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Abstract

In chapter 1, a literature review was conducted to summarize the current practices that
producers can use to improve feed and nutrient utilization with a focus on providing critical
information for use within future life cycle assessment of the swine industry. These practices
include improvement of feed efficiency and nutrient utilization by pigs through diet nutrient
levels, feed formulation, feed processing, feeding management, and non-nutritional factors such
as genetics, environment, and health status. Research needs were also identified, with some
investigated in chapters 2 to 4. Specifically, a total of two, one, and four trials were conducted to
compare diet blending with phase feeding on growth performance and profitability of finishing
pigs (Chapter 2), to determine the available P and total tract digestible P release curves for a
novel phytase (Microtech phytase, Chapter 3), and to determine the effect of standardized ileal
digestible (SID) Lys to crude protein (CP) ratio on growth performance and blood urea N of 45
to 125 kg pigs (Chapter 4). In Chapter 2, a total of 2,160 and 962 pigs were utilized in 2
experiments. Two feeding strategies (phase feeding and diet blending) were compared and
concluded that both supported similar growth and carcass traits. Income over feed cost was
generally unaffected, but diet blending reduced feed usage and feed cost per kg gain. In Chapter
3, a total of 320 barrows were used. Overall, the use of Microtech phytase improved growth
performance. Additionally, the available P (aP) release curve based on the average percent bone
ash of right fibula, 10th rib, and 3rd metacarpal and true total tract digestible (TTTD) P release
curve developed for Microtech phytase are: aP release, % = (0.868 x FTU/kg) + (9,599.511 +
FTU/kg) and TTTD P release, % = (0.00004017 x FTU) + 0.011, respectively. In Chapter 4, a
total of 2,517 pigs were used across 4 experiments. Overall, increasing SID Lys:CP ratio

worsened gain to feed ratio and decreased blood urea N in 45 to 125 kg pigs. Based on the local



maxima determined using cubic models, the estimated SID Lys:CP ratios to optimize gain to
feed ratio were 5.55% (45 to 70 kg), 5.47% (55 to 78 kg), and 5.27% (103 to 125 kg). For 84 to
108 kg pigs, requirements were estimated below 5.13% (linear model). Overall, chapters 2 to 4
underscore the opportunities to improve feed and nutrient utilization through feeding strategy,
diet formulation (i.e., use of phytase), and nutrient levels. Diet blending allows for reduction in
feed usage while maintaining growth, phytase allows for reduction in the use of inorganic P and
determining the optimum SID Lys:CP ratio allows for formulating low CP diets. This
dissertation also evaluated the effect of dietary S-abscisic acid (S-ABA) supplementation on the
growth performance and antioxidant status of nursery pigs (Chapter 5). A total of 320 nursery
pigs were used and supplemented with increasing level of S-ABA. Overall, S-ABA
supplementation did not influence growth performance, but improved the antioxidant status by
reducing the erythrocyte oxidized to reduced glutathione ratio. In addition to the dissertation
chapters, a retrospective study was added as an appendix, assessing the impact of sow body
weight (BW) change during gestation on sow body weight change and litter average daily gain
(ADG) during lactation. The dynamics of sow BW change during gestation and lactation
significantly influenced litter ADG. Increased BW gain in gilts during gestation led to greater
BW loss in lactation without negatively affecting litter ADG, whereas BW loss in sows during

