be described as important indicators or
pointers to problems in the genome. They are the outcome that emerges from complicated
interactions happening inside the genome and the phenotype. This enabled researchers to detect
the relationship with genes and the environment; metabolomics has helped researchers obtain a
better and more complete description of the human phenotype (Bouatra et al., 2013; Monteiro et
al., 2012). Metabolomics have been incorporated into other areas of agriculture like crop
evaluation and crop trait selection (Mahdavi et al., 2015; Summer et al., 2015; Simo et al., 2014),
but its application to livestock has been sparsely used. The ability of metabolomics to detect
difficult to understand phenotypic changes, innate phenotypic impulse and dietary responses
without the use of invasive experimental approaches makes it a useful tool for livestock
exploration in research and breeding (Duggan et al., 2011; Jones et al., 2012; Gilany et al., 2013).
There has been some livestock research involving metabolomics, which has provided convincing
results (Goldansaz et al., 2017). This study show how metabolomics and metabolite-based
phenotyping can help researchers, farmers, and the livestock industry. Also, there have been
researches showing how metabolomics can be useful in predicting feed efficiency and RFI (Karisa
et al., 2014), evaluating dietary responses to different feeds (Abarghuei et al., 2014), and other
important economic traits in livestock. Conventional phenotypic measures pose some challenges
because they require measurement of individual animal feed intake for a minimum of 70 days.
This procedure is expensive, time consuming, labor intensive and limited by specific recording
equipment (Williams, 2010). When carcass trait evaluations are done, animals are slaughtered in

order to get their data. This eliminates the use of such animals for potential breeding. However,
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with metabolomics many of these traits can be measured earlier in the animal’s life and it is often
more cost-effective than current techniques (Fontanesi et al.,, 2016; Zhang et al., 2012).
Metabolomics approaches are a newer technology and only available in a handful of livestock
research facilities, which translates to limited available data for interpreting livestock animals’
metabolic data. Goldansaz et al. (2017) applied metabolomics to study changes in rumen
metabolites of cattle fed three different diet types. Cattles fed a high concentrate diet showed
increases in some amino acids, glucose, valerate and proline. The results provided a new look into
the relationship between rumen metabolites, variations in methane production, and diets. Karisa et
al. (2014) conducted a study using the NMR technique to study the concentration of metabolites
in plasma and discovered metabolites associated with RFI, ADG, and DMI in beef cattle.
Metabolites associated with RFI were used to analyze metabolic interactions that suggest
biological pathways related to these interactions. Furthermore, Foroutan et al. (2020) used three
metabolomics platforms, including NMR, to identify serum biomarkers for RFI that could be
translated into an RFI blood test. These results show that serum metabolites could be used to
categorically predict RFI early on in the animal’s life and inexpensively distinguish high-RFI cattle
from low-RFI cattle for management and nutrition purposes (Foroutan et al., 2021).
2.7. Research hypothesis and objectives

The hypothesis is that animal size and blood metabolites related to protein, glucose and
lipid metabolism may be associated with various measures of feed efficiency because of the energy
and protein metabolism linkage between these factors. This may provide new insights and reveal
basic aspects of efficiency of feed utilization that could be later used as indirect assessments of
feed efficiency. The objectives of this study were to (i) use blood metabolite models as potential

biological markers to identify the best predictor for DMI at different time points leading to
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breeding in beef heifers or mature cows and (ii) use NMR analyte quartile scores to predict DMI

at the week leading to breeding season in beef heifers and mature cows.
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3. MATERIALS AND METHODS
3.1. Animals

All procedures were reviewed and approved by the Institutional Animal Care and Use
Committee of North Dakota State University (NDSU; Protocols A15062, A18065, and A20028).
Animals used in this study were from the NDSU Dickinson Research Extension Center (DREC)
ranch near Manning, ND. The original base herd at DREC (dams producing females used in this
project) consisted of two distinct groups, referred to as the “beef herd” and “range herd”. The beef
herd was comprised of moderate to large-framed Angus-based cows bred to sires of the same type
(rotated based on dam’s breed), with breeds influencing current project females consisting of
Angus (AN), Red Angus (AR), Gelbvieh (GV), Shorthorn (SH), and Simmental (SM). The range
herd was comprised of small to moderate-framed American Aberdeen (AD) F1 cows, which were
produced by breeding AD bulls to AN or AR-based heifers (typically produced from the beef
herd). An individual was considered as "MIX" when the difference between the two greatest breed
fractions was < 0.05 (Bhowmik et al., 2021)

Heifers used in this study, called Generation 1, are daughters of the base (beef and range)
herd produced at DREC. From 2015 to 2018, yearling age Generation 1 heifers (n = 287; excludes
freemartins) were transferred to the NDSU Beef Cattle Research Complex (BCRC) in Fargo, ND
for a 15-week feeding trial based on year born (2014, 2015, 2016 or 2017). Prior to their arrival at
the BCRC, heifers would have been weaned in late November and housed in a dry-lot over winter
until they were transferred to BCRC. Prior to their arrival to the BCRC, heifers were given salts
and mineral and were on a hay ration of 12% crude protein and were sustained at 1.5 to 2.0 pounds

ADG.
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For the purpose of this project, only heifers that completed the feed trial were used. This
consisted of Generation 1 heifers (n = 254 completed the feed trial) and also daughters of
Generation 1 heifers (i.e., Generation 2). Of the Generation 1 heifers that completed the feed trial,
only those that successfully weaned their first calf (n = 213) stayed in the DREC breeding herd for
a long-term project related to cow longevity. These breeding Generation 1 heifers supplemented
sample sizes in 2017 to 2018 by providing 89 Generation 2 heifers with the 107 Generation 1
heifers (including in previous Generation 1 counts). The Generation 2 heifers were specifically
from AR and AD bulls based on the long-term breeding plans of Generation 1 females. Only 81
of the Generation 2 heifers finished the feed trial, leaving a total of 335 heifers (Generation 1 and
2) available for this study over the 4-year period.

Prior to the feeding trial, heifers were assigned to a frame score (FS) group based on their
respective weaning hip height and age using Beef Improvement Federation equations for heifers
(Beef Improvement Federation, 2018). Frame score groups consisted of small (SM; FS < 4.00),
moderately small (MS; 4.00 < FS < 5.50), moderately large (ML; 5.50 <FS <6.50) and large (LG;
FS > 6.50). Heifers (Generation 1 and 2) were grouped using these categories into two larger
groups based on frame size of small (FS < 5.50) or large (FS > 5.50) for allocation into pens for
the feeding trial. A subset of Generation 1 females born in 2014 to 2015 were brought back as 4-
and 5-year-olds (n = 60) for a similar 8-week feeding trial in 2020.Prior to coming to the BCRC,
mature cows were on calving pastures, fed with available grass and given salts and minerals. They
were selected by balancing previously assigned size and type with age as best as possible based on
available cows. Cows with current weights over 816 kg were avoided due to limitations in the

handling facilities at the BCRC.
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3.2. Data collection

The BCRC consists of 6 adjacent pens that are each 15.24 m x 56.39 m. Each pen has a
covered feeding area equipped with 8 feeding stations on concrete and access to an uncovered dirt
yard. A shared water source (Ritchie Omni 3 18270 Automatic Heated Cattle Waterer, Ritchie
Industries, Inc., lowa, USA) was available between every two pens (n = 3 groups of two pens).
The Ritchie Omni 3 has a fast refill valve and can serve up to 100 beef cattle, which is well above
the 40 to 44 heifers it served in the two adjoining pens for the 4-year period. Feedstuffs were
distributed to animals using the Insentec Roughage Intake Control (RIC) feeding system
(Hokofarm Group B. V., Marknesse, The Netherlands) and intake was monitored using RFID tags
in each animal’s ear.

Based on size group (small vs large), heifers were randomly allocated to one of two pens
at arrival to BCRC (n = 4 pens total). Prior to the start of the feeding study, heifers were trained to
the BCRC facilities and feeding equipment for approximately two weeks. This occurred around
June 1% of each year. At the beginning and end of each feeding experiment, a 2-d body weight
(BW) and measurements of heifer size were collected (e.g., linear measurement of body length,
hip height, hip width, heart girth, middle girth and flank girth as well as reproductive tract
measures). Additionally, BW and blood samples were collected on the first day and every 2 weeks
until the breeding season (the Monday closest to August 1% each year). Bulls were brought to the
BCRC to train at least 2 weeks prior to breeding season. Each heifer pen had a single bull assigned
to it so that one pen from each size group was assigned an AD bull and one pen from each size
group was assigned an AR bull. In later years, Generation 2 heifers were always bred to AR bulls

and a fifth pen was used to maintain the appropriate number of heifers per pen.
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Heifers were not sampled again during the 45-d breeding season until the bulls were
removed. This ended the feeding trial with a 2-d collection (weight, blood draw and body
parameters) around September 15" of each year. When a subset returned as mature cows, the same
collection design was used except the cows started their feeding study around July 1%, resulting in
a shorter period of time at the BCRC (n = 8 weeks for cows vs. 15 weeks for heifers), and all cows
were bred to Hereford bulls. In all cases, pregnancy status was obtained during the end 2-d
collection using transrectal ultrasonography. Females pregnant with fetus at least 30 d of age were
transported back to DREC within a few days after the end of the feeding study. The remaining
females were placed on pasture for an additional 30 d before pregnancy status was checked again
and remaining heifers were transported back to DREC.

At the end of each year, Insentec data was used to calculate the average daily feed intake
(DMI; kg/d) over the entire study period. Average daily gain (ADG; kg/d) was computed as the
coefficient of linear regression of body weight at time of measurement. The gain to feed ratio (G:F;
ratio) was calculated as a ratio of ADG:DMI during the study’s duration .For this project, analyses
will focus on using DMI, ADG, and G:F ratio as variables of interest from data collected.
Specifically, values for each variable available during the month leading up to breeding season
(approximately July 1 to August 1 each year) were used to calculate an average value for each
animal (heifer or cow). These average values were used in statistical modeling.

3.2.1. Diet and feed analysis

Heifers were fed for ad libitum intake on a forage-based diet containing grass hay, corn
silage, dry rolled corn, fined ground corn, and dried distiller’s grains with soluble for the entire
study. Daily, feed intake data was downloaded from the Insentec Roughage Intake Control

computer and summarized.
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Diet samples were collected weekly following Swanson et al. (2014). Briefly, samples were
dried in a 55°C oven and ground to pass through a 1-mm screen. The samples were analyzed for
dry matter (DM), ash, nitrogen (N; Kjehldahl method), calcium, and phosphorus by standard
procedures (AOAC, 1990) and for neutral detergent fibre (NDF) (assayed with heat stable amylase
and sodium sulfite and expressed inclusive of residual ash) and acid detergent fibre (ADF)
(expressed inclusive of residual ash) concentration by the method of Robertson and Van Soest
(1981) using a fiber analyzer (Ankom Technology Corp., Fairport, USA). Percent crude protein
(CP) was calculated by multiplying N concentration x 6.25. The ingredient and nutrient
composition available to heifers over the 4-yr period are present in Table 3.1 and 3.2, respectively.

Ingredient and nutrient composition for mature cows are presented in Table 3.3.

Table 3.1. Ingredient and feed composition for growing heifers during study.

2015! 2016- 2018
Item (%DM) Diet 1 Diet 2 Diet 1
Ingredient

Grass hay 78.50 88.40 16.50
Corn silage 16.50 0.00 0.00
Corn, dry rolled 0.00 6.60 6.60
Corn fine ground 1.92 1.92 1.92
DDGS? 1.93 1.93 1.93
Supplement® 2.00 2.00 2.00

!Diet had to be reformulated because of lack of silage supply. Diet 1 was fed from arrival to August 2,
2015. Diet 2 was fed August 3, 2015 (start of breeding season) to September 15, 2015.

Dried distiller’s grains with solubles.

3Supplement contained urea, salt, monensin (176.4 g/kg premix, Elanco, Greenfield, IN), Vitamin premix,
and a trace mineral premix.
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Table 3.2. Nutrient average composition over weeks of diet in growing heifers.!

Item?(% DM) 2015 2016 2017 2018 Average
oM 90.0 88.5 89.0 90.1 89.4
CP 11.8 1.7 12.4 12.0 11.0
NDF 63.6 64.3 62.2 62.9 63.3
ADF 36.7 38.8 35.7 36.9 37.0
Ca 0.43 0.40 0.59 0.62 0.51
P 0.31 0.28 0.21 0.16 0.24

!Nutrient sample compositions were averaged over 15 weeks for each year.
2Chemical composition included organic matter (OM), crude protein (CP), neutral detergent fiber (NDF),
acid detergent fiber (ADF), calcium (Ca), phosphorus (P).

Table 3.3. Ingredient and nutrient composition of TMR for
multiparous cows.

Iltem % DM

Ingredient?

Hay 68.5
Corn Silage 15.0
DDGS? 115
Fine Ground Corn 4.72
Salt 0.20
Vitamin Premix 0.01
Trace Mineral Premix 0.05
Monensin Premix 0.02

Chemical Composition®

oM 71.43
CP 11.29
NDF 63.18
ADF 36.34
Ca 0.56
P 0.29

!Diet components as percent of total diet in a dry matter (DM) basis.
?Dried distiller’s grains with solubles.

S0OM = Organic Matter; CP =Crude protein; NDF = Neutral detergent fiber;
ADF = Acid detergent fiber Ca = Calcium and P = Phosphorus.
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3.2.2. Plasma

Blood was collected through the jugular venipuncture while each animal was restrained in
a chute. Blood was collected with 1.1 x 25 mm blood collection needles (BD Vacutainer®
Precision Glide, BD Inc., Franklin Lakes, USA) and 10 mL sodium heparin blood collection tubes
(BDz Vacutainer®, BD Inc., Franklin Lakes, USA). After collection, samples were inverted
multiple times to ensure mixture with anticoagulant and then refrigerated at 4°C until
centrifugation. A total of 6 samples (heifers) and 3 samples (cows) were collected per animal. The
samples were centrifuged at 4 °C at 3000xg for 20 minutes. Afterwards, plasma was transferred
into three 2-mL micro centrifuge tubes and stored at -20°C until analysis. Plasma was analyzed
for PUN, GLC, and NEFA. Plasma urea-N concentration was measured by the QuantiChrom™
Urea Assay Kit (BioAssay Systems, Hayward, USA) and was quantified using the urease/Berthelot
procedure (Chaney and Marbach, 1962; Fawcett and Scott, 1960). Plasma GLC concentration was
analyzed using the hexokinase/gluxose-6-phosphate dehydrogenase method (Farrance, 1987) and
quantified using a 96-well microplate reader (Synergy, HI Microplate Reader, BioTek Instruments,
Winooski, VT). Plasma NEFA concentration was analyzed using the acyl-CoA synthetase-acyl-CoA
oxidase method using a kit from Wako Pure Chemical Industries (Dallas, TX).
3.2.3. Nuclear Magnetic Resonance Spectrometry procedure

Plasma samples were shipped to collaborators at Montana State University to be processed
and analyzed using NMR. A single time point (week 8) for heifers and cows was used, which
included the plasma sample collected the day the breeding season began for both heifers and cows.
This timepoint was identified to determine if certain profiles existed that may help predict feed
requirements and growth differences leading up to or during the breeding season. For the NMR

procedure, the protocol followed Karisa et al. (2014). Briefly, macromolecules were removed from
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samples including proteins and lipids. After filtration, samples less than 530 uL were diluted with
30mMKH2POg4 solution for enough volume for NMR to be obtained. When all the solutions needed
for metabolite quantification were added, the solution was vortexed for 30 s then it was transferred
to an NMR tube for acquisition. Furthermore, spectra were acquired on a 600 MHz VNMRS
spectrometer equipped with a 5mm HX probe (Agilent Technologies, CA, USA). Spectra was
processed with the Chenomx NMR Suite 7.5 software (Chenomx, Edmonton, Alberta, Canada)
and metabolites were identified and quantified. Concentration results were adjusted and
metabolites were reported after sample filtration.
3.3. Statistical analyses

3.3.1. Analyzing metabolites

For this experiment, summary statistics for all variables were calculated using the MEANS
procedure in SAS v.9.4 (SAS Institute Inc., Cary, NC, USA). Correlations coefficients were
generated among the dependent and independent variables using the CORR procedure for Pearson
and Spearman Rank correlation coefficients. Dependent variables of DMI, ADG, and G:F were
first assessed for base model effects using the GLM procedures that included fixed effects of
primary breed (n = 5 to 6), frame score group (n = 4), year born (n = 4 for heifers, n = 2 and for
cows) and possible interactions. After the base model was identified, PUN, GLC, and NEFA
values were used independently of each other as fixed covariates to determine predictive ability.
Models were run separately based on week the plasma metabolite was collected (week 0, 2, 4, 6
or 8 for heifers, week 6 or 8 = 0 or 2for cows); week 6 and 8 on heifers matches week 0 and 2 on
cows given these took place the same time of the month and year. The sample at the end of the
feeding trial for all study periods (week 15 for heifers, week 9 for cows) was excluded due to the

45-d time gap of the breeding season. The cow trial was shorter in duration than heifers simply
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due to facility availability. Therefore, efforts were made in this study to align cow data with heifer
data based on time of year for easier comparisons. For each metabolite and week, the Adjusted R?
was reviewed to determine the week(s) that provided the best predictive ability per metabolite.
Diagnostic plots were also produced to ensure modeling assumptions were being met and visualize
the fit of the predictive model.
3.3.2. Metabolomics with NMR

Analytes reported from the NMR procedure were reviewed and sorted into relevant
physiological categories. Summary statistics were generated for all the analytes using the MEANS
procedure in SAS v.9.4 (SAS Institute Inc., Cary, NC, USA). Given the physiological categories
identified (rumen metabolism, amino acids, microbial protein synthesis, vitamins, bile, cellular
metabolism, protein metabolism, bacterial metabolism, sugar and urine), up to two categories were
selected for further investigation in their relationship with DMI, ADG, and G:F. Linear
relationships of analytes within and between the two categories were explored using the CORR
procedure in SAS v.9.4 (SAS Institute Inc., Cary, NC, USA). A profile score for each category
was developed by first assigning each analyte to one of four quartiles ranging from low (1) to high
(4) using percentile breakdowns of each analyte (minimum, 25" percentile, median, 75" percentile,
maximum). The average quartile for each individual animal across analytes in each category was
then used in a similar fashion to GLC, PUN, and NEFA at a single time point to assess predictive

ability of DMI, ADG, and G:F.
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4. RESULTS
4.1. Summary statistics of dependent and independent variables
4.1.1. Summary statistics of dependent variables

The summary statistics of heifers for DMI, ADG, and G:F are presented in Table 4.1. All
DMI values used are the average of data for the month (27.25 + 0.96 d) leading up to breeding
season (July of each year). The average number of heifers brought to the BCRC per year over the
4 years of this project was 83.75 £ 5.25. In total, there were a smaller number of LG heifers and
more MS heifers. There were less GV and more Angus and Red Angus (ANR) in our heifer
population. The number of animals used for the feeding trial was totaled at 335 after removing
data based on plasma hemolysis, exposure of samples to extreme temperatures or inaccurate
volume because these affects the integrity of the samples. Zero values on ADG was as a result of
animal that do not necessarily increase in weight between the interval ADG was calculated. We
observed lesser numbers (252) for calculated ADG and G:F because of few missing weight
measurement. Given ADG is calculated off of the difference between weight gain between 2 weeks
and divided by the number of days (14) between the period of gain, one missing weight
measurement will affect both the ADG of that same week and the next. This also affect the outcome
of G:F in turn.

