ABSTRACT
ERCEG, JAKE ANTHONY. Growth Performance, Carcass Traits and Nutrient Digestibility
of Low and High Fiber Diet Selection Lines of Pigs Fed either a Low or High Fiber Diet.
(Under the direction of Dr. Eric van Heugten.)

The objectives were to determine the impact of high fiber diet and genetic line,
developed using either a high or low fiber diet, on growing pig nutrient digestibility, grow-
finish pig performance and carcass characteristics. Two experiments used a 2x2 factorial
design with genetic line (selected high fiber and selected control lines) and diet (control or
fiber) as factors. Pigs were selected for lean growth while consuming fiber or control (low
fiber) diets for 3 generations. fiber diets were formulated to include 15% each of DDGS,
soybean hulls, and wheat middlings and control diets were corn-soybean meal based. In Exp.
1, barrows (n=175; 45.8 £ 6.5 kg) were used in a 3-phase feeding program, diets were
formulated to contain equal SID lysine to net energy ratios between treatments and within
phase. Pigs were marketed by two BW blocks, with the heavy block marketed on d 64 and
light block on d 78 (BW 118 £10.8kg). No interactions were detected (P>0.11) between diet
and genetic line. Genetic line did not impact ADG, ADFI, Gain:Feed, or caloric efficiency
(Gain:NE intake), but decreased carcass yield (71.7 vs. 72.6%) . Pigs fed fiber diets had lower
(P<0.05) ADG for phase 1, 2, and overall, higher ADFI for phase 3 (P=0.01), lower Gain:Feed
for phase 2, 3, and overall (P<0.05) and increased (P<0.05) caloric efficiency for phase 1 and
2. Pigs fed fiber diets had reduced (P<0.05) HCW (81.4 vs. 88.8, kg), LEA (16.9 vs. 18.2
cm?), BF (1.66 vs. 1.98 cm), yield (70.8 vs. 73.5%), daily lean gain (0.36 vs. 0.39 kg/d). In
Exp. 2, barrows (n=32; 50.4+3 kg) were separated into 2 replicate groups of 16 pigs each,
consisting of 4 littermate pairs from each genetic line, for a 14d metabolism study. Diets were

formulated to contain equal SID lysine to net energy ratios and were randomly assigned within



littermate pair. Pigs had ad libitum access to feed for a 9d adaptation period and were restricted
to 90% ad libitum on d 12, 13, and 14 while fecal samples were collected to determine
digestibility of ADF, NDF, N, and energy, using titanium dioxide as indigestible marker.
Transit time was measured by feeding a color marker (chromic oxide) and recording time until
first fecal appearance of marker. Pigs were euthanized on d 14, pH was measured in the ileum,
cecum, and colon along with cecum weights. lleal digesta samples were collected to determine
the apparent ileal digestibility (AID) of ADF and NDF. There were no interactions between
diet and genetic line (P>0.05). Digesta transit time, cecal and colon pH were not impacted by
diet. No effects of genetic line on digesta pH or digestibility were observed. High fiber genetic
selection tended (P=0.09) to increase digesta transit time (1,704 vs. 1,521 £75.5 min). Pigs fed
fiber diets had increased (P<0.05) ileal pH (6.61 vs. 6.32), ATTD ADF (56.3 vs. 41.7%) and
NDF digestibility (61.0 vs. 41.6%), AID of NDF and had decreased (P<0.05) N (77.8 vs.
84.5%) and gross energy (GE) digestibility (78.3 vs. 84.2%). In conclusion, genetic selection
for lean gain while feeding high fiber diets did not improve digestibility of fiber, energy
utilization of fiber diets or digestive tract characteristics, but increased total transit time.
Furthermore, genetic selection did not improve performance or carcass characteristics,
regardless of diet type, but did decrease yield. Lack of positive responses may be attributed to
the indirect method of selection for lean gain, rather than direct selection for improved energy
and nutrient utilization. Selection of pigs for lean gain when fed high fiber diets should be

carefully considered because it reduced yield after only 3 generations of selection.
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CHAPTER I: Review of Literature
Introduction

Feed costs are the largest production cost, up to 70%, associated with modern pork
production (Niemi et al., 2010). Traditionally, corn and soybean meal (SBM) are the most
common ingredients used in modern U.S. swine diets. Corn constitutes the main energy source
providing mostly dietary starch and fat (NRC 2012). Corn, however, is relatively low in fat
and crude protein and lacks sufficient amounts of essential amino acids, including lysine, the
first limiting amino acid in swine diets (Easter and Baker 1980). To correct for this, SBM is
added into diets to increase and balance amino acid profiles and total amino acid concentrations
(NRC 2012). However, due to recent increases in ethanol production and increased demand
for corn and SBM based products, the cost of these dietary ingredients has greatly increased
(Tyner and Taheripour 2007). Thus, large recent increases in feed costs have driven the use of
alternative feed ingredients that may lower diet costs (Schmit et al., 2009). Furthermore,
inclusion of feedstuffs such as corn dried distiller grains with solubles (DDGS), wheat
middlings, and soybean hulls have shown to be cost competitive when fed to growing-finishing
pigs (Woyengo et al., 2014)

Often, alternative feed ingredients are byproducts of ethanol or other food
manufacturing industries. For example, DDGS, a byproduct of corn ethanol production, corn
starch from the endosperm is converted enzymatically to sugars to be subsequently fermented
into ethanol (Ye Sung and Cheng 2002). Furthermore, post-ethanol processing, DDGS have a
changed nutrient profile compared to corn having increased fiber, protein, and P content, and
have lower concentrations of starch (Srinivasan et al., 2005). Similarly, soybean hulls, a
byproduct of soy oil production, are high in fiber content and serve as a viable feed ingredient
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with a changed nutrient profile from soybeans (Hsu et al., 1987). Wheat middlings, a byproduct
of flour production, are a high fiber ingredient commonly included in swine diets to decrease
diets costs (Woyengo et al., 2014), Due to larger dietary inclusions of fibrous byproducts in

pig diets, a deeper understanding of fiber and its role in swine diets is needed.

Fiber

Dietary fiber is the sum of all plant derived carbohydrates that are indigestible to
digestive enzymes in the gastrointestinal tract of mammalians (Gutierrez et al., 2014). This
may include but is not limited to fructans, B-glucans, pectin, hemicellulose, cellulose, and
lignin. The carbohydrates in plants are divided into two categories based on the location of
those carbohydrates, the cell contents and the cell wall. Sub-categories are then proposed to
show what classification each component is divided into. In the instance of fiber, cell wall
components are the focus in defining fiber. Below (Figure 1) are common classifications used
for fiber based on the assay used to measure that specific component of the cell wall (NRC

2012).
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Figure 1. Classification of dietary fiber. Adapted from NRC (2012).

Non-starch polysaccharides (NSP) account for total polysaccharide content with the
exception of starch (alpha linked glucans). Furthermore, NSP encompasses beta linked
glucans, pectin and gums, hemicellulose, and cellulose while excluding lignin (Choct, 1997).
In the case of starch, polysaccharides are formed through glycosidic bonds in o 1,4 or o 1,6
formation. However, in the case of an NSP, like cellulose, these bonds are formed in 8
conformation and, thus, cannot be broken using normal starch hydrolyzing enzymes, such as
amylase (Englyst et al., 1982).

Soluble dietary fiber can contain pectins, 3-glucans, gum and hemicelluloses while
insoluble fiber contains cellulose and lignin (Davidson and Mcdonald 1998). Furthermore,
soluble dietary fiber can also be calculated from the difference of total dietary fiber (TDF) and

insoluble fiber (Van Soest et al., 1991).



Total dietary fiber accounts for all dietary fiber components that cannot be digested by

mammalian enzymes. However, this definition may be unfitting for ruminant animals, but for

swine, plant cell walls cannot be digested enzymatically (Mertens 2003). Further measurement

methods to define fiber content are neutral detergent fiber (NDF), which is an estimate of the

cell wall contents within a fiber source, including cellulose, hemicellulose and lignin (Rayburn

1997) and acid detergent fiber (ADF), which estimates the level of cellulose and lignin in a

feedstuff (Van Soest et al., 1991). The difference between ADF and NDF can be used to

calculate the amount of hemicellulose within a fibrous feedstuff (Bach Knudsen 2001).

Wheat Midds'+2 Corn DDGS? Soybean Hulls®#

B-glucans 21 63 -

Cellulose 67 58 336
Lignin* 39 32 13
Total NSP 250 192 574
NDF? 283 271 486
ADF? 92 94 354
TDF 289 322 592
Soluble 12 34 47
Insoluble 227 158 545

LJaworski et al., 2015
?De Jong et al., 2014
3Jaworski et al., 2017
“Mitaru et al., 1984

Figure 2. Fiber composition of wheat midds, corn DDGS and soybean hulls (g/kg DM)

Fiber Types in Swine Diets

Glucans are glycosidic linked polymers of the simple sugar molecule glucose. In swine

diets, a-linked glucose polymers (starch) are the most common energy source and are digested

in the small intestine of swine by enzymes such as pancreatic amylase (Giuberti et al., 2012).
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However, B-glucans are glucose polymers linked through B-linkages (Synytsya and Novak
2014) and cannot be hydrolyzed by mammalian enzymes. In swine diets, Knudsen (1993)
showed that B-glucans increased in concentration from the stomach to the ileum in samples of
pig digesta and decreased when transitioning from the ileum (200 g/kg DM) to the cecum (40
g/kg DM). This suggests that most B-glucan digestion occurred in the cecum. Furthermore,
NSP concentrations showed a similar trend, with high concentrations in the ileum (250 g/kg
DM) and decreased concentrations in the cecum (80 g/kg DM) (Knudsen et al., 1993). Further
studies have confirmed these results, suggesting that f-glucans are almost exclusively digested
(>95%) pre-colon. However, some disappearance of B-glucans is observed at the ileal stage.
Knudsen (2015) showed that slower digesting carbohydrates such as lactose, can significantly
decrease the ileal digestibility of B-glucans, without affecting the total disappearance of B-
glucans in the cecum (Knudsen, 2015).