gestation led to compensatory gain during lactation at the expense of litter ADG.
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In chapter 1, a literature review was conducted to summarize the current practices that
producers can use to improve feed and nutrient utilization with a focus on providing critical
information for use within future life cycle assessment of the swine industry. These practices
include improvement of feed efficiency and nutrient utilization by pigs through diet nutrient
levels, feed formulation, feed processing, feeding management, and non-nutritional factors such
as genetics, environment, and health status. Research needs were also identified, with some
investigated in chapters 2 to 4. Specifically, a total of two, one, and four trials were conducted to
compare diet blending with phase feeding on growth performance and profitability of finishing
pigs (Chapter 2), to determine the available P and total tract digestible P release curves for a
novel phytase (Microtech phytase, Chapter 3), and to determine the effect of standardized ileal
digestible (SID) Lys to crude protein (CP) ratio on growth performance and blood urea N of 45
to 125 kg pigs (Chapter 4). In Chapter 2, a total of 2,160 and 962 pigs were utilized in 2
experiments. Two feeding strategies (phase feeding and diet blending) were compared and
concluded that both supported similar growth and carcass traits. Income over feed cost was
generally unaffected, but diet blending reduced feed usage and feed cost per kg gain. In Chapter
3, a total of 320 barrows were used. Overall, the use of Microtech phytase improved growth
performance. Additionally, the available P (aP) release curve based on the average percent bone
ash of right fibula, 10th rib, and 3rd metacarpal and true total tract digestible (TTTD) P release
curve developed for Microtech phytase are: aP release, % = (0.868 x FTU/kg) + (9,599.511 +
FTU/kg) and TTTD P release, % = (0.00004017 x FTU) + 0.011, respectively. In Chapter 4, a
total of 2,517 pigs were used across 4 experiments. Overall, increasing SID Lys:CP ratio
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maxima determined using cubic models, the estimated SID Lys:CP ratios to optimize gain to
feed ratio were 5.55% (45 to 70 kg), 5.47% (55 to 78 kg), and 5.27% (103 to 125 kg). For 84 to
108 kg pigs, requirements were estimated below 5.13% (linear model). Overall, chapters 2 to 4
underscore the opportunities to improve feed and nutrient utilization through feeding strategy,
diet formulation (i.e., use of phytase), and nutrient levels. Diet blending allows for reduction in
feed usage while maintaining growth, phytase allows for reduction in the use of inorganic P and
determining the optimum SID Lys:CP ratio allows for formulating low CP diets. This
dissertation also evaluated the effect of dietary S-abscisic acid (S-ABA) supplementation on the
growth performance and antioxidant status of nursery pigs (Chapter 5). A total of 320 nursery
pigs were used and supplemented with increasing level of S-ABA. Overall, S-ABA
supplementation did not influence growth performance, but improved the antioxidant status by
reducing the erythrocyte oxidized to reduced glutathione ratio. In addition to the dissertation
chapters, a retrospective study was added as an appendix, assessing the impact of sow body
weight (BW) change during gestation on sow body weight change and litter average daily gain
(ADG) during lactation. The dynamics of sow BW change during gestation and lactation
significantly influenced litter ADG. Increased BW gain in gilts during gestation led to greater
BW loss in lactation without negatively affecting litter ADG, whereas BW loss in sows during

gestation led to compensatory gain during lactation at the expense of litter ADG.
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Chapter 1 - Technologies and practices to improve feed and nutrient
utilization by pigs

Abstract

This review aims to summarize the current practices producers can use to improve feed
and nutrient utilization with a focus on providing critical information for use within future life
cycle assessments of the swine industry. Nutrient utilization by pigs can be improved by closely
meeting the nutrient requirements for maintenance, growth, and reproduction, which reduces
nutrient excretion. For example, N excretion can be reduced by 8 and 3.7% for every percentage
unit reduction in crude protein for growing pigs and lactating sows, respectively. Similarly,
reducing excess trace minerals or replacing inorganic Cu, Zn, and Mn with lower additions of
organic sources can reduce excretion by 28 to 42, 38 to 53, and 12 to 20%, respectively.
Adoption of precision feeding strategies can lower N and P excretion by at least 11%. Ingredient
selection and use of feed additives that enhance nutrient digestibility is also an important
component in improving feed efficiency and nutrient utilization. The use of exogenous
carbohydrase and protease can improve feed efficiency by 1.8%, while phytase can enhance P
digestibility by 30 to 50%. At the feed mill, feed efficiency can be improved by 1% for every
100-micron reduction in particle size and by 8% with pelleting. At the farm, management
practices such as reducing overfeeding of developing gilts and sows, increasing meal frequency,
and minimizing feed wastage can also improve feed utilization. For example, feed wastage is
estimated to represent 5 to 6% of total feed disappearance, and feeder type can reduce this by 1
to 10%. Lastly, non-nutritional strategies to improve feed efficiency should be considered,
including genetic selection, managing thermal environment, and improving herd health. Current

genetic selection results in a reduction in greenhouse gas production by 0.5 to 1.5% per year.



