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ABSTRACT

Five experiments were conducted to investigate the digestibility and energetic
utilization of lipids by pigs. In Exp. 1, the effect of the form of dietary fat (liquid or
intact form) and the concentration of dietary NDF on ileal and total tract endogenous
losses of fat (ELF), on apparent ileal (AID) and apparent total tract digestibility
(ATTD) of fat, and on true ileal (TID) and true total tract digestibility (TTTD) of fat
by growing pigs were determined. Results showed that increasing dietary liquid fat or
intact fat increased (linear and quadratic, P < 0.05) the AID and ATTD of fat.
Apparent digestibility of liquid fat (81.9%) was greater (P < 0.001) than of intact fat
(63.2%). The estimates of ELF were lower (P < 0.05) for liquid fat than for intact fat
at the end of the ileum and over the entire intestinal tract. The TID (93.8%) and TTTD
(94.2%) of liquid fat were greater (P < 0.05) than the TID (78.6%) and TTTD (84.1%)
of intact fat. Increasing dietary NDF had a quadratic effect (P < 0.05) on the ATTD of
fat, but did not influence the AID, TID, and TTTD of fat. It is concluded that liquid fat
induces a lower ELF and has a greater apparent and true digestibility than intact fat at
the end of the ileum and over the entire intestinal tract. Purified NDF has little
influence on apparent and true digestibility of fat.

In Exp. 2, the operational NE requirement for maintenance (ONE,,) for
growing and finishing pigs was measured. The effect of the stage of growth and
experiment locations on ONE,, was determined. The experiment was conducted at the
University of Illinois (UIUC), the University of Missouri (MO), and the Prairie Swine
Centre (PSC). The efficiency (NE:DE) of energy utilization was greater (P < 0.01) for
finishing pigs (0.72, 0.54, and 0.78 at UIUC, MO, and PSC) than for growing pigs

(0.56, 0.41, and 0.46 at UTUC, MO, and PSC). The ONE,, was also greater (P < 0.01)
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for finishing pigs (219, 123, and 270 kcal/kg BW"®-d" at UTUC, MO, and PSC) than
for growing pigs (128, 115, and 78 kcal/kg BW"®-d™! at UTUC, MO, and PSC). The
NE:DE and ONE,, were different (P < 0.05) among locations. The interaction
between the stage of growth and location for ONE,, was significant (P < 0.01). In
conclusion, the NE:DE and ONE,,, for finishing pigs are greater than for growing pigs.
Experiment location influences the NE:DE and ONE,,. The experiment location
interacts with stage of growth on ONE,,, which suggests that different values for
ONE,, should be used for calculating the NE of diets and ingredients measured in
different stage of growth and experiment locations.

In Exp. 3, the effect of sources or levels of dietary lipids on the NE of diets
and lipids fed to growing and finishing pigs was measured. The NE of diets increased
(linear, P < 0.01) with increasing level of SBO (2,032, 2,186, and 2,292 kcal/kg for
diets containing 0, 5, or 10% SBO). The NE of the diet containing 10% CWG (2,431
kcal/kg) was greater (P < 0.05) than the NE of the diet containing 10% SBO. The
average NE of diets was greater (P < 0.01) for finishing pigs (2,509 kcal/kg) than for
growing pigs (1,961 kcal’kg). The NE of SBO included at 5% (5,102 kcal/kg) was not
different from the NE of SBO included at 10% (4,619 kcal/kg), but the NE of CWG
(6,017 kcal/kg) was greater (P < 0.05) than the NE of SBO. The stage of growth had
no impact on the NE of lipids. In conclusion, the NE of diets increases with lipid level.
The NE of lipids is not affected by the level of dietary lipids, but the NE of CWG is
greater than the NE of SBO.

In Exp. 4, the effect of dietary lipids on the NE of corn in growing and
finishing pigs was measured. For growing and finishing pigs, the NE of diets

containing supplemental lipids was greater (P < 0.01) than the NE of diets containing
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no supplemental lipids. The NE of corn in the diet containing supplemental lipids
(2,053kcal/kg) was not different from the NE of corn in the diet containing no
supplemental lipids (2,197 kcal/kg). The NE of corn was greater (P < 0.05) for
finishing pigs (2,607 kcal/kg) than for growing pigs (1,643 kcal/kg). In conclusion,
the NE of corn is not affected by the presence of lipids in the diet, but the NE of corn
is greater for finishing pigs than for growing pigs.

In Exp. 5, the objective was to compare NE values for diets and ingredients
measured in North America (NEna) and values predicted from the French (NEmngra),
the Dutch (NEcyg), and the Danish (PPE) energy systems. Values for NExa of most
diets fed to growing pigs were lower (P < 0.05) than values predicted from NEnra
and NEcvg. However, values for NExa of most diets fed to finishing pigs were more
comparable with values predicted from NEnra and NEcyg. In general, values for
NEna were closer to PPE values than to NEnra and NEcyg values. The measured
NEna values for all ingredients fed to growing pigs were also lower (P < 0.05) than
values predicted from NEnra and NEcyg. For both growing and finishing pigs, the
measured NEna values for soybean oil (SBO) and choice white grease (CWG) were
lower (P < 0.01) than values predicted from NEnra and NEcyg. The values for NEya
of SBO and CWG were also lower than the PPE values of SBO and CWG. In
conclusion, values for NEngra and NEcyp of diets and ingredients fed to growing pigs
are greater than the values measured in North America but NEnra and NEcyp predict
values for finishing pigs that were closer to NEya values than the values for growing
pigs. All the European energy systems predict greater energy values of lipids than the
measured energy values of lipids in North America.

Keywords: Dietary lipids, digestibility, NE, pigs, European energy system.
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CHAPTER 1

INTRODUCTION

Lipids are important components in diets fed to swine because of their high
energy value and the primary role of lipids for swine diets is to increase the energy
density of the diets (Stahly, 1984; Azain, 2001). Therefore, an accurate determination
of the bioavailability of dietary lipids is important. The bioavailability of dietary
lipids for pigs is usually determined as the digestibility. The true digestibility of lipids
is an estimate of the amount of digestible lipids that originates from the diet because
the effect of endogenous losses of fat (ELF) on digestibility is excluded (Low, 1980).
Although lipids in swine diets may originate from either intact fat in feed ingredients
or supplemented liquid fat, the effect of the form of dietary lipids on ELF and on the
true digestibility has not been investigated. The ELF in pigs has most often been
measured over the entire intestinal tract and the calculation of the true digestibility of
lipids has been limited to the true total tract digestibility rather than true ileal
digestibility of lipids. Dietary fiber influences the digestibility of CP and AA
(Souffrant, 2001), but little is known about the effect of dietary fiber on the true
digestibility of lipids.

After absorption, lipids are stored directly as triacylglycerol in the body or
they are oxidized for ATP production (Birkett and de Lange, 2001). However, the
current DE and ME systems in North America do not account for the energetic
efficiencies of dietary lipids for ATP production or body lipids. Thus, these systems
may not accurately determine the energy value of dietary lipids. To accurately

determine the true energy value of dietary lipids and other nutrients, European



countries have adopted a NE system because the NE system accounts for the energetic
efficiency of digested nutrients in pigs (Noblet et al., 1994a).

The NE of a diet is estimated as the sum of the energy retained in the body
and the amount of energy required for basic body functions (Baldwin, 1995), the latter
is called the NE for maintenance (NEr,). The NEm has been estimated as fasting heat
production or via regression analysis (Birkett and de Lange, 2001), and the NEm
estimated by the regression analysis is called the operational NE requirement for
maintenance (ONER).

The reported estimates of ONE,, for pigs vary from 117 to 181 kcal/kg BW"®
(Noblet and Henry, 1991; Noblet et al., 1994a,b; de Lange et al., 2006). Currently, 179
kcal/kg BW® (Noblet et al., 1994a) is used for ONE,, in some of the European NE
systems. However, various factors including animals and environment may affect the
ONE,, (Baldwin and Bywater, 1984). Ideally ONE,, should be measured under the
same conditions as those used to measure the NE value of diets because of the direct
impact of ONE,, on NE values (Boisen and Verstegen, 1998). No experiments,
however, have been conducted to investigate the effect of the BW of pigs or the
environment on the ONE;;, of pigs in North America.

The NE of dietary lipids may be influenced not only by the digestibility, but
also by the final metabolic utilization (de Lange and Birkett, 2005). Both source and
inclusion rate of dietary lipids may affect the digestibility (Stahly, 1984) and the
metabolism of lipids in pigs (Allee et al., 1971, 1972). The stage of growth (growing
vs. finishing pigs) may also affect the metabolic utilization of dietary lipids because of

different potential for lipid retention (de Greef et al., 1994). However, the effects of



source and level of lipids and the stage of growth on the NE value of dietary lipids
have not been investigated.

The North American swine industry currently uses a significant amount of
dietary lipids to increase energy density of diets. In this situation, it is likely that most
of the starch in corn is utilized for ATP production rather than for lipogenesis
(Jakobsen and Thorbek, 1993). If no lipids are added to the diet, some of the starch
may be used for lipogenesis, which has a greater efficiency than when starch is used
for ATP synthesis (Black, 1995). The purpose for which starch is used can, therefore,
influence the NE of starch-containing ingredients such as corn. However, the impact
of dietary lipids on the NE value of corn has not been measured. Dietary lipids may
also have a different impact on the NE of corn in pigs at different stages of growth
because finishing pigs retain more body lipids than growing pigs (de Greef et al.,
1994).

The objectives of the work presented in this dissertation are to measure the
effect of the form of dietary lipids and of dietary NDF on ileal and total tract
endogenous losses and apparent and true digestibility of dietary lipids in diets fed to
growing pigs. The second objective is to determine the ONE,, for growing and
finishing pigs and to measure the impact of environment on the ONE,, for pigs. The
third objective is to determine the NE of soybean oil and choice white grease in diets
fed to growing and finishing pigs. The fourth objective is to investigate the effects of
dietary lipids on the NE value of corn in growing and finishing pigs. The final
objective is to compare NE values measured in North America and energy values

predicted from European energy systems.
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CHAPTER 2
DIGESTIBILITY AND ENERGETIC UTILIZATION OF LIPIDS BY PIGS:

LITERATURE REVIEW

Dietary Lipids
Lipids are organic compounds that are soluble in organic solvent but hardly
soluble in water (Bondi, 1987). Lipids are important dietary components for pigs
because of high energy values and because they supply fat-soluble vitamins, essential
fatty acids, and molecular signaling substances (Mayes, 2000a). Dietary lipids may
improve growth performance and feed efficiency and may modify the composition of
body lipids in pigs (Stahly, 1984). Fatty acids and triacylglycerol (TAG) are major
components in dietary lipids although phospholipids and cholesterol also are present
(Drackley, 2000; Bauer et al., 2005). Fatty acids are alphatic carboxylic acids
containing a number of carbons that are saturated or unsaturated (Mayes, 2000a). The
chain length, the degree of saturation, and geometric configuration of double bonds in
fatty acids determines the physicochemical properties of fatty acids (Enser, 1984),
which in turn affects the utilization of lipids for pigs (Azain, 2001).
Digestion and Absorption of Dietary Lipids
Digestion of dietary lipids differs from the digestion of other nutrients
because lipids are water insoluble (Low, 1980). Lipid digestion in the
gastrointestinal tract (GIT) requires both physical processes and enzymatic
hydrolysis. The physical processes include the emulsification that is necessary for
the enzymatic digestion of lipids in the hydrophilic condition of the GIT (Bauer et al.,

2005). Bile acids, which are synthesized in the liver after conjugation of cholesterol



derivatives with glycine or taurine, are the primary emulsifier because the
amphipatic property of bile acids can react with both hydrophobic groups and
hydrophilic groups in digesta passing through the GIT (Bauer et al., 2005). Gastric
lipase in the stomach start hydrolyzing dietary lipids and lipid molecules are then
further hydrolyzed with pancreatic enzymes containing colipase, pancreatic TAG
lipase, carboxyl ester lipase, and phospholipase in the small intestine (Drackley,
2000). The enzymatic hydrolysis of lipids converts less polar lipid molecules
including TAG and phospholipids to more polar molecules such as
monoacylglycerol, free fatty acids, free cholesterol, and lysophospholipids.

The products of lipid digestion combine with bile acids and form mixed
micelles or unilamellar vesicles before absorption into the enterocytes (Bauer et al.,
2005). The uptake of lipid digestion products in the enterocytes is accomplished by
passive diffusion or via fatty acid transporters (Drackley, 2000; Gurr et al., 2002) in
the mid-jejunum and in the ileum of pigs (Sambrook, 1979). Absorbed lipid products
are bound to fatty acid binding proteins and transported to the endoplasmic reticulum
where they are re-esterified and assembled with apolipoprotein (A-I, A-IV, and B-48)
to form chylomicrons (Gurr et al., 2002; Tso, 2006). The chylomicron is then
exported into the lacteals in the villi and taken up by the lymphatic system and
transported away from the GIT (Tso, 2006).

Lipid Metabolism

Absorbed lipids are either stored as TAG or utilized for ATP synthesis in the
body (Birkett and de Lange, 2001). In theory, the energetic efficiency of dietary
lipids for ATP production is 66%, while the efficiency is 90% if they are directly

incorporated into body lipids (Black, 1995). Therefore, the energetic efficiency of



lipids depends on their final utilization in the body (Black, 1995). The synthesis of
TAG requires fatty acids that originate from the hydrolysis of plasma lipoproteins or
non-esterified fatty acids or from de novo lipogenensis (Dunshea and D’Souza,
2003). For de novo lipogenesis in pigs, the adipose tissue is the primary active site
and glucose is the main substrate; however, de novo lipogenesis may also occur in
the liver where acetate, lactate, and propionate rather than glucose may be used as
substrates (O’Hea and Leveille, 1969).

The energy status and stress conditions of animals determine whether lipids
are being synthesized or catabolized in adipose tissue (Drackley, 2000; Dunshea and
D’Souza, 2003). When animals suffer from negative energy balance or stress, the
TAG in adipose tissue is hydrolyzed by hormone-sensitive lipase (Drackley, 2000).
Activation of hormone-sensitive lipase is stimulated by catecholamine or glucagon
and is inhibited by insulin (Arner, 2005). When fatty acids are released into the
blood, they are transported into peripheral tissues and utilized for ATP synthesis
through B-oxidation or re-esterified into TAG (Sul, 2006).

Factors Affecting Lipid Digestibility

The digestibility of lipids by pigs is affected by several factors including
physicochemical properties of lipids, other dietary components, and animals.

(1) Physicochemical properties of dietary lipids. The chain length of fatty
acids, the relative ratio of unsaturated fatty acids to saturated fatty acids, the degree of
unsaturation, the position of fatty acids on the glycerol molecule and the amount of
moisture, insoluble impurities, and unsaponifiable matter are factors that influence the
digestibility of lipids. The digestibility of fatty acids increases with increasing

unsaturation and decreasing chain length (Freeman et al., 1968; Stahly, 1984).



Saturated fatty acids such as palmitic acids and stearic acids are less digestible than
unsaturated fatty acids that contain at least 18 carbons (Wiseman et al., 1990; Powles
et al., 1995; Kabara and Wachter, 2000). The absorption of saturated fatty acids may
be increased by the addition of unsaturated fatty acids in diets because unsaturated
fatty acids may increase micelle formation from saturated fatty acids (Carlson and
Bayley, 1968; Freeman et al., 1968; Jorgensen et al. 1992). The effect of the ratio of
saturated fatty acids to unsaturated fatty acids on lipid digestibility may be more
pronounced for young pigs than for old pigs (Powles et al., 1995). Lipid digestibility
is often in the range from 85 to 92% when the ratio of unsaturated fatty acids to
saturated fatty acids is more than 1.5, while lipid digestibility decreases when the ratio
is less than 1.3 (Stahly, 1984).

(2) Dietary factors. Dietary fiber depresses lipid digestibility due to an
increase in passage rate of digesta and insolublization of dietary lipids in the GIT
(Stahly, 1984; Bach Knudsen and Hansen, 1991; Smits and Annison, 1996). A 1%
increase in the concentration of dietary fiber depresses the apparent digestibility of
lipids by approximately 1.5% (Just et al., 1980). Dietary minerals may also have an
adverse effect on lipid digestibility (Stahly, 1984). Increasing levels of dietary
minerals decrease the digestibility of fatty acids over the entire intestinal tract, but not
before the end of the ileum because of soap formation between fatty acids and
minerals in the hindgut of pigs (Jergensen et al. 1992). Increasing dietary protein may
also decrease apparent digestibility of lipids (Adams and Jensen, 1985) because the
binding of free fatty acids to AA may reduce their availability to absorption (Sklan et

al., 1975). In contrast, Jargensen et al. (1992) reported that higher levels of dietary CP



increase the apparent ileal digestibility of fatty acids because undigested protein might
stabilize micelle formation.

(3) Animal factors. Animals inevitably produce a certain amount of
endogenous fat (ELF) in the GIT (Low, 1980). The ELF originates from bile acids,
desquamated cells, exudates from the mucosa, and microorganism (Eyssen, 1973;
Clement, 1975; Sambrook, 1979). The amount of ELF may be influenced by dietary
lipid intake, lipid source, and dietary fiber concentration (Freeman et al., 1968; Juste
et al., 1983; Bach Knudsen and Hansen, 1991; Lopez Bote et al., 2001). Apparent
digestibility of lipids increases with the concentration of dietary lipid because the ELF
exhibits a relatively greater effect on the apparent digestibility of lipids at low levels
of dietary lipids than at high levels (Just et al., 1980; Jorgensen et al., 1993).
Therefore, Low (1980) suggested that ELF should be considered when lipid
digestibility is measured. Lipid digestibility should be measured at the end of ileum
rather than over the entire GIT due to a complication of biohydrogenation and of
additional contributions of ELF from the hindgut of pigs (Duran-Montgé et al., 2007).
Factors Affecting the Metabolism of Dietary Lipids

Most dietary lipids may be directly incorporated into body lipids in normally-

fed growing pigs (Chwalibog et al., 1992; Chwalibog and Thorbek, 1995) and the
amount and composition of body lipids is closely related to the levels and
characteristics of dietary lipids (Azain, 2001). Approximately 73% of body lipids in
pigs that were raised from 20 to 80 kg BW originate from de novo lipogenesis
(Madsen et al., 1992). Increasing intake of dietary lipids may decrease de novo
lipogenesis by inhibiting the activity of lipogenic enzymes (Allee et al., 1971, 1972;

Steffen et al., 1978; Doreau and Chilliard, 1997). Depressive effects of dietary lipids
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on de novo lipogenensis may also be associated with the chain length of fatty acids
(Smith et al., 1996) and saturation of fatty acids (Kouba and Mourot, 1998, 1999).
Therefore, it is likely that the levels and sources of dietary lipids (Allee et al., 1971,
1972; Morgan, 1992; Averette Gatlin et al., 2002) and the potential retention of body
lipids, which is affected by gender, genotype, and stage of growth (Wood, 1984;
Niirnberg et al., 1998; Averette Gatlin et al., 2003), determine the final metabolism
of lipids in the body. Metabolic modifiers including porcine somatotropin, f-agonists,
sex hormones, and dietary additives such as conjugated linoleic acid may reduce
lipid retention in pigs by decreasing de novo lipogenesis and possibly increasing
lipolysis (Dunshea et al., 2005).
Energy Metabolism
Energy is obtained from the oxidation of organic compounds in diets
(Whittemore, 2006). While nutrients act as building blocks in the body, energy is
utilized for maintenance and production (Rijnen et al., 2004). In animal nutrition,
therefore, energy represents an overall quality associated with dietary nutrients
(Moehn et al., 2005). The potential energy in diets can be stored in chemical
components in the body or can be utilized for biological functions in the form of ATP
(Emmans, 1999). Energy metabolism is divided into 2 categories. Catabolism
produces energy by oxidation of fuel molecules in the exergonic reaction, while
anabolism synthesizes body components in the endergonic reaction (Mayes, 2000b).
All processes in these 2 reactions must be a coupled exergonic-endergonic system and
the overall net change in energy must be exergonic (Mayes, 2000b). It is estimated
that the oxidation of long chain fatty acids generates 112 to146 moles of ATP

compared with 38 moles of ATP generated by the oxidation of glucose and 6 to 42
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moles of ATP generated by the oxidation of amino acids (Blaxter, 1989; adapted from
Oresanya, 2005). However, the energy from nutrient oxidation is only partially
captured in the form of ATP and some of the energy is lost as heat. The energy in ATP
is not fully utilized and is also dissipated as heat when ATP is used for biological
functions.
Energy Utilization of Pigs

Dietary energy is utilized for maintenance or stored as protein or lipids in pigs
(van Milgen and Noblet, 2003). It is assumed that energy in pigs is first prioritized for
maintenance (Lizardo et al., 2002) and the energy requirement for maintenance
accounts for approximately one third of total dietary energy utilization in growing
pigs (Black and de Lange, 1995; NRC, 1998). Energy intake in excess of energy
requirement for maintenance is stored as protein or lipids (Lizardo et al., 2002) and
the retention of protein and lipids accounts for approximately two thirds of dietary
energy utilization in pigs (NRC, 1998).
Energy Requirement for Maintenance

Energy utilization for maintenance is associated not only with basic body
functions such as blood flow, respiration, muscle tone, ion balance, immune system,
and tissue turnover, but also with physical activity, ingestion and digestion of feed,
and the control of homeostasis in the body (Baldwin, 1995; Black and de Lange,
1995). The energy requirement for maintenance is expressed as the ME requirement
for maintenance (MEn) or the NE requirement for maintenance (NEp,).

The ME,, or NE,; is typically expressed proportionally to metabolic BW as an
exponential function (aBW®, NRC, 1998). This expression was adapted based on the

proportionality between fasting heat production (FHP) and metabolic BW (Kleiber,
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1975; Chwalibog, 1991). In theory, an appropriate exponent maintains the
proportionality between BW and the maintenance requirement (Chwalibog, 1991).
The metabolic BW of animals has been expressed as BW?’7 because there is a linear
relationship between FHP and BW’" in mature and postabsorptive animals from
different species (Kleiber, 1975). The exponent of 0.75, however, may be inaccurate
when applied to FHP within a species or for growing animals (Thonney et al., 1976;
Baldwin and Bywater, 1984). When 0.75 was used as the exponent, ME,,, decreased
with increasing BW for growing pigs (Chwalibog, 1991). This may be due to changes
in body composition and changes in the size of visceral organs to relative body size
during the growing phase (Tess et al., 1984; Noblet et al., 1991). It has been suggested
that an exponent of 0.60 is more appropriate than 0.75 for growing pigs to predict the
maintenance requirement (Brown, 1982; Noblet et al., 1994a; van Milgen et al., 1998).
However, there has been no universal agreement about which exponent is the
appropriate one to use for pigs (Chwalibog, 1991; Noblet et al., 1994b; Noblet et al.,
1999).
Estimation of the Energy Requirement for Maintenance

The maintenance requirement for pigs can be estimated in pigs that are fasted
or fed a restricted amount of energy to reach zero energy retention (Chwalibog, 1991).
However, those methods have been criticized because of differences in energy
metabolism between fasted pigs and pigs that are allowed free access to feed
(Baldwin, 1995). Another approach is to determine the maintenance requirement
statistically as a conceptual constant number (Verstegen, 2001; van Milgen et al.,
2008). Using this procedure, the maintenance requirement is estimated by regressing

the energy retention obtained for animals consuming graded levels of energy on
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energy intake. The x-intercept of this regression represents ME,, and the y-intercept
represents NE,, (de Goey and Ewan, 1975; Ewan, 2001). The latter may be called the
operational NE requirement for maintenance (ONE,, Figure 2.1). The ME,, can also
be estimated from the difference between total energy intake and energy used for
protein and lipid retention (Birkett and de Lange, 2001). Estimates of ME,; for pigs
vary from 92 to 160 kcal/ BW" " and the average estimate for MEy, is 106 kcal/
BW""® (NRC, 1998). When 0.60 is used as the exponent for metabolic BW, the
estimates for ME,, are 186 kcal/kgo'6 (de Lange et al., 2006), 218 kcal/kgo'6 (Just et al,
1983), 208 to 250 kcal/kg”® (Noblet et al., 1991, 1994a), or 215 to 239 kcal/kg”® (van
Milgen et al., 1998).

Estimates of the ONE, for pigs are between 71 and 81 kcal/ BW*”® (Robles
and Ewan, 1982; Just et al., 1983). When 0.6 is used as the exponent, however, the
estimates for ONEy, were 117 kcal/kg”® (de Lange et al., 2006), 151 kcal/kg"®
(Schiemann et al., 1972), 148 kcal/kg™® (Just et al., 1983), and 179 kcal/kg™® (Noblet
et al., 1994a).

Factors Affecting the Energy Requirement for Maintenance

Variations in the maintenance requirement among pigs are caused by age,
gender, genotype, physiological state, environment, and feeding strategy (Baldwin,
1995). Specific conditions such as thermoregulation, immune system activation,
disease, and stress may also influence the maintenance requirement (Bray et al., 1997;
Knap, 2000; Verstegen, 2001).

The FHP of growing pigs is 16% lower at 33°C than at 23°C (van Milgen and
Noblet, 2000). Likewise, pigs have 4% greater energy requirement for maintenance

for each 1°C reduction in the ambient temperature when they are kept below the lower
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critical temperature due to increased heat production for maintaining body
temperature (Close, 1996). The maintenance requirement may also increase if the
temperature is above the evaporative critical temperature because of increased
respiration rate. However, the energy cost for panting is relatively small and a
reduction in feed intake decreases the metabolic rate. Therefore, hot temperature may
have little impact on the energy requirement for maintenance (Black, 1995; Giles et
al., 1998).

The size of the GIT, liver, kidney, and heart as well as the relative ratio of
body protein to body lipids have a significant effect on the energy requirement for
maintenance (Koong et al., 1983; van Milgen et al., 1998; Knap, 2000). Total heat
production from metabolically active organs accounts for 25-30% of basal heat
production (Baldwin and Bywater, 1984). Body organs and GIT has 3 to 4 times
greater contribution to FHP than muscles, while lipids in the body may have a
negative impact on FHP (Tess et al., 1984; van Milgen et al., 1998; Noblet et al.,
1999). Genotype, gender, feeding strategy, and stage of growth can influence the size
of metabolically active organs and body muscle, and therefore, may contribute to
variations in the energy requirement for maintenance (Tess et al., 1986; Baldwin,
1995; Noblet et al., 1999).

Indirect calorimetry is often used for measuring FHP. The estimates of FHP,
however, vary with the period of fasting, the type and amounts of previously fed diets,
and the physical activity of animals (van Milgen et al., 1998; Ewan, 2001; de Lange et
al., 2006). Short-term fasting may better represent the FHP of growing animals
because animals may adapt FHP by responding to the feeding level (Koong et al.,

1983; van Milgen et al., 1998, Noblet et al. 1999). Restriction of the physical activity
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of animals in metabolism cages may decrease FHP and group-housed pigs have a
greater heat production than individually-housed pigs (van Milgen and Noblet, 2000).

The comparative slaughter method is also used for estimating the energy
requirement for maintenance (Just, 1982; Quiniou et al., 1995; Reynolds, 2000). This
approach can be used in long-term experiments and more closely simulate the
practical feeding system than indirect calorimetry method (Reynolds, 2000). However,
measurements of body energy retention may induce errors because the initial energy
concentration of experimental pigs is predicted from a different group of pigs that is
slaughtered at the initiation of experiment (Quiniou et al., 1995). To minimize
variation in body chemical composition among animals, relatively long experimental
period and a large number of animals in the initial slaughter group are necessary
(Boisen and Verstegen, 2000).

Estimates of energy retention, however, tend to be greater if measured by
indirect calorimetry than by the comparative slaughter method (Quiniou et al., 1995;
van Milgen and Noblet, 2003) because pigs in a respiratory chamber decrease the
physical activity and thermoregulation (Baldwin and Bywater, 1984; Reynolds, 2000).
Gross Energy

Gross energy (GE) represents the maximum quantity of energy (or heat) that
is obtained from the complete oxidation of organic materials in diets (Ewan, 2001;
Figure.2.2). The total amount of GE is derived from the OM in the diet and the
amount of GE in a diet depends on the degree of oxidation of dietary components as
expressed in the ratio of C and H to O, (McDonald et al., 2002). Dietary nutrients
have average GE values of 3.7 kcal/g for glucose, 4.2 kcal/g for starch, 5.6 kcal/g for

protein, and 9.4 kcal/g for lipids, whereas fermentative products have GE values of
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3.5,5.0,5.9,and 13.1 kcal/g for acetate, propionate, butyrate, and methane,
respectively (McDonald et al., 2002).
Digestible Energy

The DE of diets is calculated from the difference between dietary GE and GE
excreted in the feces (Noblet and Henry, 1993). Energy that is consumed by animals
and is not excreted in the feces is assumed to be absorbed and available to the animal
(de Lange and Birkett, 2005). The DE is an apparent measurement of the energy value
of the diet because the endogenous losses of energy are not considered (Reynolds,
2000). The DE of most diets varis between 70 and 90 % of GE. The variation is
caused by several factors such as the level and source of dietary fiber or dietary lipids,
the amount of dietary minerals, feed intake, and feed processing (Just, 1982; Noblet,
1996; Black, 2000; Verstegen, 2001). Animal factors such as age or BW also
influence the DE of diets (Shi and Noblet, 1993; Noblet and van Milgen, 2004).
Metabolizable Energy

The ME is calculated by subtracting energy excreted in urine and gases from
DE (Noblet, 1996). Energy losses in urine are related to urinal N concentration
(Noblet and van Milgen, 2004). On average, 50% of absorbed N is used for body
protein synthesis and the remaining 50% of absorbed N is excreted in the urine (Just,
1982). However, the ME value only accounts for energy losses as urinary excretion
and gases, but do not consider the energy cost for urinary excretion (Birkett and de
Lange, 2001). Energy that is consumed by animals and is not excreted in the feces,
urine, or gases is assumed to be available to the animal (de Lange and Birkett,
2005).The ME is considered a better estimate of available energy to pigs than DE

because ME accounts for urinary energy losses, which are influenced by the dietary
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protein (Just, 1982; Moehn et al., 2005). In growing pigs, the average energy losses in
urine and as methane are 3.3 and 0.4 % of DE intake, respectively (Noblet, 1996), and
the average ratio of DE to ME in commercial diets is approximately 0.96 (Noblet et
al., 1994a; NRC, 1998). Methane energy losses are associated with fermentation of
dietary fiber and the ME of diets, therefore, may also vary with the amount and
characteristics of dietary fiber (Noblet, 1996; NRC, 1998).

A correction of the ME to nitrogen equilibrium (nitrogen corrected
metabolizable energy, ME,) has been proposed to eliminate the impact of nitrogen
retention on ME:DE (Morgan et al., 1975). The ME, has been suggested to be a better
estimate of available energy from protein sources than ME (Morgan et al., 1975;
Robles and Ewan, 1982; de Lange and Birkett, 2005). For calculation of ME,, for pigs,
9.17 kcal of ME per g of nitrogen retention is subtracted from the measured ME
values (Morgan et al., 1975).