Keys and Debarthe (1974) found that approximately 100% of cellulose disappearance
occurs post ileum. Pigs fed varying levels of cell walls and cellulose had negative digestibility
coefficients at the terminal ileum, but apparent total tract digestibility coefficients were 31.98
and 37.88 for cell walls and cellulose, respectively, alluding to much of cell wall and cellulose
disappearance occurring in the large intestine (Keys et al., 1974). When pig fecal slurries were
used for in-vitro fermentation of cellulose, in comparison with other fiber types (beet pulp,
citrus pulp, and citrus pectin), cellulose was the least fermentable (Sunvold et al., 2014).
Furthermore, cellulose fermentation was greatest (0.03 vs 0.17 mmol/g acetate production)
from 24 to 48 h period (vs. 0-6, 6-12, 12-24). Finally, cellulose contributed to acetate

production the most over the 48-h period (0.17 mmol/g), followed by propionate (0.10 mmol/g)



and butyrate (0.02 mmol/g), respectively. Total short chain fatty acid production over the 48-
h period was 0.29 mmol/g (Sunvold et al., 2014).

Hemicellulose digestibility in diets containing 20% or 40% orchard grass pellets was
decreased as orchard grass pellets increased in diets. Furthermore, hemicellulose was more
digestible than cellulose in both rats and pigs (Keys et al., 1969). Approximately 80% of
hemicellulose digestion takes place post terminal ileum (Keys et al., 1974).

Pectin, a methylated hydrophilic non-starch polysaccharide present in cell walls, can
occur in swine diets through direct inclusion or indirectly through fibrous byproducts such as
citrus pulp, beet pulp and common grains such as rye, or legumes (Drochner et al., 2004).
Pectin has been shown to decrease passage time through increasing digesta viscosity (Shah et
al., 1983). Furthermore, dietary pectin decreased pancreatic a-amylase secretion in pigs fed
7.5% dietary citrus pectin. Adding increasing levels of pectin (0 to 12%) linearly decreased
apparent ileal digestibility of threonine and lysine and decreased threonine and lysine
deposition in whole body protein of growing pigs (Zhu et al., 2005). Overall pectin can greatly
contribute to decreases in nutrient digestibility and protein deposition in growing pigs.

Lignin is a polyphenol major structural component of plant cell walls. To increase
structural integrity, lignin forms cross linking between chains of polysaccharides. Cross linking
is accomplished by formation of a covalent bond formed between two polysaccharide chains
that increases structural strength by providing stability and rigidity to the lignin complex
(Hatfield et al., 1999). As plants mature, lignin becomes more prominent and will increase in
concentration (Grabber, 2005). When included in swine diets, increasing dietary lignin (0.60,

1.33, 2.06 % of DM) decreased overall DM digestibility and crude protein digestibility ((Keys



et al., 1969)). Thus, if dietary fiber is increased, lignin will also increase resulting in similar

effects on digestibility of increasing overall dietary fiber or dietary lignin.

Sources of Dietary Fiber

The use of biomass for alternative fuel production, such as ethanol, has more than
tripled (129 trillion btu’s to 429 trillion btu’s) from 1973 to 2016 (US Energy Information
Administration). Thus, increased alternative fuel production from grains has led to increases
in feedstuff byproducts, resulting from ethanol production. Similarly, increases in ethanol,
flour, and soy oil production have led to increases in availability of byproduct feedstuffs and
their dietary inclusion levels, mainly to decrease overall diet costs. Dried distiller’s grains with
solubles (DDGS), wheat middlings (Midds), and soybean hulls are three of the most common
byproducts included in swine diets All three ingredients are high in dietary fiber (Shriver et
al., 2003, De Jong et al., 2014).

Corn dried distiller’s grains with solubles (DDGS) are a high crude fiber (CF) co-
product (> 7% CF) of ethanol production (De Jon et al., 2014). Maximum dietary inclusion
level of DDGS varies by stage of growth and animal lifecycle (Stein and Shurson, 2009). In
growing-finishing diets formulated to equal Lys:ME, pigs fed up to 30% DDGS did not show
reductions in growth performance (Cook et al., 2005). However, in other studies inclusion of
30% DDGS has shown to reduce feed efficiency compared to control diets containing no
DDGS (Gaines etal., 2007, Xu et al., 2007). In addition, DDGS have shown to increase carcass
iodine value. lodine value is closely associated with carcass quality and a predictor of belly
and loin firmness. In finishing pigs fed diets containing 40 or 50% DDGS, iodine value and
concentrations of total unsaturated fatty acids were increased (Dahlen et al., 2011). However,
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removing DDGS from diets 2 weeks prior to slaughter can mitigate the negative effects of
DDGS on carcass softness. Diets containing 30% DDGS have been shown to decrease apparent
ileal digestibility (AID) of lysine and increase AID of acid detergent fiber (ADF)(Urriola and
Stein 2010). Overall, including DDGS in grower-finisher diets at 30% or less can decrease diet
costs while keeping performance reductions to a minimum.

Wheat midds are a common byproduct of the flour milling industry. Wheat midds
contain wheat bran, wheat shorts, wheat germ, wheat flour, and a small percentage of offal
from the milling process (Blasi et al., 1998). Wheat midds, similar to DDGS, contain >7% CF
on a DM basis. Adding increasing levels (0 to 20%) of wheat midds in diets formulated to an
equal Lys:ME ratio that were not isocaloric to grower-finisher pig has been shown to decrease
gain:feed (G:F), ADG, carcass yield, and loin depth while having no effects on iodine value
(Salyer et al., 2012). Similar results regarding ADG were observed by Shaw (2002), who
reported that finishing pigs (28 to 65 kg) had decreased ADG when fed increasing levels of
dietary wheat midds (5, 15, and 30%). However, in the same study, no effects of wheat midds
on feed efficiency, feed intake, or carcass traits were observed between dietary treatments
(Shaw et al., 2002). Similarly, Feoli et al. (2006) reported that finishing pigs fed isonitrogenous
diets containing wheat midds (0, 15, 30 %) had decreased ADG, feed efficiency and hot carcass
weight. Performance decreases can be explained by the decrease in metabolizable energy when
corn is replaced by wheat midds in swine diets (De Jong et al., 2014). However, pigs fed
isocaloric and isonitrogenous diets containing wheat midds (0 or 19%) still had decreased
ADG, feed efficiency, final BW, and HCW (Asmus et al., 2012). Diets that are both isocaloric
and isonitrogenous (meeting the SID amino acid requirements) would be expected to have
similar G:F. Differences could be related to variation in the quality of wheat midds or values
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of ME or SID amino acid concentrations that are overestimated. . Overall, increasing dietary
wheat midds has shown to decrease growth performance and promote poorer carcass traits.

Soybean hulls are a byproduct of the extraction of oil from soybeans. The hulls are
retrieved from the cracked soybeans and removed before oil is extracted from the bean.
Soybean hulls contain a high crude fiber concentration at 36%. Including 30% soybean hulls
in the diet of growing pigs has been shown to reduce apparent total tract digestibility of energy
and crude protein, ADG and GF, as well as decreasing carcass dressing percent (Stewart et al.,
2013). In another study, growing pigs were fed high fiber diets (20% soybean hulls, 25%
DDGS), medium fiber diets (25% DDGS) and control diet. Apparent ileal digestibility of crude
protein and starch was greater in control diets than diets containing fiber, but no differences
were observed between medium and high fiber diets (Rojas et al. 2016). In the same study,
apparent total tract digestibility of gross energy, starch and dry matter were highest in control
diets, but were greater in medium fiber diets (without soybean hulls) than in high fiber diets
(20% soybean hulls). Thus, soybean hulls had no effect on ileal digestibility of crude protein
and starch, while soybean hulls decreased apparent total tract digestibility of gross energy,
starch, and dry matter (Rojas et al., 2016).

Unlike wheat midds, soybean hulls showed no impact on finishing pig ADG, ADFI or
G:F when included in the diet at 20% (Schertz et al., 2016). Furthermore, adding 10% soybean
hulls to finishing pig diets had no impact on ADG, feed efficiency, carcass back fat (BF) or
carcass loin eye area (LEA) (Shriver et al., 2003). However, when growing pigs were fed diets
containing 30% soybean hulls decreased ADG and feed efficiency was observed compared to
pigs fed a control diet (Stewart et al., 2014). In the same study, during the finishing phase, pigs
fed soybean hulls at 30% had similar performance than pigs fed control diets. Overall, soybean
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hulls have been shown to negatively impact grower pig performance, but have little effect on

finishing pig performance.