The summary statistics of cows for DMI, ADG, and G:F are presented in Table 4.2. In
total, there were more ML cows than other FS groups, but the groups were fairly similar in size.
The balance of size and breeds was intentional in cows since space was limited at the BCRC and
only 60 cow-calf pairs could be housed in a single year. Similar to heifers, there were more ANR

in the population for cows than other breeds.
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Table 4.1. Summary statistics (humber, mean and standard deviation, SD, minimum and
maximum) of dry matter intake (DMI), average daily gain (ADG) and gain to feed ratio (G:F)
overall and by year, size and breed of heifers.

Traits Attributes! N Mean SD Minimum Maximum
DMI; kg/day 335 8.09 1.29 3.99 12.30
Year 2014 89 8.58 1.28 5.47 12.30
2015 73 8.14 1.10 5.60 10.43
2016 99 7.62 1.41 3.99 11.85
2017 74 8.07 1.10 5.68 10.46
Size SM 63 6.77 10.98 4.28 8.67
MS 151 7.91 1.04 3.99 10.99
ML 96 8.74 0.84 6.10 10.40
LG 25 10.01 0.95 8.53 12.30
Breed AD 48 6.70 1.08 3.99 8.82
ANR 171 8.13 1.13 4,57 12.30
GV 3 8.30 0.65 7.86 9.04
MIX 39 8.14 1.34 5.30 10.46
SH 35 8.62 0.91 6.49 10.86
SM 39 9.09 1.09 6.10 11.85
ADG,; kg/day 252 0.80 0.71 -1.24 3.69
Year 2014 88 1.23 0.79 -0.71 3.69
2015 73 0.51 0.32 -0.90 1.21
2016 55 0.84 0.56 -0.80 2.40
2017 36 0.30 0.67 -1.24 1.36
Size SM 48 0.48 0.70 -1.24 1.90
MS 107 0.72 0.65 -1.21 2.62
ML 75 1.02 0.74 -0.80 3.69
LG 22 1.16 0.55 0.16 2.26
Breed AD 26 0.10 0.71 -1.24 1.33
ANR 127 0.83 0.72 -0.71 3.69
GV 2 0.77 0.25 0.60 0.95
MIX 27 0.98 0.53 0.26 1.90
SH 31 0.95 0.57 0.11 2.26
SM 39 0.97 0.64 -0.80 2.26
G:F 252 0.10 0.09 -0.21 0.42
Year 2014 88 0.15 0.10 -0.08 0.42
2015 73 0.06 0.04 -0.16 0.15
2016 55 0.01 0.07 -0.13 0.33
2017 36 0.03 0.09 -0.21 0.17
Size SM 48 0.07 0.10 -0.19 0.29
MS 107 0.09 0.08 -0.21 0.42
ML 75 0.12 0.09 -0.13 0.42
LG 22 0.11 0.05 0.02 0.21
Breed AD 26 0.01 0.11 -0.21 0.17
ANR 127 0.10 0.09 -0.08 0.42
GV 2 0.10 0.03 0.08 0.12
MIX 27 0.12 0.07 0.04 0.29
SH 31 0.11 0.06 0.01 0.25
SM 39 0.10 0.07 -0.13 0.25

!Breed: AD= American Aberdeen, ANR = Angus and Red Angus, GV = Gelbvieh, MIX = Mixed breed, SH =
Shorthorn, SM = Simmental. Size: SM = Small, MS = Moderately small; ML: Moderately large, LG = Large.
An individual was considered as "MIX" when the difference between the two greatest breed fractions was < 0.05.
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Table 4.2. Summary statistics (humber, mean and standard deviation, SD, minimum and
maximum) of dry matter intake (DMI), average daily gain (ADG) and gain to feed ratio (G:F)

overall and by year, size and breed in mature cows.

Traits Attributes! N Mean SD Minimum Maximum
DMI; kg/day 60 22.77 3.35 14.40 31.67
Year 2014 31 22.95 3.82 15.83 31.67
2015 29 22.58 2.82 14.40 27.60
Size SM 16 19.48 2.40 14.40 22.63
MS 15 21.80 2.06 16.83 25.35
ML 19 24.17 1.89 20.03 27.81
LG 10 26.84 2.65 22.46 31.67
Breed AD 4 18.10 2.71 14.40 20.90
ANR 28 22.49 3.05 18.59 31.67
GV - - - - -
MIX 13 22.53 3.73 15.83 27.81
SH 10 24.16 2.47 20.03 27.60
SM 5 25.98 1.37 24.85 28.32
ADG,; kg/day 60 0.49 0.71 -1.21 2.34
Year 2014 31 0.57 0.63 -0.39 2.27
2015 29 0.40 0.78 -1.21 2.34
Size SM 16 0.55 0.82 -0.90 2.34
MS 15 0.34 0.68 -1.21 1.25
ML 19 0.55 0.69 -0.66 2.27
LG 10 0.48 0.64 -0.51 1.48
Breed AD 4 0.57 1.22 -0.27 2.34
ANR 28 0.46 0.69 -0.90 2.27
GV - - - - -
MIX 13 0.75 0.56 -0.04 1.56
SH 10 0.21 0.76 -1.21 1.21
SM 5 0.45 0.59 -0.39 1.09
G:F 60 0.02 0.04 -0.10 0.10
Year 2014 31 0.02 0.04 0.00 0.10
2015 29 0.01 0.04 -0.10 0.10
Size SM 16 0.03 0.05 0.00 0.10
MS 15 0.01 0.05 -0.10 0.10
ML 19 0.02 0.04 0.00 0.10
LG 10 0.01 0.03 0.00 0.10
Breed AD 4 0.02 0.05 0.00 0.10
ANR 28 0.01 0.03 0.00 0.10
GV - - - - -
MIX 13 0.04 0.05 0.00 0.10
SH 10 0.00 0.04 -0.10 0.10
SM 5 0.00 0.00 0.00 0.00

Breed: AD = American Aberdeen, ANR = Angus or Red Angus, GV = Gelbvieh, MIX = Mixed breed, SH =
Shorthorn, SM = Simmental. Size: SM = Small, MS = Moderately small, ML: Moderately large, LG = Large.
An individual was considered as "MIX" when the difference between the two greatest breed fractions was < 0.05.



4.1.2. Summary statistics of PUN, GLC, and NEFA

The summary statistics for PUN, GLC and NEFA for heifers and cows are presented
in Table 4.3. In some cases, heifer plasma samples were not available due to plasma hemolysis,
exposure to extreme temperatures or inaccurate volume because these compromised the integrity
of the samples, making them unusable for testing. Given these animals were fed a forage-based
diet for the feed trial, we noticed an increase in the level of PUN across weeks for both heifers and
cows. Glucose and NEFA levels decreased across weeks for heifers and cows. These trends were

constant for heifers and cows even though time points for these animals were not the same.

Table 4.3. Summary statistics of plasma urea-nitrogen (PUN), glucose (GLC) and non-esterified
fatty acids (NEFA) in heifers and cows fed a forage-based diet.

Variable Week N Mean SD Minimum Maximum
Heifers®
PUN; mg/dL 0 252 9.00 4,99 0.00 22.40
2 252 8.01 3.09 2.02 16.27
4 295 9.31 4.26 2.82 22.83
6 294 9.08 4,94 0.00 24.64
8 331 10.13 5.20 2.04 26.68
GLC; mg/dL 0 250 4.36 0.84 3.02 14.82
2 253 4.16 0.62 2.28 6.95
4 291 4.02 0.59 2.39 6.90
6 292 3.77 0.69 0.85 5.51
8 333 3.94 0.53 1.94 5.88
NEFA; mg/dL 0 241 415.04 202.93 84.49 1,009.15
2 253 452.09 204.14 92.62 1,549.13
4 295 442.78 199.54 115.64 1,403.68
6 297 395.65 201.89 90.39 1,175.51
8 333 327.57 139.23 62.58 904.44
Cows?
PUN; mg/dL 0 60 12.46 2.02 8.64 17.50
2 60 13.57 2.31 8.10 19.45
GLC; mg/dL 0 60 75.37 10.53 59.66 105.42
2 60 74.67 9.74 61.11 106.17
NEFA; mg/dL 0 60 869.37 428.66 174.4 1,805.94
2 60 599.36 274.87 122.33 1298.58

'Four-year chemical composition (percentage average) in heifers included organic matter (89.4), crude protein
(11.0), neutral detergent fiber (63.3), acid detergent fiber (57.0), calcium (0.51), phosphorus (0.24).

2Chemical composition percentage in cows included organic matter (71.4), crude protein (11.3), neutral detergent
fiber (63.2), acid detergent fiber (36.3), calcium (0.5), phosphorus (0.2).
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4.1.3. Summary statistics of NMR analytes

The summary statistics of NMR analytes by category for heifers and cows are presented in
Table 4.4 and Table 4.5, respectively. A total of 280 heifers and 60 cows had spectral data that
was analyzed. The reported NMR analytes were divided into 10 categories: rumen metabolism,
amino acids, microbial protein synthesis, vitamins, bile, cellular metabolism, protein metabolism,
bacterial metabolism, sugar, and urine. A total of 55 analytes were identified in both heifers and
cows, respectively. All 55 metabolites were also common to heifers and cows across and within
the 10 categories. However, DSS-d6 was used as a chemical shape indicator and not used in
subsequent analyses.

Rumen metabolism (RM) and cellular metabolism (CM) had the same number of analytes
present in both categories in heifers and cows (n = 15 and 8, respectively). The RM category shows
that heifers had greater averages on all analytes except trimethylamine (TRL), which was higher
in cows. Also, in the RM category, acetone (ACT), fumarate (FUM) and trimethylamine (TRL) in
heifers and 3-hydroxybutyrate (3-HDV), acetone (ACT), butyrate (BUT), D-lactic acid (D-LAC),
fumarate (FUM) and isobutyrate (ISB) in cow’s had concentrations less than 1. The CM category
showed heifers had higher averages for all analytes compared to cows except for L-lactic acid (L-
LAC), which was constant between heifers and cows. The CM category showed that malonate
(MAL), succinate (SUC) and sn-Glycero-3-phosphocholine (sn-GLP) had concentrations less than
1 for heifers and cows. Imidazole (IMD) in the Urine category did not vary between heifers and

COWS.
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Table 4.4. Summary statistics of Nuclear Magnetic Resonance analytes by category in heifers.*

Variable Mean SD Minimum 25 Pct.  Median 75" Pct.  Maximum
Rumen metabolites
3-HDB 0.767 0.742 0.017 0.096 0.754 1.133 4.360
3-HDI 0.147 0.168 0.004 0.025 0.143 0.211 2.017
3-HDV 0.042 0.051 0.001 0.008 0.032 0.042 0.324
ACE 3.055 2.952 0.082 0.505 2.759 4,398 16.893
ACT 0.005 0.007 0.000 0.002 0.004 0.006 0.051
BUT 0.066 0.082 0.002 0.022 0.037 0.083 0.583
D-LAC 0.018 0.021 0.001 0.009 0.014 0.020 0.201
FOR 0.292 0.289 0.002 0.053 0.279 0.397 2.011
FUM 0.007 0.007 0.000 0.001 0.005 0.011 0.042
ISB 0.052 0.051 0.002 0.016 0.035 0.073 0.354
MET 0.061 0.057 0.002 0.016 0.054 0.080 0.420
PRO 0.174 0.155 0.004 0.042 0.175 0.250 1.092
PROG 0.025 0.028 0.001 0.006 0.020 0.028 0.194
TRL 0.009 0.006 0.001 0.003 0.008 0.014 0.037
URI 0.043 0.038 0.001 0.008 0.038 0.063 0.202
Amino acids
ALA 1.165 1.014 0.030 0.204 1.242 1.721 5.050
ASP 0.062 0.062 0.001 0.017 0.053 0.083 0.457
GLU 0.554 0.502 0.010 0.055 0.614 0.929 2.017
GLY 0.281 0.452 0.008 0.082 0.187 0.302 5.594
ISL 0.616 0.521 0.005 0.100 0.668 0.950 2.543
LEU 0.822 0.668 0.034 0.098 1.044 1.334 3.088
METH 0.078 0.080 0.003 0.020 0.064 0.105 0.702
PHE 0.281 0.233 0.011 0.041 0.310 0.439 0.911
THR 0.638 0.581 0.029 0.119 0.618 0.968 3.849
TYR 0.311 0.263 0.012 0.064 0.314 0.464 1.511
VAL 1.275 1.031 0.058 0.185 1.425 2.145 3.756
Microbial protein synthesis
ALL 0.749 0.604 0.030 0.087 0.931 1.260 2.261
INO 0.011 0.013 0.000 0.003 0.007 0.013 0.104
Vitamins
BET 0.711 0.731 0.003 0.089 0.587 1.082 4,525
CHL 0.039 0.051 0.007 0.013 0.018 0.038 0.342
Bile
CHO 0.014 0.016 0.0002 0.002 0.011 0.021 0.115
Cellular metabolism
CIT 0.847 0.831 0.001 0.113 0.795 1.299 4.497
CAR 0.218 0.306 0.005 0.027 0.179 0.248 2.328
L-LAC 1.890 2.158 0.050 0.329 1.548 2.660 21.662
LAC 24.923 25.857 0.509 2.676 19.748 37.835 147.446
MAL 0.080 0.082 0.004 0.023 0.072 0.103 0.724
PYR 0.158 0.159 0.006 0.039 0.137 0.224 1.095
sucC 0.097 0.090 0.006 0.037 0.080 0.129 0.664
sn-GLP 0.146 0.115 0.006 0.047 0.143 0.207 0.721
Protein metabolism
CRE 0.905 0.898 0.018 0.104 0.801 1.332 4,946
CRT 0.617 0.559 0.015 0.105 0.634 0.895 3.280
N-ACE 0.174 0.316 0.004 0.039 0.110 0.187 3.677
O-ACE 0.052 0.083 0.001 0.011 0.018 0.073 0.751
SAR 0.023 0.018 0.001 0.008 0.019 0.035 0.103
UREA 26.383 22.096 0.111 2.281 32.921 44.186 74.666
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Table 4.4. Summary statistics of Nuclear Magnetic Resonance analytes by category in heifers!
(continued)