Net Energy

The NE is calculated as the sum of NE,, and retained energy (Noblet, 2007).
The NE value can also be calculated from DE or ME if the efficiency of ME
utilization for NE (NE:ME) or DE utilization for NE (NE:DE) is known (Baldwin
and Bywater, 1984; de Lange, 2008). The ratio of NE to ME represents the energetic
efficiency of ME for maintenance and production and thus depends on the particular
biochemical pathways for the purpose of utilization (e.g., maintenance vs. energy
retention) in animals (Black, 2000). Theoretical values for NE:ME have been
proposed for energetic efficiencies of digestible nutrients for ATP production and lipid
retention (Black, 1995, Table 2.1). The NE:ME of digestible nutrients is 58, 82, and

90% for protein, starch, and fat, respectively, and the average for the NE:DE and
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NE:ME is 71.0 and 73.9%, respectively (Noblet et al., 1994a). Because the NE value
is obtained based on the energetic efficiency of digestible nutrients, values for NE
more closely represent the available energy in the diet than values for DE and ME
(Noblet et al., 1994a; Moehn et al., 2005; Noblet, 2007).
Energy Systems

An energy system is assigning energy values to feed ingredients. These values
are supposed to be additive in mixed diets and are used to calculate the energy
concentration in mixed diets (Emmans, 1999). An appropriate energy system is able to
accurately estimate the amount of energy required for maintenance and production
and to correctly rank energy values in various feed ingredients (Noblet et al., 1994a;
Rijnen et al., 2004). The quality of an energy system is based on the predictability of
animal performance from the system (Noblet and Henry, 1993).
DE and ME Systems

The DE and ME systems have been used in the North American swine
industry because values for DE and ME are relatively easy to measure and these
values are assumed to be additive in mixed diets (NRC, 1998; de Lange and Birkett,
2005). The DE and ME systems are compatible because DE values can be readily
converted to ME values, assuming that the average efficiency (ME:DE) is 0.96
(Noblet et al., 1994a; NRC, 1998). However, ME:DE varies with BW (Noblet et al.,
1994b), the amount and quality of protein (Whittemore, 1997), and the amount and
characteristics of fermentable fiber in the diet (Le Goff and Noblet, 2001). The ME of
dietary lipids is theoretically similar to the DE of dietary lipids. Values for DE and
ME are additive in mixed diets only if they are measured in pigs at the same stage of

growth and fed a similar amount of diet as the pigs fed the mixed diets (Rijnen et al.,
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2004). The DE and ME systems may underestimate the energy value of lipids and
starch, but overestimate the energy value of protein and fiber (Noblet et al., 1994a;
Noblet, 2007), because ingestion of these nutrients results in different levels of heat
production (Noblet et al., 1994a; Black, 1995). Therefore, DE and ME systems may
have limitations in accurately predicting the energy cost for growth performance of
pigs (Le Bellego et al., 2001; Rijnen et al., 2004; Wu et al., 2007).
NE System

The NE system has been used in some European countries to overcome the
limitations of DE and ME systems (de Lange and Birkett, 2005). The advantages of
NE over DE and ME include a better prediction of growth performance and body
composition of animals (Verstegen, 2001; Noblet, 2007; Oresanya et al., 2008). This
advantage is more obvious if a diet contains many different feed ingredients than if a
diet contains primarily corn and soybean meal (Le Bellego et al., 2001; Patience and
Beaulieu, 2005; de Lange, 2008). The utilization of N may also be improved because
diets can be more accurately formulated (Le Bellego et al., 2001; Payne, 2006; Noblet,
2007). The NE system may reduce the feed cost if this system can be used to more
accurately rank feed ingredients in terms of energy value (Patience and Beaulieu,
2005; Payne, 2006).
European NE Systems

The NE systems in France, the Netherlands, and Germany were developed
using similar principles to predict the NE values of mixed diets. Using these systems,
it is assumed that the chemical composition and nutrient digestibility of feed
ingredients can be obtained from tabulated values, that the amount of digestible

nutrients in each ingredient is additive in mixed diets without interaction among feed
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ingredients, and that the utilization of a digestible nutrient for energy in the body is
independent of the other digestible nutrients (Bakker, 1996). Prediction equations for
the NE of feed ingredients are determined using data obtained from the chemical
composition and digestibility of nutrients.

The French NE System

The French NE system was developed by Noblet and his coworkers who
conducted numerous experiments at the Institut National de la Recherche
Agronomique (INRA). The NE values of 61 diets containing a variety of feed
ingredients and fed to lean-genotype growing pigs (35 kg of initial BW) at a high ME
intake (550 kcal of ME/kg BW *°) or at a low ME intake (330 kcal of ME/ BW *)
were measured (Noblet et al., 1994a). Energy digestibility and energy losses in feces,
urine, and gases were measured. Heat production was measured by the indirect
calorimetry method. The average FHP of growing pigs (179 kcal’kg BW 0'6) was
determined by extrapolating energy retention to zero ME intake using a linear
regression equation. The NE values of each diet were then calculated as the sum of
FHP and energy retention in pigs fed at a high ME intake. Eleven regression equations
based on the concentrations of digestible nutrients and dietary nutrients were
proposed for predicting NE values in mixed diets and feed ingredients (Noblet et al.,
1994a). Components of digestible nutrients in the equations were later modified and 3
equations were developed (Sauvant et al., 2004). It is assumed that these 3 equations
are applicable to both mixed diets and feed ingredient fed to growing pigs (Noblet and

van Milgen, 2004; Sauvant et al., 2004).
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The Dutch NE System

The Central Bureau Livestock Feeding (CVB) has developed the Dutch NE
system. This system uses the concentration of digestible nutrients in feed ingredients
to estimate the NE values of diets and feed ingredients, assuming that extra energy
retention is obtained from extra intake of digestible nutrients (Rijnen et al., 2004). The
Dutch NE system separates total digestible carbohydrates (i.e., starch and sugar) into
an enzymatically-digestible fraction and a fermentable fraction (Blok, 2006). Starch is
analyzed using an enzymatic procedure and sugar is analyzed as enzymatically-
digestible sugar and fermentable sugar. Dietary lipids are analyzed using the acid
hydrolyzed ether extract method for both feeds and feces.

The Danish Potential Physiological Energy (PPE) System

The Danish feed system uses assumed concentrations of digestible nutrients
in feed ingredients that contribute to the potential physiological energy (PPE) in diets
fed to pigs. Data for concentration of digestible nutrients in feed ingredients are
derived from feed ingredient tables. The value for PPE of nutrients is the potential
energy value for ATP production when digestible nutrients are completely oxidized in
animals (Boisen, 2003, Table 2.2). The PPE of different nutrients is independent of
their metabolic utilization (e.g., oxidation or retention), and therefore, the PPE
calculated from various feed ingredients or digestible nutrients are additive in diets
containing a mixture of feed ingredients and are independent of animal factors
(Boisen, 2007). The PPE system also uses standardized ileal digestible AA in feed
ingredients to describe digestibility values for AA (Boisen, 2007). The system uses in
vitro digestibility values for estimating the digestibility of CP, AA, OM, lipids, and

carbohydrates. The system also requires the analysis of enzyme indigestible ileal DM
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to correct for the costs of digestion, which includes endogenous synthesis of protein
and lipids throughout the GIT.
Comparison of European Energy Systems

The NE values for diets and feed ingredients are affected by the energy
evaluation system that is used (Noblet and van Milgen, 2004). Therefore, the accuracy
and applicability of an energy system depend on the relative contribution of energy
from different digestible nutrients (Boisen, 2007). Starch is used as the standard
reference for estimating energy contributions of other nutrients because starch is
considered a main energy source for pigs (Boisen, 2007). The energy contribution of
nutrients relative to starch among European energy systems is presented in Table 2.3.
The relative contribution of different digestible nutrient fractions is comparable
among energy systems. Therefore, the hierarchy of energy values for diets and feed
ingredients is expected to be similar among the European energy systems although
absolute energy values are different.
Limitation of Current European NE Systems

The current European NE systems use a single NE value for dietary lipids.
For example, the French NE system uses 7,122 kcal/kg as the NE of dietary lipids
regardless of the source of lipids or the level of lipids in the diet. Although it may be
practically acceptable to use 1 value for dietary lipids, the NE of dietary lipids may be
influenced by the source and level of dietary lipids, which can determine the
digestibility and the metabolizability of dietary lipids (Birkett and de Lange, 2001; de
Lange and Birkett, 2005). European NE systems use the same NE values of feed
ingredients for both growing and finishing pigs. However, finishing pigs use more

energy and nutrients for lipid gain than growing pigs (de Greef et al., 1994), which
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may influence the NE value of feed ingredients (Birkett and de Lange, 2001; de
Lange and Birkett, 2005).

The current NE systems were developed based on the assumption that
digestibility and energetic utilization of a nutrient in animals is constant and that there
are no interactions among nutrients in their utilization (Rijnen et al., 2004; de Lange,
2008). However, the values for the digestibility and metabolizability of nutrients in
mixed diets are not always additive because of possible interactions (Bakker, 1996).
For instance, increasing levels of dietary lipids may decrease the NE of starch because
of increased utilization of starch for ATP production instead of de novo lipogenesis
(Jakobsen and Thorbek, 1993; Black, 1995).

The European NE systems use different equations to predict the NE of diets
and ingredients because each system has its own methods and experimental
conditions (Boisen, 2007, Table 2.4). Therefore, NE values are different among these

NE systems (Whittemore, 1997; Noblet and van Milgen, 2004).

SUMMARY

Lipids are important dietary energy source in swine nutrition. An accurate
determination of the bioavailability of dietary lipids is important for assessing the true
feeding value of dietary lipids. The true digestibility is considered a better estimate for
the amount of digestible lipids in a feed ingredient than apparent digestibility of lipids.
However, little information is available on ELF and the true digestibility of lipids. The
NE of dietary lipids may be a more accurate energy value than DE and ME. However,

the effects of the source and level of dietary lipids and the stage of growth of pigs on
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the NE value of dietary lipids have not been determined. There is also a possibility
that dietary lipids may affect the utilization of dietary starch and thus change the NE
of starch-containing feed ingredients such as corn. The impact of dietary lipids on NE
of starch-containing ingredients may also vary with the stage of growth, but there
have been no experiments to test this hypothesis. The NE values measured under one
specific condition may not be applicable to other conditions but there are no data from

experiments where the effect of location was measured.

LITERATURE CITED

Adams, K. L., and A. H. Jensen. 1985. Effect of dietary protein and fat levels on the
utilization of the fat in sunflower seeds by the young pigs. Anim. Feed. Sci.
Technol. 13:159-170.

Allee, G. L., D. H. Baker, and G. A. Leveille. 1971. Influence of level of dietary fat on
adipose tissue lipogenesis and enzymatic activity in the pig. J. Anim. Sci.
33:1248-1254.

Allee, G. L., D. R. Romsos, G. A. Leveille, and D. H. Baker. 1972. Lipogenesis and
enzymatic activity in pig adipose tissue as influenced by source of dietary fat.
J. Anim. Sci. 35:41-47.

Arner, P. 2005. Human fat cell lipolysis: Biochemistry, regulation, and clinical role.
Best Pract. Res. Clin. Endocrinol. Metab. 19:471-482.

Averette Gatlin, L., M. T. See, J. A. Hansen, and J. Odle. 2003. Hydrogenated dietary
fat improves pork quality of pigs from two lean genotypes. J. Anim. Sci.

81:1989-1997.

25



Averette Gatlin, L., M. T. See, J. A. Hansen, D. Sutton, and J. Odle. 2002. The effects
of dietary fat sources, levels, and feeding intervals on pork fatty acid
composition. J. Anim. Sci. 8:1606-1615.

Azain, M. J. 2001. Fat in swine nutrition. Page 95-105 in Swine Nutrition. 2nd ed. A.
J. Lewis and L. L. Southern, ed. CRC Press, New York, NY.

Bach Knudsen, K. E., B. B. Jsensen, and J. O. Andersen, and I. Hansen. 1991.
Gastrointestinal implications in pigs of wheat and oat fractions. 2. Microbial
activity in the gastrointestinal tract. Br. J. Nutr. 65:233-248.

Bakker, G. C. M. 1996. Interaction between carbohydrates and fat in pigs. PhD Diss.,
Wageningen Agricultural Univ. Denmark.

Baldwin, R. L. 1995. Energy requirements for maintenance and production. Pages
148-188 in Modeling Ruminant Digestion and Metabolism. R. L. Baldwin, ed.
Chapman and Hall, London, UK.

Baldwin, R. L., and A. C. Bywater. 1984. Nutritional energetics of animals. Ann. Rev.
Nutr. 4:101-114.

Bauer, E., S. Jakob, and R. Mosenthin. 2005. Principle of physiology of lipid
digestion. Asian-Aust. J. Anim. Sci 18:282-294.

Birkett, S., and K. de Lange. 2001. Limitations of conventional models and a
conceptual framework for a nutrient flow representation of energy utilization
by animals. Br. J. Nutr. 86:647-659.

Black, J. L. 1995. Modelling energy metabolism in the pig — critical evaluation of a
simple reference model. Pages 87-102 in Modelling Growth in the Pig. P. J.
Moughan, M. W. A. Verstegen, and M. 1. Visser-Reynevel, ed. Wageningen

Press, Wageningen, The Netherlands.

26



Black, J. L. 2000. Bioavailability: the energy component of a ration for monogastric
animals. Pages 133-152 in Feed Evaluation. Principle and Practice. P. J. Morgan,
M. W. A. Verstegen, M. Visser. ed. Wageningen Press, Wageningen, The
Netherlands.

Black, J. L., and C. F. M. de Lange. 1995. Introduction to the principles of nutrient
partitioning for growth. Pages 115-122 in Modelling Growth in the Pig. P. J.
Moughan, M. W. A. Verstegen, and M. 1. Visser-Reynevel, ed. Wageningen
Press, Wageningen, The Netherlands.

Blaxter, K. L. 1989. Energy metabolism in animals and man. Cambridge University
Press, Cambridge, U.K.

Blok, M. C. 2006. Development of a new net energy formula by CVB, using the
database of INRA. Pages 40-57 in Int. Sym. Proc. Net energy systems for
growing and fattening pigs. Vejle, Denmark.

Boisen, S. 2003. A new concept for feed evaluation based on standardized digestible
amino acids and potential physiological energy of nutrient fractions in pig
feeds. Pages 129-132 in Progress in research on energy and protein
metabolism. W. B. Souffrant and C. C. Metges. ed. EAAP Publication. No.
109. Rostock-Warnemiinde, Germany.

Boisen, S. 2007. New concept for practical feed evaluation systems. DJF Animal
Science No. 79. Research Centre Foulum, Denmark.

Boisen, S., and M. W. A. Verstegen. 2000. Developments in the measurement of the
energy content of feeds and energy utilization in animals. Pages 57-76 in Feed
evaluation — principle and practice. P. J. Moughan, M. W. A. Verstegen, and M.

I. Visser-Reyneveld, ed. Wageningen Press, Wageningen, The Netherlands.

27



Bondi, A. A. 1987. Lipid and their significance in the nutrition of monogastric and
ruminant animals. Pages 78-106 in Animal Nutrition. A. A. Bondi ed. A Wiley
Interscience Publication, New York.

Bray, H. J., L. R. Giles, J. M. Gooden, and J. L. Black. 1997. Energy expenditure in
growing pigs infected with pleuropneumonia. Pages 291-294 in Energy
Metabolism of Farm Animals. K. J. McCracken, E. F. Unsworth, and A. R. G.
Wylie ed. Proceedings of the 14" Symposium on Energy Metabolism,
Newecastle, Northern Ireland.

Brown, D. 1982. The metabolic body size of the growing pigs. Livest. Prod. Sci.
9:389-398.

Carlson, W. E., and H. S. Bayley. 1968. Utilization of fat by young pigs: Fatty acid
composition of ingesta in different regions of the digestive tract and apparent
and corrected digestibilities of corn oil, lard and tallow. Can. J. Anim. Sci.
48:315-322.

Chwalibog, A. 1991. Energetics of animal production. Acta Agric. Scand. 41:147-160.

Chwalibog, A., K., Jakobsen, S. Henckel, G. Thorbek. 1992. Estimation of
quantitative oxidation and fat retention from carbohydrate, protein and fat in
growing pigs. J. Anim. Physiol. Anim. Nutr. 68:123-135.

Chwalibog, A., and G. Thorbek. 1995. Quantitative partition of protein, carbohydrate
and fat pools in growing pigs. Arch. Anim. Nutr. 48:53-61.

Clement, J. 1975. Nature and importance of endogenous fatty acids during intestinal

absorption of fat. World Rev. Nutr. Diet. 21:281-307.

28



Close, W. H. 1996. Modelling the growing pig: Predicting nutrient needs and
responses. Pages 289-297 in Biotechnology in the Feed Industry. The living
gut: Bridging the gap between nutrition and performance. Proc. Alltech’s 12
Annual Symposium. T. P. Lyons and K. A. Jacques ed. Nottingham University
Press, Nottingham, U. K.

de Goey, L. W., and R. C. Ewan. 1975. Energy values of corn and oats for young
swine. J. Anim. Sci. 40:1052-1057.

de Greef, K. H., M. W. A. Verstegen, B. Kemp, and P. L. van der Togt. 1994. The
effect of body weight and energy intake on the composition of deposited tissue
in pigs. Anim. Prod. 58:263-270.

de Lange, C. F. M. 2008. Efficiency of utilization of energy from protein and fiber in
the pig- A case for NE systems. Pages 58-72 in Swine Nutrition Conference
Proceedings., Indianapolis, IN.

de Lange, C. F. M., and S. H. Birkett. 2005. Characterization of useful energy content
in swine and poultry feed ingredients. Can. J. Anim. Sci. 85:269-280.

de Lange, C. F. M., J. van Milgen, J. Noblet, S. Dubois, and S. Birkett. 2006. Previous
feeding level influences plateau heat production following a 24 h fast in
growing pigs. Br. J. Nutr. 95:1082-1087.

Doreau, M., and Y. Chilliard. 1997. Digestion and metabolism of dietary fat in farm
animals. Br. J. Nutr. (Suppl. 1.): S15-S35.

Drackley, J. K. 2000. Lipid metabolism. Pages 97-119 in Farm Animal Metabolism

and Nutrition. J. P. F. D’Mello ed. CAB International Publishing, U.K.

29



Dunshea, F. R., and D. N. D’Souza. 2003. A review — Fat deposition and metabolism
in the pig. Pages 127-150 in Manipulating pig production IX. J. E. Paterson ed.
Proceedings of the 9™ Biennial Conference of the Australasian Pig Science
Association, Fremantle, Western Australia.

Dunshea, F. R., D. N. D’Souza, D. W. Pethick, G. S. Harper, and R. D. Warner. 2005.
Effects of dietary factors and other metabolic modifiers on quality and
nutritional value of meat. Meat Sci. 71:8-38.

Duran-Montgé, P., R. Lizardo, D. Torrallardona, E. Esteve-Garcia. 2007. Fat and fatty
acid digestibility of different fat sources in growing pigs. Livest. Prod. Sci.
109:66-69.

Emmans, G. C. 1999. Energy flows. Pages 363-377 in A Quantitative Biology of the
Pig. I. Kyriazakis ed. CABI Publishing, Wallingford, U. K.

Enser, M. 1984. The chemistry, biochemistry, and nutritional importance of animal
fats. Pages 23-51 in Fats in Animal Nutrition. J. Wiseman. ed. Butterworths,
London, U .K.

Ewan, R. C. 2001. Energy utilization in swine nutrition. Pages 85-94 in Swine
Nutrition. 2™ ed. A. J. Lewis and L. L. Shouthern, ed. CRC Press, Washington,
DC.

Eyssen, H. 1973. Role of the gut microflora in metabolism of lipids and sterols. Proc.
Nutr. Soc. 32:59-63.

Freeman, C. P., D. W. Holme, and E. F. Annison. 1968. The determination of the true

digestibilities of interesterified fats in young pigs. Br. J. Nutr. 22:651-660.

30



Giles, L. R., M. L. Lorschy, H. J. Bray, and J. L. Black. 1998. Predicting feed intake
in growing pigs. Pages 209-228 in Progress in Pig Science. J. Wiseman, M. A.
Varley, and J. P. Chadwick, ed. Nottingham University Press, Nottingham,
U.K.

Gurr, M. 1, J. L. Harwood, and K. N. Frayn. 2002. Lipid transport. Pages 170-214 in
Lipid Biochemistry. 5™ ed. M. I. Gurr, J. L. Harwood, and K. N. Frayn ed.,
Blackwell Science, Oxford, U.K.

Jakobsen, K., and G. Thorbek. 1993. The respiratory quotient in relation to fat
deposition in fattening-growing pigs. Br. J. Nutr. 69:333-343.

Jorgensen, H., K. Jakobsen, and B. O. Eggum. 1992. The influence of different
protein, fat, and mineral levels on the digestibility of fat and fatty acids
measured at the terminal ileum and in faeces of growing pigs. Acta Agric.
Scand. Sect. A. Anim. Sci. 42:177-184.

Jargensen, H., K. Jakobsen, and B. O. Eggum. 1993. Determination of endogenous fat
and fatty acids at the terminal ileum and on faeces in growing pigs. Acta Agric.
Scand. Sect. A. Anim. Sci. 43:101-106.

Just, A. 1982. The net energy value of balanced diets for growing pigs. Livest. Prod.
Sci. 8:541-555.

Just, A., J. O. Andersen, and H. Jergensen. 1980. The influence of diet composition on
the apparent digestibility of crude fat and fatty acids at the terminal ileum and
overall in pigs. Z. Tierphyphysiol. Tierernaehr. Futtermittelkde. 44:82-92.

Just, A., H. Jorgensen, and J. A. Fernandez. 1983. Maintenance requirement and the
net energy value of different diets for growth in pigs. Livest. Prod. Sci.

10:487-506.

31



Juste, C., Y. Demarne, and T. Corring. 1983. Response of bile flow, biliary lipids and
bile acid pool in the pig to quantitative variations in dietary fat. J. Nutr.
113:1691-1701.

Kabara, J. J., and W. Wachter. 2000. A health oil for the next millennium. Inform.
11:123-126.

Kleiber, M. 1975. The fire of life. 2" ed. R, E. Krieger, New York, NY.

Knap, P. 2000. Variation in maintenance requirements of growing pigs in relation to
body composition. A simulation study. PhD Diss. Wageningen Agricultural
Univ., Wageningen, The Netherlands.

Koong, L. J., J. A. Nienaber, and H. J. Mersmann. 1983. Effects of plane of nutrition
on organ size and fasting heat production in genetically obese and lean pigs. J.
Nutr. 113:1626-1631.

Kouba, M, and J. Mourot. 1998. Effect of a high linoleic acid diet on 9-desaturase
activity, lipogenesis, and lipid composition of pig subcutaneous adipose tissue.
Reprod. Nutr. Dev. 38:31-37.

Kouba, M, and J. Mourot. 1999. Effect of a high linoleic acid diet on lipogenic
enzyme activities and on the composition of the lipid fraction of fat and lean
tissues in the pig. Meat Sci. 52:39-45.

Le Bellego, L., J. van Milgen, S. Dubois, and J. Noblet. 2001. Energy utilization of
low-protein diets in growing pigs. J. Anim. Sci. 79:1259-1271.

Le Goff, G, and J. Noblet. 2001. Comparative total tract digestibility of dietary

energy and nutrients in growing pigs and adult sows. J. Anim. Sci. 79:2418-

2427.

32



Lizardo, R., J. van Milgen, J. Mourot, J. Noblet, and M. Bonneau. 2002. A nutritional
model of fatty acid composition in the growing-finishing pig. Livest. Prod. Sci.
75:167-182.

Lopez Bote, C. J., B. Isabel, and J. M. Flores. 2001. Effect of dietary linoleic acid
concentration and vitamin E supplementation on cell desquamation and
susceptibility to oxidative damage of pig jejunal mucosa. J. Anim. Physiol.
Anim. Nutr. 85:22-28.

Low, A. G. 1980. Nutrient absorption in pigs. J. Sci. Food Agric. 31:1087-1130.

McDonald, P., R. A. Edwads, J. F. D. Greenhalgh, and C. A. Morgan. 2002.
Evaluation of foods: energy content of foods and the partition of food energy
within the animal. Pages 263-291 in Animal Nutrition. McDonals, P., R. A.
Edwads, J. F. D. Greenhalgh, and C. A. Morgan, 5th ed. Pearson, U.K.

Madsen, A., K. Jakobsen, and H. P. Mortensen. 1992. Influence of dietary fat on
carcass fat quality in pigs. A review. Acta Agric. Scand. Sect. A. Anim. Sci.
42:220-225.

Mayes, P. A. 2000a. Lipids of physiologic significance. Pages 160-171 in Haper’s
Biochemistry. 25Med. R. K. Murray, D. K. Granner, P. A. Mayes, V. W.
Rodwell, ed.,McGraw-Hill, New York, NY.

Mayes, P. A. 2000b. Bioenergetics: The role of ATP. Pages 123-129 in Harper’s
Biochemistry. 25Med. R.K Murry, D. K. Granner, P. A. Mayes, and V. W.
Rodwell, ed. McGraw-Hill, New York, NY.

Moehn, S., J. Atakora, and R. O. Ball. 2005. Using net energy for diet formulation:
Potential for the Canadian pig industry. Advances in Pork Production. 16:119-

129.

33



Morgan, C.A. 1992. Manipulation of the fatty acid composition of pig meat lipids by
dietary means. J. Sci. Food Agric. 58:357-368.

Morgan, D. J., D. J. A. Cole, and D. Lewis. 1975. Energy values in pig nutrition. I.
The relationship between digestible energy, metabolizable energy and total
digestible nutrient values of a range of feedstuffs. J. Agric. Sci. (Camb.). 84:7-
17.

Noblet, J. 1996. Digestive and metabolic utilization of dietary energy in pig feeds:
Comparison of energy systems. Pages 207-231 in Recent Advances in Animal
Nutrition. P. C. Garnsworthy, J. Wiseman, and W. Haresign, ed. Nottingham
University Press, Nottingham, U.K.

Noblet, J. 2007. Recent developments in net energy research for swine. Advances in
Pork Production. 18:149-156.

Noblet, J., H. Fortune, X. S. Shi, and S. Dubois. 1994a. Prediction of net energy value
of feeds for growing pigs. J. Anim. Sci. 72:344-353.

Noblet, J., and Y. Henry. 1993. Energy evaluation systems for pig diets: a review.
Livest. Prod. Sci. 36:121-141.

Noblet, J., C. Karege, and S. Dubois. 1991. Influence of growth potential on energy
requirements for maintenance in growing pigs. Pages 107-110 in Energy
Metabolism of Farm Animals. C. Wenk and M. Boessinger ed., EAAP
Publicaqtion, Zurich, Switzerland.

Noblet, J., C. Karege, S. Dubois, and J. van Milgen. 1999. Metabolic utilization of
energy and maintenance requirements in growing pigs: Effects of sex and

genotype. J. Anim. Sci. 77:1208-1216.

34



Noblet, J., X. S. Shi, and S. Dubois. 1994b. Effect of body weight on net energy value
of feeds for growing pigs. J. Anim. Sci. 72:648-657.

Noblet, J., and J. van Milgen. 2004. Energy value of pig feeds: Effect of pig body
weight and energy evaluation system. J. Anim. Sci. 82(E. Suppl.):E229-E238.

NRC. 1998. Pages 3-15 in Nutrient Requirements of Swine. 10th rev. ed. Natl. Acad.
Press, Washington, DC.

Niirnberg, K., J. Wegner, K. Ender. 1998. Factors influencing fat composition in
muscle and adipose tissue of farm animals. Livest. Prod. Sci. 56:145-156.

O’Hea, E. K., and G. A. Leveille. 1969. Significance of adipose tissue and liver as
sites of fatty acid synthesis in the pig and the efficiency of utilization of
various substrates for lipogenesis. J. Nutr. 99:338-344.

Oresanya, T. F. 2005. Energy metabolism in the weanling pig: Effects of energy
concentration and intake on growth, body composition, and nutrient accretion
in the empty body. Ph. D. Diss., Univ. of Saskatchewan, Saskatoon, Canada.

Oresanya, T. F., A. D. Beaulieu, and J. F. Patience. 2008. Investigations of energy
metabolism in weanling barrows: The interaction of dietary energy
concentration and daily feed (energy) intake. J. Anim. Sci. 86:348-363.

Payne, R. L. 2006. Net energy system in swine- How can it help you? Feedstuffs.
March. 27:16-20.

Patience, J. F., and A. D. Beaulieu. 2005. The merits, benefits, and challenges of
adopting the net energy system in a North American context. Pages 134-149 in
Proc. 66™ Minnesota Nutrition Conference and Technical Symposium: Future

of corn in animal feed. September 20-21. St. Paul. MN.

35



Powles, J., J. Wiseman, D. J. A. Cole, and S. Jagger. 1995. Prediction of the apparent
digestible energy value of fats given to pigs. Anim. Sci. 61:149-154.

Quiniou, N., S. Dubois, and J. Noblet. 1995. Effect of dietary crude protein level on
protein and energy balances in growing pigs: comparison of two measurement
methods. Livest. Prod. Sci. 41:51-61.

Reynolds, C. K. 2000. Measurement of energy metabolism. Pages 87-107 in Feeding
Systems and Feed Evaluation Models. M. K. Theodorou, and J. France ed.
CAB International, Oxon, U.K.

Rijnen, M. M. J. A., J. Doorenbos, J. J. Mallo, and L. A. den Hartog. 2004. The
application of the net energy system for swine. Pages 151-168 in Proc.
Western Nutr. Conf., Saskatoon, Canada.

Robles, A., and R. C. Ewan. 1982. Utilization of energy of rice and rice bran by
young pigs. J. Anim. Sci. 55:572-577.

Sambrook, I. E. 1979. Studies on digestion and absorption in the intestine of growing
pigs. 8. Measurement of the flow of total lipid, acid-detergent fibre and
volatile fatty acids. Br. J. Nutr. 42:279-287.

Sauvant, D., J. M. Perez, and G. Tran. 2004. Tables of composition and nutritional
value of feed materials: Pig, poultry, sheep, goats, rabbits, horses, fish.
Wageningen Academic Publishers, Wageningen, the Netherlands and INRA ed.
Paris, France.

Schiemann, R., K. Nehring, L. Hoffmann, W. Jentsch, and A. Chudy. 1972.
Energetosche Futterbevertung und Energienormen. VEB Deutscher

Landwirtschatsverlag, Berlin.

36



Shi, X. S., and J. Noblet. 1993. Contribution of the hindgut to digestion of diets in
growing pigs and adult sows: effect of diet composition. Livest. Prod. Sci.
34:237-252.

Sklan, D., S. Hurwitz, P. Budowski, and I. Ascarelli. 1975. Fat digestion and
absorption in chicks fed raw or heated soybean meal. J. Nutr. 105:57-63.

Smits, C. H. M., and G. Annison. 1996. Non-starch plant polysaccharides in broiler
nutrition — towards a physiologically valid approach to their determination.
World’s Poult. Sci. J. 52:204-221.

Smith, D. R., D. A. Knabe, and S. B. Smith. 1996. Depression of lipogenesis in swine
adipose tissue by specific dietary fatty acids. J. Anim. Sci. 74:975-983.

Stahly, T. S. 1984. Use of fats in diets for growing pigs. Pages 313-331 in Fats in
Animal Nutrition. J. Wiseman. ed. Butterworths, London, U .K.

Steffen, D. G., E. Y. Chai, L. J. Brown, and H. J. Mersmann. 1978. Effects of diet on
swine glyceride lipid metabolism. J. Nutr. 108:911-918.

Sul, H. S. 2006. Metabolism of fatty acids acylglycerols, and sphingolipid. Pages 449-
491 in Biochemical, Physiological, Molecular Aspects of Human Nutrition. 2
ed. M. H. Stipanuk ed. Saunders Elsevier, St. Louis, MO.

Tess, M. W., G. E. Dickerson, J. A. Nienaber, and C. L. Ferrell. 1984. The effects of
body composition on fasting heat production in pigs. J. Anim. Sci. 58:99-110.

Tess, M. W., G. E. Dickerson, J. A. Nienaber, and C. L. Ferrell. 1986. Growth,

development and body composition in three genetic stocks of swine. J. Anim.

Sci. 62:968-979.

37



Thonney, M. L., R. W. Touchberry, R. D. Goodrich, and J. C. Meiske. 1976.
Interspecies relationship between fasting heat production and body weight: A
reevaluation of W*">. J. Anim. Sci. 43:692-704.