Digestibility of Dietary Fiber

Fiber digestibility is widely variable depending on the source, type and measurement
of fiber. Overall, digestibility of dietary fiber has been shown to increase with size and age of
the pig. For example, Noblet et al. (2004) showed that sows had increased NSP digestibility
(wheat bran NSP: 46 vs 54%, Corn Bran NSP: 38 vs 82%, growing pigs and sows respectively)
when compared to growing pigs when fed diets containing wheat bran or corn bran.

Interactions between specific dietary nutrients and fiber have been shown to be
variable. Feeding swine increased levels of dietary fiber or plant cell walls has been shown to
decrease dry matter digestibility (Cunningham et al., 1962). When pigs consumed diets
containing orchard grass hay at 20, 40, or 60%, total tract digestibility of dry matter was
decreased (Keys et al., 1969). Similar results were observed by Guiterrez et al. (2013), who
reported that as dietary fiber increased, total tract and ileal digestibility of dry matter decreased.
When orchard grass levels increased from 20 to 60% of the diet, apparent total tract
digestibility of crude protein significantly decreased (Keys et al., 1969). Similar results were
reported more recently by Urriola and Stein (2010) for pigs consuming diets containing either
0 or 30% corn DDGS. While apparent ileal digestibility of crude protein was not significantly
different, apparent ileal digestibility of leucine, lysine, and aspartate decreased with increasing
levels of DDGS in the diet (Urriola and Stein 2010). In pigs fed increasing levels of insoluble
corn fiber (0, 10, 20, 30, 40%), apparent total tract digestibility of dry matter, crude protein,
and gross energy decreased linearly (Gutierrez et al., 2013). lleal digestibility of histidine,
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isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, aspartate,
glutamate, and tyrosine decreased linearly with increasing dietary fiber (Gutierrez et al., 2013).
This negative correlation between increased dietary fiber and decreased apparent total tract
digestibility of protein is also confirmed by Le Goff and Noblet (2001). A compilation of 16
digestibility trials along with 77 different diets, showed that as dietary fiber increased, total
tract digestibility of crude protein decreased (Le Goff and Noblet 2001).

Increasing dietary fiber in swine diets decreased apparent total tract digestibility of
gross energy (Rojas et al., 2016, Renteria-Flores et al., 2015, Anguita et al., 2014). Anguita et
al. (2014) showed that increasing dietary fiber increased energy digestibility in the hindgut
(defined as post-ileum), however apparent total tract energy digestibility was decreased for
high fiber diets compared to diets that contained lower levels of fiber. The contribution of short
chain fatty acids to energy digestibility increased as dietary fiber increased both in vivo and in
vitro fermentation vats using pig feces as a medium (Anguita et al., 2014). Similarly, in diets
containing increasing amounts of wheat bran, pigs had decreased ileal energy digestibility and
increased hindgut energy digestibility (lyayi and Adeola, 2015). Furthermore, in the same
study, the energy produced from short chain volatile fatty acids in the hindgut increased with
dietary wheat bran level. Overall, energy from hindgut fermentation accounted for 10.7 to
24.2% of total digestible energy that was available to the pig (lyayi and Adeola, 2015). These
results are similar to those reported by Shi and Noblet (1993), where pigs derived 17 to 25%

of dietary digestible energy from hindgut fermentation.
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Genetic Selection

Genetic selection of pigs has been used to improve reproductive performance, growth
performance and carcass characteristics (Chen et al., 2002, Schwab et al., 2010, Hsu and
Johnson 2014). Reproductive efficiency has been a large focus area for genetic selection and
management improvement for many years. Selection for litter size is a prominent example.
Increasing litter size or number of pigs born alive has been a selection goal over the past few
decades (Kim et al., 1999). Genetic parameters for selection are established through population
baselines. Once established, these parameters can be used for future selection. Examples of
reproductive parameters include sow feed intake, body weight loss, and litter weight gain
(Thekkoot et al., 2016). There is a strong negative correlation between sow body condition
during gestation with sow feed intake during lactation. Overfeeding in gestation can cause
decreased sow feed intake in lactation, decreasing overall litter gain. While heritability remains
low, and management is the primary focus in controlling sow body weight loss, selection traits
such as this can be used to improve sow reproductive efficiency (Bergsma et al., 2008).

Genetic selection for carcass traits has been widely used to improve meat quality.
Selecting for intramuscular fat (IMF) using estimated breeding values has been shown to be
moderately-highly heritable (Schwab et al., 2010). Furthermore, in the same study, using IMF
as a selection factor can directly affect other carcass traits. Intra-muscular fat is strongly
positively correlated with back fat (BF), thusly selecting directly for increased IMF will also
increase BF (Schwab et al., 2010). A similar relationship can be seen when selecting for feed
intake (FI).

Selecting for increased FI has been shown to be moderately-highly positively correlated
with increased average daily gain (ADG). However, this increase is not always proportionate
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and thus can impact feed efficiency (Ciobanu et al., 2001). The remaining variation in feed
intake not explained by production traits, such as BF or ADG, is referred to as residual feed
intake (RFI). Residual feed intake can be calculated by actual feed intake minus predicted feed
intake (Young et al., 2011). Selecting for RFI has been shown to be moderately-highly
heritable (0.15-0.40) and can benefit feed efficiency without affecting other production traits
(Cai etal., 2014).

Genetic selection for nutrient digestibility is costly and time consuming, therefore is
not a common practice. However, selection for criteria such as feed efficiency is common and
important due to its driving force behind operational costs. Residual feed intake has been
commonly used as a selection criteria measurement for feed efficiency. Motagne et al. (2014)
measured the response to diets high in fiber of pigs selected divergently for residual feed intake.
Overall, genetic selection for RFI had no impact on total tract digestibility of nutrients with
total tract digestibility of NDF being an exception. Lower RFI lines had decreased NDF
digestibility vs. the high RFI line. Furthermore, low RFI line had decreased digestive contents,
colon weight, and total empty tract weight. Comparing blood parameters, the low RFI line had
more rapid and increased blood glucose concentrations post meal consumption. Overall,
digestive tract weights and nutrient digestibility can be influenced through genetic selection
(Montagne et al., 2014). In contast, when divergent RFI lines were selected for 6 generations,
there were no differences in the total tract digestibility of energy, nitrogen or dry matter.
However, low RFI lines had decreased overall heat production, which was suggested to
contribute to improved feed efficiency (Barea et al., 2010).

The use of fibrous ingredients can lower feed costs when used in swine diets. However,
increasing dietary fiber can cause decreased amino acid, ether extract, and energy digestibility.
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This often results in responses such as decreased ADG, ADFI, and G:F as well as decreased
loin eye are, carcass weight and carcass Yyield. Pigs can be genetically selected to improve
performance and digestibility of energy and nutrients. Therefore, the current projects focus on
genetically selecting pigs to improve fiber utilization, while using a realistic and practical

method of selection.
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Abstract: The objective of this study was to determine the impact of high fiber diet and genetic
line, developed using either a low or high fiber diet, on grower-finisher pig performance and
carcass characteristics. Pigs were selected for lean growth while consuming high fiber or
control (low fiber) diets for 3 generations. Barrows (n=175; 45.8 + 6.5 kg) were used in a 2x2
factorial design with genetic line (selected high fiber and selected control lines) and diet
(control or high fiber) as factors. High fiber diets were formulated to include 15% each of
DDGS, soybean hulls, and wheat middlings and control diets were corn-soybean meal based
diets. A 3-phase feeding program was used with diets formulated to contain equal SID lysine
to net energy ratios between treatments (control diets contained 0.93, 0.80, and 0.70% SID
lysine and 2,484, 2,518, 2,537 kcal/kg NE for phase 1, 2, and 3, respectively; high-fiber diets
contained 0.82, 0.71, and 0.62% SID lysine and 2,187, 2,211 and 2,245kcal/kg NE). Pigs were
housed 4 or 5 pigs per pen using a total of 36 pens, resulting in 9 replications per treatment.
Pigs were marketed by BW block (light and heavy) with heavy pigs marketed on d 64 (BW =
118 + 10.9 kg) and light pigs on d 78 (BW = 118 +10.8kg). Feed disappearance and BW were
recorded at the end of each phase, backfat (BF) and loin eye area (LEA) were measured using
real-time ultrasound at marketing, and hot carcass weight (HCW) was determined to calculate
yield. Data were analyzed using PROC MIXED models with initial BW as a covariate. There
were no interactions (P>0.11) between diet and genetic line. Genetic line had no effects on
ADG, ADFI, Gain:Feed, or caloric efficiency (NE intake:Gain) in phase 1, 2, 3 or overall. Pigs
fed high fiber diet had lower (P<0.05) ADG for phase 1, 2, and overall, higher ADFI for phase
3 (P=0.012), lower Gain:Feed for phase 2, 3, and overall (P<0.05) and increased (P<0.05)
caloric efficiency for phase 1 and 2. Pigs fed high fiber diets had reduced (P<0.05) HCW (81.4
vs. 88.8, kg), LEA (16.89 vs. 18.24 cm?), BF (1.66 vs. 1.98 cm), yield (70.8 vs. 73.5%) and
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daily lean gain (0.36 vs. 0.39 kg/d). Genetic selection for daily lean gain when using high fiber
diets decreased (P<0.05) carcass yield (71.7 vs. 72.6%). Regardless of genetic line, feeding
high fiber diets decreased growth performance, yield, carcass characteristics, and daily lean
gain. Older pigs fed high fiber diets are able to compensate for ADG differences by increasing

ADFI over pigs fed control diets.