Variable Mean SD Minimum 25" Pct. Median 75" Pct. Maximum

T-MEH 0.192 0.170 0.002 0.026 0.220 0.293 0.008

T-MEH 0.024 0.023 0.001 0.005 0.020 0.034 0.136

Bacterial metabolism

DIS 0.098 0.114 0.002 0.018 0.071 0.132 0.763

DIL 0.023 0.023 0.001 0.004 0.019 0.031 0.173
Sugar

FRU 2.066 1.841 0.042 0.181 2.430 3.198 10.374

GLC 12.216 10.497 0.173 1.436 13.915 19.801 41.201
Urine

GLYC 1.348 1.405 0.009 0.063 1.172 2.070 7.444

HIP 0.285 0.231 0.017 0.039 0.333 0.486 0.857

IMD 0.744 2.740 0.581 0.581 0.581 0.581 0.581

1 3-HDB = 3-Hydroxybutyrate; 3-HDI = 3-Hydroxyisobutyrate; 3-HDV = 3-Hydroxyisovalerate; ACE = Acetate;
ACT = Acetone; ALA = Alanine; ALL = Allantoin; ASP = Aspartate; BET = Betaine; BUT = Butyrate; CAR =
Carnitine; CHO = Cholate; CHL = Choline, CIT = Citrate; CRE = Creatine; CRT = Creatinine; D-LAC = D-Lactic
acid; DIS = Dimethyl sulfone; DIL = Dimethylamine; FOR = Formate; FRU = Fructose; FUM = Fumarate; GLC =
Glucose; GLU = Glutamine; GLY = Glycine; GLYC = Glycolate; HIP = Hippurate; IMD = Imidazole; INO =
Inosine; ISB = Isobutyrate; ISL = Isoleucine; L-LAC = L-Lactic acid; LAC = Lactate; LEU = Leucine; MAL =
Malonate; MET = Methanol; METH = Methionine; N-ACE = N-Acetylglycine; O-ACE = O-Acetylcarnitine; PHE
= Phenylalanine; PRO = Propionate; PRO-G = Propylene glycol; PYR = Pyruvate; SAR = Sarcosine; SUC =
Succinate; THR = Threonine; TRL = Trimethylamine; TRY = Tyrosine; UREA = Urea; URI = Uridine; VAL =
Valine; sn-GLP = sn-Glycero-3-phosphocholine; n-MEH = n-Methylhistidine and T-MEH = t-Methylhistidine;
Summary statistics included standard deviation (SD) and percentiles (Pct.). NOTE: There were 280 heifer data used.
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Table 4.5. Summary statistics of Nuclear Magnetic Resonance analyte by category in mature

cows?
Variable Mean SD Minimum 25th Pct. Median 75th Pct.  Maximum
Ruminal Metabolites
3-HDB 0.679 0.758 0.041 0.074 0.103 1.404 2.401
3-HDI 0.104 0.110 0.008 0.012 0.018 0.229 0.305
3-HDV 0.017 0.018 0.002 0.002 0.003 0.034 0.065
ACE 1.946 2.153 0.143 0.221 0.325 3.864 7.070
ACT 0.002 0.002 0.001 0.001 0.001 0.003 0.009
BUT 0.048 0.053 0.003 0.007 0.009 0.097 0.160
D-LAC 0.007 0.006 0.001 0.003 0.004 0.012 0.030
FOR 0.114 0.128 0.009 0.020 0.023 0.248 0.436
FUM 0.002 0.003 0.000 0.000 0.001 0.005 0.012
ISB 0.024 0.023 0.003 0.006 0.009 0.047 0.071
MET 0.029 0.030 0.003 0.005 0.005 0.059 0.089
PRO 0.095 0.103 0.009 0.013 0.020 0.184 0.331
PROG 0.010 0.011 0.001 0.001 0.001 0.021 0.032
TRL 0.012 0.005 0.001 0.007 0.015 0.016 0.018
URI 0.022 0.025 0.002 0.002 0.003 0.047 0.070
Amino acids
ALA 0.661 0.725 0.039 0.067 0.084 1.392 2.030
ASP 0.036 0.040 0.002 0.004 0.005 0.074 0.123
GLU 0.515 0.600 0.025 0.038 0.055 1.113 1.812
GLY 0.212 0.199 0.037 0.053 0.068 0.413 0.705
ISL 0.288 0.292 0.035 0.045 0.061 0.601 0.821
LEU 0.212 0.251 0.039 0.054 0.068 0.329 1.207
METH 0.062 0.083 0.007 0.008 0.012 0.086 0.304
PHE 0.179 0.196 0.012 0.018 0.024 0.373 0.548
THR 0.431 0.481 0.021 0.039 0.056 0.915 1.316
TYR 0.223 0.215 0.025 0.044 0.071 0.436 0.678
VAL 0.758 0.821 0.058 0.082 0.102 1.635 2.280
Microbial protein synthesis
ALL 0.740 0.792 0.060 0.092 0.117 1.543 2.305
INO 0.005 0.006 0.000 0.001 0.001 0.010 0.027
Vitamins
BET 0.335 0.390 0.011 0.019 0.023 0.760 1.072
CHL 0.008 0.006 0.002 0.003 0.004 0.014 0.023
Bile Acid
CHO 0.016 0.027 0.001 0.002 0.004 0.023 0.172
Cellular metabolites
CIT 0.630 0.708 0.031 0.073 0.095 1.356 1.932
CAR 0.050 0.025 0.007 0.030 0.038 0.074 0.114
L-LAC 1.801 2.279 0.014 0.141 0.239 3.687 8.527
LAC 19.67 27.421 0.542 1.634 2.463 35.236 128.552
MAL 0.057 0.063 0.004 0.006 0.008 0.120 0.189
PYR 0.059 0.067 0.01 0.015 0.023 0.083 0.372
Protein metabolism
CRE 0.393 0.422 0.026 0.043 0.051 0.851 1.162
CRT 0.393 0.422 0.026 0.043 0.051 0.851 1.162
N-ACE 0.064 0.072 0.003 0.007 0.013 0.122 0.244
O-ACE 0.031 0.057 0.001 0.002 0.004 0.018 0.219
SAR 0.016 0.017 0.001 0.002 0.003 0.034 0.048
UREA 31.666 33.583 2.318 3.869 5.974 62.265 92.473
n-MEH 0.128 0.144 0.009 0.012 0.016 0.269 0.391
-MEH 0.014 0.015 0.001 0.002 0.003 0.026 0.053
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Table 4.5. Summary statistics of Nuclear Magnetic Resonance analyte by category in mature
cows! (continued)

Variable Mean SD Minimum 25th Pct. Median 75th Pct.  Maximum
Bacterial metabolism

DIS 0.088 0.099 0.004 0.011 0.015 0.168 0.306

DIL 0.009 0.011 0.001 0.001 0.001 0.018 0.060
Sugar

FRU 1.808 1.966 0.146 0.228 0.298 3.701 7.096

GLC 10.148 10.975 0.660 1.051 1.262 21.854 30.873
Urine

GLYC 0.956 1.146 0.009 0.014 0.020 2.228 3.014

HIP 0.228 0.253 0.017 0.028 0.032 0.462 0.808

IMD 0.581 0.000 0.581 0.581 0.581 0.581 0.581

1 3-HDB = 3-Hydroxybutyrate; 3-HDI = 3-Hydroxyisobutyrate; 3-HDV = 3-Hydroxyisovalerate; ACE = Acetate;
ACT = Acetone; ALA = Alanine; ALL = Allantoin; ASP = Aspartate; BET = Betaine; BUT = Butyrate; CAR =
Carnitine; CHO = Cholate; CHL = Choline, CIT = Citrate; CRE = Creatine; CRT = Creatinine; D-LAC = D-Lactic
acid; DIS = Dimethyl sulfone; DIL = Dimethylamine; FOR = Formate; FRU = Fructose; FUM = Fumarate; GLC =
Glucose; GLU = Glutamine; GLY = Glycine; GLYC = Glycolate; HIP = Hippurate; IMD = Imidazole; INO =
Inosine; ISB = Isobutyrate; ISL = Isoleucine; L-LAC = L-Lactic acid; LAC = Lactate; LEU = Leucine; MAL =
Malonate; MET = Methanol; METH = Methionine; N-ACE = N-Acetyl glycine; O-ACE = O-Acetyl carnitine; PHE
= Phenylalanine; PRO = Propionate; PRO-G = Propylene glycol; PYR = Pyruvate; SAR = Sarcosine; SUC =
Succinate; THR = Threonine; TRL = Trimethylamine; TRY = Tyrosine; UREA = Urea; URI = Uridine; VAL =
Valine; sn-GLP = sn-Glycero-3-phosphocholine; n-MEH = n-Methylhistidine and T-MEH = t-Methylhistidine;
Summary statistics included standard deviation (SD) and percentiles (Pct.). NOTE: There were 60 cow data used.

4.2. Correlation of dependent and independent variables
4.2.1. Correlations between dependent variables
A low to moderate positive linear relationship existed between DMI with ADG or G:F
(Table 4.6). Likewise, heifer ADG was highly correlated to G:F. There is a moderately high
positive linear relationship between ADG and G: F in cows (Table 4.6), but no significant linear
relationship was between DMI and ADG. Therefore, outcomes of predictive models using each of

these as dependent variables may lead to similar results in heifers, but not necessarily in cows.

Table 4.6. Spearman correlation coefficients among dependent variables for heifers or cows.!

Trait Age group ADG G:F

DMI Heifer 0.31*** 0.17*
Cow 0.07 -0.19

ADG Heifer 0.98***
Cow 0.69***

'DMI = Dry matter intake, kg/d; ADG = Average daily gain, kg/d, and G:F = Gain to feed. Level of significance: *
is P <0.05, **is P < 0.001, *** is P < 0.0001.
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4.2.2. Correlation between dependent variables and metabolites in heifers and cows

Correlation coefficients between dependent variables (DMI, ADG and G:F) and
metabolites (PUN, GLC and NEFA) in heifers can be found in Table 4.7. Plasma urea-N was
positively correlated with DMI across weeks 0 to 8. Also, PUN was positively correlated (r = 0.35
to 0.47) with ADG and G:F throughout weeks 0 to 8. Glucose was negatively correlated with DMI
at week 4, but no other linear relationship was detected. Non-esterified fatty acid was negatively
correlated with DMI on week 4 and increasingly became more negative from week 4 to week 8.
There was a positive relationship between NEFA and G:F at week 0.

Correlation between the dependent variable and metabolites in cows can be found in Table
4.8. Plasma urea-N was positively correlated with DMI at week 0. Non-esterified fatty acids were
significant with DMI at a decreasing rate from week 0 to week 2.

Table 4.7. Spearman correlation coefficients between dependent variables and plasma urea-
nitrogen (PUN), glucose (GLC), and non-esterified fatty acids (NEFA) in heifers?

Traits/week?® Metabolites
DMI; kg/day PUN; mg/dL GLC; mg/dL NEFA; mg/dL
0 0.17* -0.01 -0.01
2 0.14* -0.10 -0.12
4 0.15* -0.15* -0.24%***
6 0.17* -0.08 -0.39***
8 0.11* -0.06 -0.67***
ADG,; kg/day
0 0.42*** -0.02 0.24
2 0.35*** -0.01 -0.01
4 0.43*** -0.11 0.15*
6 0.47*** -0.06 -0.06
8 0.46*** -0.05 -0.16*
G:F
0 0.40%** -0.03 0.25**
2 0.35*** -0.01 0.02
4 0.42%** -0.10 0.21*
6 0.45%** -0.04 -0.01
8 0.44%*** -0.03 -0.11

Level of significance: * is P < 0.05, ** is P < 0.001, *** is P < 0.0001.
2DMI =Dry matter intake; ADG = Average daily gain and G:F = Gain to feed. The sample population range for
PUN was 214 to 331, GLC was 210 to 333, and NEFA was 205 to 333 from week 0 to 8, respectively.
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Table 4.8. Spearman correlation coefficients between dependent variables and plasma urea-
nitrogen (PUN), glucose (GLC), and Non-esterified fatty acids (NEFA) in mature cows.

Traits/week? Metabolites
DMI; kg/day PUN; mg/dL GLC; mg/dL NEFA; mg/dL
0 0.47** -0.05 -0.34*
2 0.00 -0.17 -0.59***
ADG,; kg/day
0 -0.09 0.11 0.02
2 -0.01 0.08 0.13
G:F
0 -0.17 -0.02 0.10
2 -0.04 0.15 0.14

'Level of significance: * is P < 0.05, ** is P < 0.001, *** is P < 0.0001.
2DMI =Dry matter intake; ADG = Average daily gain and G:F = Gain to feed.60 observations were available for all
the metabolites

4.2.3. Correlations within and between Rumen and Cellular metabolism categories

Table 4.9 shows the correlation coefficients within RM category for Spearman Rank and
Pearson correlation coefficients in heifers. Outside of TRL, Pearson correlation coefficients ranged
from 0.048 to 0.870. On the other hand, Spearman Rank correlation coefficients ranged from0.571
to 0.966 while excluding TRL, indicating normality issues among analyte values that biased
Pearson correlation coefficients. Therefore, only Spearman Rank correlation coefficients were
used to inform modeling decisions. Trimethylamine had negative correlation coefficients with the
majority of other analytes, which ranged from -0.471 to -0.102 in heifers using Spearman Rank
method. Given these analytes are not completely correlated (i.e., less than 1.00), all analytes in the
RM category were used in subsequent analyses.

Table 4.10 shows the correlation coefficients within CM category. Similar to RM category,
Pearson correlation coefficients in heifers ranged from 0.337 to 0.904. On the other hand,

Spearman Rank correlation coefficients for those same analytes ranged from 0.706 to 0.963. These
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differences indicate again normality issues within analyte data. Spearman Rank correlation
coefficients suggests that these analytes depend highly on each other in their operations, but were
not perfectly correlated. Therefore, all were used in subsequent analyses.

Correlation coefficient between RM and CM categories in heifers are presented in Table
4.11. Excluding TRL, Spearman Rank correlation coefficients ranged from 0.485 to 0.951 between
these two categories. Trimethylamine had only negative correlation coefficients with all other

analytes ranging from -0.569 to -0.432.
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Table 4.9. Spearman Rank (S, lower diagonal) and Pearson (P, upper diagonal) correlation coefficients of rumen metabolites in
heifers?.

P 3-HDB  3-HDI 3-HDV ACE ACT BUT D-LAC FOR FUM ISB MET PRO PROG TRL URI

S
3-HDB 0.711 0.742 0.870 0576 0.761  0.558 0779 0673 0706 0715 0.810 0.792 -0.328 0.842
3-HDI 0.937 0562 0.664 0.490 0.614  0.467 0629 0.605 0.647 0608 0.661 0.632 -0.252 0.703
3-HDV  0.908 0.920 0.745 0477 0717 0.336 0.787 0.610 0577 0728 0.746 0.818 -0.138 0.728
ACE 0.966 0.931 0.904 0.601 0.734 0494 0.843 0.707 0.716 0.75 0858  0.769 -0.193 0.832
ACT 0.752 0.788 0.770  0.763 0.673  0.623 0628 0564 0.744 0621 0642 0.633 0.161 0.694
BUT 0.817 0.829 0.795 0.834 0.848 0.655 0.761 0.667 0.804 0776  0.729 0.85 0.048  0.746
D-LAC  0.595 0.630 0578 0599 0.759 0.732 0484 0480 0.701 0530 0462 0553 0.141 0.595
FOR 0.883 0.893 0.869 0.878 0.749 0791  0.620 0725 0.722 0811 0845 0.842 -0.133 0.806
FUM 0.830 0.849 0.817 0818 0.722 0.762 0.571 0.812 0691 0635 0752 0.697 -0.167 0.768
ISB 0.820 0.862 0.815 0.840 0.794 0.872 0.668 0.799 0.777 0.742 0725 0.716 -0.070  0.770
MET 0.840 0.847 0.853 0.862 0.787 0.855  0.655 0.837 0.765 0.812 0.760  0.792 -0.105 0.723
PRO 0.906 0.925 0901 0903 0.742 0.778 0.578 0.866 0.826 0.826  0.821 0.826 -0.197 0.864
PROG 0.892 0.913 0915 0.886 0.818 0.833 0.655 0.871 0.852 0.829 0.842 0.910 -0.035  0.797
TRL -0.471  -0453 -0471 -0456 -0.164 -0.262 -0.102 -0426 -0.399 -0.394 -0.365 -0.451 -0.367 -0.253

URI 0.905 0.932 0.890 0904 0.767 0.808 0.627 0.857 0.852 0830 0.814 0911 0.907 -0.464

13-HDB = 3-Hydroxybutyrate; 3-HDI = 3-Hydroxyisobutyrate; 3-HDV = 3-Hydroxyisovalerate; ACE = Acetate; ACT = Acetone; BUT = Butyrate; D-LAC = D-
Lactic; FOR = Formate; FUM = Fumarate; ISB = Isobutyrate; MET = Methanol; PRO = Propionate; PROG = Propylene glycol; TRL = Trimethylamine; URI =
Uridine. All Spearman and Pearson correlation coefficients were significant at (P < 0.01 to 0.0001).



Table 4.10. Spearman Rank (S, lower diagonal) and Pearson (P, upper diagonal) correlation
coefficients of cellular metabolism analytes in heifers®

s~ CAR CIT L-LAC LAC MAL PYR SuC sn-GLP
CAR 0.422 0.337 0.504 0.500 0.758 0.480 0.628
CIT 0.776 0.568 0.628 0.814 0.770 0.834 0.853
L-LAC 0.706 0.774 0.627 0.585 0.519 0.537 0.619
LAC 0.779 0.807 0.842 0.512 0.637 0.539 0.669
MAL 0.788 0.934 0.811 0.815 0.797 0.800 0.904
PYR 0.857 0.903 0.788 0.813 0.938 0.802 0.861
SucC 0.830 0.905 0.760 0.775 0.922 0.963 0.837
sn-GLP 0.823 0.922 0.772 0.820 0.934 0.921 0.900

ICAR = Carnitine; CIT = Citrate; L-LAC = L-Lactic acid; LAC = Lactate; MAL = Malonate; PYR = Pyruvate; SUC
= Succinate and sn-GLP = sn-Glycero-3-phosphocholine

Table 4.11. Spearman Rank correlation coefficients between rumen and cellular metabolites in
heifers!