Tso, P. P.,, K Crissinger, and R. J. Jandacek. 2006. Digestion and absorption of lipids.
Pages 219-239 in Biochemical, Physiological, Molecular Aspects of Human
Nutrition. 2™ ed. M. H. Stipanuk ed. Saunders Elsevier, St. Louis, MO.

van Milgen, J., J. F. Bernier, Y. Lecozler, S. Dubois, and J. Noblet. 1998. Major
determinants of fasting heat production and energetic cost of activity in
growing pigs of different body weight and breed/castration combination. Br. J.
Nutr. 79:509-517.

van Milgen, J., and J. Noblet. 2000. Modelling energy expenditure in pigs. Pages 103-
114 in Modelling Nutrient Utilization in Farm Animals. J. P. McNamara, J.
France, and D. E. Beever ed. CAB International, Oxon, U. K.

van Milgen, J., and J. Noblet. 2003. Partitioning of energy intake to heat, protein, and
fat in growing pigs. 81(E. Suppl. 2):E86-E93.

van Milgen, J., A. Valancogne, S. Dubois, J. Y. Dourmad, B. Séve, and J. Noblet.
2008. InraPorc: A model and decision support tool for the nutrition of growing
pigs. Anim. Feed Sci. Technol. 143:387-405.

Verstegen, M. W. A. 2001. Developments towards net energy systems in feeds and
animals. Pages 170-184 in Proc. Western Nutr. Conf., Saskatoon, Canada.

Wiseman, J., D. J. A. Cole, and B. Hardy. 1990. The dietary energy values of soya-
bean oil, tallow and their blends for growing/finishing pigs. Anim. Prod.

50:513-518.

38



Whittemore, C. T. 1997. An analysis of methods for the utilization of net energy
concepts to improve the accuracy of feed evaluation in diets for pigs. Anim.
Feed Sci. Technol. 68:89-99.

Whittmore, C. T. 2006. Energy value of feedstuffs for pigs. Pages 317-342 in
Whittemore’s Science and Practice of Pig Production. I. Kyriazakis and C. T.
Whittmore, ed. Blackwell Publishing, Oxford, U.K.

Wood, J. D. 1984. Fat deposition and the quality of fat tissue in meat animals. Pages
407-435 in Fats in Animal Nutrition. J. Wiseman. ed. Butterworths, London,
U.K.

Wu, Z.,D. Li, Y. Ma, Y. Yu, and J. Noblet. 2007. Evaluation of energy systems in
determining the energy cost of gain of growing-finishing pigs fed diets

containing different levels of dietary fat. Arch. Anim. Nutr. 61:1-9.

39



Table 2.1. Estimates of the energetic efficiencies with different nutrients used for ATP

production or lipid retention in pigs'

Efficiency of energy yield (%)

Microbial fermentation

ATP
Heat Methane Lipid retention
production
Fatty acids - - 66 90
Glucose - - 68 74
Amino acids - - 58 53
Digested fiber 6 10 50 62

'Derived from Black (1995).
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Table 2.2. Calculations of energy values for diets in the potential physiological energy

(PPE) system'

Nutrient fraction Calculation of fractions (g/kg) Energy factor (kJ/g)
RDCP’ CP x EDN’/ 100 9.9
RDCF’ Crude fat x 0.9 / 100 31.7
EDC* OM® x EDOMi/100 — (RDCP+RDCF) 11.7
FERMC’ OM x (EDOM-EDOMi) / 100 7.0
EIDM;i* OM x (100-EDOMi) / 100 + 0.3 x Ash 2.8

'Derived from Boisen (2007).

’RDCP = in vitro ileal digestible CP (g/kg DM).

’RDCF = calculated ileal digestible crude fat (g/kg DM).

*EDC = in vitro ileal digestible carbohydrates.

*FERMC=fermentable carbohydrate (g/kg DM); energy value of absorbed
VFA from fermentable organic matter.

6EIDMi=enzyme undigested ileal DM (g/kg DM); Energy factor for EIDMi =
estimated energy costs for extra losses of protein and lipids from the intestinal tract.

"EDN=enzyme digestibility of N.

$OM = organic matter, i.e. DM — ash.
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Table 2.3. Energy values of digestible nutrients relative to starch in NE systems and

the potential physiological energy (PPE) system '

Ml/kg NEmngrA® NEcvs' PPE’
Starch 14.4(100) 14.1(100) 11.7(100)
CP 11.3(78) 11.7(83) 9.9(85)
Crude fat 35.0(243) 35.7(253) 31.7(271)
FMC® 12.1(84) 9.74(69) 7.0(60)

"Data were derived from Boisen (2007).

*Values in parenthesis is relative energy value of nutrient to energy value of
starch (100).

*Noblet and van Milgen (2004).

*Blok (2006).

>Boisen (2007).

SFermentable carbohydrate.
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Table 2.4. Coefficients in prediction equations of European energy systems'

Digestible nutrients, g/kg NEINRA2 NECVB3 PPE*
Cp 2.89 2.80 2.37
Lipids 8.37 8.54 7.58
Total Starch 342 - -
ED-starch’ - 3.38 -
Total sugar 2.84 - -
ED—sugar6 - 3.05 -
EDC’ - - 2.80
FCH® 2.06 2.33 1.67

'"The unit of coefficients is kcal/g.
Sauvant et al. (2004).

*Blok (2006).

*Boisen (2007).

’Enzymatically digestible starch.
SEnzymatically digestible sugar.
"Teal digestible carbohydrates.

¥*Fermentable carbohydrates.
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Figure 2.1. Estimation of the energy requirement for maintenance from energy

retention (kcal/BWO0.6 /d) and energy intake (kcal/BWO0.6 /d) in pigs. Adjusted from

Ewan (2001).
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Figure 2.2. Energy utilization by pigs. Adjusted from Boisen and Verstegen, (2000).
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CHAPTER 3
EFFECT OF THE FORM OF DIETARY FAT AND THE CONCENTRATION
OF DIETARY NDF ON ILEAL AND TOTAL TRACT ENDOGENOUS LOSSES
AND APPARENT AND TRUE DIGESTIBILITY OF FAT INDIETS FED TO

GROWING PIGS

ABSTRACT

An experiment was conducted to determine the effect of the form of dietary
fat (liquid or intact) and of dietary NDF on ileal and total tract endogenous losses of
fat (ELF), on apparent ileal (AID) and apparent total tract digestibility (ATTD) of fat,
and on true ileal (TID) and true total tract digestibility (TTTD) of fat by growing pigs.
A semi-purified basal diet that contained 1.27% fat was formulated and 3 diets were
formulated by adding 2.0, 4.0, and 6.0% liquid fat from corn oil to the basal diet.
Three additional diets were formulated by adding 3.1, 6.2, or 9.3% Solka floc to the
diet containing 4% corn oil. The remaining 4 diets were prepared by adding 0.0, 3.0,
6.0, or 9.0% intact fat from whole corn germ meal to a diet based on defatted corn
germ meal. Eleven barrows (initial average BW: 38.1 + 4.15 kg) were surgically fitted
with a T-cannula in the distal ileum and allotted to an 11 x 11 Latin square design.
The AID and ATTD of fat in all diets were measured. The ELF, TID and TTTD of fat
were estimated using the regression method. The AID and ATTD of fat were also
corrected for TID and TTTD of fat in all diets by ELF derived from each form of fat.
Results showed that increasing dietary liquid fat increased (linear and quadratic, P <
0.001) the AID and ATTD of fat. Increasing dietary intact fat increased (linear and

quadratic, P < 0.05) the AID and ATTD of fat. There was no interaction between the
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form of fat and the collection site. Apparent digestibility of liquid fat (81.9%) was
greater (P < 0.001) than of intact fat (63.2%). The estimates of ELF were lower (P <
0.05) for liquid fat than for intact fat at the end of the ileum and over the entire
intestinal tract. The TID (93.8%) and TTTD (94.2%) of liquid fat were greater (P <
0.05) than the TID (78.6%) and TTTD (84.1%) of intact fat. Increasing dietary liquid
fat had no linear and quadratic effects on the TID and TTTD of fat, but increasing
dietary intact fat exhibited a quadratic effect (P < 0.05) on the TTTD of fat. Increasing
dietary NDF had a quadratic effect (P < 0.05) on the ATTD of fat, but did not
influence the AID, TID, and TTTD of fat. In conclusion, liquid fat induces a lower
ELF and has a greater apparent and true digestibility than intact fat at the end of the
ileum and over the entire intestinal tract. Purified NDF has little influence on apparent
and true digestibility of fat.

Keywords: apparent digestibility, endogenous loss, fat, neutral detergent fiber, pig,

true digestibility

INTRODUCTION

Estimation of endogenous losses of nutrients from the digestive tract is
required for the determination of true digestibility of nutrients. Values for endogenous
losses in pigs of CP and AA (Stein et al., 2001; Moter and Stein, 2004) and of P
(Dilger and Adeola, 2006; Petersen and Stein, 2006) have been published. Values for
endogenous losses of fat (ELF) in pigs have also been reported in a few experiments,
but the results were inconsistent (Freeman et al., 1968; Adams and Jensen, 1984;
Jorgensen et al., 1993). Thus, determination of fat digestibility has mostly been

limited to apparent digestibility and true digestibility is not usually calculated.
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The amount of ELF can be influenced by many factors including dietary fat
intake, fat source, and dietary fiber concentration (Freeman et al., 1968; Juste et al.,
1983; Bach Knudsen and Hansen, 1991). Although fat in swine diets may originate
from either intact fat in feed ingredients or supplemented liquid fat (Azain, 2001), the
effect of the form of fat on ELF has not been investigated. Moreover, ELF in pigs has
been mostly measured over the entire intestinal tract and it is not known if the ELF at
the end of the ileum is different from the ELF over the entire intestinal tract.
Therefore, it is not known if true digestibility of fat at the end of ileum is different
from true digestibility of fat over the entire intestinal tract.

Dietary NDF may decrease the apparent digestibility of fat because dietary
fiber may increase the amount of ELF (Bach Knudsen and Hansen, 1991). However,
little is known about the effect of dietary NDF on true digestibility of fat.

The objectives of this experiment were to estimate ELF in growing pigs and
to measure the influence of the form of fat (liquid or intact) and of dietary NDF on the
apparent and true digestibility of fat. An additional objective was to compare
estimates for ELF and fat digestibility at the end of the ileum and over the entire

intestinal tract.

MATERIALS AND METHODS
Animals, Housing, and Experimental Design
Eleven growing barrows (initial average BW: 38.1 + 4.15 kg, SD) originating
from the matings of SP-1 boars to Line 401 females (Ausgene Intl. Inc., Gridley, IL)
were used in this experiment. Each pig was surgically equipped with a T-cannula in

the distal ileum using procedures adapted from Stein et al. (1998). Pigs were housed
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individually in 1.2 x 1.8 m pens that had fully slatted tri-bar floors. A feeder and a

nipple drinker were installed in each pen. Room temperature was maintained at 20 to

22°C throughout the experiment. Pigs were allotted to an 11 x 11 Latin square design

with 11 periods and 11 diets. Each experimental period lasted 7 d. The animal part of
the experiment was conducted at South Dakota State University (Brookings, SD). The
experiment was approved by the Institutional Animal Care and Use Committee at
South Dakota State University.
Diets, Feeding, and Sample Collection

Eleven diets were prepared (Table 3.1). A basal diet (1.27% acid hydrolyzed
fat, DM basis) was formulated based on maize flaking grits, casein, sucrose, and
cornstarch. Three diets with increasing concentrations of liquid fat were formulated
by adding 2.0, 4.0, or 6.0% corn oil to the basal diet. The analyzed values of acid
hydrolyzed fat in these diets were 3.22, 5.14, and 6.85% (DM basis), respectively.
Three additional diets were formulated by adding 3.0, 6.0, or 9.0% NDF from Solka
floc (97% NDF) to the diet containing 4% corn oil. This diet contained 2.73% NDF
(DM basis) and the analyzed concentrations of NDF in the 3 diets containing Solka
floc were 5.78, 9.24, and 11.28% (DM basis), respectively. The remaining 4 diets
were formulated by using casein, maize flaking grits, and varying amounts of defatted
corn germ meal and whole corn germ meal. By increasing the amount of whole corn
germ meal at the expense of defatted corn germ meal and cornstarch, the analyzed
concentrations of acid hydrolyzed fat increased from 3.03% to 5.26, 7.70, and 9.74%
(DM basis), respectively. Vitamins, salt, and minerals were included in all diets to

meet or exceed the estimated requirements for growing pigs (NRC, 1998). Chromic
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oxide (0.40%) was included in all diets as an indigestible marker.

Pigs were provided a daily quantity of feed that was calculated to supply 3

0.75.

b

times the estimated maintenance requirement for energy (i.e., 106 kcal ME/kg
NRC, 1998) in 2 equal meals at 0800 and 1700. The BW of all pigs was recorded at
the beginning of each experimental period, and the amount of feed supplied during the
following period was calculated based on this BW. The BW of all pigs was also
recorded at the end of the experiment. Water was available at all times.

The initial 4 d of each period were considered an adaptation period to the

experimental diet. On d 5, fresh fecal samples were collected from each pig and stored

at -20°C. Ileal digesta samples were collected continuously for 9 h on d 6 and 7 in

plastic bags as described previously (Stein et al., 1999). Bags were removed whenever

they were filled with digesta and stored at -20°C.

Chemical Analyses

At the end of the experiment, ileal and fecal samples were thawed and pooled
within animal and diet. A subsample of ileal digesta was collected. These subsamples
and the fecal samples were dried at 60°C in a forced air oven for 96 and 72 h,
respectively, and all samples were finely ground. Samples of diets, ileal digesta, and
feces were analyzed for DM (procedure 4.1.06; AOAC, 2000), acid hydrolyzed fat
(Stoldt, 1952), and chromium (Fenton and Fenton, 1979). The concentrations of NDF
in all diets were also analyzed.
Calculations

The apparent ileal digestibility (AlD) and apparent total tract digestibility

(ATTD) of fat were calculated for each diet according to Stein et al. (2007). The true
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ileal digestibility (T1D) and true total tract digestibility (T T TD) of fat from the 2
different sources of fat (liquid and intact fat) were calculated using the regression
method (Jergensen et al., 1993). Apparently digested fat (g/’kg DMI) at the end of the
ileum or over the entire intestinal tract was regressed against dietary fat intake (g/kg
DM). The Y-intercept from the regression equation was considered the endogenous
loss of fat, and the slope represented the true digestibility of fat (Jergensen et al.,
1993). The TID and TTTD of liquid fat or intact fat were also calculated by correcting
the AID and ATTD of fat for ELF derived from each form of fat at the corresponding
collection site, and TID and TTTD of fat in diets containing increasing concentrations
of dietary NDF was calculated from the ELF estimated in diets containing liquid fat
(Stein et al., 2007).
Statistical Analyses

All data were analyzed using the PROC MIXED procedure in SAS (SAS Stat
Inc., Cary, NC). Homogeneity of the variance was verified using the UNIVARIATE
procedure of SAS. The residual vs. the predicted plot procedure was used to check for
outliers in the data. Diet was a fixed effect and pig and period were the random effects
in the model. The interaction between the collection site and the form of fat was
included in the model. However, the interaction was not significant, and therefore
only main effects were included in the model and were presented. The LSMEANS
procedure was used to calculate mean values of all dietary treatments. Orthogonal
polynomial contrast was used to determine linear and quadratic effects of increasing
dietary concentrations of liquid fat, intact fat, or dietary NDF. The PROC REG
procedure in SAS was used to estimate the Y-intercept for determination of ELF and

the slope for determination of TID and TTTD of liquid fat and intact fat. Intercepts
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and slopes were compared between the 2 forms of fat and between sample collection
sites (at the end of the ileum and over the entire intestinal tract) using confidence
intervals derived from the standard errors of the respective regression coefficients
(Dilger and Adeola, 2006). The pig was the experimental unit for all analyses, and an

alpha-value of 0.05 was used to assess significance in all analyses.

RESULTS

All pigs remained healthy and easily consumed their diets throughout the
experiment. Mean BW of pigs at the start and at the end of the experiment were 38.1
+ 1.25 and 97.0 = 2.01 kg, respectively. The ADG of pigs was 0.77 kg throughout the
experiment, which is considered normal because the pigs were not allowed to
consume their diets on an ad libitum basis.

Values for AID (70.6, 81.9, 87.7, and 89.1%) and ATTD (66.6, 80.6, 87.9, and
88.7%) of fat increased (linear and quadratic, P < 0.001) as the dietary inclusion of
liquid fat increased (Table 3.2). Likewise, values for AID (52.7, 65.1, 71.1, and
70.0%) and ATTD (47.6, 57.4, 69.0, 71.9%) of fat increased (linear and quadratic, P <
0.05) as the dietary inclusion of intact fat increased. Total apparently digested fat
increased (linear, P < 0.001) at the end of the ileum (9.0, 26.4, 45.1, and 61.0 g/kg
DMI) and over the entire intestinal tract (8.4, 26.1, 45.2, and 60.6 g/kg DMI) as the
dietary inclusion of liquid fat increased. Total apparently digested fat also increased
(linear, P < 0.001) at the end of the ileum (16.0, 34.3, 54.7, and 68.1 g/kg DMI) and
over the entire intestinal tract (14.4. 30.2, 53.1, 70.0 g’/kg DMI) as the dietary
inclusion of intact fat increased. The apparent digestibility of fat was greater (P <

0.001) in diets containing liquid fat (81.9%) than in diets containing intact fat (63.2%),
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but the total quantity of apparently digested fat was lower (P < 0.05) in diets
containing liquid fat (35.1 g/kg DMI) than in diets containing intact fat (42.9 g/kg
DMI; Table 3.3).

The estimates of ELF at the end of the ileum for liquid fat and for intact fat
were 3.28 and 7.27 g/kg DMI, respectively (Table 3.4). The estimates of ELF over the
entire intestinal tract for liquid fat and for intact fat were 3.77 and 12.08 g/kg DMI,
respectively. The amount of ELF at the end of the ileum and over the entire intestinal
tract was lower (P < 0.05) for liquid fat than for intact fat. The amount of ELF for
liquid fat was not different between collection sites. However, the amount of ELF for
intact fat was greater (P < 0.05) for the entire intestinal tract than at the end of the
ileum.

The TID for liquid fat and for intact fat were 93.8 and 78.6 %, respectively.
The TTTD for liquid fat and for intact fat were 94.2 and 84.1%, respectively. The TID
and TTTD of fat were greater (P < 0.05) for liquid fat than for intact fat. However,
there was no difference between the TID and TTTD of fat within each source of fat.

The AID and ATTD of fat were corrected for TID and TTTD of fat in all diets
by ELF at the end of ileum (3.28 g/kg DMI for liquid fat and 7.27 g/kg DMI for intact
fat) and over the entire intestinal tract (3.77 g/kg DMI for liquid fat and 12.08 g/kg
DMI for intact fat; Table 3.5). Increasing dietary liquid fat had no linear or quadratic
effect on the TID (96.3, 92.1, 94.1, and 93.9%) or TTTD (96.2, 92.3, 95.3, and
94.2%) of fat. There was no linear or quadratic effect of increasing dietary intact fat
on TID of fat (76.7, 78.9, 80.5, and 77.4%), but there was a quadratic effect (P < 0.05)
of increasing dietary intact fat on TTTD (87.5, 80.3, 84.7, and 84.3%) of fat.

There was no effect of the dietary inclusion of NDF on the AID, TID, or
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TTTD of fat (Table 3.6), but a quadratic effect (P < 0.05) of the dietary inclusion of
dietary NDF on the ATTD of fat (87.9, 86.3, 86.0, and 87.0%) was observed. The
average values for the AID (87.4%) and TID (93.8%) of fat were not different from

the average values for the ATTD (86.9%) and TTTD (94.3%) of fat.

DISCUSSION

Effect of Dietary Fat Intake on Apparent Digestibility of Fat

A curvilinear increase in the AID and ATTD of fat as dietary fat intake
increased was observed for both liquid fat and intact fat. This result agrees with
previous results from growing pigs (Just et al., 1980; Jorgensen et al., 1993) and from
poultry (San Juan and Villamide, 2000). The AID and ATTD of fat increased to a
plateau, indicating the ELF exhibits a greater effect on the apparent digestibility of fat
at low levels of dietary fat than at high levels (Jorgensen et al., 1993). It has also been
reported that the relative contribution of endogenous losses of AA to total excretion of
AA decreases as dietary concentration of AA increases (Fan and Sauer, 1997).
Endogenous Losses of Fat

There was a linear relationship between total apparently digested fat and
dietary fat intake at the end of the ileum and over the entire intestinal tract for both
liquid fat and intact fat. Accordingly, the linear regression procedure can be used to
determine ELF, TID, and TTTD of liquid fat and intact fat (Jergensen et al., 1993).

The ELF for liquid fat at the end of the ileum that was measured in this
experiment (3.28 g/kg DMI) is close to the value of 4.74 g/kg DMI that was reported
by Jergensen et al. (1993). Values for the ELF of liquid fat over the entire intestinal

tract ranging from 4.4 to 22.4 g/kg DMI have been reported for diets containing corn
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oil (Adams and Jensen, 1984) or soybean oil (Jorgensen et al. 1993; Jorgensen and
Fernandez, 2000), but the value estimated in this experiment (3.77 g/kg DMI) is close
to the lowest value of the range. When intact fat was added to the diets, the ELF (7.27
g/kg DMI) at the end of the ileum in this experiment was greater than the value of 2.0
g/kg DMI for diets containing various feed ingredient (Shi and Noblet, 1993). The
ELF over the entire intestinal tract has been reported to vary from 6.1 to 8.7 g/kg DMI
when high-oil corn (Adams and Jensen, 1984) or sunflower seeds (Adams and Jensen,
1985) was included in the diets, which is lower than our value of ELF (12.08 g/kg
DMI) over the entire intestinal tract. The reason for the differences in the estimates of
ELF between this experiment and previously reported values may be that the lowest
concentrations of dietary fat and the range of concentrations of dietary fat were
different among experiments, which are critical for regression coefficients (Dilger and
Adeola, 20006). Fat sources (Freeman et al., 1968; Lopez Bote et al., 2001), non-fat
dietary components (Jorgensen et al. 1992a), and animals (Jergensen et al. 1992b)
may also influence the estimates of ELF.

The quantities of ELF at the end of the ileum and over the entire tract that
were measured for intact fat were greater than for liquid fat. This may be explained by
the greater concentration of fiber in diets containing intact fat compared with diets
containing liquid fat. The greater concentration of dietary fiber may depress the
absorption of dietary fat as well as the reabsorption of endogenous fat (e.g., bile acids)
before the end of ileum, leading to increased amount of ELF both at the end of the
ileum and over the entire intestinal tract (Bach Knudsen and Hansen, 1991; Smits and
Annison, 1996). The greater concentration of dietary fiber may also facilitate

microbial growth in the hindgut of pigs, which may increase the amount of ELF in the
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hindgut of pigs (Eyssen, 1973; Bach Knudsen et al., 1991). This may explain why the
ELF for intact fat was greater over the entire intestinal tract than at the end of ileum,
while the ELF for liquid fat was not different between collection sites.

Apparent and True Digestibility of Liquid Fat and Intact Fat

The values for apparent digestibility of liquid fat (81.9%) and of intact fat
(63.2%) that were measured in this experiment are comparable to values measured in
corn oil (80%; Carlson and Bayley, 1968) and in corn (59.6%; Adeola and Bajjalieh,
1997). The greater apparent digestibility of liquid fat than of intact fat agrees with
previous results with soybeans (Agunbiade et al., 1992), palm kernels (Agunbiade et
al., 1999), and sunflower seeds (San Juan and Villamide, 2000). Based on the data for
ELF obtained in this experiment, it is concluded that the lower apparent digestibility
of intact fat than of liquid fat is partly caused by the greater amount of ELF for intact
fat than for liquid fat.

The TTTD of liquid fat (94.2%) estimated in this experiment is greater than
the value (84.7%) for corn oil previously reported (Adams and Jensen, 1984), but it is
within the range (91.2 to 97.7%) of the values reported for the TTTD of soy oil
(Adams and Jensen, 1984; Jargensen et al., 1993; Jargensen and Fernandez, 2000).
The TID (78.6%) of intact fat is comparable with previously reported values of 77.0%
TID of fat in diets containing a combination of feed ingredients (Shi and Noblet,
1993). However, the TTTD (84.1%) of intact fat was greater than the TTTD of fat in
corn (77.6%), soybeans (72.1%), and sunflower seeds (75.0%) reported by Adams and
Jensen (1984). The variation in TID and TTTD of fat among experiments may be due
to the differences in dietary fat intake, diet composition, fat sources, and animals

among experiments.
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The greater true digestibility of liquid fat than of intact fat regardless of
collection site implies that the greater apparent digestibility of liquid fat than of intact
fat is not only caused by the lower amount of ELF for liquid fat than for intact fat. The
greater true digestibility of liquid fat indicates that liquid fat may have
physiochemical properties that make it easier to be digested and absorbed than intact
fat. Intact fat may be encased in the membrane of fat cells and thus more resistant to
the formation of emulsions and enzymatic digestion than liquid fat (Adams and
Jensen, 1984; Bach Knudsen et al., 1993).

Apparent Digestibility of Fat vs. True Digestibility of Fat

The non-linear increase in apparent digestibility of fat as the concentration of
dietary liquid fat or intact fat increased indicates that apparent digestibility of fat is
influenced by dietary fat intake because of the relative contribution of ELF on total
outflow of fat. Excluding the effect of ELF on apparent digestibility of fat, true
digestibility of fat can be measured by correcting apparent digestibility with ELF and
can be considered constant across dietary fat intake (Freeman et al.,1968; Adams and
Jensen, 1984). This is supported by our results that dietary fat intake exhibited no
linear or quadratic effect on TID and TTTD of liquid fat and TID of intact fat.
However, TTTD of intact fat showed a quadratic relationship with dietary fat intake in
this experiment. We have no clear explanation for this result. Therefore, our data
confirm that true digestibility is superior to apparent digestibility for the
determination of fat digestibility because of the independency of dietary fat intake.
lleal vs. Total Tract Digestibility of Fat

The AID (73.6%) of fat measured in this experiment was not different from
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the ATTD (71.5%) of fat. This observation is in contrast with results showing that the
ATTD of fat is lower than the AID of fat because of a net synthesis of fat in the
hindgut of pigs (Shi and Noblet, 1993; Bakker, 1996). The reason for this difference
may be that the greater concentrations of dietary NDF and different sources of dietary
fiber were used in the previous experiments by Shi and Noblet (1993) and Bakker
(1996), which may increase the synthesis of endogenous fat by microbes in the
hindgut of pigs. Dietary fat is digested and absorbed before the end of the ileum (Low,
1980; Drackley, 2000) and thus the synthesis of endogenous fat in the hindgut of pigs
contributes to the difference between AID and ATTD of fat. This is also confirmed by
our results of no differences between the TID and TTTD of liquid fat or intact fat,
indicating no net absorption of fat in the hindgut of pigs.
Effect of dietary NDF on Apparent and True Digestibility of Fat

Increasing dietary NDF did not influence the AID, TID, and TTTD of fat, but
a quadratic effect of increasing dietary NDF on ATTD of fat was observed. These
results were unexpected because it has been reported that increasing dietary NDF
decreases the apparent digestibility of fat (Just et al., 1980; Bakker, 1996; Hensen et
al., 2006). The depressive effect of fiber on fat digestibility may, however, be more
associated with the characteristics of fiber (e.g., viscosity) rather than with the
concentration of fiber (Fahey et al., 1990; Smits and Annison, 1996). Accordingly,
purified NDF that was used in this experiment may interact less with fat in the
intestinal tract than natural NDF (Schulze et al., 1995), possibly due to the simplified
physicochemical structure of purified NDF, which may in turn lead to less depressive
impact on apparent and true digestibility of fat compared with natural NDF

(Sambrook, 1979).
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In conclusion, results from this experiment indicate that liquid fat induces a
lower ELF and has a greater apparent and true digestibility than intact fat at the end of
the ileum and over the entire intestinal tract. The amount of ELF induced by intact fat
is lower at the end of the ileum than over the entire intestinal tract because dietary
fiber results in extra synthesis of endogenous fat in the hindgut. Apparent digestibility
of fat and true digestibility of fat at the end of the ileum and over the entire intestinal
tract are similar, which indicates that there is no net absorption of fat in the hindgut of
pigs. Purified form of dietary NDF has little influence on apparent and true

digestibility of fat.
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Table 3.1. Composition of experimental diets (as-is basis)

S9

Liquid fat Dietary NDF addition Intact fat
Ingredient, % Diet: 1 2 3 4 5 6 7 8 9 10 11
Casein 950 950 950 9.50 9.50 9.50 9.50 8.00 8.00 8.00 8.00
Maize flaking grits 63.17 63.17 63.17 63.17 63.17 63.17 63.17 3421 3421 3421 3421
Defatted corn germ meal - - - - - - - 36.60 2440 1220 -
Whole corn germ meal - - - - - - - - 12.20 2440 36.60
Cornstarch 1420 12.20 10.20 8.20 7.10 4.00 0.90 771 514 257 -
Corn oil - 2.00 4.00 6.00 4.00 4.00 4.00 - - - -
Sucrose 10.00 10.00 10.00 10.00 10.00 10.00 10.00  10.00 10.00 10.00 10.00
Solka floc - - - - 3.10 6.20 9.30 - 257 514 771
Limestone 075 075 075 0.75 0.75 0.75 0.75 1.10  1.10 1.10 1.10
Monocalcium phosphate 090 090 090 0.90 0.90 0.90 0.90 090 090 090 090

Potassium carbonate 040 040 040 040 0.40 0.40 0.40 040 040 040 040
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Table 3.1 (Cont.)

Magnesium oxide 0.10
Salt 0.40
Vitamin premix ' 0.03
Trace mineral premix 0.15
Chromic oxide 0.40

Analyzed composition, % (DM basis)

Acid hydrolyzed fat 1.27

NDF

3.00

0.10

0.40

0.03

0.15

0.40

322

2.77

0.10

0.40

0.03

0.15

0.40

5.14

2.73

0.10

0.40

0.03

0.15

0.40

6.85

2.90

0.10

0.40

0.03

0.15

0.40

5.12

5.78

0.10

0.40

0.03

0.15

0.40

4.87

9.24

0.10

0.40

0.03

0.15

0.40

5.29

11.28

0.10

0.40

0.03

0.15

0.40

3.03

17.10

0.10

0.40

0.03

0.15

0.40

5.26

16.28

0.10

0.40

0.03

0.15

0.40

7.70

15.71

0.10

0.40

0.03

0.15

0.40

9.74

14.18

'Provided the following quantities of vitamins per kilogram of complete diet: Vitamin A, 6,594 IU as vitamin A acetate;

vitamin D3, 989 IU as D-activated animal sterol; vitamin E, 33 TU as alpha tocopherol acetate; vitamin K3, 2.6 mg as menadione

dimethylpyrimidinol bisulphite; thiamin, 2.0 mg as thiamine mononitrate; riboflavin, 5.9 mg; Pyridoxine, 2.0 mg as pyridoxine

hydrochloride; vitamin B1,, 0.026 mg; D-pantothenic acid, 20 mg as calcium pantothenate; niacin, 33 mg; folic acid, 0.66 mg; and biotin,

0.1 mg.
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Table 3.1 (Cont.)
*Provided the following quantities of minerals per kilogram of complete diet: Cu, 16 mg as copper sulfate; Fe, 165 mg as iron

sulfate; I, 0.36 mg as potassium iodate; Mn, 44 mg as manganese sulfate; Se, 0.3 mg as sodium selenite; and Zn, 165 mg as zinc oxide.
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Table 3.2. Apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) of fat and total digested fat (TDF) in diets

containing liquid fat or intact fat

Liquid fat (g/kg DM) P-value Intact fat (g/lkg DM) P-value

Items Total fat: 12.7 322 514 68.5 SEM Linear Quadratic 303 52.6 77.0 974 SEM Linear Quadratic

AID of fat, % 70.6 819 87.7 89.1 1.11 <0.001 <0.001 527 65.1 71.1 70.0 1.46 <0.001 <0.001
TADF;, g/kg DMI ' 9.0 264 451 61.0 047 <0.001 0.387 16.0 343 547 68.1 0.88 <0.001 0.054
ATTD of fat, % 66.6 80.6 87.9 887 120 <0.001 <0.001 476 574 69.0 719 124 <0.001 0.020
TADF,, g/kg DMI > 84 26.1 452 60.6 0.54 <0.001  0.908 144 30.2 53.1 70.0 0.73 <0.001 0.056

" TADF; = total apparently digested fat at the end of the ileum.