Key Words: Swine, Genetic Selection, Fiber, Digestibility
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Introduction

Feed costs are the largest contributor to swine production costs (Niemi et al., 2010).
Increasing dietary inclusion of low cost, high fibrous ingredients can decrease overall feed
costs (Woyengo et al., 2013). However, increasing dietary fiber concentrations has shown to
decrease dry matter, amino acid, and energy digestibility (Urriola and Stein 2010, Gutierrez et
al., 2013) and can negatively impact finishing pig performance. Adding wheat middlings (30%
or 19%) decreased average daily gain in late finishing pigs (Shaw et al., 2002; Asmus et al.,
2012). Dietary inclusion levels of DDGS (30%) have been shown to decrease ADG (Xu et al.,
2014; Cook et al., 2005). Inclusion of soybean hulls in swine diets (30%) has shown to decrease
ADG and G:F in grow-finish pigs(Stewart et al., 2014). While lowering diet costs is extremely
beneficial, it is not always justifiable with the convergent decreases in pig performance.
Therefore, new ways to improve performance while maintaining low diet costs are needed.

Genetic selection for residual feed intake (RFI), a measure of feed efficiency, has
resulted in improvements in digestibility of neutral detergent fiber (NDF) and decreased heat
production in swine (Motagne et al., 2014, Barea et al., 2010). Genetic selection has also been
used to improve carcass traits such as intra-muscular fat (IMF)and back fat (BF) (Schwab et
al., 2004). Furthermore, nutrient digestibility and digestive tract characteristics could be
manipulated and improved through genetic selection in finishing pigs (Montagne et al., 2014).
Therefore, genetic selection provides a potential tool to enhance the digestibility of fiber-rich
ingredients and improve performance of pigs when fed high fiber diets.

As part of the long-term goal to improve fiber utilization through genetic selection,
North Carolina State University initiated selection of pigs for increased growth performance
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when fed high and low fiber diets. The objective of the present study was to determine the
impact of high fiber diets and genetic line, developed using either a low or high fiber diet, on

grower-finisher pig performance and carcass characteristics.

Materials and Methods
The protocol for this experiment was reviewed and approved by the Institutional Animal Care

and Use Committee of North Carolina State University, Raleigh, NC.

Genetic Selection

Pigs were selected using a divergent line selection process (Figure 1). Generation zero
consisted of 90 original litters of unselected pigs. All littermates were randomly assigned to a
dietary treatment consisting of high fiber or low fiber, with 50% of pigs from each litter being
represented in each dietary treatment. Pigs were fed diets containing 45% high fibrous
ingredients or control diets consisting of conventional corn and soybean meal based diets.
From each dietary treatment, 60 gilts and 10 to 15 boars were kept to begin each specific
genetic line representing the High Fiber (HF) or Low Fiber (LF) lines. Within each line, pigs
were selected based on calculated lean growth and the top 60 gilts and 10 to 15 boars were

kept from each line. Lean gain was calculated based on the following formula:
Lean gain = (-0.534) + (0.2907 * Off-Test Wt.) + (0.8326 * Sex) — (16.4977 * 10" Rib BF) +
(5.4247 * 10" Rib LEA) — (0.418 * On-Test Wt.) — (3.650)

(Brannaman et al., 1989, Burson 2006)
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In the above equation, lean gain was measured in total gain (kg) over the testing period
(80-90 days). Pigs were placed on-test in the growing phase (40 kg), and taken off-test when
they reach market weight (114 kg). All pigs are fed standard corn soy control diets prior to the
test period, and remain on experimental diets during the entire testing period. Post-test period,
pigs are returned to a standard corn- soy diet.

The on-test and off-test weights were measured in kg. The sex effect in this case is 1
for barrows/ boars and 2 for gilts, barrows were used in the current study. 10" rib back fat (cm)
was measured using real time ultra sound along with 10" rib loin eye area (cm?). These values
were not adjusted to a standard weight as on-test and off-test weights were already included in
the regression model. The outcome of this equation was the total amount of lean gained in the
given test period. Dividing pounds of lean by the number of days in the testing period was used
to calculate lean gain per day, this was used as the selection criteria for the genetic lines used
in the current study.

Boars were selected within family group, no more than 2 boars per family were selected
and outcrossed with gilts from opposite family groups. This strategy was used to decrease the
inbreeding coefficient of each genetic line. In generation 1, pigs from each line were fed
experimental diets respective to their selection criteria (HF or LF). From each line the top 60
gilts and 10 boars were kept, based on highest lean gain per day, to continue selection. This
process was repeated for generation 2 and generation 3. Pigs used in the current study were in

the third generation of selection.

Animals, Housing, and Experimental Design
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One hundred and seventy-five barrows (initial BW = 45.8 £ 6.5 kg), consisting of 102
HF selected and 73 LF selected genetic lines were used. Pigs were housed in group pens with
4 to 5 pigs per pen, with total pen size of 7.44 m?, where pens with 4 pigs had 1.86 m? of space
per pig and pens with 5 pigs had 1.49 m? per pig. Pigs were blocked by weight, to achieve
more uniform marketing weights at the end of the study, into either a light weight or heavy
weight block. Block split was determined at the median weight. Treatments were arranged in
a 2 x 2 factorial randomized complete block design with genetic line (HF or LF) and dietary
treatment increased fiber (IF) or control (CT)as factors. Three rooms were used with 12 pens
per room, resulting in 36 pens total and 9 replicates per treatment. Within room, pens were
randomly assigned to treatments with each treatment represented equally in each room. Within
genetic line, pigs were randomly assigned to a dietary treatment. Pigs were randomly assigned
within weight block to pens within dietary treatment and genetic line.

Pigs were taken off test by weight block to achieve a similar end weight of 118 kg.
Heavy weight block pigs were marketed on d 64 while light weight pigs were marketed on d

78. Pigs were provided ad libitum access to feed and water.

Diets and Sample Collection

Diets were manufactured in meal form at the North Carolina State University Feed Mill
Educational Unit. Treatment diets were fed in three phases. Dietary phase splits were
determined by days on feed. Phase 1 was fed from d 0 to d 25, phase 2 from d 26 to d 50, and
phase 3 was provided to pigs from d 51 until marketing. High fiber diets were formulated to
contain 45% fibrous byproducts, consisting of 15% DDGS, 15% soybean hulls and 15% wheat
middlings. Control diets were formulated as standard corn and soybean meal based diets (Table
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1). Within phase, diets were formulated to an equal lysine:NE ratio and to meet the nutrient
requirements suggested by the swine NRC (2012). Diet bulk density was measured using a 1
liter box. 5 random samples were taken throughout each phase and results were combined to
form an average bulk density by phase. Bulk densities were reported in grams per liter.
Measurements

Pens of pigs were weighed on d 0, 25, 50, and at marketing. Feed additions and feeders
with remaining feed at the end of each phase were weighed and feed disappearance was
determined on d 0, 25, 50, and at marketing. At the end of the study, pigs were weighed
individually and loin eye area and back fat thickness were determined using real time
ultrasound. Post marketing, hot carcass weights (HCW) were recorded at a commercial abattoir
where pigs were processed. Carcass yield was calculated as pig hot carcass weight divided by

pig live weight.

Calculations and Statistical Analysis

Pen was considered the experimental unit. Pig performance was calculated using pig
days, correcting for the number of pigs per pen and the number of days in each period and
overall. Caloric efficiency was calculated using total calories of NE consumed per day per unit
of daily gain. Data were analyzed using the MIXED procedure of SAS (SAS Institute Inc.,
Cary, NC). The model included diet (IF or CT), genetic line (HF or LF), and the diet x genetic
line interaction. Marketing block was used as a random variable and day O body weight was
included as a covariate for all performance data, but not for carcass data. Statistical differences

were considered significant at 0<0.05 with tendencies considered at 0.05<0<0.10.
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Results

There were no interactions between diet and genetic line for any of the growth
performance or carcass characteristics measurements. Dietary bulk density was higher in
control diets than IF diets for all phases (Table 2). In phase 1, pigs fed IF diets had decreased
ADG (P < 0.05) and tended to have decreased (P < 0.10) ADFI compared to pigs fed CT diets.
Feed efficiency tended to be poorer for HF selected pigs (P = 0.06) compared to LF selected
lines (0.46 vs. 0.48 respectively). Caloric efficiency was increased (P < 0.05) in pigs fed IF
diets compared to CT and caloric efficiency also tended to increase (P < 0.10) in LF selection
lines compared to HF lines. In Phase 2, pigs fed control diets had increased (P < 0.05) ADG
and G:F compared to pigs fed IF diets. There were no differences in ADFI between dietary
treatments or genetic lines. However, HF selected pigs tended to have increased (P < 0.10)
ADG compared to LF selected pigs. Caloric efficiency was increased (P < 0.05) in pigs fed IF
diets versus CT diets, while there were no differences due to genetic line. In phase 3, pigs fed
CT diets had greater (P < 0.05) G:F than pigs fed IF and pigs fed IF diets had increased (P <
0.05) ADFI than pigs fed CT diets. There were no differences in ADG or caloric efficiency
between diets or genetic lines. Overall (phase 1-3), pigs fed CT diets had increased (P < 0.05)
ADG and greater G:F than pigs fed IF (Table 3). There were no differences between diet or
genetic section line for overall ADFI or caloric efficiency.