Likewise, compared to healthy pigs, disease challenged pigs have 6.3, 7.9, 7.4, 5.8, and 5.8%
greater climate change potential, soil and water acidification potential, eutrophication potential,
cumulative energy demand, and land application requirements, respectively. Currently, the swine
industry primarily focuses on feed and management practices that optimize growth and minimize
production cost. The challenge to future swine production will be to find emerging technologies
that further reduce environmental impacts while still optimizing performance and production

COSts.
Introduction

The recent Organization for Economic Co-operation and Development (OECD) and Food
and Agriculture Organization of the United Nations (FAO) Agricultural Outlook 2023-2032
indicated that global meat production is expected to grow by 12% over this period (341 versus
382 million metric tonnes annually) compared to 2020-2022. This is driven by the increased
demand from population growth and greater gross income in developing countries. Pork
production is expected to rise from 117 to 129 million metric tonnes per year over this period.
Pork products are an important protein source for the global population and contribute to the
global meat production environmental footprint. In pig production, feeding and its value chain
(i.e., crop cultivation, feed manufacturing, and transportation) are the main contributors to the
sector’s environmental impact (Andretta et al., 2021). Yu and Jensen (2022) summarized
measures to balance the growing global demand for pork with environmental sustainability.
Improvements in swine health, management, and survivability would help reduce the number of
animals necessary to meet the increased demand for pork, and improvements in feed efficiency
(gain per unit of feed intake), as well as handling, storage, and application of swine waste will

aid in reducing the environmental impact of pork production. Therefore, adoption of feeding and



management technologies and practices to reduce environmental impact and increase sustainable
production is necessary.

Measuring the environmental impact of an industry or production practice can occur in a
variety of forms, including assessment of carbon utilization, Greenhouse gas (GHG) emissions,
and excretion of undigested nutrients into manure, among others (Andretta et al., 2021). Each of
these addresses a specific concern based on the resulting impact on the environment. Evaluation
of swine production through the framework of Life Cycle Assessment (LCA) is becoming
increasingly popular by industry support organizations, ingredient suppliers, and food
distribution companies. In brief, an LCA evaluates and attempts to quantify the inputs and
outputs of a system for a comprehensive understanding of a particular practice or industry
segment.

In order to successfully develop a comprehensive LCA for swine production, a thorough
understanding of current and upcoming technologies and practices to improve feed and nutrient
utilization by pigs is necessary. Life Cycle Assessments are complex and often conducted by
engineers and companies outside the scope of swine nutrition and production. Therefore, it is
important to provide a review of the literature, quantifying the impacts of each nutritional and
management strategy, for integration into future LCAs. While research has been conducted in
many areas, limitations are identified to determine future research needs. Ultimately, this review
summarizes the current practices producers can use to improve feed and nutrient utilization with
a focus on providing critical information for use within future life cycle assessments of the swine

industry.



Literature Review

Review of nutrient utilization and retention

Efficiency of diet utilization is a fundamental concept to maximize productive outcomes
of pork production, while considering environmental impact. While swine are generally efficient
in utilizing nutrients in feed, there are opportunities to improve efficiency. Technologies and
practices that are currently available in swine production to optimize feed efficiency and nutrient
utilization are summarized in Table 1 and will be explored in greater depth in the following
sections of this review. Van Kempen and Van Huegten (2000) summarized the utilization of
nutrients by pigs and identified where inefficiencies exist (Figure 1). First, feed wastage occurs
when a portion of feed goes directly into the manure system because of pigs eating behavior, diet
presentation, and/or poor feeder design. Feed wastage is generally thought to be approximately
5% of the total feed disappearance (Han et al., 2001). Secondly, diet digestibility is an important
factor determining nutrient utilization (NRC, 2012). Digestibility is defined as the proportion of
nutrients that are absorbed from the gastrointestinal tract. A range of digestibility values for
nitrogen (N), calcium (Ca), phosphorus (P), and trace minerals in pigs are presented in Table 2.
Digestibility and nutrient excretion is influenced by the quality, source, and level of nutrients fed
and their interactions (Lewis and Southern, 2000). Nutrient digestibility varies immensely but
can range from 85 to 90% in a corn-soybean meal-based diet to 70 to 75% in a diet containing
high fiber by-product ingredients like dried distiller’s grains with solubles (DDGS; Gutierrez et
al., 2014). Additionally, the pig’s genetics, age, nutritional status, health status, feed processing,
and environmental factors can influence digestibility and nutrient utilization. The success of
strategies to reduce nutrient excretion depends on the accuracy of estimating the nutrient

requirements of pigs and the digestibility of feed ingredients (NRC, 2012).