2 TADF, = total apparently digested fat over the entire intestinal tract.
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Table 3.3. Apparent digestibility (AD) of fat and total apparently digested fat (TADF) in diets containing liquid fat or intact fat

Form of fat Collection site P-value'
Items Liquid fat  Intact fat End of the ileum Entire intestinal tract SEM  Form of fat Collection site
AD of fat, % 81.9 63.2 73.6 71.5 1.04 <0.001 0.160
TADF, g/kg DMI 35.1 429 39.3 38.6 2.29 0.017 0.829

'Interaction between form of fat and collection site was not significant.
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Table 3.4. Regression of total apparently digested fat (g/kg DMI) at the end of the ileum and over the entire intestinal tract on dietary

fat intake (g/kg DM)'
Regression SE of the SE of the Estimated ELF* Estimated true

Items equation slope intercept R’ (g/’kg DMI) digestibility of fat (%)
End of the ileum

Liquid fat y =0.938x —3.28 0.0117 0.531 0.99 3.28% 93.8”

Intact fat y =0.786x — 7.27 0.0179 1.245 0.98 7.27° 78.6*
Entire intestinal tract

Liquid fat y =0.942x - 3.77 0.0140 0.637 0.99 3.77*% 94.27

Intact fat y=0.841x — 12.08 0.0156 1.083 0.99 12.08" 84.1%

X,y,z

'n=44.

ELF = endogenous losses of fat.

Within a column, values lacking a common superscript are different (P < 0.05).



Table 3.5. True ileal digestibility (TID) of fat and true total tract digestibility (TTTD) of fat in diets containing liquid fat or intact fat

Liquid fat (g/kg DM) P-value Intact fat (g/kg DM) P-value
Items Total fat: 12.7 322 51.4 68.5 SEM Linear Quadratic 303 52.6 77.0 97.4 SEM Linear Quadratic
TID of fat, %' 96.3 92.1 94.1 939 123 0309 0.076 76.7 789 80.5 774 146 0474  0.062
TTTD of fat, %° 96.2 923 953 942 1.20 0.554 0.190 87.5 803 84.7 843 1.24 0371 0.008

IL

'TID = true ileal digestibility of fat by correcting apparent ileal digestibility of fat with the endogenous losses of fat derived from
each form of fat at the end of ileum (3.28 g/kg DMI for liquid fat and 7.27 g/kg DMI for intact fat).
>TTTD = True total tract digestibility of fat by correcting apparent total digestibility of fat with the endogenous losses of intact

fat derived from each form of fat over the entire intestinal tract (3.77 g/kg DMI for liquid fat and 12.08 g/kg DMI for intact fat).



L

Table 3.6. Effect of the inclusion of dietary NDF on apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) of

fat, and true ileal digestibility (TID) and true total tract digestibility (TTTD) of fat

NDF levels (g/kg DM): 27.3 57.8 92.4 112.8 P-value
Items Fat levels (g’kg DM): 51.4 51.2 48.7 52.9 Mean SEM Linear Quadratic
AID of fat, % 87.7 86.6 87.5 87.6 87.4 0.70 0.799 0.254
ATTD of fat, % 87.9 86.3 86.0 87.0 86.9 0.71 0.186 0.043
TID of fat, %' 94.1 93.1 94.2 93.8 93.8 0.70 0.907 0.508
TTTD of fat, %' 953 93.8 93.7 94.1 94.3 0.71 0.145 0.130

'TID and TTTD of fat were corrected from the endogenous losses of fat estimated in diets containing liquid fat.



CHAPTER 4
OPERATIONAL NET ENERGY REQUIREMENT FOR MAINTENANCE IN

GROWING AND FINISHING PIGS

ABSTRACT

An experiment was conducted to measure the operational NE requirement for
maintenance (ONE,;) for growing and finishing pigs. The objective was to determine
the effect of the stage of growth on ONE;,, and to investigate if ONE,, differs for pigs
at different experiment locations. The experiment was conducted at the University of
[linois (UIUC), the University of Missouri (MO), and the Prairie Swine Centre (PSC).
Similar protocols were used at each location. A total of 48 growing (initial BW: 23
kg) and 48 finishing (initial BW: 83 kg) barrows were used at each location and
within each stage of growth, pigs were allotted to 8 outcome groups of 6 barrows
according to BW. Within each outcome group, pigs were randomly allotted to 1 of 6
treatment groups. Two treatment groups at each stage of growth within each location
served as an initial slaughter group. The remaining pigs were assigned to 4 dietary
treatments and harvested at the conclusion of the experiment. All growing pigs and
finishing pigs at MO and PSC were fed 1.40, 1.90, 2.40, or 2.90 times ME
requirement for maintenance (ME,,), but finishing pigs at UIUC were fed 1.85, 2.20,
2.55, or 2.90 times ME,. The ME,, was assumed to be 191 kcal’kg BW*%-d"!. Results
showed that ADG for growing pigs increased (linear, P < 0.01) and ADG for finishing
pigs also increased (linear and quadratic, P < 0.01 at UIUC; linear, P <0.01 at MO
and PSC) as feeding level increased. Lipid gain and energy retention for both growing

and finishing pigs increased (linear, P < 0.01) with feeding level at all locations. The
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efficiency (NE:DE) of energy utilization was greater (P < 0.01) for finishing pigs
(0.72, 0.54, and 0.78 at UIUC, MO, and PSC) than for growing pigs (0.56, 0.41, and
0.46 at UIUC, MO, and PSC). The ONE,, was also greater (P < 0.01) for finishing
pigs (219, 123, and 270 kcal/kg BW*®-d! at UIUC, MO, and PSC) than for growing
pigs (128, 115, and 78 kcal/kg BW"®-d™! at UTUC, MO, and PSC). The NE:DE and
ONE,, were different (P < 0.05) among locations. The interaction between the stage of
growth and location for ONE,, was significant (P < 0.01). In conclusion, the NE:DE
and ONE,, for finishing pigs are greater than for growing pigs. Experiment location
influences the NE:DE and ONE,,. The experiment location interacts with stage of
growth on ONE,,,, which suggests that different values for ONE,, should be used for
calculating the NE of diets measured in different stage of growth and experiment
location.

Keywords: energy retention, maintenance requirement, net energy, pig, stage of

growth, experiment location

INTRODUCTION

The NE of a diet is estimated as the sum of the energy retained and the
amount of energy required for basic body functions (Baldwin, 1995); the latter is
called the NE for maintenance (NEn). The NE,;, is often estimated as fasting heat
production (FHP), but FHP may not always be an accurate measure of NEm for
commercially-fed pigs because of the difference in energy metabolism between fasted
pigs and pigs that are allowed free access to feed (Baldwin, 1995).

An alternative procedure to estimate NE,, is to regress energy retention on

energy intake for pigs fed graded levels of energy. By extrapolating this regression
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line to zero energy intake, the y-intercept of this regression equation is considered an
estimate of NE,, (Ewan, 2001). To distinguish the NE,, estimated by regression
analysis from the NE;, measured by FHP, the estimate obtained from regression
analysis is called the operational net energy for maintenance (ONE).

The reported estimates of ONE,, for pigs vary from 117 to 181 kcal/kg BW"®
(Noblet and Henry, 1991; Noblet et al., 1994a,b; de Lange et al., 2006). Currently, 179
kcal/kg BW® (Noblet et al., 1994a) is used for ONE,, in European NE systems.
However, various factors including animals and environment may influence the
ONE,, (Baldwin and Bywater, 1984). Ideally ONE,,, therefore, should be measured
under the same conditions as those used to measure the NE value of diets because of
the direct impact of ONE,,, on NE values (Boisen and Verstegen, 1998). No
experiments have been conducted to investigate the effect of the BW of pigs and
environment on the ONE,, of pigs in North America, leading to difficulties in
measuring the NE of diets.

The objective of this study, therefore, was to estimate the ONE,, in both
growing and finishing pigs to determine the impact of the stage of growth on ONE,,.
The second objective was to determine if ONE,, is constant among different

experiment locations.

MATERIALS AND METHODS
The experiment was conducted at the University of Illinois, Urbana (UIUC),
at the University of Missouri, Columbia (MO), and at the Prairie Swine Centre Inc.,

Saskatoon (PSC). Similar experimental protocols were used at each experiment
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location and all animal procedures were approved by the Institutional Animal Care
and Use Committee at each experiment location.
Animals, Housing, and Experimental Design

A total of 144 growing and 144 finishing barrows were used (Table 4.1). Pigs
at UTUC and PSC originated from the matings of line 337 sires to C-22 females (Pig
Improvement Company, Hendersonville, TN, and PIC Canada Ltd., Winnipeg,
Manitoba, Canada). Pigs at MO were the offspring of C-22 females mated to T4
males (Pig Improvement Company, Hendersonville, TN). All pigs used in the
experiment were selected based on BW and ADG during a 2 wk pre-experimental
period. At each experiment location and within each stage of growth (growing and
finishing stages), pigs were allotted according to BW to 8 outcome groups of 6
barrows. Within each outcome group, pigs were randomly allotted to 1 of 6 treatment
groups with 8 pigs per treatment group. Two groups at each stage of growth and at
each experiment location served as an initial slaughter group and all pigs in these 2
treatment groups were harvested at the start of the experiment. The remaining pigs
were assigned to 4 dietary treatments and harvested at the conclusion of the
experiment.

Pigs at each experiment location were housed individually in a pen equipped
with a feeder and a nipple waterer in an environmentally controlled building. The
individual BW of pigs was recorded weekly. Daily feed allowances were provided in
2 equal meals and water was available at all times. Orts were collected and weighed

daily. The experimental period was 28 d for growing pigs and 35 d for finishing pigs.
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Dietary Treatments

Each experiment location used similar diets consisting primarily of corn and
soybean meal (Table 4.2). Diets were formulated to exceed current estimates of
nutrient requirements (NRC, 1998) by at least 10% because pigs were restricted in
their feed intake. Small difference in chemical composition of the diets reflected
different nutrient profiles of local ingredients. Chromic oxide was included in the
diets at UIUC and MO, and celite was added to the diets at PSC as indigestible
markers. No antibiotic growth promoters were used. All pigs within each stage of
growth received the same diet that was provided in a mash form throughout the
experimental period. All growing pigs and finishing pigs at MO and PSC were
provided feed in the amount of 1.40, 1.90, 2.40, or 2.90 times the assumed ME
requirement for maintenance (MEy), but finishing pigs at UIUC were fed 1.85, 2.20,
2.55, or 2.90 times the assumed ME,,. The ME,, was assumed to be 191 kcal/kg BW"®.
For a pig weighing 50 kg, this value is equivalent to 106 kcal/ kg BW*” (NRC, 1998).
Daily feed allowance was adjusted weekly according to the BW of each pig.
Samples Collection and Slaughter Procedure

At the conclusion of the experiment, ADG, ADFI, and G:F for each pig were
calculated and summarized within each feeding level. Fresh fecal samples were
collected on d 7 of each week from each pig by grab sampling. Fecal samples
collected each week were pooled within pig at the end of the experiment, lyophilized,
and finely ground before chemical analyses.

The comparative slaughter procedure was used to estimate energy retention in
the pigs (de Goey and Ewan, 1975). Pigs were weighed on the last day of the

experiment and feed was withheld for 16 h. Pigs were then transported to the meat
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science laboratory at each experiment location, weighed again, and euthanized by
captive-bolt stunning followed by exanguination. Care was taken to ensure that all
blood was collected from each pig. The carcass was split down the midline from the
groin to the chest cavity and the viscera were removed.

At UIUC, the carcass, the viscera, and the blood were collected, weighed, and
processed separately. Carcasses were stored at 4°C for 16 h, weighed and cut into
pieces to fit into a grinding apparatus (Autio Company, Astoria, OR). Carcasses were
ground twice using a 12 mm die for growing pigs and an 18 mm die for finishing pigs.
Approximately 30 kg of the ground carcass was collected and further mixed in a
mixer (Keebler Company, Chicago, IL). After 1 min of mixing, approximately 8 kg of
carcass was collected and stored at -20°C. The frozen carcass samples were then
thawed at 4°C for 16 h and cut into half inch slices using a band saw (Hobart
Company, Troy, OH). The carcass slices were ground twice through a meat grinder
(Lasar manufacturing Company Incorporated, Los Angeles, CA) using a 2 mm die
and subsamples for chemical analyses were collected.

The digestive tracts were flushed with water to remove digesta. The emptied
tract was combined with other organs including the liver, kidney, spleen, and lungs
and then patted dry. The weight of the viscera was recorded and the viscera was then
stored at 4°C overnight. The cooled viscera were ground in a Butcher Boy meat
mincer using a 10 mm die followed by a second grind using a 2 mm die. Ground
viscera were mixed and 2 subsamples were collected. The subsamples were ground
again in a food processor (Proctor Silex, Hamilton Beach, CA) and the final
subsamples were collected. All subsamples of carcass, viscera, and blood were freeze

dried to a constant weight and finely ground prior to chemical analyses.
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At MO and PSC, carcass, viscera, and blood were collected separately, but
processed together. After the removal of digesta from the digestive tract, the emptied
digestive tract, other organs, and blood were returned to the carcass and the weight of
the digesta-free BW was recorded. Carcasses were then stored at -20°C for later
grinding. The whole digesta-free body was weighed prior to grinding and cut into
smaller pieces and passed through a 10 mm die 2 times and a 5 mm die 2 times using
a grinder (Autio Company, Astoria, OR). Following each pass, the mince was
collected into a barrel and mixed prior to the next pass through the grinder. On the
final pass, 5 subsamples of 250 g were obtained as the material left the grinder. Each
of these 5 samples was placed on a flat surface on waxed paper, flattened to a
thickness of 5 cm and quartered. Random quarters from each of the 5 subsamples
were collected, lyophilized to a constant weight, and finely ground for chemical
analyses.

Chemical Analyses

All 3 experiment locations followed similar procedures for chemical analyses
for DM, energy, protein, and lipids. In the analyses for body composition, UTUC
conducted chemical analyses separately for carcass, viscera, and blood, but MO and
PSC conducted chemical analyses on the whole digesta-free body including carcass,
viscera, and blood. All analyses were performed in duplicate samples and analyses
were repeated if results from duplicate samples varied more than 5% from the mean.
The DM of diets and fecal samples was determined by oven drying at 135°C for 2 h
(method 930.15; AOAC, 2005). The DM of carcass, viscera, and blood was calculated
by freeze drying to a constant weight and this value was used to calculate the whole

body concentration of energy, protein, and lipids. The GE of diets, fecal samples, and
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body components were measured using an adiabatic bomb calorimeter (Model 6300,
Parr Instruments, Moline, IL). Benzoic acid was used as the standard for calibration.
The concentration of N was measured using the combustion method (method 990.03;
AOAC, 2005) and protein was calculated as N X 6.25. The concentration of lipids was
determined using the ether extraction method (method 2003.06; AOAC, 2005). Diets
and fecal samples from UIUC and MO were analyzed for the concentrations of
chromium (Fenton and Fenton, 1979), but diets and fecal samples from PSC were
analyzed for acid insoluble ash (McCarthy et al., 1974). The crude fiber concentration
in diets was measured using the Weende method (method 962.09; AOAC, 2005). Diet
samples were also analyzed for ash (method 942.05; AOAC, 2005).
Calculations

The apparent total tract digestibility of energy in diets fed to each pig was
calculated according to Chastanet et al. (2007) and the DE of the diet at each feeding
level was calculated by multiplying the GE of the diet by the apparent total tract
digestibility of energy. Retention of energy, protein, and lipids during the
experimental period was calculated from the difference between the initial quantity of
energy, protein, and lipids and the final quantity of energy, protein, and lipids,
respectively. Energy retention was also calculated from protein gain and lipid gain as
5.66 and 9.46 kcal/g for protein and lipids, respectively (Ewan, 2001). The initial
body composition of pigs was determined from the body composition of pigs in the
initial slaughter group according to previously outlined procedures (Oresanya et al.,
2008). For linear regression analyses, the measurement of energy retention and DE

intake were expressed as kcal/kg BW"®-d! based on the average metabolic BW
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calculated from the metabolic BW (kg BW"®) that was recorded each week during the
experiment.
Statistical Analysis

All data were analyzed using the MIXED procedure (Littell et al., 1996; SAS
Inst. Inc., Cary, NC). Homogeneity of the variances was verified using the
UNIVARIATE procedure of SAS. The residual vs. the predicted plot procedure was
used to analyze data for outliers. No outliers were identified. Orthogonal polynomial
contrasts were used to determine linear and quadratic effects of the feeding level on
growth performance, carcass composition, and retention of protein, lipids, and energy
of pigs at each stage of growth within each experiment location. The LSMEANS
procedure was used to calculate the mean values for all feeding levels. The individual
pig was the experimental unit, and an alpha-value of 0.05 was used to assess
significance among means.

Feeding levels with negative energy or lipid retention were not included in
the regression analyses to prevent overestimating the ONE,, because the regression
line for energy retention has a steeper slope below than above zero energy retention
(Baldwin, 1995). Consequently, all growing pigs fed at the lowest feeding level at all
locations, growing pigs fed at the second lowest feeding level at MO and finishing
pigs fed at the lowest feeding level at MO and PSC were excluded in the regression
analyses. Values for studentized residuals and difference in fits statistic (DFFITS)
were also estimated to identify outliers in the regression analyses (Kutner et al., 2005).
One growing pig at UIUC was identified for an outlier, and therefore removed from

the regression analyses.
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Linear regression analyses were conducted to determine the relationship
between energy retention (kcal/kg BW®-d") and DE intake (kcal/kg BW®%-d™) at
each stage of growth within each experiment location. The x-intercept and y-intercept
were considered the DE requirement for maintenance (DE,,) and ONE,,, respectively,
and the slope of the regression equation represented the efficiency (NE:DE) of DE
intake for energy retention (Ewan, 2001). The effects of stage of growth and
experiment location on NE:DE and ONE,, were determined using an analysis of
covariance with DE intake as a covariate (Noblet et al., 1994b; Littell et al., 1996).
The statistical model included the stage of growth, location, DE intake, and the
interactions (stage of growth x DE intake, location x DE intake, stage of growth x
location, and stage of growth X location x DE intake). The stage of growth and
experiment location were fixed effects in the model. If there was no interaction, the

interaction terms were sequentially removed from the model.

RESULTS

Pig Performance, Carcass Composition, and Retention of Energy, Protein, and
Lipids

In the growing phase, ADG increased (linear, P < 0.01) at UIUC (Table 4.3),
MO (Table 4.4), and PSC (Table 4.5) as feeding level increased. The G:F also
increased (linear, P < 0.01 at UIUC and PSC; linear and quadratic, P < 0.01 at MO) as
feeding level increased. The digesta-free BW increased (linear, P < 0.01) with feeding
level at all experiment locations. The concentration of protein decreased (linear, P <
0.01 at UIUC and MO; linear and quadratic, P < 0.05 at PSC), but the concentration

of lipids and energy in the digesta-free body increased (linear, P < 0.01 at UIUC and
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MO; linear and quadratic, P < 0.01 at PSC) as feeding level increased. The total
amount of protein, lipids, and energy in the digesta-free body, protein gain, lipid gain,
measured energy retention, and calculated energy retention increased (linear, P <
0.01) at all experiment locations as feeding level increased. Lipid gain:protein gain
also increased (linear, P < 0.05 at UIUC and MO; linear and quadratic, P < 0.01 at
PSC) with feeding level.

In the finishing phase, ADG for finishing pigs increased (linear and quadratic,
P <0.01 at UIUC,; linear, P < 0.01 at MO and PSC) as feeding level increased. The
G:F increased (linear and quadratic, P < 0.05) with feeding level at all experiment
locations. The digesta-free BW increased (linear and quadratic, P < 0.01 at UTUC;
linear, P < 0.01 at MO and PSC) with feeding level at all experiment locations. The
concentration of protein decreased (linear and quadratic, P < 0.05 at UIUC; linear, P <
0.01 at MO and PSC), but the concentration of lipids and energy in the digesta-free
body increased (linear, P < 0.01) as feeding level increased at all experiment locations.
The total amount of protein in the digesta-free body and protein gain increased (linear
and quadratic, P < 0.01 at UIUC; linear, P <0.01 at MO and PSC) as feeding level
increased. The total amount of lipids and energy in the digesta-free body, lipid gain,
lipid gain:protein gain, measured energy retention, and calculated energy retention
also increased (linear, P < 0.01) as feeding level increased at all experiment locations.
Operational Net Energy Requirement for Maintenance

The NE:DE was greater (P < 0.01) for finishing pigs (0.72, 0.54, and 0.78 at
UIUC, MO, and PSC) than for growing pigs (0.56, 0.41, and 0.46 at UIUC, MO, and
PSC) and the NE:DE tended to be different (P = 0.05) among locations (Table 4.6).

There was no interaction between stage of growth and location on NE:DE. The ONE,,
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was greater (P < 0.01) for finishing pigs (219, 123, and 270 kcal/kg BW*®-d™ at UTUC,
MO, and PSC) than for growing pigs (128, 115, and 78 kcal/kg BW*®-d™ at UTUC,
MO, and PSC). The ONE,, was also different (P < 0.01) among locations. The
interaction between stage of growth and location for ONE,, was significant (P < 0.01)
because the ONE,, was lower for growing pigs at UIUC and PSC than for finishing

pigs, but the ONE,, was not different between growing and finishing pigs at MO.

DISCUSSION

Pig Performance, Carcass Composition, and Retention of Energy, Protein, and
Lipids

An increase in growth performance, carcass composition, and retention of
energy, protein, and lipids was observed for growing and finishing pigs at all 3
locations as feeding level increased. This result was expected and agrees with
previous observations (de Greef, 1992; Bikker et al., 1995, 1996a,b). The linear
increase in protein gain with feeding level observed in this experiment supports the
concept of a linear-plateau deposition of protein to energy intake (Whittemore and
Fawcett, 1976). Protein gain at the highest feeding level was 122.7, 109.4, and 125.4
g/d for growing pigs and 116.2, 118.4, and 136.0 g/d for finishing pigs at UIUC, MO,
and PSC, respectively. In a subsequent experiment at UIUC, we observed protein gain
of 161.3 and 171.5 g/d, respectively for growing and finishing pigs that were allowed
free access to a corn-soybean meal diet (Kil et al., unpublished data). This result was
obtained from pigs that had similar BW and reared under similar experimental
conditions as those used at UIUC in this experiment. It is, therefore, likely that the

protein gain of both growing and finishing pigs obtained in the current experiment is
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below the potential maximum for protein gain. The increase in lipid gain:protein gain
that was observed for growing pigs and finishing pigs as feeding level increased has
also been observed in previous experiments (de Greef et al., 1994; Oresanya et al.,
2008).

At all locations, finishing pigs had greater lipid gain and lipid gain:protein
gain compared with growing pigs across all feeding levels. This observation indicates
that more dietary energy is utilized for lipid gain in finishing pigs than in growing
pigs as has previously been reported (de Greef et al., 1994).

All growing and finishing pigs fed 1.4 times ME,, lost body energy or had
negative lipid gain, but positive protein gain. Growing pigs fed 1.9 times ME,, at MO
also lost body lipids. This observation agrees with data showing that animals mobilize
body lipids to support protein retention if they are fed near or below the energy
requirement for maintenance (Quiniou et al., 1999). Apparently, the value for ME,,
(191 keal/kg BW®®-d™") that was predicted from NRC (1998) and used in this
experiment, underestimated the real ME,, of the pigs at all locations. Based on the
data for energy retention, the ME,, for growing and finishing pigs respectively were
219, 269, and 163 kcal/kg BW"®-d™" and 292, 219, and 332 kcal/kg BW"®-d”',
respectively, at UIUC, MO, and PSC. The average calculated ME,, for all pigs was
249 kcal/kg BW*®-d!, which is close to 242 and 250 kcal/kg BW*®-d™" as has
previously been reported (Noblet et al., 1991, 1999; Noblet et al., 1994a). However,
the large variation in ME,, among locations implies that it is inaccurate to use 1 value

for ME,, at all locations.
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Operational Net Energy Requirement for Maintenance

The values for NE:DE for growing pigs estimated in this experiment is lower
than the value of 0.70 that has been reported (Noblet et al., 1994a). However, the
value for NE:DE for finishing pigs at UIUC and PSC is close to the value of 0.70
reported by Noblet et al. (1994a). Diet composition and methodology used in the
experiments (Just, 1982; Chwalibog, 1991; Birkett and de Lange, 2001), and the
environment (Black, 1995; Le Bellego et al., 2002) may influence the estimate for
NE:DE. Therefore, it is likely that the difference in NE:DE among locations may be
explained by differences in environmental factors among locations. The greater
NE:DE for finishing pigs than for growing pigs is a result of increased utilization of
energy for lipid deposition (de Greef et al., 1994) because the energetic efficiency for
lipid deposition is greater than for maintenance and protein deposition (Just et al.,
1983; Black, 1995). The lack of interaction between the stage of growth and location
on NE:DE indicates that the effect of stage of growth on the NE:DE was not different
at each location.

The greater ONE,;, for finishing pigs than for growing pigs was unexpected
because an appropriate exponent for expressing the metabolic BW is expected to
maintain the proportionality between ONE,,, and BW (Chwalibog, 1991; Noblet et al.,
1994b). According to Birkett and de Lange (2001), the ONE,, is affected by the
NE:DE because of the strong correlation between slope and intercept in the regression
line. In the present experiment, the greater NE:DE for finishing pigs than for growing
pigs, which was caused by the increased lipid retention in finishing pigs, lead to a
steeper slope of the regression line, which resulted in a lower y-intercept and,

therefore, a greater estimate for ONE,, in finishing pigs is obtained than growing pigs.
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The ONE,, varied among locations. In previous experiments (Noblet and
Henry, 1991; Noblet et al., 1994a,b; de Lange et al., 2006), the estimates of ONE,,, for
pigs varied from 117 to 181 kcal/kg BW". This observation agrees with Wenk et al.
(1980) who reported large variations in ME,,, among different experiments. The
variation in ONE,, among previous experiments is mainly caused by differences in
animal factors (Just et al., 1983; Noblet et al., 1994b, 1999; Knap, 2000), and
environmental factors (Chwalibog, 1991; Close, 1996; Birkett and de Lange, 2001).
Noblet and Henry (1991) suggested that the ONE,, would be similar if the
experimental conditions such as animal and environment factors are similar. The
interaction between the stage of growth and location for ONE,, indicates that ONE,, is
dependent on both the stage of growth and locations. It has been suggested that the
ONE,, measured under a specific condition is not representative for other conditions
(Boisen, 2007). The current data support this hypothesis.

The variation in NE for diets that are calculated from different NE systems is
primarily caused by differences in ONE,, among systems (Noblet et al., 1994a).
Therefore, it can be expected that the calculated NE values of diets or ingredients will
depend on the location due to different values for ONE,, among locations. However,
NE of diets or ingredients measured at each location will have the same hierarchy of
NE values among diets and ingredients although the absolute values of NE may
change with each location (de Lange et al., 2006).

In conclusion, results from this experiment indicate that experiment location
affects the NE:DE and ONE,,, and the location interacts with stage of growth on
ONE,,.. Therefore, the use of a constant ONE,, is inaccurate for calculating the NE of

diets and ingredients measured at different stages of growth and at different locations.
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Table 4.1. Experimental conditions at participating experiment locations

Experiment location'

Items UIuC MO PSC
Growing pigs
Total number of pigs 48 48 48
Pigs per treatment 8 8 8
Initial BW (+ SD), kg 22.9+2.17 25.1+1.58 22.1+1.83
Days on trial, d 28 28 28
Average room temperature, °C 24 22 24
Pen size, m’ 0.90x 1.80 1.22 x 1.68 0.88 x 1.79
Flooring Concrete slats  Cast iron slats ~ Concrete slats
Finishing pigs
Total number of pigs 48 48 48
Pigs per treatment 8 8 8
Initial BW (+ SD), kg 80.7 +4.15 89.3+£2.92 80.4+1.70
Days on trial, d 35 35 35
Average room temperature, °C 19 22 15
Pen size, m” 0.90 x 1.80 1.22 x 1.68 0.88 x 1.79
Flooring Concrete slats  Cast iron slats ~ Concrete slats

'UIUC = University of Illinois; MO = University of Missouri; PSC = Prairie

Swine Centre.
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Table 4.2. Ingredient composition of experimental diets' (as-fed basis)

Growing pigs Finishing pigs

Items UIuC MO PSC UIuC MO PSC

Ingredients, %
Corn 59.41 60.24  59.60 72.63 7195 7137
Soybean meal® 3478 3393 3393 2212 2273 2273
Soybean oil 3.00 - - 3.00 - -
Choice white grease - 3.00 - - 3.00 -
Tallow - - 3.00 - - 3.00
Dicalcium phosphate 0.79 0.81 0.80 0.45 0.45 0.43
Limestone 0.97 0.82 0.67 0.75 0.72 0.47
Salt 0.20 0.50 0.50 0.20 0.50 0.50
Vitamin premix’ 0.10 0.20 0.50 0.10 0.15 0.50
Mineral premix’ 0.35 0.10 0.50 0.35 0.10 0.50
Cr0s 0.40 0.40 - 0.40 0.40 -
Celite* - - 0.50 - - 0.50
Total 100.00  100.00 100.00 100.00  100.00 100.00

Energy and nutrients’
DM, % 88.21 89.62  92.64 87.34 8847 9224
GE, mcal/kg 3966  4.155  4.192 4.042 4.086  4.200
ME, mcal/kg 3.459  3.446  3.407 3.484  3.468 3434
CP, % 2145  21.12  20.55 16.54 16.77 16.38
Lys, % 1.20 1.18 1.15 0.86 0.87 0.85
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Table 4.2 (Cont.)

Ether extract, %
Crude fiber, %
Ash, %

Ca, %

Bioavailable P, %

5.30

1.88

5.76

0.66

0.22

5.15

2.21

6.22

0.61

0.22

5.05

2.07

5.73

0.55

0.22

4.65

1.66

3.93

0.46

0.14

4.73

2.00

4.77

0.45

0.14

5.64

2.16

4.43

0.36

0.14

'UIUC = University of Illinois; MO = University of Missouri; PSC = Prairie

Swine Centre.

*Soybean meal with 47.5% CP was used at Ul and MO, but soybean meal with

46% CP was used at PSC.

Commercial vitamin and mineral premix available at each station were used.

“Celite (Celite corporation, Lompoc, CA), provided as a source of acid insoluble

ash; Composition: moisture, 0.8%; Si02, 89.4%; Na,0, 3.8%; AL,O;, 3.4%; Fe,03,

1.3%; MgO, 0.6%; Ca0, 0.5%; and TiO,, 0.2%.

*Data for ME, Lys, Ca, and bioavailable P were calculated from NRC (1998).
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Table 4.3. Effects of feeding levels on growth performance, carcass composition, and retention of protein, lipids, and energy of pigs"

(University of Illinois)

2

Growing pigs Finishing pigs
Growing pigs Finishing pigs P-value’ P-value®
Feeding levels: ISG° 14 19 24 29 ISG® 1.8 22 255 29 SEM L Q SEM L Q
Growth performance
Initial BW, kg~ 22.71 22.88 23.19 23.38 22.31 80.45 80.63 80.68 80.45 80.88 0.791 0.67 039 1.543 0.71 0.56
Final BW, kg 29.69 35.38 40.31 44.31 86.06 95.75 100.50 105.69 1.164 <0.01 0.47 1.689 <0.01 <0.01
ADG, kg 0.243 0.435 0.605 0.786 0.155 0.431 0.573 0.709 0.024 <0.01 0.82 0.025 <0.01 <0.01
ADFI, kg 0.538 0.765 1.017 1.241 1.433 1.756 2.067 2.385 0.018 <0.01 0.94 0.021 <0.01 0.80
G:F, kg/kg 0.457 0.569 0.594 0.632 0.108 0.246 0.277 0.297  0.029 <0.01 0.22 0.013 <0.01 <0.01
Carcass composition
DF BW,’ kg 18.98 24.06 29.22 32.90 36.04 74.59 81.45 91.51 95.63 100.12 1.035 <0.01 0.33 1.666 <0.01 <0.01
DF BW,kgDM 541 6.38 8.15 10.11 11.39 28.42 31.48 3493 38.38 41.14 0.330 <0.01 0.46 0.986 <0.01 0.48
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Table 4.3 (Cont.)