Pigs fed CT diets had greater (P < 0.05) HCW than pigs fed IF diets. Furthermore, pigs
fed CT diets had greater (P < 0.05) LEA, BF, yield, and LG/d than pigs fed IF diets. There
were no differences between HF and LF selected pigs for HCW, LEA, BF, or LG/d. However,

HF selected pigs had decreased yield compared to LF selected pigs (Table 4)
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Discussion

There were no interactions between genetic line and diet type for any traits measured.
This may be attributed to the indirect method of selection. Pigs were indirectly selected for
fiber utilization using lean gain, rather than directly selected for increased energy and nutrient
digestibility from fiber diets.

Perhaps 3 generations of selection may have been insufficient to detect results. Schwab
et al. (2014) used 6 generations of selection to significantly improve intramuscular fat in
finishing pigs. In Cai et al., (2014), 4 generations of divergent section lines, using residual feed
intake (RFI1), were needed before low RFI lines had decreased ADG and BF. In the current
study, 3 generations of selection were used which may not have been adequate for detecting
significant differences between genetic lines and genetic line by diet interactions.

Carcass yield was significantly decreased in pigs selected while fed HF diets. The lean
gain equation used did not account for yield and, therefore did not account for intestinal volume
or fill. Sayler et al., (2012) fed pigs varying levels of wheat middlings (0, 10, and 20%) and
DDGS (0 and 30%) and reported that carcass yield linearly decreased as wheat midds and
DDGS inclusion increased in the diets. Similar results were seen by Whitney et al. (2006)
where diets with increasing levels (0, 10, 20, and 30%) of DDGS linearly decreased dressing
percent in finishing pigs was. Turlington et al. (1984) reported that increasing dietary fiber
increased gut fill and colon size. Thus, pigs fed increased levels of fiber have decreased carcass
yield, likely resulting from increased gut fill and larger visceral organ weights from fibrous
diets. In the current study pigs selected when fed high fiber diets, without carcass yield being

considered, would have been directly selected for increased body weight gain, increased LEA
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and decreased BF. Indirectly, these pigs may have been selected for increased gut fill and organ
weights.

As expected, increasing dietary fiber decreased ADG and G:F. While ADFI was not
different when measured over the entire finishing period, limited pig gut fill capacity may be
the reason for reduced feed intake in pigs fed high fiber diets during the early phases of the
finishing period. In phase 1 and 2, ADFI was not significantly different between diets, however
as pig body weight increased and gut capacity increased, ADFI was greater in pigs fed IF diets
compared to pigs fed CT diets during phase 3. Similar results were reported by Asmus et al.
(2013) with pigs fed varying levels of fibrous diets during the finishing period. In early periods,
there were no differences in ADFI between dietary treatments. However, in late finishing
periods, pigs fed high fiber diets (19% wheat midds and 30% DDGS) had greater feed intake
than those fed control diets. Pigs tend to eat to meet their energy requirements, but in diets
containing large quantities of high fibrous ingredients, pig gut capacity limits the amount of
total feed intake, which directly limits pig ADG. This can be supported when dietary bulk
densities are considered. In the current study, bulk density was greater in CT diets than IF diets.
Thus, with each fixed amount of feed consumed, the CT diet was more energy dense as well
as higher in amino acid content. Similar results were observed with nursery pigs, when wheat
midds were added to diets (>10%). Pigs had increased ADG and ADFI when fed diets with a
higher bulk density (De Jong et al., 2014). Further, results in growing pigs fed diets with
decreased bulk density (high fiber diets) showed that pigs had decreased feed intake,
suggesting that pigs were not able to eat enough feed to meet their nutrient requirements (Ndou
et al., 2012). In the current study, while no reductions in early ADFI were observed, later
increases in ADFI of pigs on IF diets prove a similar effect that pigs fed high fiber diets that
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are lower in energy, are unable to meet their energy requirement due to gut fill restrictions on
feed intake.

In the present study, 45% fibrous byproduct ingredients were included in IF diets. This
resulted in decreased ADG, G:F, HCW, LEA, BF, and carcass yield. These results are
consistent with other studies where increasing dietary fiber has been shown to decrease pig
performance and carcass characteristics. Pigs fed increasing levels of DDGS (0 to 30%) were
reported to have linear decreased ADG and ADFI and larger decreases in ADFI were observed
in pigs fed greater than 10% DDGS (Linneen et al., 2014). Furthermore, pigs fed varying levels
or DDGS (0,15,30%) and wheat midds (0,19%) had decreased ADG, poorer G:F and decreased
caloric efficiency over pigs fed control diets (Nemecheck et al., 2015) . Even though these
reports are similar to the current study, results from increasing dietary fiber can be variable
and inconsistent. No effects on carcass yield, BF, LEA or carcass lean percentage were
detected when pigs were fed increasing level of DDGS at 0, 15, 30% inclusion in diets (Xu et
al., 2014). These results are concurrent with studies by Widmer et al. (2007) and Stein and
Shurson (2009), where no effects on ADG, ADFI or GF were observed.

Diets in the current study were formulated to contain equal lysine : NE ratios within
phases, however diets were not formulated to be isonitrogenous or isocaloric. Adding increased
levels of amino acids or fat would be possible to maintain these isocaloric and isonitrogenous
values between diets within each phase. In the current study, diets maintained different net
energy values to determine the true effects of increasing dietary fiber without confounding
results of added fat or amino acids. However in other research where diets remained
isonitrogenous, but contained varying levels of wheat midds (0, 15, 30%) and differed in
metabolizable energy, pigs had decreased ADG, G:F, and hot carcass weight (HCW) with
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increasing levels of wheat midds (Feoli et al., 2006). However, in a more recent study where
diets remained isonitrogenous and isocaloric, but had varying levels of wheat midds (0 or 19%)
and DDGS (0 or 25%), pigs fed high fiber diets had decreased ADG, G:F, and HCW (Asmus
et al., 2012). In the current study, due to the large amount of fiber included in diets, creating
isonitrogenous and isocaloric diets would have still shown a decrease in performance, mainly
due to decreased digestibility when compared with control diets. However, the impact of this
result may have been slightly mitigated due to added fat and amino acids in experimental diets.

Caloric efficiency differences observed in phase 1 and 2 may be primarily related to
feed intake. As previously discussed, pigs were not able to compensate by increasing feed
intake when fed diets with high levels of fiber that limited gut fill capacity. Differences in
ADG were driven directly by feed intake, thus in phase 1 pigs fed IF diets consumed less feed
and therefore had decreased ADG. However, the difference in ADG was not as great as the
difference in the caloric content of the diets (phase 1: 2187 vs 2484 kcal/kg, phase 2: 2235 vs
2518 kcal/kg NE) high fiber and control diets respectively. Thus, due to the increased caloric
content of CT diets and similar feed intake, the increases in phase 1 and 2 ADG of pigs fed CT
diets was not enough to compensate for the caloric deficit seen between diets and therefore,

pigs fed high fiber diets had increased caloric efficiency.
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Generation 0 Generation 1 Generation 2 Generation 3

2013 2014 2015 2016
High Fiber High Fiber High Fiber High Fiber
14 littermates 60 - gilts — 60 - gilts — 60 - gilts
10-15 boars 10-15 boars 10-15 boars
2013
90 Litters
Unselected
2013 2014 2015 2016
Low Fiber Low F]'ber Low F_iber High F_iber
v littermates 60 - gilts — 60 - gilts — 60 - gilts
10-15 boars 10-15 boars 10-15 boars

Figure 1. Flow diagram of genetic selection process.



Table 1. Ingredient and nutrient composition (as-fed basis) of Phasel, Phase 2, and Phase

3 diets.
Phase 1 Phase 2 Phase 3

Dietary Treatment IF CT? IF CT IF CT
Ingredient, %
Corn 44.00 78.10 46.65 81.80 50.67 84.07
Soybean Meal (47.5%) 8.03 18.52 5.96 15.11 2.26 13.34
Corn DDGS 15.00 - 15.00 - 15.00 --
Soybean Hulls 15.00 - 15.00 -- 15.00 --
Wheat Middlings 15.00 - 15.00 - 15.00 -
L-Lysine HCL 0.39 0.37 0.31 0.32 0.32 0.24
DL-Methionine 0.02 0.08 0.01 0.06 - 0.01
L-Threonine 0.09 0.12 0.08 0.1 0.06 0.06
Monocalcium Phosphate  0.52 1.15 0.30 0.93 0.18 0.80
Limestone 0.96 0.97 0.94 0.94 0.97 0.93
Salt 0.35 0.35 0.35 0.35 0.35 0.35
Vitamin Premix 0.04 0.04 0.04 0.04 0.04 0.04
Mineral Premix 0.30 0.30 0.15 0.15 0.15 0.15
Calculated Composition
SID Lysine 0.82 0.93 0.71 0.80 0.62 0.70
NE (kcal/kg) 2,187 2,484 2,235 2,518 2,245 2,537
ADF, % 16.19 3.22 10.90 3.15 10.82 3.13
NDF, % 23.04 8.61 23.11 8.69 23.17 8.75
SID Lys:NE (g/Mcal) 3.74 3.74 3.17 3.17 2.76 2.76

YF = Increased fiber diet
2CT = Control diet
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Table 2. Bulk density (g/L) of Increased fiber and Control diets that were fed to pigs in

phase 1, phase 2, phase 3 and overall.