CAR CIT L-LAC LAC MAL PYR SucC sn-GLP

3-HDB 0.802 0.934 0.776 0.794 0.936 0.926 0.928 0.915
3-HDI 0.789 0.927 0.806 0.833 0.951 0.922 0.894 0.918
3-HDV 0.786 0.918 0.734 0.778 0.912 0.917 0.893 0.915
ACE 0.809 0.930 0.771 0.795 0.945 0.935 0.939 0.911
ACT 0.591 0.748 0.647 0.607 0.792 0.796 0.788 0.744
BUT 0.701 0.793 0.710 0.647 0.836 0.878 0.873 0.795
D-LAC 0.485 0.587 0.577 0.501 0.647 0.646 0.650 0.580
FOR 0.808 0.880 0.760 0.784 0.893 0.903 0.884 0.873
FUM 0.693 0.832 0.752 0.750 0.842 0.811 0.809 0.807
ISB 0.687 0.822 0.794 0.734 0.858 0.864 0.848 0.825
MET 0.752 0.841 0.694 0.703 0.878 0.891 0.887 0.865
PRO 0.768 0.885 0.792 0.789 0.908 0.880 0.862 0.881
PROG 0.729 0.884 0.755 0.750 0.913 0.900 0.887 0.883
TRL -0.569 -0.472 -0.487 -0.567 -0.446 -0.463 -0.432 -0.467
URI 0.774 0.890 0.817 0.810 0.931 0.890 0.868 0.885

1Column names include cellular metabolites of: CAR = Carnitine; CIT = Citrate; L-LAC = L-Lactic acid; LAC =
Lactate; MAL = Malonate; PYR = Pyruvate; SUC = Succinate and sn-GLP = sn-Glycero-3-phosphocholine; Row
names include rumen metabolites of: 3=HDB = 3-Hydroxybutyrate; 3-HDI = 3-Hydroxyisobutyrate; 3-HDV = 3-
Hydroxyisovalerate; ACE = Acetate; ACT = Acetone; BUT = Butyrate; D-LAC = D-Lactic; FOR = Formate; FUM
= Fumarate; 1SB = Isobutyrate; MET = Methanol; PRO = Propionate; PROG = Propylene glycol; TRL =
Trimethylamine; URI = Uridine
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The correlation coefficients within RM category for Spearman Rank and Pearson in cows
are reported in Table 4.12. Excluding TRL, Spearman Rank correlation coefficients ranged from
0.687 to 0.914. Trimethylamine had negative correlation coefficients with all analytes and ranged
from -0.831 to -0.683). Table 4.13 reports correlation coefficients within CM category, all have
strong positive linear correlation coefficients ranging from 0.728 to 0.896. These correlations
coefficients suggests that these analytes depend on each other in their operations. Table 4.14
reports the Spearman Rank correlation coefficients between RM and CM categories. Excluding
TRL, correlation coefficients ranged from 0.710 to 0.975 between these two categories.
Trimethylamine had strong negative correlation coefficients with all the CM analytes (-0.835 to -

0.752).
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Table 4.12. Spearman Rank (S, lower diagonal) and Pearson (P, upper diagonal) correlation coefficients of rumen metabolites in
cows’.

P 3-HDB 3-HDI 3-HDV ACE ACT BUT D-LAC FOR FUM ISB MET PRO PROG TRL URI

S

3-HDB 0.964 0937 0927 0682 0919 0.814 0.842 0842 0885 0.892 0886 0932 -0.917 0.875

3-HDI 0.894 0955 0943 0.730 0930 0.824 0.858 0.878 0.942 0950 0927 0.963 -0.940 0.944

3-HDV  0.819 0.778 0939 0.680 0.872  0.884 0872 0942 0920 0928 0932 0958 -0.911  0.929
ACE 0.894 0.835 0.809 0.703 0.899  0.803 0.843 0.880 0962 0950 0915 0.956 -0.890  0.936
ACT 0.790 0.825 0.742 0.751 0.661  0.514 0541 0609 0.712 0708 0.647 0.748 -0.713  0.669
BUT 0.874 0.868 0.789  0.843 0.807 0.719 0.809 0.792 0.882 0.890 0.855 0.884 -0.901 0.890

D-LAC  0.748 0.807 0.726  0.733 0.757 0.774 0692 0915 0784 0.781 0849 0.845 -0.770 0.768
FOR 0.716 0.755 0.770 0.737 0.693 0.762  0.687 0.770 0825 083 0740 0835 -0.811 0.872
FUM 0.795 0.755 0.796 0.777 0754 0.792  0.794 0.688 0897 0875 0919 0916 -0.819 0.880
1SB 0.843 0.901 0.742 0.858 0.789 0.853  0.799 0.721  0.800 0956 0931 095 -0.868 0.953
MET 0.723 0.739 0.721 0.806 0.721 0.721  0.736 0.715 0.770 0.733 0.907 0.951 -0.890 0.967
PRO 0.893 0.914 0.772 0.855 0.806 0.864  0.808 0.701 0.820 0.909 0.767 0.918 -0.900  0.905

PROG 0.819 0.843 0.753 0.835 0.759 0.772  0.787 0.709 0.738 0.844 0.798  0.803 -0.915 0.944
TRL -0.831 -0.824 -0.724 -0.776 -0.774 -0.822 -0.719 -0.687 -0.693 -0.798 -0.683 -0.807 -0.776 -0.863

URI 0.763 0.807 0.834 0.845 0.747 0852 0.786 0.784 0803 0861 0815 0805 0817 -0.702

13-HDB = 3-Hydroxybutyrate; 3-HDI = 3-Hydroxyisobutyrate; 3-HDV = 3-Hydroxyisovalerate; ACE = Acetate; ACT = Acetone; BUT = Butyrate; D-LAC = D-
Lactic; FOR = Formate; FUM = Fumarate; ISB = Isobutyrate; MET = Methanol; PRO = Propionate; PROG = Propylene glycol; TRL = Trimethylamine; URI =
Uridine



Table 4.13. Spearman Rank (S, lower diagonal) and Pearson (P, upper diagonal) correlation
coefficients of cellular metabolism analytes in cows.

S P CAR CIT L-LAC LAC MAL PYR SuC sn-GLP
CAR 0.807 0.851 0.769 0.878 0.707 0.827 0.904
CIT 0.833 0.793 0.700 0.920 0.695 0.928 0.891
L-LAC 0.873 0.814 0.878 0.865 0.608 0.763 0.823
LAC 0.832 0.809 0.894 0.731 0.65 0.729 0.709
MAL 0.759 0.811 0.828 0.728 0.751 0.887 0.933
PYR 0.824 0.791 0.884 0.896 0.776 0.739 0.715
SucC 0.811 0.886 0.759 0.769 0.739 0.806 0.899
sn-GLP 0.880 0.851 0.821 0.808 0.728 0.820 0.844

ICAR = Carnitine; CIT = Citrate; L-LAC = L-Lactic acid; LAC = Lactate; MAL = Malonate; PYR = Pyruvate; SUC
= Succinate and sn-GLP = sn-Glycero-3-phosphocholine

Table 4.14. Spearman Rank correlation coefficients between Rumen and Cellular metabolites in
cows’.

CAR CIT L-LAC LAC MAL PYR SuC sn-GLP

3-HDB 0.805 0.872 0.771 0.752 0.747 0.804 0.975 0.819
3-HDI 0.840 0.898 0.813 0.835 0.762 0.850 0.894 0.826
3-HDV 0.779 0.750 0.724 0.684 0.742 0.732 0.817 0.725
ACE 0.835 0.871 0.755 0.747 0.788 0.776 0.898 0.848
ACT 0.773 0.834 0.778 0.747 0.792 0.765 0.799 0.818
BUT 0.818 0.877 0.809 0.745 0.823 0.837 0.863 0.818
D-LAC 0.822 0.759 0.835 0.879 0.765 0.839 0.770 0.773
FOR 0.825 0.741 0.746 0.745 0.673 0.736 0.751 0.751
FUM 0.799 0.786 0.781 0.741 0.842 0.734 0.805 0.742
ISB 0.854 0.854 0.869 0.819 0.837 0.875 0.831 0.846
MET 0.784 0.810 0.710 0.762 0.802 0.737 0.761 0.813
PRO 0.817 0.855 0.804 0.799 0.804 0.84 0.882 0.823
PROG 0.836 0.832 0.805 0.824 0.752 0.807 0.839 0.841
TRL -0.788 -0.798 -0.835 -0.763 -0.752 -0.815 -0.815 -0.780
URI 0.853 0.806 0.815 0.772 0.819 0.799 0.761 0.819

IColumn names include cellular metabolites of: CAR = Carnitine; CIT = Citrate; L-LAC = L-Lactic acid; LAC =
Lactate; MAL = Malonate; PYR = Pyruvate; SUC = Succinate and sn-GLP = sn-Glycero-3-phosphocholine; Row
names include rumen metabolites of: 3=HDB = 3-Hydroxybutyrate; 3-HDI = 3-Hydroxyisobutyrate; 3-HDV = 3-
Hydroxyisovalerate; ACE = Acetate; ACT = Acetone; BUT = Butyrate; D-LAC = D-Lactic; FOR = Formate; FUM
= Fumarate; 1ISB = Isobutyrate; MET = Methanol; PRO = Propionate; PROG = Propylene glycol; TRL =
Trimethylamine; URI = Uridine
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4.2.4. Correlation between NMR and single metabolites

Spearman Rank correlation coefficients between GLC and PUN at week 8 for heifers and
cows, respectively, were calculated with NMR GLC and Urea (i.e., equivalent of PUN) as they
were equivalent samples used for analyte data. In heifers, GLC tended to be correlated (r = 0.1065,
P = 0.0764) and PUN was moderately correlated (r = 0.2838, P< 0.0001) with their equivalent
analyte in NMR. In cows, GLC was not correlated (r = 0.0416, P = 0.7522) and PUN tended to be
moderately, but negatively correlated (r = -0.2450, P = 0.0592) with their equivalent analyte in
NMR.

4.2.5. Correlation between DMI and Rumen and Cellular metabolism categories

Instead of considering analytes individually, two NMR categories (RM and CM) were
summarized into group scores. After assigning quartile number (1 = minimum to 25™ percentile;
4 = 75" percentile to maximum) to each analyte in a given category, the average score for that
NMR category was calculated and used. The average quartile score (standard deviation) for heifers
and cows, respectively, for RM was 2.497 (0.889) and 2.529 (0.806), and for CM was 2.497
(1.013) and 2.506 (1.004).

Table 4.15reports the correlation coefficients between DMI, ADG, and G:F and with RM
and CM category quartile scores in heifers and cows. Correlation coefficients between RM and
DMI are similar in heifers and cows. On the other hand, CM with DMI, ADG and G:F differs
between heifers and cows. Heifers’ correlation coefficients were all low, negative and non-
significant. Cows had higher and positive associations with ADG and G:F, with RM score

significantly associated.
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Table 4.15. Correlation between dry matter intake (DMI), average daily gain (ADG), and gain to
feed (G:F) ratio with Rumen and Cellular metabolism categories quartile score at week 8.

Metabolism category

Trait
Rumen Cellular

Heifers DMI; kg/day -0.058 -0.093

ADG; kg/day -0.061 -0.048

G:F -0.027 -0.009
Cows DMI; kg/day -0.086 0.009

ADG; kg/day 0.259* 0.237

G:F 0.288* 0.236

ILevel of significance: * is P < 0.05, ** is P < 0.001, *** is P < 0.0001.

4.3. Statistical modelling of DMI with different metabolic predictors

4.3.1. Modelling of DMI with PUN, GLC and NEFA in heifers and cows

When modeling DMI using the GLM procedure of SAS, fixed effects of frame size
category, ancestral breed group, and year born for heifers resulted in an adjusted R? of 52.87 with
335 data records. Similar modeling in cows with 60 records resulted in an adjusted R? of 56.45.
Inclusion of metabolite predictors per week changed the adjusted R? in both heifers and cows as
reported in Table 4.16. Sample sizes of heifers decreased based on inclusion of the specific
metabolite and week as reported in Tables 4.3 and 4.4.

The metabolite analysis utilized 335 and 60 data records for heifers and cows, respectively.
The NMR analysis utilized 280 and 60 data records for heifers and cows respectively. Weeks 4, 6
and 8 had a close adjusted R? values across all metabolites in heifers, as did weeks 0 and 2 for

PUN and GLC in cows (Table 4.16). However, the inclusion of PUN for heifers did not account
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for any increase in the base model except for week 6, which accounted for 0.13% increase in the

base model.

Table 4.16. Predictions for DMI with Adjusted R? among weeks in metabolites and NMR?
category in heifer and cow.

Traits/week Metabolites Metabolism
DMI; kg/day PUN; mg/dL GLC; mg/dL NEFA; mg/dL Rumen Cellular
Heifers?
0 42.8 42.9 43.4
2 43.2 43.8 445
4 52.5 53.4* 57.0*
6 53.0* 52.5 58.1*
8 52.8 52.5 54.4%* 51.9 52.0
Cows?®
0 59.5* 57.0* 64.4*
2 57.5* 57.2* 70.6* 55.6 55.8

Yalues with a superscript (*) shows increase over the base model.

2Base model (fixed effects of frame size category, ancestral breed group, and year born) under metabolites for
heifers had an adjusted R? of 52.87 with a total of 335 read in data and an adjusted R? of 56.45 with a total of 60
read in data in cows

3Base model (fixed effects of frame size category, ancestral breed group, and year born) under metabolism for
heifers had an Adjusted R? of 51.88 with a total of 280 read in data and an Adjusted R? of 56.45 with a total of 60
read in data in cows.

NOTE: Weeks 0 and 2 in cows is equivalent to weeks 6 and 8 in heifers given the data were taken at the same time
of the year (between the 3 week in July and the 1 week in August).

A similar observation was seen for GLC, except for week 4 (0.53% increase) in heifers.
On the other hand, the inclusion of NEFA in weeks 4, 6, and 8 increased the variation explained
by the model more, ranging from 1.53% to 5.23% increase in adjusted R? in heifers.

The PUN and GLC models show an increase of 3.05% and 0.75%, respectively, in the
adjusted R? value for cows. In predicting DMI, the NEFA model accounted for the most variation,
accounting for 7.95% to 14.15% increase in the adjusted R? value over the base model, which was
much higher compared to PUN and GLC increases. The NEFA models in heifers and cows
accounted for the most variation and explain DMI better. Fit plots were employed to make further
decisions on which specific week explains DMI better; showing the association between raw DMI
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values and predicted DMI values. Given the adjusted R? outcomes, fit plots for week 4 to 8 for
heifers and both weeks of cows were generated. Figure 4.1illustrates the fit between DMI and

NEFA for weeks 4, 6, and 8, respectively, in heifers, whereas Figure 4.2 illustrates the fit between

DMI and NEFA for weeks 0 and 2, respectively, in cows.
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Figure 4.1. Fit plot for dry matter intake (DMI) and predicted values of non-esterified fatty acids (NEFA) model on weeks 4 (A), 6

(B) and 8 (C) in heifers.
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Figure 4.2. Fit plot for dry matter intake (DMI) and predicted values of non-esterified fatty acids (NEFA) model on weeks 0 (A)and 2

(B) in cows.
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4.3.2. Modelling of DMI with NMR quartiles averages for Rumen and Cellular metabolism
categories quartile score in heifers and cows

The adjusted R? from each model in heifers and cows in RM or CM category are presented
in Table 4.16. For RM in heifers, the adjusted R2increased slightly by 0.02%, whereas the CM
adjusted R? increased by 0.12% from the base model. For RM and CM in cows, the adjusted R?
reduced by 0.80%and 0.65%.m the base model, respectively. Cellular metabolism models in
heifers had only a little increase in the value of R?. Fit plots (Figures 4.3 and 4.4) were further
explored to see how the raw DMI values align linearly with their predicted values.

Results from Spearman correlation coefficients between nuclear magnetic resonance
(glucose [NMRglc] and urea [NMRurea]) and metabolites analyzed individually (PUN and GLC)
in heifers and cows. There was a positive relationship (r = 0.284, P<.0001) between NMRurea and
PUN in heifers. Glucose and NMRglc were not correlated (r = -0.011, P = 0.8530). Glucose and
NMRglc had a mean and SD of (3.967 + 0.510) and (12.216 + 10.496) respectively in heifers.
Plasma urea-N and NMRurea had a mean and SD of (9.839 £ 4.950) and (26.383 £+ 22.096)
respectively in heifers. There was positive a negative relationship (r = -0.245, P = 0.0592) between
NMRurea and PUN in cows. Glucose and NMRglc were correlated (r = 0.042, P = 0.7522).
Glucose and NMRglc had a mean and SD of (71.062 + 7.769) and (10.148 + 10.975) respectively
in cows. Plasma urea-N and NMRurea had a mean and SD of (13.785 + 2.310) and (31.666 +

33.583) respectively in cows.
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Figure 4.3. Fit plot for dry matter intake (DMI) and predicted values of (A) Rumen and (B)
Cellular metabolism model on weeks 8 in heifers.
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Figure 4.4. Fit plot for dry matter intake (DMI) and predicted values of (A) Rumen and (B)
Cellular metabolism model on weeks 8 in cows.
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5. DISCUSSION

Feeding beef cattle is a producer's greatest cost, representing the major part of the total
costs in beef cattle production systems (Miller et al., 2001). Also, feed efficiency has moderate to
high heritability (Schenkel et al., 2004), suggesting genetic improvement is a possibility. However,
the intensive labor and rising cost associated with the assessment of feed efficiency in beef cattle
are limiting factors towards effectively selecting feed efficient cattle (Herd and Arthur, 2009),
suggesting the need of alternatives for assessing feed efficiency.