Protein, g/kg

Lipid, g/kg

Energy, mcal/kg
Retention

Protein, kg/pig

Lipids, kg/pig

570

260

5.55

3.08

1.41

Energy, mcal/pig 30.0

Protein gain, g/d
Lipid gain, g/d
Lipid:protein,® g/g

MER,’ mcal/d

CER.® mcal/d

665

155

5.34

4.23

1.01

34.1

40.3

-14.5

-0.38

0.14

628

196

5.45

5.11

1.61

44.4

70.4

6.2

0.05

0.49

582

252

5.73

5.88

2.55

57.9

97.0

39.3

0.41

0.96

0.09 0.46 0.92

560

285

5.76

6.36

3.26

65.6

119.3

66.9

0.58

1.29

1.31

436 443

446 420

6.78 6.73

12.38 13.89 15.88

12.69 13.27 14.54

192.8 212.3 231.8

42.2

15.6

0.50

0.54

0.39

455

416

6.64

98.8

51.7

0.56

1.09

1.05

434

446

6.90

16.64

17.13

264.9

121.4

126.8

1.10

2.06

1.87

403

476

6.95

16.52

19.61

285.9

116.2

195.7

1.83

2.63

2.51

11.8 <0.01

16.5 <0.01

0.079 <0.01

0.194 <0.01
0.185 <0.01
2.00 <0.01
5.07 <0.01
6.26 <0.01
0.103 <0.01
0.058 <0.01

0.066 <0.01

0.56

0.83

0.64

0.31

0.78

0.52

0.45

0.59

0.21

0.81

0.88

9.1 <0.01

10.0 <0.01

0.046 <0.01

0.354 <0.01
0.707 <0.01
7.47 <0.01
7.44 <0.01
15.10 <0.01
0.314 <0.01
0.130 <0.01

0.133 <0.01

0.02

0.10

0.12

<0.01

0.19

0.83

<0.01

0.29

0.29

0.94

0.88

'n = 16 for initial slaughter group, n = 8 for all feeding levels.

2
Data are least square means.



Table 4.3 (Cont.)

’ISG = initial slaughter group.

*P-value for linear (L) and quadratic (Q) effects were obtained from contrast analyses among feeding levels, but data for ISG
were not included in these analyses.

“Digesta-free BW = the sum of the weight of chilled carcass, empty viscera, and blood.

6Lipid:protein = the ratio of daily lipid gain to daily protein gain.

"MER = measured energy retention obtained from bomb calorimetry analyses.

SCER = energy retention calculated from protein and lipid gain as 5.66 and 9.46 kcal/g for protein and lipid, respectively (Ewan,

2001).
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Table 4.4. Effects of feeding levels on growth performance, carcass composition, and retention of protein, lipids, and energy of pigsl’2

(University of Missouri)

Growing pigs

Finishing pigs

Feeding levels: ISG’ 14 19 24 29

ISG 1.4 19 24 29

Growing pigs Finishing pigs
P-value® P-value®
SEM L Q SEM L Q

Growth performance

Initial BW, kg 25.08 25.09 25.06 25.09 25.06

Final BW, kg 25.74 31.81 36.43 41.05
ADG, kg 0.023 0.241 0.405 0.571
ADFI, kg 0.534 0.764 0.997 1.209
G:F, kg/kg 0.044 0.314 0.407 0.471

Carcass composition
DF BW,” kg 22.84 22.33 26.93 32.77 36.67

DFBW,kgDM 6.55 5.72 7.49 9.62 10.77

89.30 89.36 89.30 89.36 89.30

91.63 102.06 108.86 119.12

0.065 0.364 0.557 0.852

1.127 1.589 2.046 2.537

0.058 0.230 0.272 0.336

81.90 82.21 94.23 100.40 109.81

31.59 31.35 38.06 40.75 45.48

0.588 0.88 0.99

0.986 <0.01 0.47

0.028 <0.01 0.36

0.016 <0.01 0.57

0.033 <0.01 <0.01

0.846 <0.01 0.68

0.325 <0.01 0.35

1.086 0.88 1.00

1.155 <0.01 0.94

0.030 <0.01 0.94

0.011 <0.01 0.03

0.022 <0.01 0.02

0.977 <0.01 0.19

0.829 <0.01 0.24
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Table 4.4 (Cont.)

Protein, g/kg 564

Lipid, g/kg 291

Energy, mcal’kg 5.80
Retention

Protein, kg/pig  3.67

Lipids, kg/pig 1.93

Energy, mcal/pig 38.1

Protein gain, g/d

Lipid gain, g/d

Lipid:protein,® g/g

MER,” mcal/d

CER.® mcal/d

744 695

105 165
493 533
426 5.15
0.62 1.29
283 40.2
21.0 53.0
-46.6 -22.4
-1.25 -0.47

-0.35 0.08

638

245

5.66

6.13

2.38

54.5

87.8

16.3

0.18

0.59

627

251

5.76

6.73

2.74

62.2

109.4

29.4

0.26

0.87

-0.32 0.09 0.65 0.90

433

458

6.59

13.64

474 422
405 454

6.36 6.61

14.76 16.01

417

469

6.66

16.89

14.51 12.82 17.30 19.20

31.1 67.1

-48.7 79.6
-1.58 2.52
-0.25 1.24

-0.29 1.13

208.2 199.7 251.6 2719

92.1

133.7

1.78

1.81

1.79

393

492

6.84

17.81

22.45

311.2

118.4

226.7

2.33

2.94

2.82

15.9 <0.01

20.2 <0.01

0.091 <0.01

0.155 <0.01

0.219 <0.01

2.44 <0.01

4.44 <0.01

7.37 <0.01

0.497 0.03

0.074 <0.01

0.084 <0.01

0.24

0.19

0.10

0.35

0.48

0.39

0.25

0.46

0.49

0.32

0.34

15.1 <0.01

15.7 <0.01

0.072 <0.01

0.324 <0.01

0.913 <0.01

7.43 <0.01

10.97 <0.01

23.65 <0.01

0.885 <0.01

0.178 <0.01

0.188 <0.01

0.34

0.42

0.60

0.60

0.50

0.40

0.66

0.46

0.06

0.32

0.31

'n = 16 for initial slaughter group, n = 8 for all feeding levels.

2
Data are least square means.
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Table 4.4 (Cont.)

’ISG = initial slaughter group.

*P-value for linear (L) and quadratic (Q) effects were obtained from contrast analyses among feeding levels, but data for ISG
were not included in these analyses.

“Digesta-free BW = the sum of the weight of chilled carcass, empty viscera, and blood.

6Lipid:protein = the ratio of daily lipid gain to daily protein gain.

"MER = measured energy retention obtained from bomb calorimetry analyses.

SCER = energy retention calculated from protein and lipid gain as 5.66 and 9.46 kcal/g for protein and lipid, respectively (Ewan,

2001).
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Table 4.5. Effects of feeding levels on growth performance, carcass composition, and retention of protein, lipids, and energy of pigsl’2

(Prairie Swine Centre)

Growing pigs Finishing pigs
Growing pigs Finishing pigs P-value® P-value®
Feeding levels: ISG® 14 19 24 29 ISG° 14 19 24 29 SEM L Q SEM L Q
Growth performance
Initial BW, kg~ 22.03 21.99 22.09 22.13 22.10 80.45 80.35 80.49 80.47 80.38 0.682 0.69 0.75 0.633 0.98 0.86
Final BW, kg 28.55 33.30 37.42 42.21 80.24 89.84 99.85 109.13  0.809 <0.01 0.98 1.171 <0.01 0.89
ADG, kg 0.234 0.400 0.546 0.718 -0.003 0.268 0.554 0.821 0.016 <0.01 0.86  0.029 <0.01 0.95
ADFI, kg 0.520 0.734 0.965 1.202 1.062 1.482 1.926 2.405 0.013 .5 0.14  0.010 <0.01 <0.01
G:F, kg/kg 0.452 0.546 0.567 0.597 -0.004 0.180 0.287 0.342  0.024 <0.01 0.19 0.018 <0.01 <0.01
Carcass composition
DF BW,’ kg 20.17 26.43 31.12 34.92 39.05 75.34 77.75 85.74 95.81 104.84 0.776 <0.01 0.72  1.472 <0.01 0.73
DF BW,kgDM 5.69 7.14 9.01 10.65 11.93 28.63 27.32 31.40 38.10 42.57 0.383 <0.01 0.44 1.049 <0.01 0.86
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Table 4.5 (Cont.)

Protein, g/kg 567

Lipid, g/kg 267

Energy, mcal’kg 6.06
Retention

Protein, kg/pig ~ 3.22

Lipids, kg/pig 1.52

Energy, mcal/pig 34.6
Protein gain, g/d

Lipid gain, g/d
Lipid:protein,® g/g
MER,’ mcal/d

CER.,® mcal/d

674

149

5.54

4.79

1.09

39.7

55.9

-15.5

-0.40

0.19

0.17

610

239

5.96

5.49

2.16

53.7

80.4

22.5

0.29

0.68

0.67

583 566

272 297
6.12 6.21
6.21 6.75
291 3.54
65.2 74.1
105.8 125.4
49.1 71.7
0.46 0.57
1.09 141

1.06 1.39

465

444

6.83

13.23

12.77

196.0

548 475 442 424
361 428 470 485
636 6.75 6.94 7.00

14.81 14.88 16.81 17.98
10.02 13.43 17.93 20.71
174.9 212.1 264.3 298.3
454 46.8 102.2 136.0
-78.6 18.2 146.9 226.8
-2.48 0.51

1.66 1.99

-0.60 045 195 292

-049 0.44 197 292

9.1 <0.01

11.5 <0.01

0.055 <0.01

0.228 <0.01

0.152 <0.01

2.452 <0.01

6.06 <0.01

5.22 <0.01

0.085 <0.01 <0.01

0.073 <0.01

0.073 <0.01

0.02

<0.01

<0.01

0.74

0.16

0.30

0.69

0.15

0.24

0.25

15.9 <0.01

18.5 <0.01

0.097 <0.01

0.499 <0.01

0.858 <0.01

9.01 <0.01

14.51 <0.01

23.49 <0.01

0.801 <0.01

0.241 <0.01

0.227 <0.01

0.09

0.17

0.11

0.28

0.76

0.86

0.27

0.72

0.11

0.88

0.96

'n = 16 for initial slaughter group, n = 8 for all feeding levels.

2
Data are least square means.



Table 4.5 (Cont.)

’ISG = initial slaughter group.

*P-value for linear (L) and quadratic (Q) effects were obtained from contrast analyses among feeding levels, but data for ISG
were not included in these analyses.

“Digesta-free BW = the sum of the weight of chilled carcass, empty viscera, and blood.

6Lipid:protein = the ratio of daily lipid gain to daily protein gain.

"MER = measured energy retention obtained from bomb calorimetry analyses.

SCER = energy retention calculated from protein and lipid gain as 5.66 and 9.46 kcal/g for protein and lipid, respectively (Ewan,

2001).
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Table 4.6. Effects of stage of growth and experiment location on the efficiency of DE intake to energy retention and operational net

energy requirement for maintenance (ONEm) in growing and finishing pigs'*>

Stage of growth: Growing pigs Finishing pigs P — value”
Stage
Locations:  UIUC MO PSC UIluC MO PSC Stage Location
x Location
Efficiency’ 0.56 £0.058 0.41 £0.141 0.46 +£0.056 0.72+0.057 0.54+0.078 0.78 £0.104 <0.01 0.05 0.47
ONE,,’ 128+£252 115+£709 78+26.7 219+£264 123+36.8 270+522 <0.01 <0.01 <0.01

'UIUC = University of Illinois; MO = University of Missouri; PSC = Prairie Swine Centre.

*Number of observation: n = 23 for growing pigs at UIUC; n = 16 for growing pigs at MO; n=24 for growing pigs at PSC; n = 32
for finishing pigs at UIUC; n = 24 for finishing pigs at MO; n = 24 for finishing pigs at PSC.

*Values for NE:DE and ONE,, represented the regression coefficients + SE that were obtained from linear regression analysis
within the stage of growth at each location.

*P-value for effects of stage of growth and experiment location were determined using an analysis of covariance with DE intake

as a covariate (Noblet et al., 1994b; Littell et al., 1996).
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Table 4.6 (Cont.)
>Efficiency of DE utilization for energy retention (NE:DE).

%0Operational NE requirement for maintenance (kcal/kg BW®®-d™).



CHAPTER 5
NET ENERGY OF SOYBEAN OIL AND CHOICE WHITE GREASE IN

DIETS FED TO GROWING AND FINISHING PIGS

ABSTRACT

An experiment was conducted to determine the NE of 2 sources of dietary
lipids in growing and finishing pigs and to evaluate the effects of inclusion rate of
dietary lipids on the NE of lipids in growing and finishing pigs. Soybean oil (SBO)
and choice white grease (CWG) were used. Forty eight growing (initial BW: 22 kg)
and 48 finishing (initial BW: 84 kg) barrows were used, and within each stage of
growth, pigs were allotted to 8 outcome groups of 6 barrows based on BW. Within
each outcome group, pigs were randomly allotted to 1 of 6 treatment groups. Two
treatments at each stage of growth served as an initial slaughter group. The remaining
pigs were assigned to 4 different diets and harvested at the conclusion of the
experiment. The basal diet contained corn, soybean meal, and no supplemental lipids.
Three additional diets were formulated by mixing 95% of the basal diet and 5% of
SBO, 90% of the basal diet and 10% of SBO, and 90% of the basal diet and 10% of
CWG. Results showed that ADG and G:F for finishing pigs and apparent total tract
digestibility of energy for growing and finishing pigs increased (linear, P < 0.05) with
lipid level, but was not affected by lipid source. The lipid gain:protein gain and energy
retention also increased (linear, P < 0.05) with lipid level in growing and finishing
pigs. There was no interaction between lipid level and stage of growth or between
lipid source and stage of growth on the NE of diets and ingredients. The NE of diets

increased (linear, P < 0.01) with increasing level of SBO (2,032, 2,186, and 2,292
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kcal/kg for diets containing 0, 5, or 10% SBO). The NE of the diet containing 10%
CWG (2,431 kcal/kg) was greater (P < 0.05) than the NE of the diet containing 10%
SBO. The average NE of diets was greater (P < 0.01) for finishing pigs (2,509

kcal/kg) than for growing pigs (1,961 kcal/kg). The NE of SBO included at 5% (5,102
kcal/kg) was not different from the NE of SBO included at 10% (4,619 kcal/kg), but
the NE of CWG (6,017 kcal/kg) was greater (P < 0.05) than the NE of SBO. The

stage of growth had no impact on the NE of lipids. In conclusion, the NE of diets
increases with lipid level. The NE of lipids is not affected by the level of dietary lipids,
but the NE of CWG is greater than the NE of SBO.

Key words: choice white grease, inclusion rate, NE, pig, soybean oil, stage of growth

INTRODUCTION

Lipids are valuable ingredients in swine diets because of their high energy
concentration (Stahly, 1984). Currently, DE and ME systems are used in North
America to predict the energy values of dietary lipids, but these systems have been
criticized because they do not account for the energetic efficiency of metabolizing
dietary lipids (de Lange and Birkett, 2005), and DE and ME systems may
underestimate the energy value of dietary lipids (Noblet et al., 1994a). Therefore, it
has been suggested that NE systems allow for a more accurate prediction of the
energy value of dietary lipids than DE and ME systems (Noblet et al., 1994a).

Dietary lipids are digested, absorbed, and either oxidized to yield energy in
the form of ATP or incorporated into body lipids (Birkett and de Lange, 2001). In
theory, the energetic efficiency of dietary lipids for ATP production is 66%, while the

efficiency is 90% if they are directly incorporated into body lipids (Black, 1995).
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Therefore, the NE of dietary lipids is influenced not only by the digestibility, but also
by the metabolic utilization (de Lange and Birkett, 2005). Both source and inclusion
rate of dietary lipids may affect lipid digestibility (Stahly, 1984) and lipid metabolism
in pigs (Allee et al., 1971, 1972). The stage of growth (growing vs. finishing pigs)
may also affect the metabolic utilization of dietary lipids because finishing pigs have a
greater potential for lipid deposition than growing pigs (de Greef et al., 1994). These
factors are, therefore, expected to affect the NE of dietary lipids, but these hypotheses
have not been investigated.

The objectives of this experiment, therefore, were to determine the NE of 2
sources of dietary lipids (i.e., soybean oil and choice white grease) in growing and
finishing pigs and to evaluate the effects of inclusion rate of dietary lipids on the NE

of lipids in growing and finishing pigs.

MATERIALS AND METHODS

Animals, Housing, and Experimental Design

The experiment was approved by the Institutional Animal Care and Use
Committee at the University of Illinois. The experiment was conducted using 48
growing and 48 finishing barrows that were the offspring of line 337 sires mated to C-
22 females (Pig Improvement Company, Hendersonville, TN). The average initial BW
of pigs was 22.13 + 1.78 kg and 84.17 + 5.80 kg for growing and finishing pigs,
respectively. All pigs used in the experiment were selected based on BW and ADG
during a 2-wk pre-experimental period. Within each stage of growth, pigs were
allotted to 8 outcome groups of 6 barrows according to BW. Within each outcome

group, pigs were randomly allotted to 1 of 6 treatment groups. Two treatment groups
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at each stage of growth served as an initial slaughter group and all pigs in these 2
treatment groups (n = 16) were harvested at the start of experiment. The remaining 4
treatment groups within each stage of growth were assigned to 4 dietary treatments
and all pigs (n = 32) in these treatment groups were harvested at the conclusion of the
experiment.

Pigs were housed individually in 0.9 x 1.8 m pens in an environmentally
controlled building. Pens were equipped with a feeder, a nipple waterer, and a fully-
slatted concrete floor. The experimental period was 28 d for growing pigs and 35 d for

finishing pigs.

Dietary Treatments

Commercial sources of soybean oil (SBO) and choice white grease (CWG) were
obtained and analyzed for chemical composition (Table 5.1). Four diets at each stage
of growth were formulated (Table 5.2). The basal diet contained corn, soybean meal,
and no supplemental dietary lipids. Three additional diets were formulated by mixing
95% of the basal diet and 5% of SBO (as-is basis), 90% of the basal diet and 10%
SBO (as-is basis), and 90% of the basal diet and 10% of CWG (as-is basis). Chromic
oxide (0.50%) was included as an indigestible marker in the basal diet. Vitamins and
trace minerals were also included in the basal diet to exceed the estimated nutrient
requirements (NRC, 1998) for pigs at each stage of growth. No antibiotic growth
promoters were used and all diets were provided in a meal form. Pigs were allowed ad

libitum access to feed and water during the entire experimental period.
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Collection of Data and Samples

The BW of pigs was recorded at the initiation of the experiment and at the end of
each week thereafter. The allotment of feed to each pig was recorded daily and feed
left in the feeder was recorded on the same day as the BW of pigs was recorded. At
the end of the experiment, ADG, ADFI, and G:F for each pig were calculated and
summarized within treatment and stage of growth.

Fresh fecal samples were collected on d 7 from each pig by grab sampling. Fecal
samples collected each week were pooled within pig at the end of the experiment,
lyophilized, and finely ground before chemical analyses.

The comparative slaughter procedure was used to estimate the retention of
energy, protein, and lipids in pigs fed each diet (de Goey and Ewan, 1975). Slaughter
procedures and carcass measurements were similar to those previously described (Kil
et al., unpublished data). In short, carcass, viscera, and blood were collected from
each pig at harvest and processed separately. The digestive tract was flushed with
water to remove digesta. All carcass and viscera were ground to obtain subsamples
and all subsamples of carcass, viscera, and blood were lyophilized and finely ground
prior to chemical analyses.

Chemical Analyses

All analyses were performed in duplicate samples and analyses were repeated
if results from duplicate samples varied more than 5% from the mean. The DM of
diets and fecal samples was determined by oven drying at 135°C for 2 h (method
930.15; AOAC, 2005). The DM of body components (i.e., carcass, viscera, and blood)
was calculated by freeze drying to a constant weight. The GE of diets, feces, and body

components were measured using an adiabatic bomb calorimeter (Model 6300, Parr
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Instruments, Moline, IL). Benzoic acid was used as the standard for calibration. The
concentration of N in diets, feces and body components was measured using the
combustion method (method 990.03; AOAC, 2005) on an Elementar Rapid N-cube
protein/nitrogen apparatus (Elementar Americas Inc., Mt. Laurel, NJ). Aspartic acid
was used as a calibration standard and CP was calculated as N x 6.25. The
concentration of lipids in diets and body components was determined using the
petroleum ether extraction method (method 2003.06; AOAC, 2005) on a Soxtec 2050
automated analyzer (FOSS North America, Eden Prairie, MN). The concentration of
total lipids in diets and feces was measured after acid hydrolysis followed by ether
extraction (method 996. 01; AOAC, 2005). Diets and fecal samples were analyzed for
concentrations of chromium (Fenton and Fenton, 1979). The crude fiber concentration
in diets was measured using the Weende method (method 962.09; AOAC, 2005). Diet
samples were also analyzed for ash (method 942.05; AOAC, 2005).
Calculations

The apparent total tract digestibility (AT TD) of energy, CP, and acid-
hydrolyzed ether extract in diets fed to each treatment group was calculated according
to Chastanet et al. (2007). Total amount of energy, protein, and lipids in each pig at
harvest was calculated from the sum of the energy, protein, and lipids in the blood,
viscera, and carcass. Retention of energy, protein, and lipids during the experimental
period was calculated from the difference between the initial quantity of energy,
protein, and lipids and the final quantity of energy, protein, and lipids, respectively.
The initial body composition of the experimental pigs was determined from the body
composition of pigs from the initial slaughter group (Oresanya et al., 2008). Energy

retention was also calculated from protein gain and lipid gain (Ewan, 2001).
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Lipid gain from non-lipid nutrients was calculated from the difference
between the lipid gain and the intake of digestible lipid, assuming that all digested
lipids were incorporated into body lipids without being utilized for ATP synthesis
(Chwalibog et al., 1992). The standardized total tract digestibility (STTD) of lipids
was used to calculate the amount of digested lipids. The STTD of lipids was
calculated from the ATTD of lipids after correction for basal endogenous losses of
lipids (9 g/kg DM intake, Boisen, 2007).

The daily operational NE requirement for maintenance for each pig was
calculated by multiplying the mean metabolic body weight (kg”®) by 128 kcal for
growing pigs and 219 kcal for finishing pigs (Kil et al., unpublished data). The NE for
each diet was then calculated from the sum of energy retention and total operational
NE requirement for maintenance (Ewan, 2001). The NE of SBO and CWG were
subsequently calculated using the difference method by subtracting the NE
contribution from the basal diet from the NE of the diets containing SBO or CWG (de
Goey and Ewan, 1975).

Statistical Analyses

All data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary,
NC) with the individual pig as the experimental unit. Homogeneity of the variances
was verified using the UNIVARIATE procedure of SAS. The residual vs. the
predicted plot procedure was used to analyze for outliers. One finishing pig was
identified as an outlier and this pig was excluded from the analysis. Diet was the main
effect in the model. The LSMEANS procedure was used to calculate mean values.
Orthogonal polynomial contrasts were used to determine linear and quadratic effects

of the inclusion rate of SBO on growth performance, nutrient digestibility, carcass
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measurements, and retention of protein, lipids, and energy at each stage of growth.
The interaction between lipid level and stage of growth or between lipid source and
stage of growth for the NE of diets or lipids was analyzed. However, the interaction
was not significant for any of the calculated values for NE of diets or lipids, and
therefore, was omitted in the final analysis. An alpha-value of 0.05 was used to assess

significance among means.

RESULTS

Pig Performance and Nutrient Digestibility

Final BW, ADG, and ADFI for growing pigs were not affected by dietary
level or source of lipids, but a trend for an increase in G:F (linear, P = 0.08) was
observed as the level of dietary lipids increased (Table 5.3).The ADG and G:F for
finishing pigs increased (linear, P < 0.05) with increasing level of dietary lipids, but
was not affected by lipid source. A trend for greater (P = 0.06) ADFI was observed
for finishing pigs fed diets containing 10% SBO compared with finishing pigs fed
diets containing 10% CWG. For both growing and finishing pigs, the ATTD of energy
increased (linear, P < 0.01) as the level of dietary lipids increased. The ATTD of acid-
hydrolyzed ether extract also increased (linear and quadratic, P < 0.01) with lipid
level. The ATTD of CP was not affected by lipid level for growing pigs, but a trend
for an increase (linear, P = 0.09) in ATTD of CP by increasing lipid level was
observed for finishing pigs. The ATTD of acid-hydrolyzed ether extract tended to be
greater (P = 0.07) for growing pigs fed diets containing 10% SBO than growing pigs

fed diets containing 10% CWG.
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Carcass Composition and Retention of Energy, Protein, and Lipids

In the growing phase, live BW, hot carcass weight, and dressing percentage
were not influenced by dietary level or source of lipids (Table 5.4). The weight of
total digesta-free body DM increased (linear, P < 0.05), but the concentration of
protein in the digesta-free body DM decreased (linear, P < 0.01) as the level of dietary
lipids increased. The concentration of lipids and energy in the digesta-free body DM
was greater (P < 0.01) for pigs fed the diet containing 10% CWG than for pigs fed the
diet containing 10% SBO. Total amount of energy, lipid gain:protein gain, and
measured energy retention increased (linear, P < 0.05) with increasing level of lipids,
but protein gain was not affected by the level of dietary lipids. A trend for an increase
(linear, P = 0.07) in lipid gain was observed as the level of dietary lipids increased.
Lipid gain, lipid gain:protein gain, and calculated energy retention was greater (P <
0.01) for pigs fed the diet containing 10% CWG than for pigs fed the diet containing
10% SBO. Measured energy retention also tended to be greater (P = 0.06) for pigs fed
the diet containing 10% CWG than pigs fed the diet containing 10% SBO.

In the finishing phase, hot carcass weight increased (linear, P < 0.05) with
increasing level of dietary lipids, but that was not the case for live weight and dressing
percentage (Table 5.5). Live weight, hot carcass weight, and dressing percentage were
not affected by lipid source. Likewise, the weight of the digesta-free body DM and the
concentration of lipids and energy in the digesta-free body DM were not influenced
by dietary level or source of lipids. However, the concentration of protein in the
digesta-free body DM decreased (linear, P < 0.01) with increasing level of dietary
lipids and pigs fed the diet containing 10% CWG had greater (P < 0.05) concentration

of protein in the digesta-free body DM than pigs fed the diet containing 10% SBO.
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Total amount of protein, lipids, and energy, protein gain, and lipid gain were not
affected by dietary level or source of lipids, but lipid gain:protein gain increased
(linear, P < 0.05) with increasing level of dietary lipids. A trend for an increase (linear,
P = 0.05) in measured energy retention was also observed as the level of dietary lipids
increased, but the calculated energy retention was not influenced by the level or
source of dietary lipids.

Based on the data for ADFI and STTD of lipids, the amount of body lipid
gain from digested lipids or from non-lipid nutrients was calculated (Table 5.6). The
STTD of lipids increased (linear and quadratic, P < 0.01) with lipid level. Total
amount of digested lipids also increased (linear, P < 0.01) as the level of dietary lipids
increased. The amount of lipid gain from non-lipid nutrients decreased (linear, P <
0.01) with increasing level of dietary lipid for growing and finishing pigs. Lipid gain
from non-lipid nutrients for growing pigs fed the diet containing 10% CWG was
greater (P < 0.01) than for growing pigs fed the diet containing 10% SBO.

NE of Diets and Dietary Lipids

For growing pigs, no difference among treatment groups in initial body
energy was observed, but the final amount of energy, energy retention, and NE intake
increased (linear, P < 0.05) as the level of dietary lipids increased (Table 5.7). The
final amount of energy in the digesta-free body was greater (P < 0.05) for pigs fed the
diet containing 10% CWG than for pigs fed the diet containing 10% SBO, and energy
retention and NE intake tended to be greater (P = 0.06) for pigs fed the diet
containing 10% CWG than for pigs fed the diet containing 10% SBO.

The NE of diets increased (linear, P < 0.01) as dietary SBO increased (1,762,

1,889, and 2,036 kcal/kg for diets containing 0, 5, and 10% SBO). The NE of the diet
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containing 10% CWG (2,158 kcal/kg) tended to be greater (P = 0.05) than the NE of
the diet containing 10% SBO. The difference in values for the NE of SBO was not
significant when SBO was included at 5% (4,301 kcal/kg) or at 10% (4,509 kcal/kg)
in diets, but the NE of CWG (5,727 kcal/kg) tended to be greater (P = 0.05) than the
NE of SBO.

For finishing pigs, no difference in initial or final amount of body energy was
observed, but a trend for an increase (linear, P = 0.06) in energy retention and in NE
intake was observed as the level of dietary lipids increased. However, energy retention
and NE intake were not affected by lipid source. The NE of diets increased (linear, P
< 0.05) as the level of dietary lipids increased (2,303, 2,483, and 2,545 kcal/kg for
diets containing 0, 5, and 10% SBO). The NE of diets containing 10% CWG (2,703
kcal/kg) was not different from the NE of diets containing 10% SBO. The NE of SBO
included at 5% (5,904 kcal/kg) was not different from the NE of SBO included at
10% (4,729 kcal/kg) and the NE of CWG (6,307 kcal/kg) was not different from the
NE of SBO.

There was no interaction between lipid level and stage of growth or between
lipid source and stage of growth, and therefore, the main effects of lipid level, lipid
source, and stage of growth on NE of diets and lipids were calculated (Table 5.8). The
NE of diets increased (linear, P < 0.01) with increasing level of SBO (2,032, 2,186,
and 2,292 kcal/kg for diets containing 0, 5, and 10% SBO). The NE of the diet
containing 10% CWG (2,431 kcal/kg) was greater (P < 0.05) than NE of the diet
containing 10% SBO. The average NE of diets was greater (P < 0.01) for finishing
pigs (2,509 kcal/kg) than for growing pigs (1,961 kcal/kg) regardless of the dietary

level or source of lipids. The NE of SBO included at 5% (5,102 kcal/kg) was not
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different from the NE of SBO included at 10% (4,619 kcal/kg), but the NE of CWG
(6,017 kcal/kg) was greater (P < 0.05) than the NE of SBO. Stage of growth had no

influence on the NE of dietary lipids.

DISCUSSION

The composition of fatty acids in SBO and CWG corresponds to published
values (NRC, 1998; Engel et al., 2001). The fatty acid composition of CWG used in
this experiment is also similar to the fatty acid composition in fat from pigs or poultry
(Jorgensen and Fernandez, 2000).
Pig Performance and Nutrient Digestibility

The observation for improved G:F for growing and finishing pigs as a result
of increasing level of dietary lipids agrees with previous observations (Pettigrew and
Moser, 1991; Qverland et al., 1999; de la Llata et al., 2001). It was unexpected that
the level of dietary lipids did not influence ADFI for growing or finishing pigs
because pigs often reduce feed intake as the dietary energy concentration increases
(Pettigrew and Moser, 1991; de la Llata et al., 2001). The reason for this observation
may be that dietary energy concentration is not the only factor that determines feed
intake (Black, 1995; Giles et al., 1998; Nyachoti et al., 2004). Other factors such as
the number of pigs in a pen (Gomez et al., 2000; Hyun and Ellis, 2001), ambient
temperature, health status of pigs, and physical properties of feed (Whittemore et al.
2001; Nyachoti et al., 2004) may also affect feed intake of pigs.