Diet CT? IF? SEM CT SEM IF
Phase,

Phase 13 607.0 452.5 12.26 4.26
Phase 2 609.1 456.6 7.87 3.78
Phase 3 611.2 460.7 2.21 1.45
Average Overall, 609.6 456.6

ICT = Control dietary treatment

2IF = Increased fiber dietary treatment

SAIl units are expressed in grams of feed per liter

43



Table 3. Growth performance of high and low fiber diet selection lines of pigs when fed diets low or high in fiber?,

Genetic Line HF? LF3
Diet cT* IF> CT IF SEM Diet Line Diet x Line
Phase 1 (d 0 to25)
ADG 1.09 0.98 1.08 1.01 0.027 0.001 0.600 0.413
ADFI 2.32 2.32 2.21 2.12 0.088 0.058 0.176 0.676
G:F 0.47 0.45 0.49 0.48 0.015 0.153 0.061 0.708
Caloric® Efficiency (Kg/Mcal) 0.1928 0.2040 0.2006 0.2189 0.005 0.010 0.043 0.521
Phase 2 (d 25 to 50)
ADG 1.10 1.02 1.08 0.98 0.027 <0.001 0.102 0.565
ADFI 3.25 3.24 3.19 3.13 0.088 0.502 0.068 0.559
G:F 0.34 0.31 0.34 0.31 0.056 <0.001 0.868 0.886
Caloric Efficiency 0.1359 0.1418 0.1356 0.1414 0.002 0.009 0.879 0.981
Phase 3 (d 50 to d 64/78)’
ADG 0.99 0.90 0.95 0.94 0.038 0.102 0.949 0.261
ADFI 3.33 3.42 3.14 3.54 0.090 0.012 0.733 0.114
G:F 0.30 0.26 0.30 0.26 0.011 <0.001 0.613 0.900
Caloric Efficiency 0.1178 0.1168 0.1200 0.1180 0.003 0.642 0.670 0.886
Overall (d 0 to 64/78)
ADG 1.06 0.96 1.05 0.95 0.027 0.002 0.554 0.991
ADFI 2.95 2.92 2.82 2.91 0.062 0.542 0.143 0.232
G:F 0.36 0.33 0.37 0.33 0.084 <0.001 0.711 0.312
Caloric Efficiency 0.1432 0.1487 0.1483 0.1475 0.003 0.424 0.508 0.305

Values in this table represent the least squares means of 9 experimental pens per treatment with 4 to 5 pigs per pen.

2HF = High Fiber genetic selection line

SLF = Low Fiber genetic selection line

3IF = Increased Fiber dietary treatment

5CT = Control dietary treatment

SCaloric efficiency is expressed in Kg. of gain per Mcal of energy consumed. Whereas increased numbers represent high caloric efficiency

" Heavy weight block weighed off test on d 64, light weight block weighed off test d 78. Due to differences in pig initial age and body weight



Table 4. Carcass traits of high and low fiber diet selection lines of pigs when fed diets low or high in fiber.

Genetic Line HF? LF?

Diet cT? [F* CT IF SEM Diet Line Diet x Line
Hot Carcass Wt. (kg) 88.94 81.07 88.74 81.81 0.890 <0.001 0.779 0.628

Loin Eye Area (cmz) 18.14 16.74 18.33 17.02 0.813 <0.001 0.501 0.895
Back Fat (cm) 2.06 1.65 1.91 1.66 0.065 <0.001 0.350 0.245
Yield (%) 73.0 70.4 74.0 71.2 0.003 <0.001 <0.001 0.844
Lean Gain/ day (kg/d)’ 0.40 0.36 0.39 0.37 0.366 0.001 0.843 0.461

!Least squares means of 9 experimental pens of pigs with 4 to 5 pigs per pen, Carcass traits were reported as pen means, where pen was used as the

experimental unit.

2HF = High Fiber genetic selection line
3LF = Low Fiber genetic selection line
*IF = Increased Fiber dietary treatment
SCT = Control dietary treatment

6 Lean gain per day was calculated using the following equation: Lean gain = (-0.534) + (0.2907 * Off-Test Wt.) + (0.8326 * 1) — (16.4977 * 10" Rib BF)
+ (5.4247 * 10" Rib LEA) — (0.418 * On-Test Wt.) — (3.65) / total number of days on feed
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Abstract: The objective of this study was to determine the impact of high fiber diet and genetic
selection line, developed using either a low or high fiber diet, on digestibility of fiber, N, and
energy and digestive tract characteristics. Barrows (n=32; 50.4+3 kg) were used in a 14 d
metabolism study with a 2x2 factorial design with genetic line (high fiber selected and control
selected lines) and diet (high fiber or control) as factors. Genetic lines were selected for lean
growth over 3 generations while consuming the high fiber or control diets. Barrows were
separated into 2 replicate groups of 16 consisting of 4 littermate pairs from each genetic line.
Diets were randomly assigned within littermate pairs. High fiber diets were formulated to
include 15% of each DDGS, wheat middlings and soy hulls and control diets were corn-
soybean meal based. Diets were formulated to contain equal SID lysine to net energy ratios
(0.93 and 0.82% SID lysine and 2,484 and 2,187 kcal/kg NE for control and high fiber diets,
respectively). Pigs had ad libitum access to feed for an 11 d adaptation period and were
restricted to 90% ad libitum on d 12, 13, and 14 while fecal samples were collected to
determine digestibility of ADF, NDF, N, and energy, using titanium dioxide as indigestible
marker. Total transit time was measured by feeding a color marker (chromic oxide) and
recording time until first fecal appearance of marker. Pigs were euthanized on d 14, pH was
measured in the ileum and cecum along with cecum weights. lleal digesta samples were
collected to determine the apparent ileal digestibility (AID) of ADF and NDF. Data were
analyzed using MIXED procedures of SAS. There were no interactions between diet and
genetic line (P>0.05). Digesta transit time, cecal and colon pH were not impacted by diet. No
effects of genetic line on digesta pH or digestibility were observed. High fiber genetic selection
tended to increase (P=0.09) digesta transit time (1,704 vs. 1,521+75.5 min). Pigs fed high fiber
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diets had increased (P<0.05) ileal pH (6.61 vs. 6.32), apparent total tract digestibility (ATTD)
of ADF (56.3 vs. 41.7%) and NDF (61.0 vs. 41.6%), and had decreased (P<0.05) ATTD of N
(77.8 vs. 84.5%) and gross energy (GE; 78.3 vs. 84.2%). AID of ADF and NDF was not
affected by genetic line. AID of NDF was greater in pigs fed high fiber diets, while no dietary
effects of AID of ADF were shown. Genetic selection for lean gain of pigs when fed high fiber
diets increased total transit time, but did not impact digestibility. Feeding high fiber diets
decreased N and GE digestibility while increasing ileal pH and fiber digestibility, regardless

of whether pigs had been selected on high fiber diets or not.

Key Words: Swine, Genetic Selection, Fiber, Digestibility
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Introduction

Feed costs remain the largest portion of operational costs in swine production. Adding high
fibrous byproduct ingredients to diets can help mitigate high feed costs. However, increasing
fiber and plant cell walls in swine diets has been shown to decrease digestibility of dry matter
(Keys et al., 1969) and other nutrients. Increasing levels of dietary corn fiber decreased
apparent total tract digestibility (ATTD) of crude protein (CP) (Gutierrez et al., 2013). Adding
30% dried distillers grains with solubles (DDGS) to growing pig diets decreased the ileal
digestibility of lysine, leucine, and aspartate (Urriola and Stein 2010). Increasing dietary fiber
by feeding diets containing either 25% DDGS (medium fiber) or 25% DDGS and 20% soy
hulls (high fiber), along with a control diet (low fiber) decreased (low to high) ATTD of energy
(Rojas et al., 2016). Similar results were found by lyayi and Adeloa (2015), who reported that
growing pigs fed increasing levels of dietary wheat bran (10 to 30%) had decreased apparent
ileal digestibility (AID) of energy. In the same study, energy digestion in the hindgut was also
measured and results indicated that pigs fed diets containing 30% wheat bran had increased
energy digestion in the hindgut, most of which resulted in increased volatile fatty acid (VFA)
concentrations (lyayi and Adeola 2015). Furthermore, pigs fed diets containing sugar beet
pulp at 23% had decreased energy digestion in the small intestine compared to diets with no
added beet pulp, resulting in an increase in hindgut energy availability; however total tract

digestibility of energy was decreased in diets containing beet pulp (Anguita et al., 2006).

Overall increasing dietary fiber has been shown to decrease digestibility of crude
protein and energy, which in turn can decrease feed efficiency. Methods such as genetic

selection have been previously used to influence factors affecting feed efficiency and nutrient
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digestibility. Genetic selection for residual feed intake (RFI), a measure of feed efficiency,
has resulted in improvements in digestibility of neutral detergent fiber (NDF) and decreased
heat production in swine (Motagne et al., 2014, Barea et al., 2010). Furthermore, genetic
selection for tissue size and structure has been successful. Schwab et al. (2010) showed that
selecting for IMF using estimated breeding values was a moderately heritable trait. Thus,
genetic selection for feed efficiency, digestibility and tissue traits may be used to manipulate

animal performance and growth.

As part of the long-term goal to improve fiber utilization through genetic selection,
North Carolina State University initiated selection of pigs for increased growth performance
when fed high and low fiber diets. The objective of this study was to determine the impact of
high fiber diet and genetic line, developed using either a low or high fiber diet, on digestibility

of fiber, N, and energy and digestive tract characteristics.