5.1. Basic relationships between dependent and independent variables in heifers and cows

Before the arrival of heifers and cows to the BCRC, heifers were housed in a pen area and
fed hay containing 12% CP with salt and mineral whereas cows were on calving pastures feeding
on grass with a salt and mineral supplement. Up on arrival to the BCRC, diet was formulated based
on growth or maintenance goals. In heifers, this meant gaining weight, whereas cows maintained
it. The formulated diet for the feeding trial contained grass hay, corn silage, dry rolled corn, fine
ground corn, dried distiller’s grain with solubles, salt and supplements. Summary statistics of PUN,
GLC and NEFA presented in Table 4.3 shows that both heifers and cows had an increase in PUN
across weeks. The more CP an animal takes in, the more it passes in urine. Bohnert et al. (2011)
suggested that the increased forage intake of animals is in response to protein supplementation of
low-quality forages depends on the forage type.

Glucose and NEFA levels generally decreased across weeks for heifers and cows although
time points for these animals were not the same. These changes can be as a result of the changes
in feed or environment since animals were mostly on pastures at DREC. Some studies show that
mid-lactating cows that exhibit lower feed intake and stress have no increase in plasma NEFA

(Shwartz et al. 2009; Calamari et al. 2013). This might be a reason for the decline in NEFA for
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cows. Glucose, as one of the important biochemical components of the energetic metabolism also
decline. Heifers might not be having enough feed thereby reducing their intake since the method
of feeding at the BCRC with the Insentec is new to them. Temporary or prolonged energy deficit
can reduce glucose production, which can lead to hypoglycemia (O’Neill et al., 2018). This is a
possibility in the animals used in this study as glucose levels dropped after their arrival at the
BCRC. Also, cows could allocate energy to other physiological process like milk production,
thereby causing a reduction in glucose levels.

Linear correlation coefficient in statistics is a tool used to assess what relationship exists
between two variables. It measures the direction and strength of the relationship and this “trend”
is represented by a correlation coefficient. Due to distribution concerns with variables, Spearman’s
rank correlation method was run to see the variables considered are linearly related asit is a
distribution free test of independence. The moderate correlation coefficients between DMI and
ADG or G:F, respectively, indicates that DMI has a linear relationship with gain on forage-based
diets in young beef heifers during the growing phase. Cassady et al. (2016) reported a simple
phenotypic correlation coefficient of 0.58 between forage DMI and grain DMI, which suggests
that DMI is repeatable across stages in cattle development and a measure that can be recorded in
both heifers and cows. Beef cattle consume an average of 3% of their body weight to gain 1.5t0 3
pounds on a daily basis (Putnam et al., 1964). Retallick et al. (2017) reported similar findings to
this study between heifers and cows (0.98 over 0.69) that heifers had greater correlations between
feed intake and gain than steers in their study. This is similar because one-year old heifers are in
their growing stage and constantly convert energy gotten from feed into growth. We recorded a
significant correlation (0.31) between DMI and ADG in heifer. However, in cows, we observed

weak, non-significant correlation coefficients between DMI and ADG or G:F. The negative
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correlation with G:F might be associated with mature animal size, varying breeds and year.
Although a useful management tool, the use of G:F as a measure of feed efficiency in programs
has been questioned because of its strong correlation with BW and, consequently, its adverse effect
on mature animal size and feed intake (Cantalapiedra-Hijar et al., 2018).There has been many
studies comparing heifers and steer or feedlot cattle but there are very few comparing heifers and
mature cows. Freetly et al. (2020) compared the estimate of feed intake in beef cattle; heifers and

cows. The results show that heifers had higher ADG estimate of 0.53 + 0.12 than cow’s 0.34

0.11, which supports what was observed in our study. Gain to feed has been one of the most
traditional measures of feed efficiency in growing beef cattle with its inverse; feed to gain,
commonly used as a selection tool for growing animals due to its moderate heritability (Schenkel
et al., 2004). Other measures of feed efficiency that could be explored in the cow-calf production
system with animals fed forage is the pounds of calves weaned per acre. Heitschmidt et al. (1990)
conducted a 6year-long study on cow-calf production using varying stocking rates on pasture
across years. The summary of the research pointed that stocking rate was responsible for
differences in production output and could affect economic returns, therefore conception rate,
weaning calf average, weaning weights and pounds per acre decreases as stocking rate increases.

The major concern for this study was to find the week within 4-weeks to the breeding
season that accounted for the most variation in DMI. Several metabolites have been associated
with feed efficiency phenotypes in heifers (Gonano et al., 2014; Montanholi et al., 2007) and in
cows (Wood et al., 2014). However, the association between DMI and PUN found in the present
study was low (r=0.15, 0.17 and 0.11) for weeks 4, 6 and 8 in heifers, while cows had a moderate
correlation coefficient (r = 0.47) for week 6. Kelly et al. (2010) found a positive correlation

between PUN and DMI in Limousin x Holstein-Friesian heifers and also had a moderate
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correlation coefficient (r = 0.38) between PUN and RFI. Since the major physiological states of
concern in cattle are lactation, growth, gestation and maintenance, the measurement of urea-N
concentration is mostly applied to lactating, growing and finishing beef cattle (Hammond,
1983).Nitrogen content of diet, energy content of diet, N degradability of diet and the level of
feeding can contribute to the changes in urea-N concentration in beef cattle (Cross et al., 1974;
Richardson and Kegel., 1980) as seen between heifers and cows in relations to dry matter intake.

Only week 4 showed (r = -0.15; P = 0.013) a significant correlation coefficient between
DMI and GLC in heifers while there was no significance in cows. Kelly et al. (2010) reported
relationship between glucose and other measures of feed efficiency measures but the correlation
with DMI was not observed in heifers. Wood et al. (2014) considered the evaluation of residual
feed intake measured in mid- to late-gestation mature beef cows and found no relationship between
DMI and glucose concentration in mature beef cows. This aligns with our study given there was
no significant relationship between DMI and GLC in cows.

There was a negative correlation between DMI and NEFA (r = -0.24, -0.39 and -0.27) for
weeks 4, 6 and 8 in heifers and (r = 0.34 and -0.59) for weeks 6 and 8 in cows, respectively. This
supports the negative correlation found in growing beef heifers (Kelly et al., 2010) and mature
cows (Wood et al.,, 2014) between NEFA concentrations and RFI while investigating the
relationship between feed efficiency and blood metabolic variables. When feed is offered for ad
libitum intake, ruminants tend to store excess energy as body reserves. This energy can be later
used by animal or used towards their offspring later (Ingvartsen et al., 2000; Owens et al., 2014;
Ginane et al., 2015). There has been research done on evaluating feed efficiency measures and
metabolites in heifers (Kelly et al., 2010), bulls (Kelly et al., 2011), and cows (Wood et al., 2014).

There has not been any study out there comparing heifers and cows.
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5.2. Prediction models using PUN, GLC and NEFA in heifers and cows

The base model for our metabolites was DMI = B0 + B1(SIZE) + B1(BREED) +
B3(YEAR)after considering all the class effects in heifers. The 15" week in the heifer and cow
feeding trial was removed because heifers were already in the breeding season at the time. Week
0 and 2 recorded lower values compared to weeks 4, 6 and 8. These were the weeks animals were
conditioned to their newly formulated feed for the trial and new environment. Upon arrival to the
BCRC from DREC, animals were stressed from hauling. This can affect results negatively. Donley
et al. (2009) recorded reduced ADG and elevated PUN in feedlot heifers which was as a result of
stress after being shipped to the Kansas State University. Schwartzkopf-Genswein et al. (2012)
reported that loading density, animal age, trailer micro climate, transportation duration and loading
density can cause stressful conditions that can reduce the ability of an animal to be reproductive
and impede production performance standards. Week 8 data was observed and compared against
the other weeks before breeding heifers and cows. The base model had an adjusted R?of 52.87%.
However, the PUN model for week 6 in heifers and cows explained DMI with the cow model
explaining more variation than heifers. There was a similar trend in heifers and cows given their
response with the GLC model. Week 4 in heifers and weeks 6 and 8 in cows, which were the weeks
leading up to breeding, had only a little increase in adjusted R%of 0.53% to 0.75%, explaining
variation in DMI. Although, the GLC model accounted for some level of variation but this is small.
There were negative correlations with DMI and these might be because ruminant animals do not
take up high amount of glucose from their feed and only use glucose as respiratory fuel (Cerrilla
et al., 2003). In ruminants, carbohydrates gotten from diets are fermented into short chain volatile
fatty acids in the rumen. Less than 10% of the glucose required for the animal is absorbed from

the digestive tract (Nafikov and Beitz., 2007; Luthfi et al., 2014). Since the GLC model shows
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some differences between week 4 and the remaining weeks leading to breeding, which is classified
within the category of 4 weeks to breeding, this might be an indicator that GLC metabolism could
be of use in explaining DMI in growing beef heifers, especially 4 weeks into breeding. With the
NEFA prediction model, there was a distinctive increment from the base model (57.0%, 58.1%
and 54.4%) at week 4, 6 and 8 for heifers and at weeks 6 and 8 for cows (64.4% and 70.6%). These
values are within the time frame of 4 weeks before heifers go into breeding. This is important
because heifers and cows are given pre-breeding vaccinations approximately 4 weeks before
breeding to avoid early-term abortion, fetal malformation, and the development of persistently
infected calves. Figures 4.1 shows the fit plot for DMI and predicted values for NEFA model on
weeks 4, 6 and 8, respectively, in heifers. The plots display a strong linear fit between DMI and
its predicted values. According to Fontoura et al. (2017), NEFA seemed highly dependent on DMI.
Since weeks 4 to 8 predict similar values in heifers and cows and their fit plots are linearly the
same, they could all be used for explaining DMI since they all appear before breeding. Farmers
can use this information in that if there is a time frame just before breeding when vaccinations can
be given to animals and blood draws can be done simultaneously to predict DMI, this information
can be used for better management of animals. This reduces multiple entry into the chute, stress
on the animals and labor for farm workers. Although NEFA did not account for a 100% variation,
the prediction plot clearly shows an agreement between the predicted and raw values of DMI. This
information can be used to aid in allotment of animals to pasture in addition to other considerations
such as animal size and stocking rate. Elliot (2021) reported that in managing pasture, producers
need to destock; this does not means selling animals, but the animals are either moved to a new
pasture, purchased or rented, so that all animals can have a chance at food. Fox et al. (1991)

suggested that measuring plasma NEFA may be a useful indirect indicator of feed intake in
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ruminants. In this study, cows accounted for more variation (14.15%) in DMI over heifer (5.23%)
even though they were both subjected to a forage diet. Schobitz et al., (2013) reported that NEFA
concentration increased due to pasture grazing, which further decreased feed intake because of the
low-mass pasture.
5.3. Basic linear relationships between Rumen and Cellular metabolism in heifers and cows
Under the NMR summary statistics, our study reported ACT, FUM and TRL in heifers and
3-HDV, ACT, BUT, D-lactic acid (D-LAC), FUM and isobutyrate (ISB) in cow’s had
concentrations less than 1. Winterbach et al. (1993) considered the cyclic fluctuation in acetone
concentrations in blood and milk. The ratio of acetone concentration in milk compared to that in
blood had a minimum of 0.114 and a maximum of 1.656 and also found out that blood-milk
acetone concentration correlation varied from 0.721 to 0.992 from 6 different cows. Our minimum
and maximum was 0.000 to 0.051, and 0.001 to 0.009 in heifers and cows, respectively. This was
lower than reports by Winterbach et al. (1993), and there has not been much reports about acetone
levels in beef cattle. Both heifers and cows had fumarate maximum values lower than 0.05.
Fumarate is a major precursor for propionate formation and it plays a vital role in rumen hydrogen
metabolism. Although fumarate can be in low concentration, Lopez et al. (1999), while studying
the influence of fumarate on rumen fermentation reported that fumarate increases the dry matter
digestibility of basal diet and can stimulate the multiplication of cellulolytic bacteria and digestion
of fibre. There has been limited reports on the level of fumarate in beef cattle. Trimethylamine
has low concentrations is heifers and cows. The formation of trimethylamine N-oxide is caused by
the gastrointestinal degradation of choline, betaine, and carnitine results in humans and dairy cows
(McFadden and Myers., 2020). Benedet et al. (2019) explained that most studies applied the

threshold of 1.2 mmol/L of hydroxybutyrate concentration in blood. Several authors have
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considered hydroxybutyrate concentrations between 1.2 and 2.9 mmol/L (Benedet et al., 2019)
with the maximum of 3-HDV in cows at 2.4 in our study. This 3-HDV fall in the same category
as many results from researchers. There has been sparse publication on the concentration levels in
COWS.

Correlations within and between RM and CM categories were done to see the level of
relationship between them. Rumen metabolites were highly correlated with each other however,
not one analyte was dropped off since none of this relationship was a perfect one (1), there was
more to be accounted for. Trimethylamine had a negative correlation with all other analytes
ranging from -0.471 to -0.102. Correlations within the CM category also highly correlated to each
other. Spearman’s correlation was done between the RM and CM category and there was high
correlations between analytes. It was not understood why trimethylamine was negatively
correlated with all other analytes. There has not been reports on the relationship between
trimethylamine and Rumen or Cellular analytes. Kulshreshtha et al. (2017) reported that
trimethylamine is widely used as indicators of fish and meat spoilage. Trimethylamine can be
primarily gotten from dietary choline and L-carnitine by bacteria in the intestine and absorbed into
the hepatic portal circulating blood (Zeisel and Warrier, 2017). Trimethylamine can be further
oxidized by enzymes flavin monooxygenases in the liver and then produces trimethylamine N-
oxide, which is the end product and cannot be metabolized further (Bennett et al., 2013). The
majority of trimethylamine N-oxide can be excreted unchanged in the urine by the kidney within
twenty-four hours. There are no concluded reasons to why trimethylamine could be negatively
correlated to other analytes.

Correlations between dependent variables and NMR categories were explored. There was

no significant relationship found in heifers. However, there was a relationship between ADG
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(0.259), G:F (0.288) and RM. The rumen is responsible for fermentation, mixing, digesting and
conversion of feed through methane and CHO to produce VFAs for the animal. Du et al. (2019)
reported a significant increase in ADG levels and a positive correlation (0.012) between ADG and
rumen fluid in sheep. Our study reports a larger correlation with RM. This might be due to the
differing size of the animals also, digestibility of feed might be related to ADG and G:F.

Spearman’s correlation between NMR (glucose and urea) and single metabolites (PUN and
GLC) was explored. There was a positive relationship (r = 0.2838, P<.0001) between NMRurea
and PUN in heifers. Other relationships were not significant both in heifers and in cows. it is not
understood why NMRurea and PUN had such low correlation. This is a path to explore whether
higher correlations between single metabolites and NMR analytes sustain the ability to increase
the adjusted R? over the base model thereby accounting for more variation in our dependent
variables.

5.4. Prediction models using NMR categories in heifers and cows

There was a small increase in the amount of variation captured in DMI in the base model
from 51.88% to 51.93% in heifers and a decrease from 56.45% to 55.0% in cows in the RM
category. This suggests more variation that could not be explained by the inclusion of the RM
quartile average. There was a little increase from the CM average quartile base model from 51.88%
to 52.03% in heifers and a decrease from 56.45% to 55.83% in cows in the CM quartile average.
However, blood metabolites have become growing areas of interest especially in their use in
diagnosing human diseases and some metabolites of higher concentration can show changes in
different organs in the body. For example, glucose associated with glycosynthesis in the metabolic
process in muscle tissue (Zhao et al., 1996). There was a high concentration of acetate in both

heifer and cow’s NMR profiles compared to other metabolites in the Rumen metabolism section.
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Tasha and Joslyn (2019) reported that cattle fed a forage-based diets produce a higher
concentration of acetate than propionate. These metabolites are volatile fatty acids (VFAS)
produced in the rumen and used by cattle for energy. The rumen wall absorbs the VFAs which
provides a large proportion of the cow’s energy requirements (Tasha and Joslyn., 2019). There
have also been some studies that have shown that high concentration of metabolites in ruminal
fluid are VFAs such as acetate, propionate, and butyrate, which are associated with microbial
fermentation (Mao et al., 2012). Given the poor results we saw using the rumen metabolism
approach in this study for NMR, using blood analytes might be a better and more practical
approach because when the body breaks down food, it travels through the blood. Kim et al. (2021)
observed metabolite profile in 5 biofluids. There was high concentration in acetate, propionate and
butyrate in ruminal fluids and high concentration in lactate and glucose, and a low concentration
in acetate in serum fluid. However, blood plasma and serum contain vast ranges of
macromolecules that can match with peaks from small molecule metabolites in NMR under some
physiological states (Beckwith-Hall et al., 2003). In the case of metabolic analysis, the use of blood
plasma is preferred because it is more sensitive, useful for protein estimation, reproducibility

measure and shows effective results compared to rumen fluids in biological studies.
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6. CONCLUSION

This study has shown that NEFA improves prediction of DMI in both growing heifers and
mature cows, which may be a tool in long-term selection of heifers or management of cows given
their DMI levels. On the other hand, PUN, GLC, and NMR categories of RM and CM were not as
effective in predicting DMI. Based on fit plots, the prediction of DMI using NEFA accounted for
a strong prediction opportunity at any time (week 4 to 8) prior to breeding. This information can
help with management categories of heifers and/or cows using NEFA for producers. Additional
research is needed to explore how effective these management categories are and validate them
for use in the production system. Furthermore, appropriate use of NMR data for prediction of DMI

should be explored further given drawbacks of the current study.