The increase in ATTD of energy with increasing levels of dietary lipids for
both growing and finishing pigs may be a result of the decreased concentration of

crude fiber in diets containing lipids. Lipids have greater energy concentration than
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other ingredients, which also may have contributed to this observation. The increased
ATTD of lipids with increasing levels of dietary lipids was expected because the
supplemental lipids are liquid, and lipids supplied in a liquid form have a greater
digestibility than lipids supplied in an intact form (Kil et al., 2007). The relative effect
of endogenous losses on the ATTD of lipids decreases as the concentration of dietary
lipids increases, which also leads to a greater measured value for ATTD of lipids at
high level of dietary lipids (Jorgensen et al., 1993; Kil et al., 2007).

Saturated lipids may be less digestible than unsaturated lipids (Wiseman et al.,
1990; Powles et al., 1994; Scheeder et al., 2003), but we were not able to verify this
observation because the ATTD of lipids was similar for pigs fed diets containing SBO
or CWG. The reason for this discrepancy may be that the CWG used in this
experiment was less saturated than tallow used in previous experiments (Wiseman et
al., 1990; Powles et al., 1994; Scheeder et al., 2003).
Carcass Composition and Retention of Energy, Protein, and Lipids

The protein gain in growing (161 g/d) and finishing pigs (171 g/d) fed the
basal diet is slightly greater than the values reported by Quiniou et al. (1996) who
suggested that the potential maximum for protein gain is 151 g/d for growing and
finishing pigs allowed free access to feed. The increase in lipid gain:protein gain and
in energy retention that was obtained for growing and finishing pigs as the level of
dietary lipids increased was a result of increased lipid gain with no change in protein
gain, which is an often observed response to increased levels of dietary lipids (Stahly,
1984).

The decrease in body lipid gain from non-lipid nutrients with increasing level

of dietary lipid has been previously reported (Chwalibog and Thorbek, 1995).
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Calculations based on ADFI and the STTD of lipids showed that growing pigs fed the
diet containing 10% SBO absorbed 226 g of lipids/d, but gained 176 g of lipids/d,
which indicates that some of the digested SBO was utilized for ATP synthesis rather
than being directly incorporated into body lipids (Chwalibog and Thorbek, 1995).
This observation agrees with Jakobsen et al. (2001) who reported increased oxidation
of digested lipids in growing pigs when the level of dietary rapeseed oil was greater
than 8%. This observation indicates that the NE of lipids may decrease with high
inclusion rate in diets because the lower energetic efficiency of utilizing digested
lipids for ATP synthesis than for body lipids (Black, 1995).

NE of Diets and Dietary lipids

The values for NE of diets for growing and finishing pigs measured in this
experiment are lower than values calculated from the NE of each ingredient (Sauvant
et al., 2004). The reason for this difference may be that the value for the assumed
maintenance requirement used by Sauvant et al. (2004) is greater than the values used
in the present experiment. Different methodologies to measure energy retention also
affect the NE of diets. Energy retention may be greater if it is measured by indirect
calorimetry, which was used by Sauvant et al. (2004), compared with measurements
based on the comparative slaughter method, which was used by this experiment
(Quiniou et al., 1995; Reynolds, 2000).

An increase in the NE of diets containing increased levels of dietary lipids
has been observed in other experiments (Just, 1982) and is caused by the greater NE
concentration in lipids compared with corn and soybean meal. Increasing levels of
dietary lipids also increase the digestibility of AA (Cervantes-Pahm and Stein, 2008)

and may decrease the proportion of digested energy in the hindgut of pigs where the
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absorbed energy has a lower efficiency compared with energy absorbed in the small
intestine (Just, 1982; Noblet et al., 1994a).

The greater NE of the diet containing 10% CWG than for the diet containing
10% SBO may be a consequence of increased utilization of dietary energy for lipid
gain because the energetic efficiency for lipid gain is greater than for maintenance and
for protein gain (Just et al., 1983; Black, 1995). Pigs fed the diet containing 10%
CWG gained more lipids than pigs fed the diet containing 10% SBO (on average 361
vs. 340 g/d, respectively). The SBO contains more unsaturated fatty acids than CWG,
and therefore, may increase the maintenance requirement for pigs because unsaturated
fatty acids may increase the oxidative stress in pigs (Lopez Bote et al., 2001).

The greater NE of diets for finishing pigs than for growing pigs regardless of
the dietary level or source of lipids is a consequence of finishing pigs having a greater
digestibility of energy and nutrients (Noblet and Shi, 1994) and a greater potential for
lipid gain than growing pigs (de Greef et al., 1994).

The values for NE of SBO are lower than the value for NE of dietary lipids
that was suggested by Sauvant et al. (2004) and also lower than the value of rapeseed
oil estimated by Noblet et al. (1994b) and Jergensen et al. (1996). One reason for the
different estimates of NE in SBO among experiments may be that different estimates
for the maintenance requirement and different methodologies to measure energy
retention were used.

There was no effect of inclusion rate of dietary lipid on the NE of SBO
although the ATTD for acid hydrolyzed ether extract was greater when 10% rather
than 5% SBO was included in the diet. However, at the low inclusion rate, the

majority of the absorbed lipids may be directly incorporated into body lipids, which
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has an energetic efficiency of 90% (Black, 1995). When the greater amount of SBO
was included in the diet, a greater proportion of the absorbed lipids may be oxidized
to ATP, which has an energetic efficiency of 66% (Black, 1995). Therefore, the results
of this experiment suggest that the increased ATTD of acid hydrolyzed ether extract at
high inclusion rates is negated by a reduced efficiency of utilization, and therefore, the
inclusion rate of dietary lipids has little influence on the NE of dietary lipids.

Dietary SBO may increase the rate of turnover of triacylglyceride in adipose
tissue because of increased susceptibility to oxidation in body tissue (Lopez Bote et
al., 2001) and more rapid incorporation into body lipids (Karola et al., 2002)
compared with fatty acids from CWG. Polyunsaturated fatty acids in SBO may also
increase the rate of B-oxidation via the activation of carnitine palmitoyl transferase
(Gavino and Gavino, 1991) and increased activity of lipoprotein lipase in muscle
(Shimomura et al., 1990), and therefore, may be more rapidly oxidized than saturated
fatty acids in the body (Cunnane, 2004; Kloareg et al., 2007; Mitchaothai et al., 2008).
Therefore, a greater proportion of fatty acids in SBO may be utilized for ATP
synthesis than fatty acids in CWG. As a consequence, the NE of dietary lipids
containing saturated fatty acids may be greater than the NE of dietary lipids
containing unsaturated fatty acids, which may be the reason why the NE of CWG was
greater than the NE of SBO.

There were no interactions between lipid level and stage of growth or
between lipid source and stage of growth. This observation indicates that the effect of
lipid level or lipid source on the NE of diets and lipids is not influenced by the stage

of growth.
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In conclusion, results from this experiment indicate that the NE of diets
increases as the level of dietary lipids increases and the NE of diets containing CWG
is greater than the NE of diets containing SBO. The NE of diets is also greater for
finishing pigs than for growing pigs regardless of the level or source of lipids. The NE
of lipids is not affected by the inclusion rates of lipid in diets, but the NE of CWG is

greater than the NE of SBO. Stage of growth has no influence on the NE of lipids.
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Table 5.1. Analyzed composition of soybean oil and choice white grease (as-fed

basis)
Composition Soybean oil Choice white grease
GE, mcal/kg 9.38 9.41
Acid ether extract,' % 98.9 98.4
Total M.1U.,” % 0.93 1.33
Moisture, % 0.51 0.44
Insoluble impurities, % 0.14 0.32
Unsaponifiable matter, % 0.28 0.57

Fatty acids, % of sample

Myristic (C14:0) 0.0 2.0
Palmitic (C16:0) 11.0 22.0
Palmitoleic (C16:1) 0.0 2.0
Stearic (C18:0) 5.0 12.0
Oleic (C18:1) 24.0 39.0
Linoleic (C18:2) 50.0 15.0
Linolenic (C18:3) 7.0 1.0
Saturated fatty acids, % 17.0 38.0
Polyunsaturated fatty acids, % 58.0 17.0
Monounsaturated fatty acids, % 24.0 43.0
Peroxide value, meq/kg fat 53 4.0

'Acid ether extract = acid hydrolyzed ether extract.

*Total of moisture, insoluble impurities, and unsaponifiable matter.

130



I€l

Table 5.2. Composition of experimental diets' (as-fed basis)

Growing pigs Finishing pigs
Item Basal 5% SBO 10% SBO  10% CWG Basal 5% SBO 10% SBO  10% CWG
Ingredient, %
Ground corn 67.55 64.17 60.80 60.80 78.94 74.98 71.05 71.05
Soybean meal, 47.5% 29.00 27.55 26.10 26.10 18.00 17.10 16.20 16.20
Soybean oil - 5.00 10.00 - - 5.00 10.00 -
Choice white grease - - - 10.00 - - - 10.00
Dicalcium phosphate 1.40 1.33 1.26 1.26 1.00 0.95 0.90 0.90
Ground limestone 0.82 0.78 0.74 0.74 0.90 0.86 0.81 0.81
L-Lysine HCI 0.17 0.16 0.15 0.15 0.10 0.10 0.09 0.09
Vitamins premix” 0.17 0.16 0.15 0.15 0.17 0.16 0.15 0.15
Minerals premix’ 0.39 0.37 0.35 0.35 0.39 0.37 0.35 0.35
Cr03 0.50 0.48 0.45 0.45 0.50 0.48 0.45 0.45
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Table 5.2 (Cont.)

Total 100.00  100.00 100.00 100.00 100.00  100.00 100.00 100.00
Energy and nutrients”
DM, % 88.44 89.39 89.35 89.99 87.62 86.78 87.83 89.02
GE, mcal/kg 3.87 4.12 4.38 4.38 3.81 4.05 4.36 4.39
ME, mcal/kg 3.29 3.55 3.80 3.76 3.31 3.56 3.82 3.77
CP, % 19.08 17.67 17.34 17.53 15.78 15.26 14.23 14.29
SID Lys,” % 1.06 1.00 0.95 0.95 0.73 0.69 0.65 0.65
Ether extract, % 2.77 7.75 11.47 12.04 3.53 6.08 10.33 12.24
Acid ether extract,’ % 3.24 8.57 13.70 13.10 4.67 8.55 13.15 14.62
Crude fiber, % 2.04 1.97 1.90 1.92 1.91 1.71 1.67 1.62
Ash, % 5.75 5.29 4.90 5.03 4.65 4.22 4.27 4.37
Ca, % 0.72 0.69 0.65 0.65 0.64 0.61 0.57 0.57
Bioavailable P, % 0.28 0.27 0.25 0.25 0.21 0.20 0.19 0.19
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Table 5.2 (Cont.)

'Basal = basal diet; 5% SBO = diet containing 5% soybean oil; 10% SBO = diet containing 10% soybean oil; 10% CWG = diet
containing 10% choice white grease.

*Vitamin premix provided the following quantities of vitamins per kilogram of complete diet: 6,608 IU of vitamin A as retinyl
acetate; 680 IU of vitamin D as cholecalciferol; DL-a-tocopheryl acetate, 88 mg; menadione sodium bisulfite complex 4 mg;
riboflavin, 9 mg; vitamin Bi,, 35 ug; D-Ca-pantothenic acid, 24 mg; niacin, 33 mg; and choline chloride, 324 mg.

*Mineral premix provided the following quantities of mineral per kilogram of complete diet: Fe, 90 mg (FeSO4-H,0); Zn 100
mg (ZnO); Mn 20 mg (MnO); Cu 8mg (CuSO4-H,0); I, 0.35 mg (Caly); Se, 0.3 mg (Na,SeOs3); and NaCl, 3 g.

*Values for ME, SID Lys, Ca, and bioavailable P were calculated from NRC (1998); all other values were analyzed.

>SID Lys = standardized ileal digestible lysine.

SAcid ether extract = acid hydrolyzed ether extract.



Table 5.3. Effects of dietary soybean oil and choice white grease on growth performance and apparent total tract digestibility (ATTD)

of energy and nutrients of growing and finishing pigs’

vel

Lipid level
Dietary treatment’ P-value’ Lipid source
Basal 5% SBO  10% SBO  10% CWG SEM L Q SEM  P-value®
Growing pigs

Initial BW, kg 22.19 22.06 22.31 22.56 0.678  0.90 0.82 0.679 0.50
Final BW, kg 49.44 50.00 50.69 52.19 1.450  0.55 0.97 1.436 0.47
ADG, kg 0.973 0.998 1.014 1.058 0.037 045 0.93 0.047 0.15
ADFI, kg 1.887 1.879 1.872 1.980 0.072  0.88 0.99 0.071 0.30
G'F, kg/kg 0.517 0.531 0.543 0.533 0.010  0.08 0.88 0.011 0.56

ATTD,’ %
Energy 81.04 83.06 84.05 84.06 0.523 <0.01 044 0.578 0.99

CpP 77.96 78.37 78.47 79.67 0.789  0.65 0.87 0.766 0.29



Table 5.3 (Cont.)

Gel

Acid ether extract® 33.19 74.20 82.35 80.52 1.427 <0.01 <0.01 0.656 0.07
Finishing pigs

Initial BW, kg 85.56 84.56 85.71 83.13 2245  0.96 0.68 1.980 0.36
Final BW, kg 127.88 130.31 135.64 127.81 3.380  0.11 0.72 4.062 0.18
ADG, kg 1.209 1.307 1.427 1.277 0.054  0.01 0.87 0.080 0.19
ADFI, kg 3.701 3.561 3.858 3.274 0.156  0.47 0.24 0.207 0.06
G:F, kg/kg 0.326 0.368 0.375 0.388 0.014  0.02 0.29 0.015 0.54
ATTD,” %

Energy 82.66 85.10 87.08 86.74 0.464 <0.01 0.68 0.420 0.57

Cp 79.36 81.21 81.60 82.22 0.928  0.09 0.51 0.617 0.47

Acid ether extract® 49.13 73.11 82.10 81.93 1.231 <0.01 <0.01 0.949 0.90

'Data are least squares means of 32 observations for growing pigs and 31 observations for finishing pigs.
*Basal = basal diet; 5% SBO = diet containing 5% soybean oil; 10% SBO = diet containing 10% soybean oil; 10% CWG = diet

containing 10% choice white grease.
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*P-values for linear (L) and quadratic (Q) effects are for the effects of lipid level in diets among Basal, 5% SBO, and 10% SBO.
*P-value for lipid source is based on contrast analyses between 10% SBO and 10% CWG.

>ATTD = apparent total tract digestibility.

SAcid ether extract = acid hydrolyzed ether extract.



Table 5.4. Effects of dietary soybean oil and choice white grease on carcass composition and retention of energy, protein, and lipid

. . .12
In growing pigs

LET

Lipid level
Dietary treatment” P-value’ Lipid source
Item ISG* Basal 5%SBO 10%SBO 10%CWG SEM L Q SEM  P-value®

Live wt, kg 19.43  46.68 47.33 48.58 50.13 1.350 033 0.86 1.221 0.39

Hot carcass wt, kg 16.05 37.23 38.55 39.00 40.33 1.151 029 0.76 1.094 0.41

Dressing percentage, % 82.83  79.78 81.47 80.22 80.45 0.643 0.63 0.08 0.400 0.70
Total DF body’

DF BW, kg 19.12  44.67 45.72 46.75 48.34 1.269 0.26 0.99 1.147 0.34

DF body DM, kg 562 15.49 16.25 17.25 18.34 0.565 0.04 0.86 0.566 0.20

Protein, g/kg 576 505 484 444 430 10.9 <0.01 045 11.0 0.38

Lipids, g/kg 262 358 389 371 465 10.9 040 0.08 13.6 <0.01

Energy, mcal/kg 5.81 6.24 6.33 6.38 6.72 0.052 0.07 0.75 0.060  <0.01
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Total protein, kg/pig 3.24 7.81 7.85 7.63 7.84 0.275 0.65 0.70 0.190 0.45
Total lipids, kg/pig 1.48 5.56 6.34 6.44 8.54 0.350 0.09 0.43 0.417  <0.01
Total energy, mcal/pig 32.65 96.67 102.96 110.03 123.37 4.061 0.03 094 4369  <0.05
Protein gain, g/d - 161.3 163.5 154.2 160.3 797 054 0.57 5.62 0.46
Lipid gain, g/d - 144.8 173.3 176.1 250.5 11.68 0.07 0.38 1492  <0.01
Lipid:protein,® g/g - 0.91 1.07 1.14 1.57 0.076  0.04 0.67 0.092  <0.01
MER,’ mcal/d - 2.27 2.50 2.74 3.20 0.122 0.01 098 0.157 0.06
CER,"’ mcal/d - 2.28 2.56 2.54 3.28 0.133  0.19 0.36 0.154  <0.01

'Data are least squares means.

’n = 16 for initial slaughter group, n=8 for all other treatments.

*ISG = initial slaughter group.

“Basal = basal diet; 5% SBO = diet containing 5% soybean oil; 10% SBO = diet containing 10% soybean oil; 10% CWG = diet

containing 10% choice white grease.



Table 5.4 (Cont.)

>P-values for linear (L) and quadratic (Q) effects are for the effects of lipid level in diets among Basal, 5% SBO, and 10% SBO.
%P_value for lipid source is based on contrast analyses between 10% SBO and 10% CWG.

"Total digest-free body = chilled carcass + empty viscera + blood.

*Lipid:protein = the ratio of daily lipid gain to daily protein gain.

'MER = measured energy retention.

'CER = calculated energy retention (calculated from protein and lipid gain as 5.66 and 9.46 kcal/g for protein and lipid,

respectively).



Table 5. 5. Effects of dietary soybean oil and choice white grease on carcass composition and retention of energy, protein, and lipid in

finishing pigs'”

ovl

Lipid level
Dietary treatment’ P-value’ Lipid source
Item ISG* Basal 5%SBO 10%SBO 10%CWG SEM L Q SEM  P-value®

Live wt, kg 82.89 122.58 126.18 131.03 123.38 3262 0.07 0.87 4.146 0.20

Hot carcass wt, kg - 108.63  112.50 118.74 111.75 2949 0.02 0.73 3.574 0.18

Dressing percentage, % - 88.63 89.18 90.66 90.61 0.875 0.11 0.65 0.392 0.93
Total DF body’

DF BW, kg 80.56 118.76  122.40 127.27 119.76 3.182  0.07 0.87 3.990 0.19

DF body DM, kg 3292 5590 56.98 61.33 56.41 2.129  0.08 0.52 2277 0.14

Protein, g/kg 399 346 326 299 333 80 <0.01 0.75 10.3 0.03

Lipids, g/kg 503 568 583 561 581 10.0  0.57 0.12 10.3 0.18

Energy, mcal/kg 6.89  7.25 7.22 7.24 7.26 0.058 0.90 0.73 0.051 0.79
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Total protein, kg/pig ~ 13.12 19.30  18.55 18.28 18.70 0.623 025 074 0601  0.62
Total lipids, kg/pig 16,57 31.84 3324 3445 32.82 1,522 023 096  1.658  0.49
Total energy, mealpig  227.1 405.5 4114  444.] 409.5 1725 012 0.51 17.84  0.18
Protein gain, g/d - 1715 1546 141.9 165.3 13.80 0.3 090 1434 025
Lipid gain, g/d - 4307 4762 504.2 472.1 36.09 0.15  0.84 3990  0.57
Lipid:protein,’ g/g - 252 319 3.89 2.95 0376 0.02 098 0469  0.17
MER,’ meal/d - 502 527 6.11 532 0384 005 051 0403  0.18
CER,'® mcal/d - 505 538 5.57 5.40 0364 030 087 0392  0.76

'Data are least squares means.

*n = 16 for initial slaughter group, n=8 for Basal, 5% SBO and 10% CWG; n=7 for 10% SBO.

*ISG = initial slaughter group.

“Basal = basal diet; 5% SBO = diet containing 5% soybean oil; 10% SBO = diet containing 10% soybean oil; 10% CWG = diet

containing 10% choice white grease.
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Table 5.5 (Cont.)

>P-values for linear (L) and quadratic (Q) effects are for the effects of lipid level in diets among Basal, 5% SBO, and 10% SBO.
%P_value for lipid source is based on contrast analyses between 10% SBO and 10% CWG.

"Total digest-free body = chilled carcass + empty viscera + blood.

¥Lipid:protein = the ratio of daily lipid gain to daily protein gain.

'MER = measured energy retention.

'CER = calculated energy retention (calculated from protein and lipid gain as 5.66 and 9.46 kcal/g for protein and lipid,

respectively).
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Table 5. 6. Lipid gain from digested lipids and non-lipid nutrients in growing and finishing pigs'

Lipid level
Dietary treatment” P-value’ Lipid source

Items Basal 5% SBO 10% SBO 10% CWG SEM L Q SEM P-value®
Growing pigs

Dietary lipids, g/kg 324 85.7 137.0 131.0

ADFI, kg 1.887  1.879 1.872 1.980 0.072 0.88 0.99 0.071  0.30

STTD of lipids,” % 57.76  83.59 88.22 86.70 1.427 <0.01 <0.01 0.656 0.12

Digested lipids,® g/d 353 134.8 226.0 224.9 564 <0.01 0.55 7.967 093

Lipid gain, g/d 1448 1733 176.1 250.5 11.68 0.07 0.38 14.92 <0.01

Lipid gain from non-lipid nutrients,” g/d 109.5 38.5 -49.9 25.6 8.67 <0.01 0.42 11.42  <0.01
Finishing pigs

Dietary lipids, g/kg 46.7 85.5 131.5 146.2

ADFI, kg 3.701  3.561 3.858 3.274 0.156 0.47 0.24 0.207  0.06
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Table 5.6 (Cont.)

STTD of lipids,” % 66.02  82.24 88.11 87.41 1.231 <0.01 <0.01 0.949  0.60
Digested lipids,® g/d 1141 2504 446.9 419.3 14.68 <0.01 0.09 26.73  0.46
Lipid gain, g/d 430.7  476.2 504.2 472.1 36.09 0.15 0.84 39.90  0.57
Lipid gain from non-lipid nutrients,” g/d 316.6  225.8 57.3 52.8 33.03 <0.01 0.32 2457  0.90

'Data are least squares means of growing pigs (n=32) and finishing pigs (n=31).

?Basal = basal diet; 5% SBO = diet containing 5% soybean oil; 10% SBO = diet containing 10% soybean oil; 10% CWG = diet
containing 10% choice white grease.

*P-values for linear (L) and quadratic (Q) effects are for the effects of lipid level in diets among Basal, 5% SBO, and 10% SBO.

*P-value for lipid source is based on contrast analyses between 10% SBO and 10% CWG.

STTD of lipids = standardized total tract digestibility of lipids which was calculated from the apparent total tract digestibility of
lipids after correction for basal endogenous losses of lipids (9 g/kg DM intake, Boisen, 2007).

6Digested lipids = Average daily feed intake (kg/d) % dietary concentration of lipids (g/kg) x STTD of lipids (%) x 0.01.
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Table 5.6 (Cont.)
"Lipid gain from non-lipid nutrients = total amount of lipid gain (g/d) — total intake of digested lipids (g/d). Digested lipids are

assumed 100% incorporated into body lipids (Chwalibog et al., 1992).
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Table 5.7. Net energy of diets and dietary lipids in growing and finishing pigs'

Lipid level
Dietary treatment” P-value’ Lipid source
Item Basal 5% SBO 10% SBO 10% CWG SEM L Q SEM  P-value’
Growing pigs

Initial body energy, mcal 33.20 33.02 33.39 33.76 1.014 090 0.82 1.017 0.50
Final body energy, mcal 96.67 102.96 110.03 123.37 4.061  0.03 094 4.369 <0.05
Energy retention, mcal 63.47 69.94 76.64 89.61 3407 001 0.98 4.387 0.06
Total ONE,,,” mcal 29.33 29.53 29.76 30.20 0.487 0.54 098 0.401 0.45
Total NE intake, mcal 92.79 99.47 106.40 119.81 3.789  0.02 0098 4.542 0.06
Total feed intake, kg 52.83 52.60 52.40 55.45 2.005 0.88 0.99 1.994 0.30
NE of diets, kcal/kg 1,762 1,889 2,036 2,158 39.7 <0.01 0.83 41.0 0.05
NE of lipids,® keal/kg - 4,301 4,509 5,727 4673  0.76 - 410.4 0.05

Finishing pigs



Table 5.7 (Cont.)

Lyl

Initial body energy, mcal 229.80  227.12 230.21 223.26 6.03 0.96 0.68 532 0.36
Final body energy, mcal 405.54  411.43 444.07 409.53 17.25  0.12 0.51 17.84 0.18
Energy retention, mcal 17574  184.31 213.86 186.28 1343  0.05 0.51 14.09 0.18
Total ONE,,’ mcal 12425  124.64 126.52 123.07 1.91 040 0.74 1.98 0.23
Total NE intake, mcal 29998  308.95 340.38 309.34 14.60  0.06 0.51 15.77 0.17
Total feed intake, kg 129.53  124.63 135.03 114.60 5.46 047 0.24 7.25 0.06
NE of diets, kcal/kg 2,303 2,483 2,545 2,703 77.7 0.03 0.52 70.4 0.13
NE of lipids,° kcal/kg - 5,904 4,729 6,307 1,016.9 0.41 - 703.9 0.13

'Data are least squares means of 32 observations for growing pigs and 31 observations for finishing pigs.

*Basal = basal diet; 5% SBO = diet containing 5% soybean oil; 10% SBO = diet containing 10% soybean oil; 10% CWG = diet
containing 10% choice white grease.

3P-values for linear (L) and quadratic (Q) effects are for the effects of lipid level in diets among Basal, 5% SBO, and 10% SBO.

*P-value for lipid source is based on contrast analyses between 10% SBO and 10% CWG.
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Table 5.7 (Cont.)

>Total operational NE requirement for maintenance is calculated by multiplying the mean metabolic BW (kg”®) of each pig by
128 and 219 kcal for growing and finishing pigs, respectively (Kil et al., 2009a) and the number of days on experiments (28 d for

growing pigs and 35 d for finishing pigs).

SNE of lipids = SBO included at 5%, SBO included at 10%, and CWG included at 10%; The NE of SBO and CWG were
calculated using the difference method by subtracting the NE contribution from the basal diet from the NE of the diets containing

SBO or CWG (De Goey and Ewan, 1975).
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Table 5. 8. Effects of dietary level or source of lipids on NE of diets and dietary lipids fed to growing and finishing pigs1

Lipid level’ Lipid source’ Lipid level’ Lipid source’
Stage” Stage” P-value’ P-value®
kcal/kg 0% SBO 5% SBO 10% SBO G F  10% SBO 10% CWG G F  SEM Level’ Stage SEM Source Stage

NE of diets,* 2,032 2,186 2,292 1,896 2,444 2,292 2,431  2,0972,625 41.8 <0.01 <0.01 39.1 0.02 <0.01

NE of lipids,’ - 5,102 4,619 4,4055,317 4,619 6,017 5,118 5,518 540.1 0.55 0.22 3914 0.02 0.46

'Data are least squares means of 24 observations for growing pigs and 23 observations for finishing pigs.

2Lipid level =0, 5, and 10% soybean oil (SBO).

3Lipid source = 10% soybean oil (10% SBO) or 10% choice white grease (10% CWG).

*Stage of growth = growing pigs (G) and finishing pigs (F).

*P-values for the effects of lipid level and stage of growth on NE of diets and lipids. No interaction was observed between lipid
level and stage of growth.

SP_values for the effects of lipid source and stage of growth on NE of diets and lipids. No interaction was observed between
lipid source and stage of growth.

"Linear effect of lipid level on the NE of diets was significant (P < 0.01).
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Table 5.8 (Cont.)
’NE of diets containing 0, 5, or 10% SBO or 10% CWG.

°NE of lipids = SBO included at 5%, SBO included at 10%, CWG included at 10%.



CHAPTER 6
EFFECTS OF DIETARY LIPIDS ON NET ENERGY OF CORN IN DIETS FED

TO GROWING AND FINISHING PIGS

ABSTRACT

An experiment was conducted to measure the effect of dietary lipids on the
NE of corn in growing and finishing pigs and to determine if the effect of dietary
lipids on the NE of corn is affected by the stage of growth. Forty eight growing
(initial BW: 27 kg) and 48 finishing (initial BW: 86 kg) barrows were used and within
each stage of growth, pigs were allotted to 8 outcome groups of 6 barrows according
to BW. Within each outcome group, pigs were randomly allotted to 1 of 6 treatment
groups. Two treatment groups at each stage of growth served as an initial slaughter
group. The remaining pigs were assigned to 4 different diets and slaughtered at the
conclusion of the experiment. A low lipid basal diet containing corn, soybean meal,
and no added lipids and a high lipid basal diet containing corn, soybean meal, and 8%
soybean oil were formulated. Two additional diets were formulated by mixing 25%
corn and 75% of the low lipid basal diet or 25% corn and 75% of the high lipid basal
diet. Results showed that supplemental lipids had no effect on ADG, ADFI, and G:F of
growing pigs, but improved (P < 0.01) G:F for finishing pigs. The addition of corn
increased (P < 0.05) ADFI but decreased (P < 0.05) G:F for growing pigs, but there
was no effect of the addition of corn on ADG, ADFI, and G:F for finishing pigs. For
growing pigs, supplemental corn tended to increase (P < 0.10) lipid gain:protein gain
and energy retention but dietary lipids had no effect on lipid gain:protein gain or

energy retention. For finishing pigs, lipid gain, lipid gain:protein gain, and energy
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retention were not influence by the addition of dietary lipids or corn. For growing and
finishing pigs, the NE of diets containing supplemental lipids was greater (P < 0.01)
than the NE of diets containing no supplemental lipids. No effect of additional corn on
the NE of diets was observed. The NE of corn in the diet containing supplemental
lipids (2,053kcal/kg) was not different from the NE of corn in the diet containing no
supplemental lipids (2,197 kcal/kg). The NE of corn was greater (P < 0.05) for
finishing pigs (2,607 kcal/kg) than for growing pigs (1,643 kcal/kg). In conclusion,
addition of dietary lipids to diets fed to growing or finishing pigs increases the NE of
the diets. The NE of corn is not affected by the presence of lipids in the diet, but the
NE of corn is greater for finishing pigs than for growing pigs.

Keywords: corn, dietary lipids, NE, pig, stage of growth

INTRODUCTION

Corn is an important ingredient as an energy source for swine diets in North
America. Therefore, an accurate assessment of the energy value of corn is essential.
Starch, which is the major energy-containing nutrient in corn, can be metabolized to
ATP or used for the synthesis of fatty acids and subsequently stored as body lipids.
The energetic efficiencies for these 2 metabolic pathways are different (Black, 1995),
but DE and ME systems do not account for these differences in the metabolism of
starch (Noblet, 2007). It is, therefore, possible that NE systems are more accurate in
estimating the energy value of corn than DE and ME systems because NE systems
consider the efficiency of energy utilization (Noblet et al., 1994a).

If pigs are fed high amounts of dietary lipids, it is likely that most of the starch

in corn is utilized for ATP synthesis instead of being converted to body lipids, but if
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no lipids are included in the diets, some of the starch in corn will be used for fatty
acid synthesis (Jakobsen and Thorbek, 1993). The theoretical energetic efficiency of
metabolizing glucose to ATP is 68%, while the efficiency of using glucose for fatty
acid synthesis is 74% (Black, 1995). Based on these efficiencies, it is expected that
the NE of corn is lower if high amounts of lipids are added to the diets than if no
lipids are used. It is also expected that the impact of dietary lipids on the NE of corn
may depend on the BW of pigs because finishing pigs retain more lipids than growing
pigs (de Greef et al., 1994). However, no experiments have been conducted to
investigate these hypotheses.