Amino acid (AA) digestibility is affected by dietary factors such as the level of fat
and fiber, anti-nutritional factors, and antimicrobial inclusion. Non-dietary factors that impact
AA digestibility include level of feed intake, feed processing, pig health, and the maturity of the
digestive capacity of the pig (intestinal morphology, enzyme secretion and nutrient transport;
Rayadurg, 2005). For Ca and P, digestibility is impacted by the concentration of each nutrient,
their ratio relative to each other, vitamin D inclusion rate, and concentration of the anti-
nutritional factor phytate (Lewis and Southern, 2000; Gonzalez-Vega and Stein, 2014; She et al.,
2017). For carbon (C), excretion and environmental impact will be driven by ingredient

selection, retention efficiency, and fiber content of the diet (NRC, 2012; Yu et al., 2024).

Improving feed and nutrient utilization by optimizing diet energy and nutrient levels
Energy

Increasing or decreasing dietary energy concentration results in predictable changes in
feed efficiency. In theory, a 1% change in energy content of the diet would be expected to result
in a 1% change in feed efficiency for growing pigs. Patience (2012), however, observed that feed
efficiency responses can vary from 0.7 to 2.4% (mean 1.5%) for every 1% change in
metabolizable energy (ME) concentration of the diet. In a meta-analysis, Nitikanchana et al.
(2015) proposed equations to predict the feed efficiency response to changing dietary energy
content and found the response was influenced by whether studies maintained a constant ratio of
dietary lysine to energy content, the lysine:calorie ratio. When a change in energy is made,
dietary lysine content must be changed as well to stay in proportion to the energy content.
Nitikanchana et al. (2015) and Margal et al. (2019) observed that when dietary energy content

increased without a concomitant increase in dietary lysine, there were no changes in pig growth



performance, but when lysine and energy were maintained in the correct proportions, the
expected responses to increasing energy were observed. Other factors that influence the feed
efficiency response to dietary energy content when pigs are fed ad libitum include the accuracy
of ingredient nutrient values used in formulation, environment (highly controlled versus
commercial setting), body weight (BW), health, and adequacy of nutrients (dietary AA and
phosphorus to support lean growth).
Protein

When swine diets are formulated to meet AA requirements using intact protein sources,
such as soybean meal or other protein ingredients, there are generally excesses of most essential
and non-essential AA (NRC, 2012). Nitrogen losses through excreta include the undigested
proteins, endogenous enzyme excretion, and N lost due to inherent catabolism and metabolic
inefficiencies (Van Kempen et al., 2003). Reduction in dietary crude protein (CP) content,
compensated by crystalline AA supplementation, offers opportunities to reduce N excretion (Lu
et al., 2017). Kerr (2003) observed that total N excretion reduced by 8% for every % reduction in
CP content of the diet in growing pigs, as long as diets were balanced for essential AA. In a
review of the literature, Wang et al. (2018) summarized the effects of low protein diets on N
excretion and identified a strong linear relationship between dietary CP content and N excretion
(reduction in N excretion (%) = 7.575 x reduction in % dietary CP +2.778; R2 =0.91). This
estimate was validated by Zhao et al. (2019) and Pomar et al. (2021), who observed a 7.9 to
8.2% reduction in N excretion (g/d) for every 1% reduction in dietary CP content, when diets
were balanced for limiting AA. Thus feed grade AA can replace a portion of intact proteins to
lower N excretion; however, some intact protein is needed to meet minimum N requirements

(NRC, 2012). To determine the maximum inclusion of feed grade AA while maintaining



performance, the lysine to CP (Lys:CP) ratio in the diet must be considered. The Lys:CP ratio is
used as an indicator to ensure a sufficient supply of N is available for synthesis of non-essential
AA in low-protein and AA-fortified diets. In nursery pigs (4 to 9 weeks of age), a standardized
ileal digestible (SID) Lys:CP ratio of up to 6.35 is recommended (Millet et al., 2018). Using
NRC (2012) estimates for SID N requirements and a N to CP conversion of 6.25, calculated
maximum SID Lys:CP ratios are approximately 6.5 for nursery pigs, 6.2 for 20 to 75 kg pigs, 6.0
for 75 to 100 kg pigs, and 5.8 for pigs from 100 to 135 kg. Corresponding SID Lys:SID CP ratios
calculated from NRC (2012) requirements for the same weight ranges would be 7.7, 7.4, 7.3, and
7.1, respectively. These values can be used to ensure a minimum N or CP content of the diet is
maintained as feed grade AA are added to the diet.