65



REFERENCES

Abarghuei, M. J., Y. Rouzbehan, A. Z. M. Salem, and M. J. Zamiri. 2014. Nitrogen balance,
blood metabolites and milk fatty acid composition of dairy cows fed pomegranate-peel
extract. Livest. Sci. 164:72-80. doi:10.1016/j.livsci.2014.03.021.

Adams, M. W. and R. L. Belyea. 1987. Nutritional and energetic differences of dairy cows
varying in milk yield. J. Anim. Sci. 70:182.doi.org/10.3168/jds.s0022-0302(90)78761-9

Northcutt, S., and B. Bowman. 2010. By the numbers: Docility genetic evaluation research.
Angus Journal.276-

277 .https://www.angus.org/Nce/Documents/ByThenumbersDocility.pdf

Archer, J. A, E. C. Richardson, R. M. Herd, and P. F. Arthur. 1999. Potential for selection to
improve efficiency of feed use in beef cattle: a review. Australian Journal of Agricultural
Research, 50(2):147-162.https://doi.org/10.1071/A98075

Archibeque, S. L., J. C. Burns, and G. B. Huntington. 2001. Urea flux in beef steers: Effects of
forage species and nitrogen fertilization. Journal of Animal Science, 79(7):1937-
1943.d0i:10.2527/2001.7971937x.

Armstrong, D. G. 1965. Carbohydrate metabolism in ruminants and energy supply. Physiology
of Digestion in the Ruminant. 272-288.https://link.springer.com/chapter/10.1007/978-94-
009-8322-9 5

Arthur, P. F., J. A. Archer, and R. M. Herd. 2004. Feed intake and efficiency in beef cattle:
overview of recent Australian research and challenges for the future. Australian Journal

of Experimental Agriculture, 44(5): 361-369.https://doi.org/10.1071/EA02162

66



Arthur, P. F., and R. M. Herd. 2005. Efficiency of feed utilization by livestock—Implications
and benefits of genetic improvement. Canadian Journal of Animal Science, 85(3):281-
290.d0i:10.4141/A04-062.

Arthur P. F., J. A. Archer, R. M. Herd, and G. J. Melville. 2001b. Response to selection for net
feed intake in beef cattle. Proceedings of the Association for the Advancement of Animal
Breeding and Genetics, 13, 135-138.
https://scholar.google.com/scholar?cluster=17374322256607262347&hl=en&as_sdt=0,3
5

Arthur, P. F., J. A. Archer, D. J. Johnston, R. M. Herd, E. C. Richardson, and P. F. Parnell.
2001a. Genetic and phenotypic variance and covariance components for feed intake, feed
efficiency, and other postweaning traits in Angus cattle. Journal of Animal Science,
79(11):2805. doi:10.2527/2001.79112805x.

Arthur, P.F. and R. M. Herd. 2012. Genetic Improvement of Feed Efficiency. Feed Efficiency in
the Beef Industry,93-103. doi:10.1002/9781118392331.ch7.

Alvarez Almora, E. G., G. B. Huntington, and J. C. Burns. 2012. Effects of supplemental urea
sources and feeding frequency on ruminal fermentation, fiber digestion, and nitrogen
balance in beef steers. Animal Feed Science and Technology, 171(2-4):136-145.
doi:10.1016/j.anifeedsci.2011.10.012.

Basarab, J. A., M. A. Price, J. L. Aalhus, E. K. Okine, W. M. Snelling, and K. L. Lyle. 2003.
Residual feed intake and body composition in young growing cattle. Canadian Journal of
Animal Science, 83(2):189-204. doi:10.4141/a02-065

Basarab, J. A., K. A. Beauchemin, V. S. Baron, K. H. Ominski, L. L. Guan, S. P. Miller, and J. J.

Crowley. 2013. Reducing GHG emissions through genetic improvement for feed

67



efficiency: effects on economically important traits and enteric methane production.
Animal, 7:303-315. d0i:10.1017/s1751731113000888.

Beckwith-Hall BM, N. A., Thompson, J. K. Nicholson, J. C. Lindon, and E. Holmes. 2003. A
metabonomic investigation of hepatotoxicity using diffusion-edited 1 H NMR
spectroscopy of blood serum. Analyst. 128:814-818. doi:10.1039/b302360p PMID:
12894815

Bell, A. W. 1981. Lipid metabolism in liver and selected tissues and in the whole body of
ruminant animals. Lipid Metabolism in Ruminant Animals.363-410. doi:10.1016/b978-
0-08-023789-3.50012-x

Bell, A. W., and D. E. Bauman. 1997. Adaptions of glucose metabolism during pregnancy and
lactation. J. Mammary Gland. Biol. Neoplasia. 3:265-
278.doi.org/10.1023/A:1026336505343

Benedet, A., C. L. Manuelian, A. Zidi, M. Penasa, and M. De Marchi. 2019. Invited review: 3-
hydroxybutyrate concentration in blood and milk and its associations with cow
performance. Animal: an international journal of animal bioscience, 13(8):1676-1689.
https://doi.org/10.1017/S175173111900034 X

Benedet, A., C. L. Manuelian, A. Zidi, M. Penasa, and M. De Marchi. 2019. Invited review: -
hydroxybutyrate concentration in blood and milk and its associations with cow
performance. Animal 13(8):1676-1689.doi.org/10.1017/s175173111900034x

Benedeti, P. D. B, P. V. R. Paulino, M. I. Marcondes, S. C. Valadares Filho, T. S. Martins, E. F.
Lisboa, and M. S. Duarte. 2014. Soybean meal replaced by slow-release urea in finishing

diets for beef cattle. Livestock Science, 165:51-60. doi:10.1016/j.livsci.2014.04.027

68


https://doi.org/10.1017/S175173111900034X

Bennett, B. J., T. O. Vallim, A, de, Z. Wang, D. M. Shih, Y. Meng, J. Gregory, A. J. Lusis. 2013.
Trimethylamine-N-Oxide, a Metabolite Associated with Atherosclerosis, Exhibits
Complex Genetic and Dietary Regulation. Cell Metabolism, 17(1):49-60.
doi:10.1016/j.cmet.2012.12.011

Bergman, E. N., R. P. Brockman, C. F. Kaufman. 1974. Glucose metabolism in ruminants:
comparison of whole-body turnover with production by gut, liver, and kidneys. Fed Proc;
33:1849-1854.PMID: 4834188

Berry, D. P., and J. J. Crowley. 2013. Cell Biology Symposium: Genetics of feed efficiency in
dairy and beef cattlel. Journal of Animal Science. 91(4):1594-1613.
d0i:10.2527/jas.2012-5862.

Berry, D. P., andJ. J. Crowley. 2012. Residual intake and body weight gain: A new measure of
efficiency in growing cattle. Journal of Animal Science. 90(1):109-115.
d0i:10.2527/jas.2011-4245.

Bhowmik, N. 2021. Ancestral Breed Grouping for Improving Animal Modeling in Admixed
Populations and Its Use in Leptin (Genetic and Hormone) Association Studies with
Performance Traits in Commercial Beef Cow Herd (Doctoral dissertation, North Dakota
State University).

Blaxter K. L. 1962. The energy metabolism of ruminants. Hutchinson Scientific and Technical:
London.https://openlibrary.org/books/OL16608123M/The_energy metabolism_of rumin
ants.

Bohnert, D. W., T. DelCurto, A. A. Clark, M. L. Merrill, S. J. Falck, and D. L. Harmon. 2011.

Protein supplementation of ruminants consuming low-quality cool- or warm-season

69



forage: differences in intake and digestibility. J. Anim. Sci. 89:3707-3717.
doi:10.2527/jas.2011-3915

Bouatra, S., F. Aziat, R. Mandal, A. C. Guo, M. R. Wilson, C. Knox, and D. S. Wishart, 2013.
The human urine metabolome. PloS one,
8(9):e73076.doi.org/10.1371/journal.pone.0073076

Brown, E. G., G. E. Carstens, J. T. Fox, M. B. White, K. O. Curley, T. M. Bryan, L. J. Slay, T.
H. Welsh Jr., R. D. Randel, J. W. Holloway, and D. H. Keisler. 2004. Physiological
indicators of performance and feed efficiency traits in growing steers and bulls. Page 13
in Proc. South. Sect. Am. Soc. Anim. Sci., Tulsa, OK.

Calamari, L., F. Petrera, L. Stefanini, and F. Abeni. 2012. Effects of different feeding time and
frequency on metabolic conditions and milk production in heat-stressed dairy cows.
International Journal of Biometeorology, 57(5):785-796. doi:10.1007/s00484-012-0607-
X

Cantalapiedra-Hijar, G., M. Abo-Ismail, G. E. Carstens, L. L. Guan, R. Hegarty, D. A. Kenny, I.
Ortigues-Marty. 2018. Review: Biological determinants of between-animal variation in
feed efficiency of growing beef cattle. Animal, 12:s321-335.
d0i:10.1017/s1751731118001489.

Cassady, C. J., T. L. Felix, J. E. Beever, and D. W. Shike. 2016. Effects of timing and duration
of test period and diet type on intake and feed efficiency of Charolais-sired cattle 1.
Journal of animal science, 94(11):4748.doi.org/10.2527/jas.2016-0633.

Cerrilla, M. E. O., and G. M. Martinez. 2003. Starch digestion and glucose metabolism in the
ruminant: a review. Interciencia, 28(7):380-386.

Chaney, A. L., and Marbach, E. P. 1962. Modified Reagents for Determination of Urea and

Ammonia. Clinical Chemistry, 8(2):130-132. doi:10.1093/clinchem/8.2.130.
70



Chang, D., C. D. Banack, and S. L. Shah. 2007. Robust baseline correction algorithm for signal
dense NMR spectra. Journal of Magnetic Resonance, 187(2):288-292.
d0i:10.1016/j.jmr.2007.05.008

Clemmons, B. A., C. Martino, J. B. Powers, S. R. Campagna, B. H. Voy, D. R. Donohoe, P. R.
Myer. 2019. Rumen Bacteria and Serum Metabolites Predictive of Feed Efficiency
Phenotypes in Beef Cattle. Scientific Reports, 9(1):1-8. doi:10.1038/s41598-019-55978-y

Coleman, S. W., C. C. Chase, D. G. Riley, and M. J. Williams. 2017. Influence of cow breed
type, age and previous lactation status on cow height, calf growth, and patterns of body
weight, condition, and blood metabolites for cows grazing bahia grass pastures. Journal
of Animal Science, 95(1):139. doi:10.2527/jas2016.0946.

Corah, L. R. 2008. ASAS Centennial Paper: Development of a corn-based beef industry. Journal
of Animal Science, 86(12): 3635-3639. doi:10.2527/jas.2008-0935

Corbett, J. L., M. Freer, D. W. Hennessy, R. W. Hodge, R. C. Kellaway, N. P. Mc Meniman, and
J. V. Nolan. 1990. Feeding Standards for Australian Livestock Ruminants.

Crews, D. H. 2005. Genetics of efficient feed utilization and national cattle evaluation: a review.
Genet Mol. Res., 4:152—-165. PMID: 16110437

Cross, D. L., R. L. Ludwick, J. A. Boling, and N. W. Bradley. 1974. Plasma and Rumen Fluid
Components of Steers Fed Two Sources and Levels of Nitrogen. Journal of Animal
Science, 38(2):404-409. doi:10.2527/jas1974.382404x.

Crowley, J. J., R. D. Evans, N. Mc Hugh, T. Pabiou, D. A. Kenny, M. McGeg, and D. P. Berry.
2011. Genetic associations between feed efficiency measured in a performance test
station and performance of growing cattle in commercial beef herds. Journal of Animal

Science, 89(11):3382-3393. doi:10.2527/jas.2011-3836.

71



Crowley, J. J., R. D. Evans, N. Mc Hugh, D. A. Kenny, M. McGeg, D. H. Crews, and D. P.
Berry. 2011. Genetic relationships between feed efficiency in growing males and beef
cow performance. Journal of Animal Science, 89(11):3372-3381. doi:10.2527/jas.2011-
3835.

Crowley, J. J., M. McGee, D. A. Kenny, D. H. Crews, R. D. Evans, and D. P. Berry. 2010.
Phenotypic and genetic parameters for different measures of feed efficiency in different
breeds of Irish performance-tested beef bulls. Journal of Animal Science, 88(3):885-894.
d0i:10.2527/jas.2009-1852.

Currier, T. A., D. W. Bohnert, S. J. Falck, and S. J. Bartle. 2004. Daily and alternate day
supplementation of urea or biuret to ruminants consuming low-quality forage: I. Effects
on cow performance and the efficiency of nitrogen use in wethers1,2. Journal of Animal
Science, 82(5):1508-1517. doi:10.2527/2004.8251508x.

Cusack, P., D. Dell’Osa, G. Wilkes, D. Grandini, and L. Tedeschi. 2021. Ruminal pH
and its relationship with dry matter intake, growth rate, and feed conversion ratio in
commercial Australian feedlot cattle fed for 148 days. Australian Veterinary Journal,
99(8):319-325. d0i:10.1111/avj.13069.

Da Costa, A. S. H., V. M. R. Pires, C. M.G. A. Fontes, and J. A. Mestre Prates. 2013. Expression
of genes controlling fat deposition in two genetically diverse beef cattle breeds fed high
or low silage diets. BMC Veterinary Research, 9(1):1-16. doi:10.1186/1746-6148-9-118.

Dinkel, C. A., and M. A. Brown. 1978. An Evaluation of the Ratio of Calf Weight to Cow
Weight as an Indicator of Cow Efficiency. Journal of Animal Science, 46(3):614-617.

d0i:10.2527/jas1978.463614x.

72



Donkin, S. S., and H. Hammon. 2005. Chapter 15, Hepatic gluconeogenesis in developing
ruminants. Biology of Metabolism in Growing Animals, 375-390. doi:10.1016/s1877-
1823(09)70022-0.

Donley, H. J., C. D. Reinhardt, J. J. Sindt, S. P. Montgomery, and J. S. Drouillard. 2009.
Evaluating relationships among blood glucose, plasma urea nitrogen, performance,
morbidity, and mortality in high-risk feedlot heifers. The Bovine Practitioner, 122-127.

Drackley, J. K. 2005. Chapter 13, Interorgan lipid and fatty acid metabolism in growing
ruminants. Biology of Metabolism in Growing Animals, 323-350. doi:10.1016/s1877-
1823(09)70020-7.

Drennan, M. J., and M. McGee. 2009. Performance of spring-calving beef suckler cows and their
progeny to slaughter on intensive and extensive grassland management systems.
Livestock Science, 120(1-2):1-12. doi:10.1016/j.livsci.2008.04.013.

Duggan, G. E., D. S. Hittel, C. W. Sensen, A. M. Weljie, H. J. Vogel, and J. Shearer. 2011.
Metabolomic response to exercise training in lean and diet-induced obese mice. Journal
of Applied Physiology, 110(5):1311-1318. doi:10.1152/japplphysiol.00701.2010.

Du, H., K. Erdene., S. Chen, S. Qi, Z. Bao, Y. Zhao, and C. Ao. 2019. Correlation of the rumen
fluid microbiome and the average daily gain with a dietary supplementation of Allium
mongolicum Regel extracts in sheepl. Journal of Animal Science, 97(7):2865-2877.
doi:10.1093/jas/skz139

Dulloo, A. G., N. Mensi, J. Seydoux, and L. Girardier. 1995. Differential effects of high-fat diets
varying in fatty acid composition on the efficiency of lean and fat tissue deposition
during weight recovery after low food intake. Metabolism, 44(2):273-279.

doi:10.1016/0026-0495(95)90277-5.

73



Elliot, D. 2021. Forage production, beef cows and stocking density and their implications for
partial herd liquidation due to drought. Institute of Agriculture and Natural Resources
UNL BEEF. https://beef.unl.edu/beefwatch/2021/forage-production-beef-cows-and-
stocking-density-and-their-implications-partial-herd.

Eisler, M. C., M. R. F. Lee, J. F. Tarlton, G. B. Martin, J. Beddington, J. A. J. Dungait, and M.
Winter. 2014. Agriculture: Steps to sustainable livestock. Nature, 507(7490):32-34.
doi:10.1038/507032a.

Farrance, |. 1987. Plasma glucose methods, a review. Clin. Biochem. Rev. 8:55-68.

FAO. 2013. FAO Statistical Yearbook: Part 3 - Feeding the world. doi:10.18356/47f838b8-en-fr.

Fawcett, J. K., and Scott, J. E. (1960). A rapid and precise method for the determination of urea.
Journal of Clinical Pathology, 13(2):156-159. doi:10.1136/jcp.13.2.156.

Federation, B. I. 2018. Guidelines for uniform beef improvement programs, 9" ed. Revised
March 2018. 1
185.https://beefimprovement.org/wpcontent/uploads/2018/03/BIFGuidelinesFinal _update
d0318.pdf.

Ferrell, C. L., and T. G. Jenkins. 1985. Cow Type and the Nutritional Environment: Nutritional
Aspects. Journal of Animal Science, 61(3):725-741. doi:10.2527/jas1985.613725x.

Ferrell, C. L., L. J. Koong, and J. A. Nienaber. 1986. Effect of previous nutrition on body
composition and maintenance energy costs of growing lambs. British Journal of
Nutrition, 56(3):595-605. doi:10.1079/bjn19860140.

Finneran, E., P. Crosson, P. O’Kiely, L. Shalloo, D. Forristal, and M. Wallace. 2010. Simulation
modelling of the cost of producing and utilising feeds for ruminants on Irish farms. J.

farm Manag. 14:95-116.