The objective of this experiment was to test the hypothesis that the NE of corn
fed to pigs is greater in diets containing no added lipids than in diets containing a high
amount of lipids. A second objective was to determine if the effect of dietary lipids on

the NE of corn is influenced by the BW of pigs.

MATERIALS AND METHODS

Animals, Housing, and Experimental Design

The experiment was approved by the Institutional Animal Care and Use
Committee at the University of Illinois. Forty eight growing and 48 finishing barrows
that were the offspring of line 337 sires mated to C-22 females (Pig Improvement
Company, Hendersonville, TN) were used. The average initial BW of the growing
pigs was 27.33 =+ 2.49 kg and the average initial BW of the finishing pigs was 85.99 +
3.00 kg. All pigs used in the experiment were selected based on BW and ADG during
a 2-wk pre-experimental period. Within each stage of growth, pigs were allotted to 8

outcome groups of 6 barrows according to BW. Within each outcome group, pigs
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were randomly allotted to 1 of 6 treatment groups. Two randomly chosen treatment
groups at each stage of growth served as an initial slaughter group and all pigs in
these 2 treatment groups were harvested at the start of the experiment. The other 4
treatment groups at each stage of growth were assigned to 4 dietary treatments in a 2
x 2 factorial arrangement with 2 levels of supplemental lipids in the diet (0% or 8%)
and with 2 levels of supplemental corn (0 or 25%). Within each stage of growth, all
pigs fed the 4 dietary treatments were slaughtered at the conclusion of the experiment.

Pigs were housed individually in 0.9 x 1.8 m pens in an environmentally
controlled building. Pens were equipped with a feeder, a nipple waterer, and a fully-
slatted concrete floor. The experimental period was 28 d for growing pigs and 35 d for
finishing pigs.
Dietary Treatments

Commercial corn was obtained and analyzed for chemical composition (Table
6.1). Four diets for growing pigs and 4 diets for finishing pigs were prepared (Table
6.2). A low lipid basal diet containing corn, soybean meal, and no added lipids and a
high lipid basal diet containing corn, soybean meal, and 8% soybean oil were
formulated within each stage of growth. Two additional diets were formulated by
mixing 25% corn and 75% of the low lipid basal diet (as-is basis) or 25% corn and
75% of the high lipid basal diet (as-is basis). Chromic oxide (0.40%) was included as
an inert marker in both basal diets. Vitamins and trace minerals were also included in
the basal diets to exceed the estimated nutrient requirements (NRC, 1998) for pigs at
each stage of growth. No antibiotic growth promoters were used and all diets were
provided in a meal form. Pigs were allowed ad libitum access to feed and water

during the entire experimental period. The procedure for collecting data, the
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experimental periods, chemical analyses, and calculation of growth performance,
nutrient digestibility, carcass composition, and retention of protein, lipids, and energy
were similar to the procedures described previously (Kil et al., unpublished data).
Statistical Analyses

All data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary,
NC) with the individual pig as the experimental unit. Homogeneity of the variances
was verified using the UNIVARIATE procedure of SAS. The residual vs. the
predicted plot procedure was used to identify outliers. The model included the effect
of dietary lipids, supplemental corn, and the interaction between dietary lipid and
supplemental corn within each stage of growth. The interaction for the ATTD of acid
hydrolyzed ether extract in growing pigs was significant (P < 0.05), while no
significant interaction for other measurements was observed. For values for the NE of
supplemental corn, the model included the effect of dietary lipids, stage of growth and
the interaction between dietary lipid and stage of growth but no interaction was
significant. If there was no interaction, the interaction terms were omitted from the
final analyses and only main effects were presented. The LSMEANS procedure was
used to calculate mean values. An alpha-value of 0.05 was used to assess significance

among means.

RESULTS
Pig Performance and Nutrient Digestibility
One finishing pig fed the diet containing high lipid and supplemental corn
became sick and had to be removed from the experiment. All other pigs remained

healthy throughout the experiment. Inclusion of dietary lipids had no influence on the
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final BW, ADG, ADFI, and G:F for growing pigs, but improved (P < 0.01) G:F for
finishing pigs (Table 6.3). The addition of corn increased (P < 0.05) ADFI, and
decreased (P < 0.05) G:F for growing pigs. However, there was no effect of the
addition of corn on ADG, ADFI, and G:F for finishing pigs. A trend for an increase (P
= 0.06) in the ATTD of energy as a result of the addition of dietary lipids was
observed in growing pigs, but the ATTD of energy decreased (P < 0.01) with the
addition of corn. For finishing pigs, the ATTD of energy also increased (P < 0.05)
with the addition of dietary lipids, but decreased (P < 0.05) with the addition of corn.
The ATTD of CP for both growing and finishing pigs was not affected by the addition
of dietary lipids, but decreased (P < 0.05) with the addition of corn. The addition of
corn had no effect on the ATTD of acid hydrolyzed ether extract in growing pigs in
the absence of supplemental lipids, but the addition of corn decreased the ATTD of
acid hydrolyzed ether extract in the presence of supplemental lipids, leading to a
significant interaction (P < 0.05). For finishing pigs, the addition of dietary lipids
increased (P < 0.01) the ATTD of acid hydrolyzed ether extract but the addition of

corn decreased (P < 0.05) the ATTD of acid hydrolyzed ether extract.

Carcass Composition and Retention of Energy, Protein, and Lipids

In the growing phase, there was no effect of the addition of dietary lipids or
corn on live BW, hot carcass weight, dressing percentage, or the weight of the total
digesta-free body DM (Table 6.4). The addition of dietary lipids decreased (P < 0.05)
the concentration of protein in the digesta-free body DM, but did not influence the
concentration of lipids and energy. The addition of corn increased (P < 0.05) the

concentration of lipids and energy in the digesta-free body DM. Protein gain was not
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affected by the addition of dietary lipids or corn. There was a trend for greater (P =
0.06) lipid gain for pigs fed the diets containing supplemental corn than for pigs fed
the diets containing no supplemental corn. The addition of corn also tended to
increase (P < 0.10) the lipid gain:protein gain and measured energy retention. The
addition of corn also increased (P < 0.05) the calculated energy retention. However,
there was no effects of dietary lipids on lipid gain, lipid gain:protein gain, or energy
retention.

In the finishing phase, addition of dietary lipids or corn had no influence on
live BW, hot carcass weight, dressing percentage, or the weight of total digesta-free
body DM (Table 6.5). The concentration of energy in the digesta-free body was
greater (P < 0.05) for pigs fed diets containing supplemental corn than for pigs fed
diets containing no supplemental corn. Protein gain, lipid gain, lipid gain:protein gain,

and energy retention were not affected by the addition of dietary lipids or corn.

NE of Diets and Corn

For growing pigs, no difference among dietary treatments in final body
energy and energy retention was observed, but the addition of corn tended to increase
(P <0.10) energy retention and NE intake (Table 6.6). The NE of diets containing
supplemental lipids (1,787 kcal/kg) was greater (P < 0.01) than the NE of diets
containing no supplemental lipids (1,642 kcal/kg). The addition of corn had no
influence on the NE of diets, and supplemental dietary lipids had no effect on the NE
of corn.

For finishing pigs, the addition of dietary lipids or corn had no effects on final

body energy or energy retention, but the NE of diets containing supplemental lipids
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(2,604 kcal/kg) was greater (P < 0.01) than the NE of diets containing no
supplemental lipids (2,373 kcal/kg). The NE of diets was not influenced by the
addition of corn, and supplemental dietary lipids also had no effect on the NE of corn.
No interaction between dietary lipids and stage of growth was observed for
the NE of corn and therefore, the main effects of dietary lipids and stage of growth on
the NE of corn were calculated (Table 6.7). The NE of corn in the diet containing no
supplemental lipids (2,197kcal/kg) was not different from the NE of corn in the diet
containing supplemental lipids (2,053 kcal/kg). The NE of corn was greater (P < 0.01)

for finishing pigs (2,607 kcal/kg) than for growing pigs (1,643 kcal/kg).

DISCUSSION
The chemical composition of corn used in the present experiment agrees with
published values (Adeola and Bajjalich, 1997; NRC, 1998). Small differences in
chemical composition of the corn used for growing and finishing pigs may be a result
of the natural variability among corn varieties and variation in the chemical analysis

within laboratory (Cromwell et al., 1999).

Pig Performance and Nutrient Digestibility

The improvement in G:F for finishing pigs as a result of the addition of
dietary lipids is caused by the increase in ADG but decrease in ADFI and this result
agrees with previous observations (Pettigrew and Moser, 1991; Kil et al., unpublished
data). The decrease in G:F for growing pigs but no change in G:F for finishing pigs as
a consequence of supplemental corn may be related to the concentration of CP in the

diet. Kerr et al. (1995) reported that the diets containing low CP but supplemental AA
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increased feed intake but decreased G:F for growing pigs, while they observed no
effect on feed intake and G:F for finishing pigs. The increase in lipid gain by
supplemental corn may also contribute to a reduction in G:F for growing pigs (de
Lange et al., 2001).

The increase in ATTD of energy by the addition of dietary lipids for growing
and finishing pigs agrees with our previous observation (Kil et al., unpublished data).
The reason for the decrease in ATTD of energy by supplemental corn for growing and
finishing pigs may be a consequence of increased feed intake in pigs fed diets
containing supplemental corn, which leads to a reduction in energy digestibility
(Haydon et al., 1984; Chastanet et al., 2007). The observation that the ATTD of lipids
increased with the addition of dietary lipids, but decreased with supplemental corn for
growing and finishing pigs was expected because supplemental lipids are more
digestible than the lipids in corn (Kil et al., 2007) and the influence of endogenous
losses on the ATTD of lipids is greater at low levels than at high levels of dietary
lipids (Jergensen et al., 1993). This may also explain why supplemental corn
decreased the ATTD of CP. Supplemental corn decreased the concentration of dietary
CP by diluting the CP in the basal diet, and therefore, increased the effect of

endogenous losses on the ATTD of CP in diets (Fan and Sauer, 1997).

Carcass Composition and Retention of Energy, Protein, and Lipids
The values for protein gain for growing pigs (147 g/d) and finishing pigs (194
g/d) fed the low lipid basal diet were slightly different from the values for pigs fed a

similar diet in our previous experiment (Kil et al., unpublished data). One explanation
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for this difference may be that the chemical composition of the diets and the feed
intake were different between 2 experiments.

An increase in lipid gain and lipid gain:protein gain as the level of dietary
lipids increases has been reported (Stahly, 1984; Kil et al., unpublished data). In this
experiment, however, no effect of the addition of dietary lipids on lipid gain or lipid
gain:protein gain for growing or finishing pigs was observed. Jorgensen et al. (1996)
also reported that increasing levels of rapeseed oil did not affect the lipid gain for
growing pigs. The reason for these conflicting observations is unknown, but it may be
related to the difference in the levels or sources of lipids and other components in the
diet and the variation in genotype of pigs among experiments.

The reason for the tendency for increased lipid gain and energy retention in
growing pigs fed diets containing supplemental corn may be that increased intake of
starch increases plasma concentrations of insulin and glucose, which have a
stimulatory effect on de novo lipogenesis in pigs (Kersten, 2001; Martinz-Puig et al.,
2006). The decreased concentration of CP in the diet by supplemental corn may also
increase lipid gain and energy retention by reducing energy losses during N
metabolism (Henry, 1985; Le Bellego et al., 2001; Noblet et al., 2001). However, this
effect was not observed in finishing pigs, which may be a result of the fact that
supplemental corn did not increase the feed intake for finishing pigs as it did for

growing pigs.

NE of Diets and Corn
The values for NE of the diets in growing pigs were lower than values

calculated from the NE of each ingredient published by Sauvant et al. (2004). This
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result was expected because the value (128 kcal/’kg BW) for the maintenance of
growing pigs used in the present experiment was lower than the value (179 kcal/kg
BWO'é) used by Sauvant et al. (2004). However, values for NE of diets fed to finishing
pigs were also lower than the calculated NE of the diets although the value (218
kcal/kg BW®®) for maintenance of finishing pigs in this experiment was greater than
the value used by Sauvant et al. (2004). The reason for this observation may be that
energy retention measured by indirect calorimetry method tends to be greater than
energy retention measured by the comparative slaughter method used in this
experiment (Quiniou et al., 1995; Reynolds, 2000).

An increased NE of diets with increasing levels of dietary lipids has been
observed in other experiments (Just, 1982; Kil et al., unpublished data) and is a
consequence of the fact that the NE of lipids is greater than the NE of corn and SBM.
Inclusion of lipids in the diet may also increase the digestibility of energy and AA
(Cervantes-Pahm and Stein, 2008), and may increase the amount of energy absorbed
in the small intestine and reduce the amount of energy absorbed in the hindgut (Kil et
al., unpublished data). The efficiency of energy absorbed in the hindgut is lower than
the efficiency of energy absorbed in the small intestine (Just, 1982; Noblet et al.,
1994a). There is no influence of supplemental corn on the NE of the diets, which is
likely a consequence of the fact that the NE of the basal diet was similar to the NE of
supplemental corn.

It was unexpected that the NE of supplemental corn was not affected by the
presence or absence of lipids in the diets because the energetic efficiency of starch is
lower for ATP synthesis (68%) than for de novo lipogenesis (74%, Black, 1995). In

diets containing high amounts of lipids, it was expected that more starch in corn
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would be utilized for ATP synthesis rather than for de novo lipogenesis, which should
decrease the energetic efficiency and subsequently decrease the NE of corn. Possible
explanations for this observation is that the addition of dietary lipids may increase the
digestibility of energy and nutrients in corn by reducing gastric emptying (Gentilcore
et al., 2006) and the passage rate of digesta (Valaja and Silijander-Rasi, 2001), which
may compensate for the reduction in the energetic efficiency of the utilization of corn.
In addition, small difference (6%) in the theoretical efficiency of the utilization of
corn between ATP synthesis and de novo lipogenesis may be too small to be detected
in an experiment with live animals.

The greater NE of supplemental corn in finishing pigs than in growing pigs is
in agreement with Noblet et al. (1994b) who reported that the NE of cornstarch for
pigs at 100 kg was greater than for pigs at 45 kg. The reason for this observation may
be that for finishing pigs, more starch in corn is utilized for de novo lipogenesis than
in growing pigs because finishing pigs have a greater potential for lipid gain than
growing pigs (Leat, 1983; de Greef et al., 1994). This observation may also be
explained by greater digestibility of energy and nutrients in corn for finishing pigs
than for growing pigs (Noblet and Shi, 1994). The lack of interaction for the NE of
corn between the addition of dietary lipids and stage of growth indicates that the
effect of dietary lipids on the NE of corn is similar at both stages of growth.

In conclusion, results from this experiment indicate that dietary lipids
increase the NE of diets. The NE of corn is greater for finishing pigs than for growing

pigs but the NE of corn is not influenced by dietary lipids.
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Table 6.1. Chemical analyses of supplemental corn used at each stage of growth (as-

fed basis)

Composition Growing pigs Finishing pigs
DM, % 86.49 84.86
GE, mcal/kg 3.87 3.83
CP, % 8.67 9.05
Ether extract, % 3.74 2.34
Acid ether extract,' % 3.89 4.52
Crude fiber, % 1.44 1.56
Total starch,” % 64.80 62.20
Ash, % 1.32 1.46
Particle size,” pm 701 770

'Acid ether extract = acid hydrolyzed ether extract.
*Total starch was measured by the method of EEC (1999).
*Particle size was determined using American Society of Agricultural Engineers

procedures (ASAE, 1983).
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Table 6.2. Composition of experimental diets (as-fed basis)

Growing pigs Finishing pigs

Diets': LLB LLC HLB HLC LLB LLC HLB HLC

Ingredient, %
Ground corn 65.61 7421 55.53 66.65 85.32 88.99 75.04 81.28
Soybean meal, 47.5% 28.11 21.08 30.27 22.70 9.85 7.39 1225 9.19
Soybean oil - - 8.00 6.00 - - 8.00 6.00
Dicalcium phosphate 1.95 1.46 195 1.46 1.34 1.01 135 1.01

Ground limestone 1.00 0.75 1.00 0.75 074 055 072 0.54

L-lysine HCI 0.60 045 055 042 051 038 045 034
DL-methionine 0.17 0.13 0.17 0.13 0.04 0.03 0.04 0.03
L-threonine 026 0.19 026 0.19 0.14 0.11 0.14 0.10
L-tryptophan 0.07 0.05 0.06 0.04 005 004 004 0.03
L-valine 0.06 0.05 0.06 0.04 002 002 001 0.01
L-isoleucine - - - - 0.04 0.03 0.02 0.01
Salt 0.12 0.09 0.12 009 0.12 0.09 0.12 0.09
Vitamins® 0.13 0.10 0.13 0.10 0.13 0.10 0.13 0.10
Minerals® 047 035 047 035 047 035 047 035

Sodium bicarbonate  0.73 0.55 0.73 055 059 044 059 044
Potassium carbonate 0.31 0.23 0.31 0.23 024 0.18 024 0.18
Cr03 040 030 040 030 040 030 040 0.30
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Energy and nutrients’

169



Table 6.2 (Cont.)

DM, % 87.67 86.98 89.07 88.23 87.24 86.76 88.05 88.07
GE, mcal/kg 3.81 3.79 421 4.15 379 378 4.12  4.10
ME, mcal/kg 3.19 325 359 3.55 325 329 365 3.59
CP, % 2043 17.54 20.20 17.08 12.09 11.36 12.31 11.67
Lys, % 148 1.18 148 1.18 091 075 091 0.75
Ether extract, % 217 242 8.65 7.10 1.94 224 817 7.60

Acid ether extract,’ % 4.03 431 993 870 436 426 10.77 8.88

Crude fiber, % 205 192 190 1.83 1.61 155 1.58 1.51
Ash, % 592 490 6.64 509 9518 96.15 95.08 95.88
Ca, % 0.90 0.68 090 0.68 0.62 047 062 047

Bioavailable P, % 043 033 043 0.33 0.30 023 030 0.23

'LLB = basal diet containing no supplemental lipids; LLC = 75% LLB + 25%
corn; HLB = basal diet containing 8% soybean oil; HLC = 75% HLB + 25% corn.

?Vitamin premix provided the following quantities of vitamins per kilogram of
complete diet: 6,608 IU of vitamin A as retinyl acetate; 680 IU of vitamin D as
cholecalciferol; DL-a-tocopheryl acetate, 88 mg; menadione sodium bisulfite
complex 4 mg; riboflavin, 9 mg; vitamin By, 35 png; D-Ca-pantothenic acid, 24 mg;
niacin, 33 mg; and choline chloride, 324 mg.

*Mineral premix provided the following quantities of mineral per kilogram of
complete diet: Fe, 90 mg (FeSO4-H,0); Zn 100 mg (ZnO); Mn 20 mg (MnO); Cu

8mg (CuSO4-H,0); I, 0.35 mg (Caly); Se, 0.3 mg (Na,SeOs); and NaCl, 3 g.
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Table 6.2 (Cont.)
*Values for ME, Lys, Ca, and bioavailable P were calculated from NRC (1998);
all other values were analyzed.

>Acid ether extract = acid hydrolyzed ether extract.
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Table 6.3. Effects of additional dietary lipids and corn on growth performance of

growing and finishing pigs and apparent total tract digestibility (ATTD) of energy and

nutrients'
Added lipids” Added corn’ P-value’
Items - + - + SEM Lipids Corn
Growing pigs
Initial BW, kg 27.34 27.34 27.38 2731 0.636 1.00 0.95
Final BW, kg 54.00 55.22 54.09 55.13 1.031 041 049
ADG, kg 0.952  0.996 0954 0993 0.025 023 0.28
ADFI, kg 2.012  2.023 1.906 2.129 0.069 0.91 0.03
G:F, kg/kg 0.475  0.500 0.508 0.468 0.012 0.13 0.02
ATTD,’ %
Energy 82.01 83.35 83.99 81.38 0.493 0.06 <0.01
CP 79.38  79.62 82.28 76.72 0.781 0.83 <0.01
Acid ether extract®’
0% lipids - - 47.23 4750 0.836
8% lipids - - 74.94  70.11 -
Finishing pigs
Initial BW, kg 8534 85.97 85.56 85.75 0.789 0.57 0.86
Final BW, kg 129.78 133.85 132.13 131.50 1.558 0.07 0.78
ADG, kg 1.270  1.368 1.330 1.307 0.037 0.07 0.66
ADFI, kg 3.907 3.681 3.748 3.839 0.097 0.10 0.50
G:F, kg/kg 0326 0.372 0.357 0.341 0.007 <0.01 0.11
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Table 6.3 (Cont.)

ATTD,” %
Energy 83.41 84.64
CP 76.35  77.97

Acid ether extract® 43.79  70.56

84.54

78.67

58.95

83.51

75.64

55.40

0.330 0.01
0.794 0.15
1.007 <0.01

0.03

0.01

0.02

'Data are least squares means of 32 observations for growing pigs and 31

observations for finishing pigs.

*Supplementation of soybean oil (+); No supplementation of soybean oil (-).

3 Additional corn in the diet (+); No additional corn in the diet (-).

*P-values for main effects of dietary lipids and additional corn. No interaction

was observed between supplemental dietary lipids and the addition of corn.

ATTD = apparent total tract digestibility.

SAcid ether extract = acid hydrolyzed ether extract.

"The interaction between supplemental dietary lipids and the addition of corn

was significant (P < 0.05).

173



Table 6.4. Effects of additional dietary lipids and corn on carcass compositions and

total amount of energy, protein, and lipids in growing pigs'

Added lipids’  Added corn’ P-value’
Items ISG’ - + - + SEMW
Live wt, kg 26.65 51.26 5231 51.18 52.40 0.997 046 0.39
Hot carcass wt, kg 21.16 41.76 4240 41.56 42.60 0.809 0.58 0.37
Dressing 79.35 81.48 81.06 81.22 81.32 0.319 035 0.83
percentage, %
Total DF body®
DF BW, kg 25.47 49.16 50.33  49.09 50.40 0.939 0.38 0.33
DF body DM, kg 7.46 16.58 17.78 16.67 17.69 0.517 0.11 0.17
Protein, g/kg 584 514 480 509 485 11.9 <0.05 0.17
Lipids, g/kg 282 359 355 337 376 124 0.83 0.03
Energy, mcal/kg 594 630 6.33 6.22 642 0.059 0.72 0.03
Total protein, kg/pig 4.35 848 8.42 840 850 0.152 0.75 0.64
Total lipids, kg/pig 2.11 599 643 570 6.71 0372 0.41 0.07

Total energy,
mcal/pig

Protein gain, g/d

Lipid gain, g/d

Lipid:protein,’ g/g

MER,? mcal/d

CER,’ mcal/d

44.34 104.72 113.23

147.3

138.6

0.95

2.15

2.14

144.9

154.2

1.06

2.46

2.28

104.07 113.88

144.1

128.3

0.89

2.13

2.03

148.1

164.4

1.12

2.48

2.39

4.108 0.15 0.10

341 0.62 041

12.82 0.40 0.06

0.093 0.39 0.09

0.134 0.12 0.07

0.124 0.45 <0.05

T -
Data are least squares means of 32 observations.
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*Supplementation of soybean oil (+); No supplementation of soybean oil (-).

3 Additional corn in the diet (+); No additional corn in the diet (-).

Table 6.4 (Cont.)

*P-values for main effects of dietary lipids and additional corn. No interactions
between dietary lipids and additional corn were observed for all measurements.

’ISG = initial slaughter group.

5Total digest-free body = chilled carcass + empty viscera + blood.

"Lipid:protein = the ratio of daily lipid gain to daily protein gain.

*MER = measured energy retention.

’CER = calculated energy retention (calculated from protein and lipid gain as

5.66 and 9.46 kcal/g for protein and lipid, respectively).
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Table 6.5. Effects of additional dietary lipids and corn on carcass compositions and

total amount of energy, protein, and lipids in finishing pigs'

Added lipids®  Added corn’ P-value
Items ISG’ - + - + SEMW
Live wt, kg 84.01 125.85129.73 127.79127.79 1.416 0.06 0.99
Hot carcass wt, kg 71.35 106.17109.07 108.20 107.04 1.439 0.16 0.57
Dressing 84.93 84.37 84.10 84.71 83.76 0.461 0.67 0.15
percentage, %
Total DF body®
DF BW, kg 81.44 12491 128.60 126.91126.60 1.463 0.08 0.88
DF body DM, kg 3342 58.12 59.80 58.67 59.26 0.975 0.22 0.67
Protein, g/kg 401 343 327 340 331 7.5 0.12 042
Lipids, g/kg 497 575 554 554 574 8.6 0.09 0.11
Energy, mcal/kg 690 7.29 7.28 721 7.36 0.042 0.88 0.02
Total protein, kg/pig ~ 13.40 19.86 19.55 19.86 19.54 0.346 0.52 0.52
Total lipids, kg/pig 16.66 33.50 33.14 32.56 34.08 0.908 0.78 0.24

Total energy,
mcal/pig

Protein gain, g/d

Lipid gain, g/d

Lipid:protein,’ g/g

MER,? mcal/d

CER,’ mcal/d

230.70424.11435.43 423.14436.40

190.3 178.7

489.0 475.1

2.70

5.63

5.70

2.75

5.90

5.51

189.4 179.5

460.8 503.2

2.54

5.58

543

291

5.95

5.78

8.364 0.34 0.26

9.6 039 047

25.10 0.70 0.24

0.206 0.85 0.20

0.220 0.38 0.24

0.230 0.54 0.29

T -
Data are least squares means of 31 observations.
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*Supplementation of soybean oil (+); No supplementation of soybean oil (-).

3 Additional corn in the diet (+); No additional corn in the diet (-).

Table 6.5 (Cont.)

*P-values for main effects of dietary lipids and additional corn. No interactions
between dietary lipids and additional corn were observed for all measurements.

’ISG = initial slaughter group.

5Total digest-free body = chilled carcass + empty viscera + blood.

"Lipid:protein = the ratio of daily lipid gain to daily protein gain.

*MER = measured energy retention.

’CER = calculated energy retention (calculated from protein and lipid gain as

5.66 and 9.46 kcal/g for protein and lipid, respectively).

177



Table 6.6. Net energy of diets and supplemental corn in growing and finishing pigs'

Added lipids® Added corn’ P-value’
Ttems _ n ; + SEM Lipids Corn
Growing pigs
Initial body energy,

4439 4439 4444 4434 1.033 1.00 0.95
mcal
Final body energy, mcal  104.72 113.23  104.07 113.88 4.108 0.15 0.10
Energy retention, mcal 60.33 68.84 59.63 69.54 3.758 0.12 0.07
Total ONE,,,’ mcal 3226 32.42 32.23 3245 0417 0.78 0.71
Total NE intake, mcal 92.59 101.26  91.86 101.99 4.003 0.14 0.08
Total feed intake, kg 56.33 56.64 5335 59.61 1923 091 0.03
NE of diets, kcal/kg 1,642 1,787 1,725 1,704 309 <0.01 0.64
NE of corn,® kcal/kg 1,677 1,608 - - 2122 0.82 -
Finishing pigs
Initial body energy,

227.10 228.78  227.68 228.19 2.099 0.57 0.86
mcal
Final body energy, mcal — 424.11 435.43  423.14 436.40 8364 0.34 0.26
Energy retention, mcal 197.01 206.65 19545 208.21 7.709 0.38 0.24
Total ONE,,,’ mcal 126.87 128.32  127.53 127.67 0.806 0.21  0.90
Total NE intake, mcal 323.88 33498 33298 335.88 8.118 0.33 0.26
Total feed intake, kg 136.76 128.82  131.20 134.38 3.378 0.10 0.51

NE of diets, kcal/kg

NE of corn,’ kcal/kg

2,373 2,604

2,716 2,493

2,470 2,506 38.7 <0.01

277.4

0.57

0.51

'Data are least squares means of 32 observations for growing pigs and 31
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observations for finishing pigs.

*Supplementation of soybean oil (+); No supplementation of soybean oil (-).

Table 6.6 (Cont.)

3 Additional corn in the diet (+); No additional corn in the diet ().

*P-values for main effects of dietary lipids and additional corn. No interactions
between dietary lipids and additional corn were observed for all measurements.

>Total operational NE requirement for maintenance is calculated by multiplying
the mean metabolic BW (kgo'é) of each pig by 128 and 219 kcal for growing and
finishing pigs, respectively (Kil et al., 2009a) and the number of days on experiments
(28 d for growing pigs and 35 d for finishing pigs).

NE of supplemental corn in the diet containing no supplemental soybean oil or
in the diet containing supplemental soybean oil. The NE of supplemental corn was
calculated using the difference method by subtracting the NE contribution from each
basal diet containing 0 or 8% soybean oil from the NE of the diets containing 25%

supplemental corn (de Goey and Ewan, 1975).
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Table 6.7. Effect of dietary lipids and stage of growth on the NE of corn fed to growing

and finishing pigs'

Added lipids® Stage of growth’ P — value®

Items - + G F SEM Lipids Stage

NE of corn, kcal/kg 2,197 2,053 1,643 2,607 1699 0.55 <0.01

'Data are least squares means of 16 observations for growing pigs and 15
observations for finishing pigs.

*Supplementation of soybean oil (+); No supplementation of soybean oil (-).

3Stage of growth = growing pigs (G) and finishing pigs (F).

*P-values for main effects of dietary lipids and stage of growth. No interaction

between dietary lipids and stage of growth was observed for the NE of corn.
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CHAPTER 7
COMPARISON OF NET ENERGY VALUES FOR DIETS AND
INGREDIENTS FED TO PIGS IN NORTH AMERICA AND VALUES

PREDICTED FROM EUROPEAN ENERGY SYSTEM

ABSTRACT

The objective of this study was to compare net energy values for diets and
ingredients measured in North America (NEna) and values predicted from 3 European
energy systems. The NEya of 16 diets and 7 ingredients were measured in growing
and finishing pigs at the University of Illinois, at the University of Missouri, and at
the Prairie Swine Centre. All diets were formulated based on corn and soybean meal,
but some of the diets also contained soybean oil (SBO), choice white grease (CWQ),
soybean hulls (SBH), wheat middlings (WM), or low-oligosaccharide soybean meal
(SBM-LO). The French NE system (NEnra) and the Dutch NE system (NEcyg) are
based on the concentrations of digestible nutrients, and therefore, the concentrations
of digestible nutrients in the 16 diets and 7 ingredients were measured at each location
and were used for predicting energy values for diets and ingredients. The potential
physiological energy values (PPE) for diets and ingredients that are used in Danish
energy system were also measured. All chemical analyses needed in the prediction
equations for the European energy systems followed the procedures specified by each
system. Results showed that values for NEys of most diets fed to growing pigs were
lower (P < 0.05) than values predicted from NEnra and NEcys. However, values for
NEna of most diets fed to finishing pigs were more comparable with values predicted

from NEnra and NEcyg. In general, values for NExa were closer to PPE values than
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to NEnra and NEcyg values. The measured NEy, values for all ingredients fed to
growing pigs were also lower (P < 0.05) than values predicted from NEngra and
NEcvs. However, for finishing pigs no differences in values for corn, SBH, WM,
SBM, and SBM-LO among NEna, NEnra, and NEcyg were observed. For both
growing and finishing pigs, the measured NEy4 values for SBO and CWG were lower
(P <0.01) than values predicted from NEnra and NEcyg. The values for NEya of
SBO and CWG were also lower than the PPE values of SBO and CWG. In conclusion,
values for NEnra and NEcyp of diets and ingredients fed to growing pigs were
greater than the values measured in North America but NEnra and NEcyp predicted
values for finishing pigs that were closer to NEy4 values than the values for growing
pigs. All the European energy systems predict greater energy values of lipids than the
measured energy values of lipids in North America.

Keywords: European energy systems, NE, North America, pig, potential

physiological energy

INTRODUCTION

Energy is the most expensive component in swine diets. In North America,
diets have typically been formulated based on DE or ME systems. However, DE and
ME systems may have limitations because these systems do not consider the
efficiency of utilization of metabolized energy (de Lange and Birkett, 2005).