Materials and Methods

The protocol for this experiment was reviewed and approved by the Institutional

Animal Care and Use Committee at North Carolina State University, Raleigh, North Carolina.

Genetic Selection

Pigs were selected using a divergent line selection process (Figure 1). Generation zero
consisted of 90 original litters of unselected pigs. All littermates were randomly assigned to a
dietary treatment consisting of high fiber or low fiber, with 50% of pigs from each litter being
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represented in each dietary treatment. Pigs were fed diets containing 45% high fibrous
ingredients or control diets consisting of conventional corn and soybean meal based diets.
From each dietary treatment, 60 gilts and 10 to 15 boars were kept beginning each specific
genetic line representing the high fiber (HF) or low fiber (LF) lines. Within each line, pigs
were selected based on calculated lean growth and the top 60 gilts and 10 to 15 boars were

kept from each line. Lean gain was calculated based on the following formula:

Lean gain = (-0.534) + (0.2907 * Off-Test Wt.) + (0.8326 * Sex) — (16.4977 * 10th Rib BF) +

(5.4247 * 10th Rib LEA) — (0.418 * On-Test Wt.) — (3.650)
(Brannaman et al., 1989, Burson 2006)

In the above equation, lean gain was measured in total gain (kg) over the testing period
(80-90 days). Pigs were placed on-test in the growing phase (40 kg), and taken off-test when
they reach market weight (114 kg). All pigs are fed standard corn soy control diets prior to the
test period, and remain on experimental diets during the entire testing period. Post-test period,

pigs are returned to a standard corn- soy diet.

The on-test and off-test weights were measured in kg. The sex effect in this case is 1
for barrows/ boars and 2 for gilts, barrows were used in the current study. 10" rib back fat (cm)
is measured using real time ultra sound along with 10" rib loin eye area (cm?). These values
were not adjusted to a standard weight as on-test and off-test weights were already included in
the regression model. The outcome of this equation was total amount of lean gained in the

given test period. Furthermore, taking this result over the number of days in the testing period
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was used to calculate lean gain per day, this was used as the selection criteria for the genetic

lines used in the current study.

Boars were selected within family group. No more than 2 boars per family were
selected and outcrossed with gilts from opposite family groups. This strategy was used to
decrease the inbreeding coefficient of each genetic line. In generation 1, pigs from each line

were fed experimental diets respective to their selection criteria (HF or LF).

Animals, Diets, and Experimental Design

Thirty-two barrows (initial BW = 50.4 + 3 kg), 16 HF selected and 16 LF selected
(North Carolina State University selection lines) were used in a 2x2 factorial design with diet
and genetic line as the factors. Pigs were housed in individual metabolism crates and were
separated into two groups of 16 barrows each. Littermate pairs were used to decrease genetic
diversity within dietary treatments. One littermate was randomly assigned to a diet with the
other littermate receiving the other dietary treatment. Once assigned to diet, pigs were

randomly assigned to metabolism crates, without any further blocking method used.

Pigs were provided ab libitum access to water. Diets were manufactured in meal form
at the North Carolina State University Feed Mill. Pigs were fed one dietary phase for the
duration of the experiment. Increased fiber (IF) diets were formulated to contain 45% high
fibrous byproducts, including 15% DDGS, 15%, wheat middlings, and 15% soybean hulls.
Control diets (CT) were standard corn and soybean meal based diets (Table 1). Diets were
formulated to contain an equal SID lysine to net energy ratio. Titanium dioxide was included

in the diets at 0.30% and used as an indigestible marker for calculating digestibility. Pigs were
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fed twice daily to appetite, at 0800 h and 1600h, to determine voluntary feed intake. Feed
allowance was increased when pigs consumed all of their meal to ensure near ad libitum
consumption of feed. Feed disappearance was measured twice daily for each pig. Total feed
intake per pig per day was determined and the average of the 11 d period was used to calculate
feed allowance during the metabolism study when feed intake was restricted to 90% of near ad

libitum intake.

Sample Collection

Pigs were fed for an 9d adaptation period prior to sampling for digestibility
measurements. On d 9, Cr203 was mixed with morning diets and used as a coloring agent to
determine total transit time. Time was considered “start” when pigs first began consuming their
meal. Time was considered “stop” at the first appearance of green feces; the difference between
“start” and “stop” was considered total transit time and was measured in minutes. Pigs were
checked every hour until 18 hours post consumption, then every 15 minutes thereafter until

transit time was determined for each individual pig.

On d 12 pigs were restricted to a feed intake to 90% of the average feed intake that was
previously determined during the 11 d adjustment period in which pigs were allowed near ad
libitum consumption. Fecal and urine sampling began on d 12. Total feces were collected twice
daily, weighed and subsampled at 15% of total sample weight. Total urine volume was
collected and subsampled at 15% of total daily volume, 10ml of sulfuric acid was used to
acidify collection samples, and total sulfuric acid volume was subtracted from urine total

volume. Sub samples were frozen and stored at -30°C.
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On d 14 pigs were euthanized using captive bolt procedures and were restrained post-
stunning until nerve responses had subsided. Abdominal cavities of pigs were opened for
collection of intestinal samples. Digesta were collected from the terminal ileum 30 cm
proximal to the ileal-cecal valve, the entire cecal contents and a central section of colon, 50 cm
posterior to the cecum. All samples were collected within 5 minutes postmortem to reduce
sample variation from intestinal sloughing. Digesta pH was measured using a pH meter and
recorded immediately after collection. Digesta samples were frozen and stored at -20°C. Ceca

were emptied, patted dry and weighed to determine empty cecum weight.

Sample Analysis

Digesta, feed and fecal samples were ground using a Wiley mill with a 2 mm screen.
lleal, feed and fecal samples were analyzed for DM (method 930.15; AOAC 2007). ADF and
NDF were analyzed in feed, ileal digesta and fecal samples using an ANKOM fiber analyzer
(model 200: ANKOM Technology, Macedon, NY) in accordance with procedures outlined by
Van Soest et al., (1991). Gross energy was determined using a bomb calorimeter (C 6000: IKA
Works Inc., Wilmington, NC) in feed and fecal samples. Benzoic acid was used as the standard
for all calorimetric samples. Crude protein was determined as N x 6.25 (method 990.03;
AOAC, 2007). Titanium dioxide was used as an indigestible marker to ATTD and AID of
energy, fiber, and N. lleal, feed and fecal samples were analyzed for titanium dioxide using

procedures adapted from Myers et al., (2004).
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Statistical Analysis

Pig was considered the experimental unit. Data were analyzed using the MIXED
procedures of SAS (SAS Institute, Cary NC). Two replicate groups of 16 barrows were used
and group was considered a random effect. The model main effects included diet (IF or CT),
genetic line (HF or LF), and all the diet x genetic line interactions. Statistical differences were

considered significant at 0<0.05 with tendencies considered at 0.05<0<0.10.

Results

There were no interactions between diet and genetic line for any digestibility, transit
time, digesta pH, or cecal weight. Dietary composition was as expected and as formulated
(Table 2). Total transit time tended (P = 0.098) to be longer in pigs that were selected using
high fiber diets (Table 3), but there were no differences between dietary treatments for transit
time. No differences were observed for cecal weight due to diet or genetic line. Cecal and colon
pH also were not significantly different due to diet or genetic line. lleal pH was lower (P =
0.019) in pigs fed control diets compared to pigs fed increased fiber diets. However, there were

no differences in ileal pH between genetic lines (Table 4).

Apparent total tract digestibility (ATTD) of crude protein was not statistically different
between genetic line, however, ATTD of crude protein was higher (P < 0.001) in pigs fed
control diets compared to those fed increased fiber diets. Similarly, ATTD of energy was not
statistically different between genetic line, but pigs fed control diets had increased (P < 0.001)
energy digestibility compared to those fed increased fiber diets. Conversely, ATTD of acid

detergent fiber (ADF) was decreased (P < 0.001) in pigs fed control diets compared to those
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fed increased fiber diets. There were no differences between genetic lines for ATTD of ADF.
Likewise, ATTD of neutral detergent fiber (NDF) was not statistically different between
genetic lines; however, ATTD of NDF was decreased (P < 0.001) in pigs fed control diets
compared to those fed increased fiber diets (Table 5). AID of ADF and NDF were not
significantly different (P > 0.10) for genetic line. Furthermore, there were no differences
between dietary treatments for ADF, however pigs fed high fiber diets had increased (P =

0.042) AID of NDF compared to control diets (Table 6).

Discussion

There were no interactions between diet and genetic selection line in this study. No
differences were observed between dietary treatments for total transit time. This was
unexpected, because previous research has been shown that increasing dietary fiber decreased
total digesta transit time (Bastianelli et al., 1996 and Schneeman 1998). On the other hand, the
results of the current study concur with Urriola and Stein (2014), who fed pigs diets containing
either 0 or 30% DDGS and used Cr20z as a color marker. First appearance of marked digesta
was monitored at the ileum, cecum and in feces. The authors reported no differences between
diets (0 or 30% DDGS) at the ileum, cecum or in feces for first appearance time (Urriola and
Stein 2014). However, in the current study transit time tended to be increased in pigs selected
on high fiber diets compared to those selected on low fiber diets. This may suggest increased

intestinal length or gut capacity has resulted from selection of pigs on high fiber diets.