Like the growing pig, a reduction of CP content of the diet (from 13.3 to 10.1%) for
gestating sows resulted in reduced N excretion in the feces and urine (23.6 versus 18.4 g/d),
without affecting reproductive performance and N efficiency (N retention as percent of N intake)
(Yang et al., 2022). When essential AA requirements are met, reducing CP of the gestating sow’s
diet (from 13.5 to 12.0 or 10.5%) had no impact on sow BW, backfat thickness, reproduction, or
litter performance (Fang et al., 2019). Additionally, decreasing CP content reduced blood urea
nitrogen (BUN), which is an indicator of protein utilization, with a low BUN level indicating
reduced AA oxidation. Similarly, feeding lower CP diets (from 16.0 to 13.2%) during lactation
reduced N excretion per day by 26% during early lactation and by 30% during peak lactation,
without impacting litter performance or sow weight change (Huber et al., 2015). This equates to
a 9.3 and 10.7% reduction in N excretion per percentage reduction in dietary CP in early and
peak lactation, respectively. In agreement, Pedersen et al. (2019) reported an improvement in the

efficiency of dietary N utilization and reduced N output in the urine without affecting lactation



performance when sows were fed low CP diets supplemented with crystalline AA (L-Lys, DL-
Met, L-Thr and L-Trp).
Fiber

Increasing fiber inclusion in swine diets is often associated with decreased digestibility
and energy content of the diets in all phases of production. The combination of two functional
properties of fiber, viscosity and fermentability, affects the digestibility of nutrients (Dikeman
and Fahey, 2006). A study by Hooda et al. (2011) showed that high-viscous, low-fermentable
fibers increase digestibility in the small intestine by reducing the digesta passage rate.

The type of fiber in the diet can also shift the route of nutrient excretion. Zervas and
Zijlstra (2002) observed that adding fermentable fiber from sugar beet pulp and soybean hulls in
a wheat- and barley-based diet shifted N excretion from urinary to fecal excretion but did not
affect total N excretion per day. Patras et al. (2012) fed growing pigs sugar beet pulp and
observed increased fecal N, reduced urine N, and improved N retention in pigs fed high fiber
(4.5%) versus low fiber (3.3%) diets, regardless of the level of protein in the diet. Similarly for
gestating sows, Yang et al. (2022) observed greater daily N output in feces, lower daily N in
urine, and increased daily N retention in multiparous sows fed a diet including inulin and
cellulose to increase the higher fiber content (15.8 vs 12.8% dietary fiber, 2.0 vs 0.6% soluble
fiber, and 13.4% vs 12.2% insoluble fiber). The shift in N excretion from urea in the urine to
bacterial protein in feces is beneficial because the breakdown of protein in manure is a slower
process, which reduces N emissions to the environment (Nahm, 2003). Thus, N excretion can be
shifted towards fecal versus urinary excretion by increasing the level of insoluble fiber and non-

starch polysaccharides (NSP) in the diet. A review by Jha and Berrocoso (2016) determined that



the ratio of total N excreted in the urine versus in feces can be estimated by the NSP content of
the diet: urine N/fecal N =178.1 x NSP-0.83 (R2 = 0.79).
Calcium and phosphorus

From an environmental perspective, the excretion of P in swine manure is an area of
heavy focus, with substantial improvements in recent decades through more accurate
understanding of P digestibility and the use of commercial phytase sources to improve
digestibility of plant-bound P. These improvements have been made by producers through
adjustments in recommendations included in NRC publications. For example, NRC (1998) only
provided one recommended level of P within both lactation and gestation. Within NRC (2012),
recommended P levels are provided across different stages of both gestation and lactation,
allowing increased precision requirement estimates. Excretion of P via feces is influenced by
endogenous P losses, digestibility of P in the diet, and obligatory P excretion, whereas P
excretion via urine is influenced by the P status of the pig (Zhai et al., 2022). Overall, P retention
increases with increasing dietary P intake until the requirement is met and then plateaus as intake
increases thereafter. The relationship between P intake (g/d) and retention (g/d) can be described
as: P retention =-0.2001 x digestible P intake2 + 2.6044 x digestible P intake — 3.269, R2 =
0.88 (Ekpe et al., 2002). Phosphorus excretion increases linearly as P intake increases because
the proportion that is retained remains relatively constant. For example, Ekpe et al. (2002)
observed a linear increase in fecal P (g/d) with increasing dietary P intake (g/d) (fecal P =0.7116
x digestible P intake +2.4592, R2 = 0.96). Conversely, urinary P increases quadratically with
digestible P intake (g/d), increasing slowly until the digestible P requirement is met and then

increases faster (urinary P (g/d) = 0.2001 x digestible P intake2 — 1.6044 X digestible P intake +



3.269, R2 = 0.97) (Ekpe et al., 2002). Similar observations have recently been described for sows
(Grez-Capdeville and Crenshaw, 2022).