Currently, France and the Netherlands use NE systems to overcome the
limitations of DE and ME systems. These systems estimate the NE of diets and
ingredients from the concentrations of digestible nutrients. Demark has implemented

a system for estimating energy values of diets and ingredients based on in vitro
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digestibility of nutrients and theoretical energy values of digestible nutrients when
utilized for ATP synthesis (Boisen, 2007). This system is called the potential
physiological energy system (PPE system).

European NE systems have been criticized because they sometimes predict
greater efficiencies of nutrient utilization for NE than theoretical possible and they
also fail to account for the change in energetic efficiencies associated with increased
lipid retention as pigs mature (Whittemore, 1997; de Lange and Birkett, 2005). The
NE values measured under a specific condition may not always be applicable to other
conditions (Boisen, 2007). For the PPE system, it is a concern that this system relies
on theoretical efficiencies of nutrient utilization and not on values that are measured
in pigs (Noblet and van Milgen, 2004).

Recently, the NE of several diets and ingredients was determined in North
America (Hinson et al., unpublished data; Kil et al., unpublished data; Patience et al.,
unpublished data; Stewart et al., unpublished data), but it is not known how well these
values compare with energy values predicted from the European energy systems. The
objective of this work, therefore, was to compare the NE values for diets and
ingredients measured in North America (NEna) and the energy values predicted from

3 European energy systems.

MATERIALS AND METHODS
Data from North America
The NEna of 16 diets and 7 ingredients were measured in both growing and
finishing pigs at the University of Illinois, Urbana (UIUC), at the University of

Missouri, Columbia (MO), or at the Prairie Swine Centre Inc., Saskatoon (PSC). All
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diets were formulated based on corn and soybean meal, but some of the diets also
contained soybean oil (SBO), choice white grease (CWG), soybean hulls (SBH),
wheat middlings (WM), or low-oligosaccharide soybean meal (SBM-LO). Details for
diet formulations and experimental procedures have been reported (Hinson et al.,
unpublished data; Kil et al., unpublished data; Patience et al., unpublished data;
Stewart et al., unpublished data). Briefly, the comparative slaughter procedure was
used to estimate energy retention in growing and finishing pigs (de Goey and Ewan,
1975; Kil et al., unpublished data). The NE for each diet was then calculated from the
sum of energy retention and the total NE requirement for maintenance, which was
measured in a separate experiment (Kil et al., unpublished data). The NE values of
ingredients were calculated using the difference method by subtracting the NE
contribution from a basal diet from the NE of the diet containing each ingredient (de
Goey and Ewan, 1975).

All diets contained an indigestible marker and fecal samples from pigs fed all
diets were collected via weekly grab sampling. The apparent total tract digestibility of
energy, OM, CP, ether extract, and acid-hydrolyzed ether extract was then calculated
for all diets according to Chastanet et al. (2007). The concentrations of digestible
energy and nutrients in diets were calculated from multiplying the concentration of
energy and nutrients in the diet by the apparent total tract digestibility of energy and
nutrients in the diet. The concentrations of digestible energy and nutrients in each
ingredient were determined using the difference method (Adeola, 2001).

All chemical analyses for diets, ingredients, and samples of feces were
conducted in one laboratory. The DM of diets and fecal samples was determined by

oven drying at 135°C for 2 h (method 930.15; AOAC, 2005). The GE of diets and
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feces were measured using an adiabatic bomb calorimeter (Model 6300, Parr
Instruments, Moline, IL). The concentration of N in diets and feces was measured
using the combustion method (method 990.03; AOAC, 2005) and CP was calculated
as N x 6.25. The concentration of ether extract in diets was determined using the ether
extraction method (method 2003.06; AOAC, 2005). The concentration of total lipids
in diets and feces was measured after acid hydrolysis followed by ether extraction
(method 996. 01; AOAC, 2005). Diet and fecal samples were also analyzed for ash
(method 942.05; AOAC, 2005). The concentration of total starch in the diet was
measured using the Ewers polarimetric method (EEC, 1999) and also using the
enzymatic method (ISO, 2004). Total free sugars were measured by the Luff-Schoorl
method (BIPEA, 1976). The crude fiber concentration in diets was measured using the
Weende method (method 962.09; AOAC, 2005). Diets and fecal samples from UTUC
and MO were analyzed for the concentrations of chromium (Fenton and Fenton,
1979), but diets and fecal samples from PSC were analyzed for acid insoluble ash
(McCarthy et al., 1974). The ileal digestible carbohydrates, ileal digestible CP,
fermentable carbohydrate, and enzyme indigestible ileal DM in all diets and
ingredients were also measured using in vitro procedures (Boisen, 2007). The ileal
digestible crude fat was calculated from the fatty acid composition in the diet (Boisen,
2007).
European Energy Systems

The French NE system (NE nra; Noblet et al., 1994; Sauvant et al., 2004)
was developed from experiments using growing pigs fed 61 diets containing different
ingredients and varying nutrient composition (Noblet et al., 1994). Regression

equations were then developed to predict the NE of diets or ingredients from
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concentrations of digestible nutrients, assuming that the energetic utilization of each
dietary component is independent of other components in the diet (Bakker, 1996). The
NEmra is based on the following equations:

NE2 =2.892 DCP + 8.365 DEE + 3.418 ST + 2.844 SU + 2.055 Dres

NE4 =0.703 DE + 1.58 EE +0.47 ST - 0.97 CP - 0.98 CF,
where NE = net energy (kcal/’kg DM), DCP = digestible CP (g/kg DM), DEE =
digestible ether extract (g/kg DM), ST = starch (g’kg DM), SU = sugar (g’kg DM),
Dres (g/kg DM) = digestible OM — digestible CP — digestible ether extract — ST — SU,
DE = digestible energy (kcal’kg DM), EE = ether extract (g’kg DM), CF = crude fiber
(g/kg DM). The average NE values from the above 2 equations are used to predict the
values for NE|nra (Sauvant et al., 2004).

The Dutch NE system (NEcvg; Blok, 2006) was developed with similar
principles and methods as those used to develop NEnra and the NEcyg was based on
measurements of nutrients in diets and ingredients from Noblet et al. (1994). However,
in calculating NE values for NEcvyg, total carbohydrates (i.e., starch and sugar) are
separated into an enzymatically digestible fraction and a fermentable fraction. The
NEcys is based on the following equation:

NE =2.796 DCP + 8.542 DEE—acid + 3.380 ST-Am-e + 3.042 SU-e + 2.328
FCH,
where NE = net energy (kcal’kg DM), DCP = digestible CP (g/kg DM), DEE-acid =
digestible ether extract using acid hydrolysis (g’kg DM), ST-Am-e = enzymatically
digestible starch (g’kg DM), SU-e = enzymatically digestible sugar (g’kg DM), FCH
= fermentable carbohydrate (g/’kg DM), being the fermentable starch + fermentable

sugar + DNSP. The DNSP (g/kg DM) = digestible OM — digestible CP — DEE-acid —
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ST-Am-e — 0.95x% total sugar (0.95 = correction factor for disaccharides in feed
ingredients).

The PPE system is based on measurements of in vitro digestibility of
nutrients and calculation of the PPE that is defined as the potential energy value for
ATP production when all digestible nutrients are oxidized (Boisen, 2007). The
theoretical efficiency of starch utilization for ATP synthesis (67%) is considered a
standard and the efficiencies of other digestible nutrients for ATP synthesis are
determined relative to the efficiency of starch (Boisen, 2007). The PPE system is
based on the following equation:

PPE =2.37 x RDCP + 7.58 x RDCF + 2.80 x EDC + 1.67 x FERMC - 0.67
x EIDMi,
where PPE = potential physiological energy (kcal’kg DM), RDCP = in vitro ileal
digestible CP, RDCF = ileal digestible crude fat that is calculated from the fatty acid
composition of the diet; EDC = in vitro ileal digestible carbohydrates; FERMC = in
vitro fermentable carbohydrate; EIDMi = in vitro enzyme undigested ileal DM.
Statistical Analysis

All data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary,
NC) with pig as the experimental unit. The NE values for diets and ingredients were
compared among NEna, NEnra, and NEcyp using an ANOVA. Only 1 value for PPE
of each diet and ingredient was available because PPE values were measured only for
a diet or an ingredient, and therefore, a statistical comparison between NEys and PPE
could not be conducted. The NE values for ingredients were also compared between
growing pigs and finishing pigs using a t-test. An alpha-value of 0.05 was used to

assess significance among means.
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RESULTS
Diets
For growing pigs, values for NExa of most diets were lower (P < 0.01) than

values predicted from NEwra and NEcyp (Table 7.1). Values for NEya and NEcyg of
the diet containing supplemental AA were greater (P < 0.01) than the value predicted
from NEngra, but for 11 of the 16 diets, no difference between NEnra and NEcyg was
observed. The average value for NExa of all diets (2.099 mcal/kg DM) was lower (P
< 0.01) than the average value predicted from NEmngra (2.635 mcal/’kg DM) or NEcyp
(2.701 mcal/’kg DM) For 15 of the 16 diets, values for PPE were closer to the
measured NEna values, but lower than the values predicted from NEnra and NEcysg.

For finishing pigs, NEnra and NEcyp predicted greater (P < 0.05) values than
measured NEna values for 7 and 9 of the diets, respectively, but for the remaining
diets, the values predicted from NEnra and NEcyg were not different from the
measured values for NEya. Values for 3 of the 16 diets predicted from NEcys were
greater (P < 0.05) than values predicted from NEnra. The average value for NEya of
the 16 diets (2.638 mcal/kg DM) was lower (P < 0.01) than the average value for
NEnra (2.764 mcal/kg DM) and NEcyp (2.814 mcal/kg DM). The values for PPE of

13 of the 16 diets were lower than the values for NEya.

Ingredients

For growing pigs, the measured values for NEy4 of all ingredients were lower (P
< 0.05) than the values predicted from NEcyg. The NEna values for 8 of the 9
ingredients were also lower than the values predicted from NEra (Table 7.2). The

values for NEpra of SBO and CWG were also lower (P < 0.01) than the values for
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NEcyg but all other ingredients, no differences between NEnra and NEcyp were
observed. The average value for NExa of all ingredients (2.543 mcal/kg DM) was
lower (P < 0.01) than the average value for NEgra (4.070 mcal/kg DM) or NEcys
(4.493 mcal/kg DM). The values for PPE of most ingredients were numerically greater
than the values for NEya, but lower than the values predicted from NEjnra and NEcys.
The average value for PPE of all ingredients was also greater than the average
measured value for NEna (3.467 vs. 2.543 mcal/kg DM, respectively).

For finishing pigs, the measured values for NExa of SBO and CWG were lower
(P <0.01) than the value predicted from NEra and NEcysg, but for all other
ingredients, no differences between the measured and the predicted values were
observed. Likewise, the average measured value for NEna of all ingredients (3.351
mcal/kg DM) was not different from the average values predicted from NEngra (3.736
mcal/kg DM) or NEcvyg (3.981 mcal’kg DM). With the exception of SBO, CWG, and
WM, all values for PPE were lower than the values for NEn,, but the average value
for PPE of all ingredients was close to the average measured value for NExa (3.464 vs.
3.351 mcal/kg DM, respectively).

The 2 values for NEna of corn were greater (P < 0.05) for finishing pigs (3.201
and 2.938 mcal/kg DM) than for growing pigs (1.939 and 1.859 mcal/kg DM), but for
the remaining ingredients, no differences in NExa values between growing and
finishing pigs were observed. Likewise, with the exception of SBO, no differences
between growing and finishing pigs were observed for values predicted from NEnra

and NECVB-
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DISCUSSION
Diets

The lower values for NEy4 than values predicted from NEngra and NEcyg may
be a consequence of the different methodologies that were used to measure energy
retention because the comparative slaughter method often yields values for energy
retention that are lower than when measurements are based on indirect calorimetry
(Quiniou et al., 1995; Reynolds, 2000). In addition, pigs used to measure NEy4 values
were allowed free access to the diet, while pigs that were used for NEjngra and NEcyp
were fed a restricted amount of diet. Pigs that are restricted in their feed intake have a
greater digestibility of energy compared with pigs that are allowed ad libitum access
to feed (Haydon et al., 1984; Chastanet et al., 2007). Therefore, the prediction
equations for NEwra and NEcyg may overestimate the energy value of diets
consumed by pigs that are allowed free access to the diet.

The values for NExa of most diets fed to finishing pigs were more comparable to
the values for NEnra and NEcyp than values for growing pigs. One possible reason
for this observation is that the NEnra and NEcyp equations (Noblet et al., 1994;
Sauvant et al. 2004; Blok, 2006) were developed using heavier pigs (initial BW of
approximately 45 kg) than the growing pigs used to measure NEn, values. Therefore,
the efficiencies of nutrient utilization for NE in NEnra and NEcyp equations may be
closer to the efficiencies for finishing pigs than for growing pigs, which may explain
why the values predicted from NEnra and NEcyg are closer to NEna values for
finishing pigs than for growing pigs. The effect of feed intake on the digestibility of
energy and nutrients may also be less pronounced for finishing pigs than for growing

pigs (Kil et al., unpublished data), and therefore, the equations used to predict the
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values for NEjnra and NEcyg may more accurately predict the energy values of diets
for finishing pigs than for growing pigs.

The reason for the greater values for NEcyp than for NEgra for some diets is
that in the prediction of values for NEcyg, the concentration of lipids in diets and
feces is analyzed using the acid hydrolyzed ether extract method, while values for
NEnra are predicted based on concentration of lipids in the diet that is analyzed via
the ether extraction method. As a consequence, a greater concentration of lipids in the
diet is used in the prediction of NEcyp than in the prediction of NEgra.

Although PPE values for most diets were more comparable to the values for
NEnNa of diets than the values predicted from NEnra and NEcysg, it is difficult to
compare the values directly because NE systems consider energy retention in the body
as GE, while the PPE system predicts the potential ATP production from digestible
nutrients in the diet (Boisen, 2007). However, the PPE values of diets increased with
increasing levels of dietary lipids but decreased as the levels of fiber or CP in the diet
increased, indicating that the effects of dietary components on PPE values are similar

to effects on values for NEya, NEnra, and NEcysg.

Ingredients

The measured NEy4 values for all ingredients fed to growing pigs were lower
than the values predicted from NEnra and NEcyg. This difference is likely a
consequence of the fact that smaller pigs were used to measure values for NExa than
the pigs used to generate the prediction equations for NEnra and NEcyg. The biggest
differences were observed for fibrous ingredients fed to growing pigs, which is likely

a result of the lower fermentation capacity in young pigs compared with older pigs
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(Noblet and van Milgen, 2004). This difference in fermentation capacity may be one
of the reasons for the lower values for NEy4 of diets fed to growing pigs compared
with the values predicted from NEgra and NEcysg.

For both growing and finishing pigs, the measured NExa values for SBO and
CWG were much lower than the values predicted from NEyra and NEcyg. The
NEnra and NEcyp assumes that 90% of the energy in digested lipids is retained in
NE regardless of the level of dietary lipids (Noblet et al., 1994) and this efficiency is
the same as the theoretical efficiency of energy utilization of digested lipids for body
lipid retention (Black, 1995). However, not all digested lipids are incorporated into
body lipids because some digested lipids are utilized for ATP synthesis (Chwalibog
and Thorbek, 1995; Kil et al., unpublished data), which has an energetic efficiency of
66% (Black, 1995). This may be one of the reasons why the values for SBO and
CWG predicted from NEwra and NEcyp of dietary lipids were much greater than the
values for NEya.

The observation that the measured NExa values for CWG were greater than
the values for SBO may be a consequence of unsaturated fatty acids being more prone
to oxidation for ATP than saturated fatty acids (Cunnane, 2004; Kloareg et al., 2007).
However, this difference is not taken into account when NEnra and NEcyg predict the
values for dietary lipids because NEnra and NEcyp account for only the digestibility
of lipids. The final utilization of digestible lipids for ATP synthesis or incorporation of
digested lipids into body lipids, which may depend on the fatty acid composition of
dietary lipids (Shimomura et al., 1990; Kil et al., unpublished data), is not accounted
for in the values predicted from NEra and NEcyg. The NEnra and NEcyg may,

therefore, overvestimate the NE for unsaturated fatty acids than saturated fatty acids.
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The biggest difference between NExa and PPE was also observed for dietary
lipids. The reason for this observation may be that the PPE system predicts the PPE
value of dietary lipids from the fatty acid composition of lipids, assuming that the
digestibility of fatty acids is constant (90%) and all digested lipids are retained as
body lipids (Boisen, 2007). This assumption, however, may be over-simplified
because the digestibility of fatty acids may be influenced by fatty acid composition
and other components in the diet (Stahly, 1984; Jargensen et al., 1992; Kil et al.,
2007), and some of the digested lipids may be utilized for ATP synthesis instead of
being retained as body lipids (Kloareg et al., 2005; Kil et al., unpublished data). The
PPE values represent the theoretical energy values of SBO and CWG and the PPE
values for SBO and CWG were lower than the predicted values for NEnra and NEcyg,
which further indicates that NEjnga and NEcyp for dietary lipids may be
overestimated.

In conclusion, NE values for diets and ingredients predicted from NEra and
NEcvp were greater than the values measured in North America but NEngra and
NEcys may more accurately predict the NE values of diets and ingredients fed to
finishing pigs than to growing pigs. Values for NExa were closer to PPE values than
to NEmwra and NEcyg. The European energy systems predict a greater energy value of
dietary lipids than the measured energy value of dietary lipids, which is likely a
consequence of these systems assuming that all dietary lipids are incorporated into

body lipids.

193



LITERATURE CITED

Adeola, O. 2001. Digestion and balance techniques in pigs. Pages 903-916 in Swine
Nutrition. 2™ ed. A. J. Lewis and L. L. Southern, ed. CRC Press, Washington,
DC.

AOAC. 2005. Official Methods of Analysis. 17th ed. Assoc. Offic. Anal. Chem.,
Arlington, VA.

Bakker, G. C. M. 1996. Interaction between carbohydrates and fat in pigs. PhD Diss.,
Wageningen Agricultural Univ. Denmark.

BIPEA. 1976. Recueil des méthods d’analyse des Communautés Européennes. Pages
105-111 in Bureau Interprofessionnel d’Etudes Analytiques, Gennevilliers,
France.

Black, J. L. 1995. Modelling energy metabolism in the pig — critical evaluation of a
simple reference model. Pages 87-102 in Modelling Growth in the Pig. P. J.
Moughan, M. W. A. Verstegen, and M. 1. Visser-Reynevel, ed. Wageningen
Press, Wageningen, The Netherlands.

Blok, M. C. 2006. Development of a new net energy formula by CVB, using the
database of INRA. Pages 40-57 in Int. Sym. Proc. Net energy systems for
growing and fattening pigs. Vejle, Denmark.

Boisen, S. 2007. New concept for practical feed evaluation systems. DJF Animal
Science No. 79. Research Centre Foulum, Denmark.

Chastanet, F., A. A. Pahm, C. Pedersen, and H. H. Stein. 2007. Effect of feeding
schedule on apparent energy and amino acid digestibility by growing pigs.

Anim. Feed Sci. Technol. 132:94-102.

194



Chwalibog, A., and G. Thorbek. 1995. Quantitative partition of protein, carbohydrate
and fat pools in growing pigs. Arch. Anim. Nutr. 48:53-61.

Cunnane, S. C. 2004. Matabolism of polyunsaturated fatty acids and ketogenesis: An
emerging connection. Prostaglandins Leukot. Essent. Fatty Acids. 70:237-241.

de Goey, L. W., and R. C. Ewan. 1975. Energy values of corn and oats for young
swine. J. Anim. Sci. 40:1052-1057.

de Greef, K. H., M. W. A. Verstegen, B. Kemp, and P. L. van der Togt. 1994. The
effect of body weight and energy intake on the composition of deposited tissue
in pigs. Anim. Prod. 58:263-270.

de Lange, C. F. M., and S. H. Birkett. 2005. Characterization of useful energy content
in swine and poultry feed ingredients. Can. J. Anim. Sci. 85:269-280.

EEC. 1999. Determination of starch. Pages 1.209/25-L.209/27 in Official Journal of
the European Communities, Luxembourg.

Fenton, T. W., and M. Fenton. 1979. An improved procedure for the determination of
chromic oxide in feed and faeces. Can. J. Anim. Sci. 59:631-634.

Haydon, K. D., D. A. Knabe, and T. D. Tanksley, Jr. 1984. Effects of level of feed
intake on nitrogen, amino acids and energy digestibilities measured at the end
of the small intestine and over the total digestive tract of growing pigs. J.
Anim. Sci. 59:717-724.

ISO. 2004. Animal feeding stuffs — Enzymatic determination of total starch. Method

15914. International Organization for Standardization, Winterthur, Switzerland.

195



Jorgensen, H., K. Jakobsen, and B. O. Eggum. 1992. The influence of different
protein, fat, and mineral levels on the digestibility of fat and fatty acids
measured at the terminal ileum and in faeces of growing pigs. Acta Agric.
Scand. Sect. A. Anim. Sci. 42:177-184.

Kil, D. Y., T. E. Sauber, and H. H. Stein. 2007. Effect of form of fat and NDF addition
on apparent ileal and apparent total tract digestibility of fat in diets fed to
growing pigs. J. Anim. Sci. 85(Suppl. 1):438.(Abstr.).

Kloareg, M., L. Le Bellego, J. Mourot, J. Noblet, and J. van Milgen. 2005. Deposition
of dietary fatty acids and of de novo synthesized fatty acids in growing pigs:
effects of high ambient temperature and feeding restriction. Br. J. Nutr.
93:803-811.

Kloareg, M., J. Noblet, and J. van Milgen. 2007. Deposition of dietary fatty acids, de
novo synthesis and anatomical partitioning of fatty acids in finishing pigs. Br.
J. Nutr. 97:35-44.

McCarthy, J. F., F. X. Aherne, and D. B. Okai. 1974. Use of HCI insoluble ash as an
index material for determining apparent digestibility with pigs. Can. J. Anim.
Sci. 54:107-109.

Noblet, J., H. Fortune, X. S. Shi, and S. Dubois. 1994. Prediction of net energy value
of feeds for growing pigs. J. Anim. Sci. 72:344-353.

Noblet, J., and J. van Milgen. 2004. Energy value of pig feeds: Effect of pig body
weight and energy evaluation system. J. Anim. Sci. 82(E. Suppl.):E229-E238.

Quiniou, N., S. Dubois, and J. Noblet. 1995. Effect of dietary crude protein level on
protein and energy balances in growing pigs: comparison of two measurement

methods. Livest. Prod. Sci. 41:51-61.

196



Reynolds, C. K. 2000. Measurement of energy metabolism. Pages 87-107 in Feeding
Systems and Feed Evaluation Models. M. K. Theodorou, and J. France ed.
CAB International, Oxon, U.K.

Sauvant, D., J. M. Perez, and G. Tran. 2004. Tables of composition and nutritional
value of feed materials: Pig, poultry, sheep, goats, rabbits, horses, fish.
Wageningen Academic Publishers, Wageningen, the Netherlands and INRA ed.
Paris, France.

Shimomura, Y., T. Tamura, and M. Suzuki. 1990. Less body fat accumulation in rats
fed a safflower oil diet than in rats fed a beef tallow diet. J. Nutr. 120:1291-
1296.

Stahly, T. S. 1984. Use of fats in diets for growing pigs. Pages 313-331 in Fats in
Animal Nutrition. J. Wiseman. ed. Butterworths, London, U .K.

Whittemore, C. T. 1997. An analysis of methods for the utilization of net energy
concepts to improve the accuracy of feed evaluation in diets for pigs. Anim.

Feed Sci. Technol. 68:89-99.

197



861

Table 7.1. Comparison of NE values (NEna, mcal/kg DM) measured in North America and energy values (mcal/kg DM) predicted

from the French (NEngra), the Dutch (NEcyg), and the Danish (PPE) energy systems for diets fed to growing and finishing pigs'*

Growing pigs Finishing pigs
Diet P P
Diets’ NExa NEnra NEcyg PPE SEM NExa NEnra NEcyg PPE SEM

number —value —value
1 Corn-SBM 1.867° 2.538" 2.592¥ 2.210 0.023 <0.01 2.664" 2.703% 2.7817 2.402 0.027 0.02
2 75% Diet 1 +25% Corn 1.894% 2.564" 2.730” 2.306 0.024 <0.01 2.791 2.698 2.765 2.368 0.059 0.52
3 Corn-SBM-8% SBO 2.035% 2.905% 2.935% 2.414 0.030 <0.01 2.972% 3.038" 3.128" 2.570 0.025 <0.01
4 75% Diet 3 + 25% Corn 1.996" 2.840" 2.885% 2.479 0.049 <0.01 2.936 3.025 3.037 2.551 0.030 0.06
5 Corn-SBM 1.992% 2.557% 2.549° 2.236 0.032 <0.01 2.628 2.691 2.653 2.186 0.050 0.68
6 95% Diet 5 + 5% SBO 2.113% 2.882" 3.069° 2.483 0.017 <0.01 2.861 2.930 2.989 2.507 0.035 0.06
7 90% Diet 5 + 10% SBO 2.279% 3.1217 3.154° 2.716 0.034 <0.01 2.898" 3.2317 3.243% 2.798 0.064 <0.01
8 90% Diet 5 + 10% CWG 2.398% 3.133% 3.136" 2.758 0.025 <0.01 3.037° 3.288" 3.415" 2.972 0.026 <0.01

9 Corn-SBM 2.120 2338 2318 1.519 0.117 036  2.760 2.656 2.718 2.428 0.079 0.65
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Table 7.1 (Cont.)

10 70% Diet 9 + 30% SBH

11 70% Diet 9 + 30% WM

12 Corn-SBM

13 75% Diet 12 + 25% SBM

14 75% Diet 12 + 25% SBM-LO

15 Corn-SBM-AA

16  Corn-SBM

Mean

1.537%
1.709*
2.221%
2.059*
2.146"
2.6877
2.539%

2.099*

2.0597
2.247
2.6397
2.568”
2.5517
2.572*
2.640”

2.6357

2.0917
2.3017
2.724*
2.650”
2.684"
2.7124%
2.666”

2.7017

2.189 0.104

2.031 0.070

2.463 0.030

2.316 0.043

2.276 0.036

2.254 0.020

2.287 0.030

2.309 0.028

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

0.02

<0.01

2.273
2.324
2.382%
2.303*
2.405"
2.372*
2.678"

2.638"

2.147
2.266
2.737°
2.672°
2.600”
2.782%
2.850°

2.764%

2.183

2.273

2.760"
2.7317
2.735*
2.8287
2.869"

2.8147

1.836

2.147

2.520

2.335

2.339

2.408

2.368

2.421

0.091

0.108

0.055

0.048

0.044

0.067

0.032

0.028

0.61

0.92

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

**Values within a row lacking a common superscript letter are different (P < 0.05).

1 .
Data are mean of 7 or 8 observations.

’NEna values for ingredients from previous experiments (Hinson et al., 2009; Kil et al., 2009b,c; Patience et al., 2009; Stewart et

al., 2009); Values for NEra = the average of NE values predicted from the equations (Sauvant et al., 2004); Values for NEcyp were

predicted from the Dutch equation (Blok, 2006); Values for PPE = potential physiological energy values measured by the method of

Boisen (2007).
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Table 7.1 (Cont.)
’SBO = soybean oil; CWG = choice white grease; SBH = soybean hulls; WM = wheat middlings; SBM = conventional soybean

meal; SBM-LO = low oligosaccharide soybean meal.
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Table 7.2. Comparison of NE values (NEna, mcal/kg DM) measured in North America and energy values (mcal/kg DM) predicted

from the French (NEra), the Dutch (NEcyg), and the Danish (PPE) energy systems for ingredients fed to growing and finishing

pigs'
Growing pigs Finishing pigs
P P
Ingredients’ NExa NEmnra NEcyg PPE SEM NExa NEmwra NEcyg PPE SEM
— value — value
Corn in low lipid diet’ 1.939% 2.622° 2.713Y 2.541 0.0957 <0.01 3201  2.698 2.685 2.528 0.2419 0.25
Corn in high lipid diet*”  1.859% 2.600" 2.657° 2.541 0.1990 0.02 2938 2997 2817 2.528 0.1242 0.59
5% SBO®’ 4.301% 8.022Y 9.118" 6.791 0.2903 <0.01 5904 6.251 6955 6.791 0.5838 0.45
10% SBO’ 4.509* 7.359° 8.810° 6.791 0.2832 <0.01  4.729* 7.082” 7.458" 6.791 0.5605 <0.01
10% CWG 5.727° 7.556”° 8.183* 6.720 0.2114 <0.01  6.307° 7.784° 8.468° 6.720 0.2168 <0.01
SBH 0.168% 1.421° 1.515% 0.330 0.3435 0.02 1.125 0934 1.064 0.330 0.2998 0.90
WM 0.760 2.015" 2.1517 1.573 0.2289 <0.01 1.371 1379 1.606 1.573 0.3553 0.87
SBM 1.634% 2.439° 2516 1.989 0.1711 <0.01 2.150 2531  2.615 1.989 0.1913 0.21
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Table 7.2 (Cont.)

SBM-LO 1.990 2.389" 2.523Y 1.929 0.1421 0.04 2.554 2292 2449 1929 0.1740 0.57

Mean 2.543% 4.070° 4.493% 3.467 0.3071 <0.01 3351 3.736 3981 3.464 0.2982 0.32

“*Values within a row lacking a common superscript letter are different (P < 0.05).

'Data are mean of 7 or 8 observations.

*NEna values for ingredients from previous experiments (Hinson et al., 2009; Kil et al., 2009b,c; Patience et al., 2009; Stewart et
al., 2009); Values for NEnra = the average of NE values predicted from the equations (Sauvant et al., 2004); Values for NEcyg were
predicted from the Dutch equation (Blok, 2006); Values for PPE = potential physiological energy values measured by the method of
Boisen (2007).

3Corn included in the diet containing low lipid; corn included in the diet containing high lipid; SBO = soybean oil; CWG = choice
white grease; SBH = soybean hulls; WM = wheat middlings; SBM = conventional soybean meal; SBM-LO = low oligosaccharide
soybean meal.

*Values of NEy, for finishing pigs were greater (P < 0.05) than for growing pigs.

>Valuee of NEra for finishing pigs were greater (P < 0.05) than for growing pigs.
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Table 7.2 (Cont.)
SValuee of NE\ra for growing pigs were greater (P < 0.05) than for finishing pigs.

"Valuee of NEcyg for growing pigs were greater (P < 0.05) than for finishing pigs.



GENERAL CONCLUSION

Liquid fat induces a lower endogenous loss of fat and has a greater apparent and
true digestibility than intact fat at the end of the ileum and over the entire intestinal
tract. No difference in true digestibility of fat between at the end of the ileum and over
the entire intestinal tract indicates that there is no net absorption of fat in the large
intestines of pigs. Purified form of NDF has little influence on apparent and true
digestibility of fat.

The efficiency of DE utilization for NE (NE:DE) and operational NE
requirement for maintenance (ONE,,) are greater for finishing pigs than for growing
pigs. Experimental location also influences the NE:DE and ONE,,,. The significant
interaction between stage of growth and locations for ONE,, indicates that ONE,,
depends on both stage of growth and experimental locations.

The NE of diets increases with increasing levels of dietary lipids. The NE of
lipids is not affected by the level of dietary lipids. The NE of choice white grease is
greater than the NE of soybean oil, indicating that the NE of lipids containing
unsaturated fatty acids may be lower than the NE of lipids containing saturated fatty
acids. The stage of growth has no impact on the NE of lipids.

The NE of corn is not affected by the absence or presence of lipids in the diet.
However, the NE of corn is greater for finishing pigs than for growing pigs.

The NE values of diets and ingredients predicted from the French and the Dutch
NE systems are greater than the NE values measured in North America, but those NE
systems have a greater predictability for NE values of diets and ingredients fed to
finishing pigs than to growing pigs. European energy systems predict greater energy

values of lipids than the measured energy values of lipids in North America.
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