74


https://beefimprovement.org/wp

Finneran, E., P. Crosson., P. O’Kiely, L. Shalloo, D. Forristal, and M. Wallace. 2011.Stochastic
simulation of the cost of home-produced feeds for ruminant livestock systems. The
Journal of Agricultural Science, 150(1):123-139. doi:10.1017/s002185961100061x.

Fitzsimons, C., D. A. Kenny, S. M. Waters, B. Earley, and M. McGee. 2014. Effects of
phenotypic residual feed intake on response to a glucose tolerance test and gene
expression in the insulin signaling pathway in longissimus dorsi in beef cattle. J. Anim.
Sci. 92:4616-4631. doi:10.2527/jas.2014-7699.

Fontanesi, L. 2016. Metabolomics and livestock genomics: Insights into a phenotyping frontier
and its applications in animal breeding. Animal Frontiers, 6(1):73-79.
doi:10.2527/af.2016-0011.

Foroutan, A., C. Fitzsimmons, R. Mandal, H. Piri-Moghadam, J. Zheng, A. Guo, and D. S.
Wishart. 2020. The Bovine Metabolome. Metabolites, 10(6):233.
d0i:10.3390/metabo10060233.

Foroutan, A., D. S. Wishart, and C. Fitzsimmons. 2021. Exploring Biological Impacts of Prenatal
Nutrition and Selection for Residual Feed Intake on Beef Cattle Using Omics
Technologies: A Review. Frontiers in Genetics, 12. doi:10.3389/fgene.2021.720268.

Fox, M. T., D. Gerrelli, S. R. Pitt, and D. E. Jacobs. 1991. The relationship between appetite and
plasma non-esterified fatty acid levels in housed calves. Veterinary Research
Communications, 15(2):127-133. doi:10.1007/bf00405144.

Freetly, H. C. 2014. Relationship between selection for feed efficiency and methane production.
http://www.bifconference.com/bif2014/documents/proceedings/112-115-Freetly.pdf

Accessed 4 May 2017.

75


http://www.bifconference.com/bif2014/documents/proceedings/112-115-Freetly.pdf%20Accessed%204%20May%202017
http://www.bifconference.com/bif2014/documents/proceedings/112-115-Freetly.pdf%20Accessed%204%20May%202017

Freetly, H. C., L. A. Kuehn, R. M. Thallman, and W. M. Snelling. 2020. Heritability and genetic
correlations of feed intake, body weight gain, residual gain, and residual feed intake of
beef cattle as heifers and cows. Journal of Animal Science, 98(1). doi:10.1093/jas/skz394

Gilany, K., R. S. Moazeni-Pourasil, N. Jafarzadeh, and E. Savadi-Shiraz, 2013. Metabolomics
fingerprinting of the human seminal plasma of asthenozoospermic patients. Molecular
Reproduction and Development, 81(1):84-86. doi:10.1002/mrd.22284.

Ginane, C., M. Bonnet, R. Baumont, and D. K. Revell. 2015. Feeding behavior in ruminants: a
consequence of interactions between a reward system and the regulation of metabolic
homeostasis. Animal Production Science, 55(3):247. doi:10.1071/an14481.

Goldansaz, S. A., A. C. Guo, T. Sajed, M. A. Steele, G. S. Plastow, and D. S. Wishart. 2017.
Livestock metabolomics and the livestock metabolome: A systematic review. PLoS One.
12:1-27. doi:10.1371/journal.pone.0177675.

Gonano, C. V., Y. R. Montanholi, F. S. Schenkel, B. A. Smith, J. P. Cant, and S. P. Miller. 2014.
The relationship between feed efficiency and the circadian profile of blood plasma
analytes measured in beef heifers at different physiological stages. Animal 10:1-15.
d0i:10.1017/S1751731114001463.

Grandin, T. 2016. Evaluation of the welfare of cattle housed in outdoor feedlot pens. Veterinary
and Animal Science 1-2:23-28. doi:10.1016/j.vas.2016.11.001.

Gregorini, P., S. A. Gunter, P. A. Beck, K. J. Soder, and S. Tamminga. 2008. Review: the
interaction of diurnal grazing pattern, ruminal metabolism, nutrient supply, and
management in cattle. The Professional Animal Scientist, 24(4):308-318.

d0i:10.15232/s1080-7446(15)30861-5.

76


https://doi.org/10.1016/j.vas.2016.11.001

Ha, C. E., and N. V. Bhagavan. 2011. Essentials of medical biochemistry: with clinical cases.
Academic Press.doi:10.1016/c2009-0-00064-6.

Hammond, A. C. 1983. The use of blood urea nitrogen concentration as an indicator of protein
status in cattle. The Bovine Practitioner, 114-118.Arthur, P. F. (2009). Physiological
basis for residual feed intakel. Journal of Animal Science, 87(14):64-71.
d0i:10.2527/jas.2008-1345.

Hanson, R. W., and F. J. Ballard. 1967. The relative significance of acetate and glucose as
precursors for lipid synthesis in liver and adipose tissue from ruminants. Biochemical
Journal, 105(2):529-536. doi:10.1042/bj1050529.

Heitschmidt, R. K., J. R. Conner, S. K. Canon, W. E. Pinchak, J. W. Walker, and S. L.
Dowhower. 1990. Cow/Calf Production and Economic Returns from Yearlong
Continuous, Deferred Rotation and Rotational Grazing Treatments. Journal of Production
Agriculture, 3(1):92-99. doi:10.2134/jpal1990.0092.

Herd, R. M., and P. F. Arthur. 2009. Physiological basis for residual feed intakel. Journal of
Animal Science, 87(suppl_14):64-71. doi:10.2527/jas.2008-1345.

Herd, R. M., V. H. Oddy, and E. C. Richardson. 2004. Biological basis for variation in residual
feed intake in beef cattle. 1. Review of potential mechanisms. Aust. J. Exp. Agric.
44:423-430. doi:10.1071/ea02220.

Hill R. A., and R. M. Herd. 2003. Variation in the endocrine system that might influence feed
efficiency. In ‘Feed efficiency in beef cattle. Proceedings of the feed efficiency
workshop’. (Eds JA Archer, RM Herd, PF Arthur) pp. 51-54.

Hristov, A. N., and J. K. Ropp. 2003. Effect of Dietary Carbohydrate Composition and

Availability on Utilization of Ruminal Ammonia Nitrogen for Milk Protein Synthesis in

77



Dairy Cows. Journal of Dairy Science, 86(7):2416-2427. doi:10.3168/jds.s0022-
0302(03)73836-3.

Hughes, M. R., C. D. Smith, F. W. Tecklenburg, D. M. Habib, T. C. Hulsey, and M. Ebeling.
2001. Effects of a weaning protocol on ventilated pediatric intensive care unit (PICU)
patients. Topics in Health Information Management, 22(2):35-43.

Hughes, H. 2013. Beef cow production will continue to shift out of the corn belt. BEEF
Magazine.

Hughes T. E., J. A. Archer, and W. S. Pitchford. 1997. Response to selection for high and low
net feed intake in mice. Proceedings of the Association for the Advancement of Animal
Breeding and Genetics 12:230-233.

Huntington, G. B. 1997. Starch utilization by ruminants: from basics to the bunk. Journal of
Animal Science, 75(3):852. d0i:10.2527/1997.753852x.

Huntington, G. B., and S. L. Archibeque. 2000. Practical aspects of urea and ammonia
metabolism in ruminants. Journal of Animal Science, 77(E-Suppl), 1.
doi:10.2527/jas2000.77e-supplly.

Ingvartsen, K. L., and J. B. Andersen. 2000. Integration of Metabolism and Intake Regulation: A
Review Focusing on Periparturient Animals. Journal of Dairy Science, 83(7):573-1597.
d0i:10.3168/jds.s0022-0302(00)75029-6.

lowa Beef Center. 2010. Phenotypic feed efficiency: Understanding data outputs. lowa Beef
enter. http://www.iowabeefcenter.org/Docs_cows/IBC41.pdf.

Jenkins, T. G., and C. L. Ferrell. 1994. Productivity through weaning of nine breeds of cattle
under varying feed availabilities: I. Initial evaluation. Journal of Animal Science,

72(11):2787-2797. d0i:10.2527/1994.72112787x.

78


http://www.iowabeefcenter.org/Docs_cows/IBC41.pdf

Johnson, D. E. 1984. Maintenance requirements for beef cattle: Importance and physiological
causes of variation. Beef cow efficiency forum. p.6. Michigan State Univ., East Lansing,
M, and Colorado State Univ., Fort Collins, CO.

Johnston D.J., R. M. Herd, M. J. Kadel, H. U. Graser, P. F. Arthur, J. A. Archer. 2002. Evidence
of IGF-1 as a genetic predictor of feed efficiency traits in beef cattle. In ‘Proceedings 7th
world congress on genetics applied to livestock production’. CD-ROM Communication
No. 10-16. Institut National de la Recherche Agronomique, Montpellier.

Jones, D. P., Y. Park, andT. R. Ziegler. 2012. Nutritional Metabolomics: Progress in Addressing
Complexity in Diet and Health. Annual Review of Nutrition, 32(1):183-202.
doi:10.1146/annurev-nutr-072610-145159.

Kahn L. P., R. A. Leng, and L. R. Piper. 2000. Rumen microbial yield from sheep genetically
different for fleece weight. Asian—Australasian Journal of Animal Sciences 13C, 137.

Karisa, B. K., J. Thomson, Z. Wang, C. Li, Y. R. Montanholi, S.P. Miller, and G. S. Plastow.
2014. Plasma metabolites associated with residual feed intake and other productivity
performance traits in beef cattle. Livestock Science, 165:200-211.
d0i:10.1016/j.livsci.2014.03.002.

A K. Kelly, A. K., M. McGee, D.H. Crews, C.O. Lynch, A.R. Wylie, R.D. Evans, and D.A.
Kenny. 2011. Relationship between body measurements, metabolic hormones,
metabolites and residual feed intake in performance tested pedigree beef bulls. Livestock
Science, 135(1):8-16. doi:10.1016/j.livsci.2010.05.018

Kelly, A. K., M. McGee, D. H. Crews, A. G. Fahey, A. R. Wylie, and D. A. Kenny. 2010. Effect

of divergence in residual feed intake on feeding behavior, blood metabolic variables, and

79



body composition traits in growing beef heifersl. Journal of Animal Science, 88(1):109-
123. doi:10.2527/jas.2009-2196.

Kenny, D. A., C. Fitzsimons, S. M. Waters, and M. McGee. 2018. Invited review: Improving
feed efficiency of beef cattle — the current state of the art and future challenges. Animal,
12(9):1815-1826. doi:10.1017/s1751731118000976.

Khampa, S., and M. Wanapat. 2006. Supplementation levels of concentrate containing high
levels of cassava chip on rumen ecology and microbial protein synthesis in cattle.
Pakistan J. Nutr. 5:501-506. doi:10.3923/pjn.2006.501.506.

Kiran, D., and T. Mutsvangwa. 2010. Effects of partial ruminal defaunation on urea-nitrogen
recycling, nitrogen metabolism, and microbial nitrogen supply in growing lambs fed low
or high dietary crude protein concentrations1. Journal of Animal Science, 88(3), 1034—
1047. doi:10.2527/jas.2009-2218.

Koch, R. M., L. A. Swiger, D. Chambers, andK. E. Gregory. 1963. Efficiency of feed use in beef
cattle. Journal of Animal Science, 22(2), 486-494. doi:10.2527/jas1963.222486xX.

Kolath, W. H., M. S. Kerley, J. W. Golden, and D. H. Keisler. 2006. The relationship between
mitochondrial function and residual feed intake in Angus steers. J. Anim. Sci. 84:861-
865. doi:/2006.844861x.

Kronfeld, D. S. 1971. Hypoglycemia in Ketotic Cows. J. Dairy Sci. 54:949-961.
doi:10.3168/jds.S0022-0302(71)85951-9. Available from:
http://dx.doi.org/10.3168/jds.S0022-0302(71)85951-9

Kihn, C., R. Weikard, and P. Widmann. 2014. Metabolomics: a pathway for improved
understanding of genetic modulation of mammalian growth and tissue deposition. In:

10th World Congress on Genetics Applied to Livestock Production. P 124-130.

80



Kulshreshtha, N.M., D. Shrivastava, and P. S. Bisen. 2017. Contaminant sensors:
nanotechnology-based contaminant sensors. Nanobiosensors, 573-628.
d0i:10.1016/b978-0-12-804301-1.00014-x

Lapierre, H., and G. E. Lobley. 2001. Nitrogen Recycling in the Ruminant: A Review. Journal of
Dairy Science, 84:223-236. doi:10.3168/jds.s0022-0302(01)70222-6.

Lee, B. 1993. Nutrition and management of feedlot cattle. In: D. Farell, editor. Recent advances
in animal nutrition in Australia. University of New England, AUS. p. 61-69.

Leng RA. 1970. Glucose synthesis in ruminants. Adv Vet Sci Comp Med.; 14:209-60.

Lesmeister, J., P. Burfening, and R. Blackwell. 1973. Date of first calving in beef cows and
subsequent calf production. J. Anim. Sci. 36:1-6. d0i:10.2134/jas1973.3611.

Lopez, S., C. Valdés, C. J. Newbold, and R. J. Wallace. 1999. Influence of sodium fumarate
addition on rumen fermentation in vitro. Br. J. Nutr. 81:59-64.
d0i:10.1017/s000711459900015x.

Luiting, P., J. W. Schrama, W. van der Hel, andE. M. Urff. 1991. Metabolic differences between
white leghorns selected for high and low residual food consumption. British Poultry
Science, 32(4):763-782. doi:10.1080/00071669108417402.

Luiting, P., andE. M. Urff. 1991. Residual feed consumption in laying hens. Poultry Science,
70(8):1663-1672. d0i:10.3382/ps.0701663.

Luiting, P., E. M. Urff, andM. W. A. 1994. Between-animal variation in biological efficiency as
related to residual feed consumption. Netherlands Journal of Agricultural Science, 42(1),

59-67. doi: 10.18174/njas.v42i1.615.

81



Luthfi, N., C. M. S. Lestari, and A. Purnomoadi. 2014. Ruminal fermentations and blood glucose
at low- and high-level intake of growing and mature kacang goat. Journal of the
Indonesian Tropical Animal Agriculture, 39(3). doi:10.14710/jitaa.39.3.152-158.

Mader, C. J., Y. R. Montanholi, Y. J. Wang, S. P. Miller, I. B. Mandell, B. W. McBride, and
Swanson, K. C. 2009. Relationships among measures of growth performance and
efficiency with carcass traits, visceral organ mass, and pancreatic digestive enzymes in
feedlot cattlel,2. Journal of Animal Science, 87(4):1548-1557. doi:10.2527/jas.2008-
0914.

Mahdavi V., M. M. Farimani, F. Fathi, A. Ghassempour. 2015. A targeted metabolomics
approach toward understanding metabolic variations in rice under pesticide stress. Anal
Biochem; 478:65-72. doi:10.1016/j.ab.2015.02.021. PMID: 25766578.

Mao S., R. Zhang, D. Wang, W. Zhu. 2012. The diversity of the fecal bacterial community and
its relationship with the concentration of volatile fatty acids in the feces during subacute
rumen acidosis in dairy cows. BMC Vet Res.; 8. d0i:10.1186/1746-6148-8-237 PMID:
23217205.

McCarthy 1.D., D. F. Houlihan, and C. G. Carter. 1994. Individual variation in protein turnover
and growth efficiency in rainbow trout, Oncorhynchus my kiss (Walbaum). Proceedings
of the Royal Society of London. Series B. Biological Sciences 257:141—
147.doi:10.1098/rspb.1994.0107.

McDonald, P., R. A. Edwards, and J. F. D. Greenhalgh. 1988. Animal Nutrition. 4th Edn. Ch. 9.
Longman Scientific & Technical: Essex, UK.

McFadden, J. W., and W. A. Myers. 2020. Trimethylamine N-oxide in Humans and Dairy Cows:

Should We Be Concerned? https://ecommons.cornell.edu/handle/1813/72898

82


https://ecommons.cornell.edu/handle/1813/72898

Meale, S. J., D. P. Morgavi, I. Cassar-Malek, D. Andueza, I. Ortigues-Marty, R. J. Robins, A. M.
Schiphorst, S. Laverroux, B. Graulet, H. Boudra, and G. Cantalapiedra-Hijar. 2017.
Exploration of Biological Markers of Feed Efficiency in Young Bulls. J. Agric. Food
Chem. 65:9817-9827. doi:10.1021/acs.jafc.7b03503.

Miller, A. J., D. B. Faulkner, R. K. Knipe, D. R. Strohbehn, D. F. Parrett, and L. L. Berger. 2001.
Critical Control Points for Profitability in the Cow-Calf Enterprise. The Professional
Animal Scientist, 17(4):295-302. doi:10.15232/s1080-7446(15)31643-0.

Montafio-Bermudez, M., and M. K. Nielsen. 1990. Reproductive performance and variation in
body weight during annual cycles for crossbred beef cows with different genetic potential
for milk. Journal of Animal Science, 68(8):2289. d0i:10.2527/1990.6882289x.

Montanholi, Y. J. Wang, S. P. Miller, I. B. Mandell, B. W. McBride, and K. C. Swanson. 2009.
Relationships among measures of growth performance and efficiency with carcass traits,
visceral organ mass, and pancreatic digestive enzymes in feedlot cattle. J. Anim. Sci.
87:1548-1557. doi:10.2527/jas.2008-0914.