There were no differences in cecum weight due to genetic line or dietary treatments.

Jorgensen et al. (1996) found that increasing dietary fiber content (59 vs. 268 g dietary fiber/kg
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dry matter) increased cecum and colon mass as well as length. Furthermore, adding alfalfa
meal, barley, or both as a fiber sources to diets formulated to an equal digestible energy (DE)
to crude protein ratio (0.088 MJ DE/g CP) increased cecum and colon weights compared to
pigs fed control diets (Nyachoti et al., 2000). However, in agreement with the present study,
diets containing 0 or 30% DDGS formulated to an equal SID Lys/ ME ratio (2.63 g/Mcal) and
fed to growing pigs had no impact on cecal weight, but increased colon and rectum weight
(Agyekum et al., 2015). Furthermore, when 10% wheat straw was added to diets that were
formulated to an equal Lys/ ME ratio, there were no differences in small intestine, cecum or
colon weights compared to control diets (Jin et al., 1994). These studies suggest that there is a
relationship between fiber source or type and visceral weights, however, in the present study
using diets containing high amounts of NDF and insoluble fiber no differences in cecum weight
were observed. In previous research, cecum weight is measured as a function of empty body
weight. Also, included in these studies are visceral weights on other digestive tissues and
organs. In the current study, only cecum weights were recorded and therefore done so without
the function of empty body cavity. Future studies may be needed to determine the effects of
genetic selection and diet type on visceral weight and cecum weight as a percentage of empty

body cavity weight.

Ileal digesta pH was increased in pigs fed high fiber diets compared to those fed control
diets. Similar results were reported by Chen et al. (2013); as pigs were fed increasing levels of
alfalfa meal (0 to 20%), ileal pH increased linearly as dietary fiber increased. However,
differences in dietary crude protein have also shown to decrease ileal pH. Nyachoti et al. (2006)
showed that decreasing dietary crude protein from 21% to 17% decreased ileal pH (6.74 to

6.09 respectively). In the current study, differences in dietary crude protein were not as drastic
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(17.27 and 16.48between high fiber and control diets, respectively), however ileal pH was

decreased in control diets, which also had a lower crude protein content.

As expected, pigs fed high fiber diets had decreased ATTD of crude protein and energy
compared to pigs fed control diets. These results are congruent with previous studies, which
indicated that dietary fiber decreased the apparent total tract digestibility of crude protein and
energy (Uriola and Stein 2014, Berrocoso et al., 2015, Gutierrez et al., 2014, Renteria-Flores
etal., 2015). Apparent total tract digestibility of ADF and NDF were increased in pigs fed high
fiber diets compared to those fed control diets. However, effects of dietary fiber level on the
digestibility of fiber is still unclear. The addition of wheat bran (22 or 44%) did not affect the
total tract digestibility of NDF, but decreased the digestibility of ADF (Chabeauti et al., 1991).
Furthermore, with fiber sources such as DDGS, ATTD of ADF and NDF has been shown to
widely vary (7.2 to 17.3%) and (20.1 to 32.9%) respectively (Stein and Shurson 2009). Schulze
et al. (1994) used a purified source of NDF (pNDF) from wheat bran in semi-synthetic diets,
where dietary pNDF was increased from 0, 60, 120, 180 (g/kg) in diets. Increasing pNDF in

diets had no effects on AID of NDF.

Digestibility coefficients in the present study were negative for AID ADF for both high
and low fiber diets, while pigs fed high fiber diets had positive ileal NDF digestibility. These
results are similar to Wilfart et al., (2014) who fed pigs isocaloric diets containing either 0, 20,
or 40% wheat bran and showed negative ileal TDF digestibility (-31 and -5%) for low and
medium fiber diets, respectively, while showing positive ileal TDF digestibility (16.3%) for

high fiber diets.

57



Overall, fiber digestibility has been shown to vary greatly depending on fiber type,
source and dietary inclusion level (Jha and Berrocoso 2015). In the present study, increasing
dietary fiber decreased ATTD of N and energy while increasing the digestibility of ADF and
NDF. Dietary fiber had no impact on transit time, but did lower ileal digesta ph. Genetic
selection for lean gain while feeding high fiber diets did not improve digestibility of fiber,
energy utilization of fiber diets or digestive tract characteristics. Further research is needed to

determine the impact of genetic selection on fiber utilization and digestibility.
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Generation 0 Generation 1 Generation 2 Generation 3
2013 2014 2015 2016
Hish Fiber High Fiber High Fiber High Fiber
y g”ttermates 60 - gilts —— 60 - gilts ——— 60 - gilts
z 10-15 boars 10-15 boars 10-15 boars
2013
90 Litters
Unselected
2013 2014 2015 2016
Low Fiber Low Fiber Low Fiber High Fiber
v littermates 60 - gilts — 60 - gilts — 60 - gilts
! 10-15 boars 10-15 boars 10-15 boars

Figure 1. Flow diagram of genetic selection process
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Table 1. Ingredient and nutrient composition (as-fed basis) of increased fiber (IF) and

control diets (CT), as fed basis.

Dietary Treatment IF CT
Ingredient, %

Corn 44.00 77.44
Soybean Meal (47.5%) 8.03 18.52
Corn DDGS 15.00 --
Soybean Hulls 15.00 --
Wheat Middlings 15.00 --
L-Lysine HCL 0.39 0.37
DL-Methionine 0.02 0.08
L-Threonine 0.09 0.12
Monocalcium Phosphate  0.52 1.15
Limestone 0.96 0.97
Salt 0.35 0.35
Vitamin Premix 0.04 0.04
Mineral Premix 0.30 0.30
Titanium Dioxide 0.30 0.30
Calculated Composition

SID Lysine 0.82 0.93
NE (kcal/kg) 2,187 2,484
ADF, % 10.94 3.22
NDF, % 23.04 8.61
SID Lys:NE (g/Mcal) 3.74 3.74
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Table 2. Analyzed composition (DM basis) of Increased Fiber and Control diets.

Dietary Treatment IF? CT?
Nutrient Analysis.

Crude Protein, % 17.27 16.48
Gross Energy, (kcal/kg) 4286 4127
ADF, % 11.43 3.07
NDF, % 26.43 10.38
Titanium Dioxide 3.28 3.27

IF = Increased Fiber Diet (15% DDGs, 15% soybean hulls, 15% wheat middlings)
2CT = Control Diet



Table 3. Total transit time (in minutes) in pigs selected on high (HF) or low fiber (LF) diets when fed increased fiber (IF) or

control diets (CT)™.

Genetic Line Diet Transit Time SEM Diet Line Diet x Line
HF IF? 1698 147.2 0.674 0.098 0.765
HF CcT 1711 74.1
LF IF 1483 92.5
LF CcT 1560 99.6

Yvalues in this table represent the least squares means of 8 experimental pigs per treatment.
2IF = Increased Fiber dietary treatment (15% DDGs, 15% SBH, 15% WM)
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Table 4. Cecal weight and ileal, cecal and colon pH of pigs selected on high (HF) or low fiber (LF) diets when fed increased fiber

(IF) or control diets (CT)™.

Genetic Line HF LF
Diet CcT IF? CcT IF SEM Diet Line Diet x Line
pH of digesta
lleum 6.29 6.65 6.36 6.59 0.114 0.019 0.991 0.511
Cecum 5.71 5.70 5.74 5.71 0.038 0.653 0.773 0.844
Colon 5.66 5.78 5.50 5.32 0.174 0.470 0.246 0.776
Cecal weight. (g) 103.3 102.6 111.5 111.75 6.500 0.977 0.193 0.947

Values in this table represent the least squares means of 8 experimental pigs per treatment.

2IF = Increased fiber dietary treatment (15% DDGs, 15% soybean hulls, 15% wheat middlings)
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Table 5. Apparent total tract digestibility of nutrients (CP, GE, ADF, NDF) in pigs selected on high (HF) or low fiber (LF) diets

when fed increased fiber (IF) or control diets (CT)™.

Genetic Line HF LF

Diet CcT IF? CcT IF SEM Diet Line Diet x Line
ATTD, %

Crude Protein 84.3 77.9 84.6 77.7 0.948 <0.001 0.981 0.816
Gross Energy 84.3 77.8 84.2 78.8 0.836 <0.001 0.412 0.325
ADF 42.1 53.9 41.2 58.6 2.943 <0.001 0.531 0.360
NDF 41.7 59.2 41.4 62.8 1.998 <0.001 0.614 0.522

Values in this table represent the least squares means of 8 experimental pigs per treatment.

2IF = Increased fiber dietary treatment (15% DDGs, 15% soybean hulls, 15% wheat middlings).
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Table 6. Apparent ileal digestibility of fiber (ADF and NDF) in pigs selected on high (HF) or low fiber (LF) diets when fed

increased fiber (IF) or control diets (CT)™.

Genetic Line HF LF
Diet CT IF? CT IF SEM Diet Line Diet x Line
Apparent ileal digestibility, %
ADF -9.20 10.71 -8.76 9.35 9.917 0.958 0.042 0.921
NDF -23.38 -5.86 -21.90 -8.48 8.783 0.956 0.139 0.842

Yvalues in this table represent the least squares means of 8 experimental pigs per treatment.
2IF = Increased fiber dietary treatment (15% DDGs, 15% soybean hulls, 15% wheat middlings)
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