Montanholi, Y. R. 2007. Genetic improvement in beef cattle for feed efficiency: increasing our
understanding of the biological Basis. Proceedings... Beef Improvement Federation, 39.

Montanholi, Y., A. Fontoura, K. Swanson, B. Coomber, S. Yamashiro, and S. Miller. 2013.
Small intestine histomorphometry of beef cattle with divergent feed efficiency. Acta
Veterinaria Scandinavica, 55(1). doi:10.1186/1751-0147-55-9.

Monteiro, M. S., M. Carvalho, M. L. Bastos, and P. Guedes de Pinho. 2012. Metabolomics
Analysis for Biomarker Discovery: Advances and Challenges. Current Medicinal

Chemistry, 20(2):257-271. doi:10.2174/0929867311320020006.

83



Mottet, A., C. de Haan, A. Falcucci, G. Tempio, C. Opio, and P. Gerber. 2017. Livestock: On
our plates or eating at our table? A new analysis of the feed/food debate. Global Food
Security, 14:1-8. doi:10.1016/j.gfs.2017.01.001.

Miller, M. J., A. Bosy-Westphal, W. Later, V. Haas, andM. Heller. 2009. Functional body
composition: insights into the regulation of energy metabolism and some clinical
applications. European Journal of Clinical Nutrition, 63(9):1045-1056.
doi:10.1038/ejcn.2009.55.

Nafikov, R. A., and D. C. Beitz. 2007. Carbohydrate and lipid metabolism in farm animals. J.
Nutr. 137:702-705. doi:10.1093/jn/137.3.702.

National Academies of Sciences, Engineering, and Medicine. 2016. Nutrient Requirements of
Beef Cattle: Eighth Revised Edition. Washington, DC: The National Academies Press.
https://doi.org/10.17226/19014.

Nkrumah, J. D., J. A. Basarab, M. A. Price, E. K. Okine, A. Ammoura, S. Guercio, and S. S.
Moore. 2004. Different measures of energetic efficiency and their phenotypic
relationships with growth, feed intake, and ultrasound and carcass merit in hybrid cattlel.
Journal of Animal Science, 82(8):2451-2459. doi:10.2527/2004.8282451x.

Nkrumah, J. D., E. K. Okine, G. W. Mathison, K. Schmid, C. Li, J. A. Basarab, M. A. Price, Z.
Wang, and S. S. Moore. 2006. Relationships of feedlot feed efficiency, performance, and
feeding behavior with metabolic rate, methane production, and energy partitioning in
beef cattle. J. Anim. Sci. 84:145-153. doi:/2006.841145x.

North, S., B. Bowman, and American Angus Association. 2010. By the Numbers. Nature, 465:6.

Oddy, V. H. 1999. Genetic variation in protein metabolism and implications for variation in

efficiency of growth. Recent Advances in Animal Nutrition in Australia, 12:23-29.

84


https://doi.org/10.17226/19014

Oddy, V. 1993. Regulation of muscle protein metabolism in sheep and lambs: nutritional,
endocrine and genetic aspects. Australian Journal of Agricultural Research, 44(5):901.
doi:10.1071/ar9930901

O’Donovan M., E. Lewis, and P. O’Kiely. 2011. Requirements of future grass-based ruminant
production systems in Ireland. Irish Journal of Agricultural and Food Research 50:1-21.

O’Neill, H. A., E. C. Webb, L. Frylinck, and P. E. Strydom. 2018. Effects of short and extended
fasting periods and cattle breed on glycogenolysis, sarcomere shortening and Warner-
Bratzler shear force. South African Journal of Animal Science, 48(1):71.
doi:10.4314/sajas.v48i1.9

O’Riordan E., P. Crosson, and M. McGee. 2011. Finishing male cattle from the beef suckler
herd. Irish Grassland Association Journal 45:131-146.

Owens, F. N., S. Qi, and D. A. Sapienza. 2014. Invited Review: Applied protein nutrition of
ruminants—Current status and future directions1. The Professional Animal Scientist,
30(2):150-179. d0i:10.15232/s1080-7446(15)30102-9.

Portela Fontoura, A. B. 2017. Biological Evaluation of the Associations Between Animal Size,
Feeding Behavior, Blood Metabolites and Feed Efficiency in Beef Cattle.

Putnam, P. A., R. Lehmann, and R. E. Davis. 1964. Rate of feed consumption and body weight
of beef cattle. Journal of Animal Science, 23(2), 425-429. doi:10.2527/jas1964.232425x

Regert, M. 2010. Analytical strategies for discriminating archeological fatty substances from
animal origin. Mass Spectrometry Reviews, 30(2):177-220. doi:10.1002/mas.20271.

Reid, J. T. 1953. Urea as a protein replacement for ruminants: A Review. Journal of Dairy

Science, 36(9):955-996. doi:10.3168/jds.s0022-0302(53)91586-0.

85



Retallick, K. J., J. M. Bormann, R. L. Weaber, M. D. MacNeil, H. L. Bradford, H. C. Freetly, K.
E. Hales, D. W. Moser, W. M. Snelling, R. M. Thallman, et al. 2017. Genetic variance
and covariance and breed differences for feed intake and average daily gain to improve
feed efficiency in growing cattle. J. Anim. Sci. 95:1444-1450.
d0i:10.2527/jas.2016.1260.

Retallick, K. M. 2012. Evaluation of feedlot feed efficiency relationships as well as genetic and
phenotypic performance, carcass, and economic outcomes. University of Illinois at
Urbana-Champaign.

Richardson, E. C., and R. M. Herd. 2004. Biological basis for variation in residual feed intake in
beef cattle. 2. Synthesis of results following divergent selection. Australian Journal of
Experimental Agriculture, 44(5):431. doi:10.1071/ea02221.

Richardson, E. C., R. M. Herd, P. F. Arthur, J. Wright, G. Xu, K. Dibley, and V. H. Oddy. 1996.
Possible physiological indicators for net feed conversion efficiency in beef cattle. In
Proceedings-Australian Society of Animal Production (Vol. 21, pp. 103-106). Australian
Society of Animal Production.

Richardson, F.D. and L. Kegel.1980. The use of biochemical parameters to monitor the
nutritional status of ruminants. 1.The relations between concentration of urea nitrogen in
the plasma of growing cattle and crude protein content of the diet. Zimbabwe J. Agric.
Res. 18:53-64.

Richardson, E. C., R. M. Herd, V. H. Oddy, J. M. Thompson, J. A. Archer, and P. F. Arthur.
2001. Body composition and implications for heat production of Angus steer progeny of
parents selected for and against residual feed intake. Australian Journal of Experimental

Agriculture, 41(7):1065. doi:10.1071/ea00095.

86



Sarraseca, A., E. Milne, M. J. Metcalf, and G. E. Lobley. 1998. Urea recycling in sheep: effects
of intake. British Journal of Nutrition, 79(1):79-88. d0i:10.1079/bjn19980011.

Schenkel, F. S., S. P. Miller, and J. W. Wilton. 2004. Genetic parameters and breed differences
for feed efficiency, growth, and body composition traits of young beef bulls. Can. J.
Anim. Sci. 84:177-185. doi:10.4141/A03-085.

Schiphorst, S. Laverroux, B. Graulet, H. Boudra, and G. Cantalapiedra-Hijar. 2017. Exploration
of Biological Markers of Feed Efficiency in Young Bulls. J. Agric. Food Chem.
65:9817-9827. doi:10.1021/acs.jafc.7b03503.

Schobitz, J., M. Ruiz-Albarran, O. Balocchi, F. Wittwer, M. Noro, andR. Pulido. 2013. Effect of
increasing pasture allowance and concentrate supplementation on animal performance
and microbial protein synthesis in dairy cows. Archivos de Medicina Veterinaria,
45(3):247-258. doi:10.4067/s0301-732x2013000300004.

Schulz, L. 2015. Historic cattle prices. Ag Decision Maker; lowa State University Extension and
Outreach.

Schwartzkopf-Genswein, K. S., L. Faucitano, S. Dadgar, P. Shand, L. A. Gonzalez, and T. G.
Crowe. 2012. Road transport of cattle, swine and poultry in North America and its impact
on animal welfare, carcass and meat quality: A review. Meat Science, 92(3):227-243.
doi:10.1016/j.meatsci.2012.04.010.

Shwartz, G., M. L. Rhoads, M. J. VanBaale, R. P. Rhoads, and L. H. Baumgard. 2009. Effects of
a supplemental yeast culture on heat-stressed lactating Holstein cows. Journal of Dairy
Science, 92(3):935-942. doi:10.3168/jds.2008-1496.

Shike, D. W. 2013. Beef Cattle Feed Efficiency, University of Illinois at Urbana-Champaign. In

Driftless Region Beef Conference.

87



Simo, C., C. Ibanez, A. Valdes, A. Cifuentes, V. Garcia-Canas. 2014. E4Metabolomics of
genetically modified crops. Int J Mol Sci.; 15:18941-18966.
doi.org/10.3390/ijms151018941. PMID: 25334064

Smith, S. B., and J. D. Crouse. 1984. Relative Contributions of Acetate, Lactate and Glucose to
Lipogenesis in Bovine Intramuscular and Subcutaneous Adipose Tissue. The Journal of
Nutrition, 114(4):792-800. doi:10.1093/jn/114.4.792.

Snelling, W. M., M. F. Allan, J. W. Keele, L. A. Kuehn, R. M. Thallman, G. L. Bennett, C. L.
Ferrell, T. G. Jenkins, H. C. Freetly, M. K. Nielsen, and K. M. Rolfe. 2011. Partial-
genome evaluation of postweaning feed intake and efficiency of crossbred beef cattle. J.
Anim. Sci. 89:1731-1741. doi:10.2527/jas.2010-3526.

Song, M. K., &S. H. Choi. 2001. Growth Promoters and Their Effects on Beef Production -
Review -. Asian-Australasian Journal of Animal Sciences, 14(1):123-135.
doi:10.5713/ajas.2001.123.

Spanghero, M., F. Mason, C. Zanfi, and A. Nikulina. 2017. Effect of diets differing in protein
concentration (low vs medium) and nitrogen source (urea vs soybean meal) on in vitro
rumen fermentation and on performance of finishing Italian Simmental bulls. Livestock
Science, 196:14-21. doi:10.1016/j.livsci.2016.12.004.

Summer, L.W., Z. Lei, B. J. Nikolau, and K. Saito. 2015. Modern plant metabolomics: advanced
natural product gene discoveries, improved technologies, and future prospects. Nat Prod
Rep. 32:212-229. doi.org/10.1039/c4np00072b. PMID: 25342293

Sun, H.Z., D. M. Wang, B. Wang, J. K. Wang, H. Y. Liu, L. L. Guan, and J. X. Liu. 2015.

Metabolomics of Four Biofluids from Dairy Cows: Potential Biomarkers for Milk

88



Production and Quality. Journal of Proteome Research, 14(2):1287-1298.
doi:10.1021/pr501305g.

Swanson, K., and S. Miller. 2008. Feed efficiency and nutrient utilization in cattle. In: J. France
and E. Kebreab, editors. Mathematical modelling in animal nutrition. CAB International,
Oxfordshire, UK. p. 419-441.d0i:10.1079/9781845933548.0419.

Sweeny, J. P. A., V. Surridge, P. S. Humphry, H. Pugh, and K. Mamo. 2014. Retracted: Benefits
of different urea supplementation methods on the production performances of Merino
sheep. The Veterinary Journal, 200(3):398-403. doi:10.1016/j.tvjl.2014.04.003.

Tasha, K., and B. Joslyn. 2019. Acetate Tolerance Test, Technical Note, Nebraska Extension,
West Central Research and Extension Center. University of Nebraska, Lincoln.
https://extension.unl.edu/statewide/westcentral/technical-note/.

Tatham, B. G., J. J. Davis, and G. R. Ferrier. 2000. Commercial application of net feed intake
assessment, biochemical relationships and economic implications of using tested Angus
bulls. Asian Australian Journal of Animal Science 13 Supplement A, 327-330.

Tomas, F. M., R. A. Pym, and R. J. Johnson. 1991. Muscle protein turnover in chickens selected
for increased growth rate, food consumption or efficiency of food utilisation: Effects of
genotype and relationship to plasma IGF-I and growth hormone. British Poultry Science,
32(2):363-376. d0i:10.1080/00071669108417361.

Tshuma, T., G. T. Fosgate, R. Hamman, and D. E. Holm. 2019. Effect of different levels of
dietary nitrogen supplementation on the relative blood urea nitrogen concentration of
beef cows. Trop. Anim. Health Prod. 51:1883-1891. doi:10.1007/s11250-019-01883-5.

Vasco, P., L. Garcia, and J. Brinks. 1992. Effects of growth curve parameters on cow efficiency.

J. Anim. Sci. 70:2668-2672. doi:/1992.7092668Xx.

89



Vernon, R. G. 1981. Lipid Metabolism in the adipose tissue of ruminant animals. Lipid
Metabolism in Ruminant Animals, 279-362. doi:10.1016/b978-0-08-023789-3.50011-8

Wathes, D. C., Z. Cheng, N. Bourne, V. J. Taylor, M. P. Coffey, and S. Brotherstone. 2007.
Differences between primiparous and multiparous dairy cows in the inter-relationships
between metabolic traits, milk yield and body condition score in the periparturient period.
Dom. Anim. Endocrinol. 33:203-225. doi:10.1016/j.

Weeks, T. E. C., and A. J. F. Webster. 1975. Metabolism of propionate in the tissues of the sheep
gut. British Journal of Nutrition, 33(3):425-438.

Weekes, T. E. C. 1979. Carbohydrate metabolism. In: D. C. Church, editor. Digestive
Physiology and Nutrition in Ruminants. O&B Books, Corvallis, OR. 187-209.

Weikard, R., E., Altmaier, K. Suhre, K. M. Weinberger, H. M. Hammon, E. Albrecht, and C.
Kihn. 2010. Metabolomic profiles indicate distinct physiological pathways affected by
two loci with major divergent effect on Bos taurus growth and lipid deposition.
Physiological Genomics, 42A (2):79-88. doi:10.1152/physiolgenomics.00120.2010.

Weljie, A. M., J. Newton, P. Mercier, E. Carlson, and C. M. Slupsky. 2006. Targeted Profiling:
Quantitative Analysis of 1H NMR Metabolomics Data. Analytical Chemistry,
78(13):4430-4442. doi:10.1021/ac060209g.

Williams, C. B. 2010. Application of biological simulation models in estimating feed efficiency
of finishing steers1. Journal of Animal Science, 88(7), 2523-2529. doi:10.2527/jas.2009-
2655.

Winterbach, H. E., P. J. Apps, W. Giesecke, and I. M. Petzer. 1993. Cyclic fluctuations in
acetone concentrations in the blood and milk of clinically healthy dairy cows.

Onderstepoort J. Vet. Res. 60:247-255.

90



Wishart, D. S. 2008. Quantitative metabolomics using NMR. TrAC Trends in Analytical
Chemistry, 27(3):228-237. doi:10.1016/j.trac.2007.12.001.

Wood, K. M., Y. R. Montanholi, C. F. Fitzsimmons, S. P. Miller, B. W. Mcbride, and K. C.
Swanson. 2014. Characterization and evaluation of residual feed intake measured in mid-
to late-gestation mature beef cows and relationships with circulating serum metabolites
and linear body measurements. doi:10.4141/CJAS2013-165.

Yambayamba, E. S., M. A. Price, and G. R. Foxcroft. (1996). Hormonal status, metabolic
changes, and resting metabolic rate in beef heifers undergoing compensatory growth.
Journal of Animal Science, 74(1):57. doi:10.2527/1996.74157x.

Young, J. W. 1977. Gluconeogenesis in Cattle: Significance and Methodology. Journal of Dairy
Science, 60(1):1-15. doi:10.3168/jds.s0022-0302(77)83821-6.

Young, J. W., D. R. Trott, P. J. Berger, S. P. Schmidt, and J. A. Smith. (1974). Gluconeogenesis
in Ruminants: Glucose Kinetic Parameters in Calves under Standardized Conditions. The
Journal of Nutrition, 104(8):1049-1055. doi:10.1093/jn/104.8.1049.

Yusuf, M., K. C. Swanson, L. L. Hulsman Hanna, and M. L. Bauer. 2020. “The Relationship
Between Weather Variables and Dry Matter Intake in Beef Steers.” Journal of Animal
Science 9: 280-281. doi:10.1093/jas/skaa278.506.

Zetouni, L., M. Henryon., M. Kargo, and J. Lassen. 2017. Direct multi-trait selection realizes the
highest genetic response for ratio traits. Journal of Animal Science, 95(5):1921.
doi:10.2527/jas2016.1324

Zhang A., H. Sun, P. Wang, Y. Han, and X. Wang. 2012. Modern analytical techniques in
metabolomics analysis. Analyst.; 137:293-300. doi:10.1039/c1an15605e PMID:

22102985.

91



Zhao F.Q., W. M. Moseley, H. A. Tucker, J. J. Kennelly. 1996. Regulation of glucose transporter
gene expression in mammary gland, muscle, and fat of lactating cows by administration
of bovine growth hormone and bovine growth hormone-releasing factor. J Anim Sci.;
74:183-189. d0i:10.2527/1996. 741183x PMID: 8778099.

Zeisel, S. H., and M. Warrier. 2017. Trimethylamine N-Oxide, the Microbiome, and Heart and
Kidney Disease. Annual Review of Nutrition, 37(1):157-181. doi:10.1146/annurev-nutr-

071816-064732

92


doi:10.2527/1996