Dietary Ca content also influences the digestibility of P, as it increases the pH of the
stomach and creates Ca and organic P complexes. Increasing the concentration of Ca while
maintaining the concentration of P in the diet increased daily fecal P output and decreased daily
P retention in growing pigs (Stein et al., 2011). Numerous empirical studies have evaluated the
effect of Ca and P on growth performance. Symeou et al. (2014) developed a model to predict
daily P intake, digestion, retention, and excretion. In the model, daily P excretion is separated
into soluble or insoluble forms, with the former originating from non-absorbed, non-phytate P
excreted in feces and urine, while the latter originates from undigestible phytate P excreted in the
feces. Differentiating P excretion into soluble and insoluble P is important because the former
poses a higher risk for runoff losses after field application. The use of exogenous phytase allows
for the release of phytate-bound P from its complexes in plant-based ingredients and is discussed
in a later section of this review.

Micro minerals

Microminerals are often added well above estimated requirements, either as a margin of
safety or for growth promotion purposes. In doing so, there is considerable excretion of these
minerals, primarily through feces. An industry survey by Faccin et al. (2023) indicated that
swine diets in the United States contain vitamin and trace mineral concentrations that are 2 to 10
times NRC (2012) requirement estimates across all production phases. Excess minerals are often
provided as a safety factor to assure the needs of the pig are met and there is often very little

current data to precisely determine requirements.
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Additionally, Faccin et al. (2023) found that organic or chelated Cu, Mn, Se, and Zn are
used by 40% of their survey respondents, primarily in the breeding herd and in the nursery phase.
Chelating a mineral with an organic ligand allows it to maintain its structural integrity in the
digestive tract, resulting in higher bioavailability than an inorganic form (Lu et al., 2017). Xiong
et al. (2023) replaced inorganic trace minerals (Fe, Cu, Zn, and Mn) with lower levels of organic
trace minerals and observed reductions in fecal mineral excretion (mg/kg) by 17 to 53%. In
nursery pigs, Faccin et al. (2023) reported that Zn is routinely fed at pharmacological levels with
an industry weighted average of 2,873 and 1,885 mg/kg from weaning to 7 kg and from 7 to 11
kg BW, respectively. Hansen et al. (2023) determined that feeding nursery pigs Zn at the
estimated requirement reduced total Zn excretion per pig by up to 49% compared to feeding
pharmacological concentrations. In addition to Zn, Cu is added up to 250 mg/kg in many nursery
diets (Hill et al., 2000; Shelton et al., 2011).

Carbon

Although not currently a nutrient considered in formulation, carbon is an important
component in understanding the environmental impact of swine production.Yu et al. (2024)
identified feed crop cultivation, manure management, and intestinal fermentation (responsible for
44.50, 42.19, and 6.63% of total carbon emissions, respectively) as the top contributors of C
emissions in Chinese swine production systems. Although not quantified by Yu et al. (2024) or
other notable reviews (Lammers et al., 2010; Cherubini et al.; 2015), efficiency of pig growth is
recognized as a major determinant of overall C utilization. Therefore, effects of feed formulation
and feeding management strategies will be primarily constrained by initial ingredient selection,

retention efficiencies, and the fiber content of the diet.
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For ingredient selection, understanding the C content of each feed ingredient is vital.
Although currently underutilized, the NRC (2012) provides C values for commonly used swine
feed ingredients including cereal grains, protein sources, and fats. These values were established
using the following equation: carbon content (g/kg) = (crude protein content (g/kg) x 0.53) +
(crude fat content (g/kg) x 0.76) + (starch content (g/kg) x 0.44) + (sugar content (g/kg) x 0.42)
+ (remaining organic material content (g/kg) x 0.45), which can be updated using actual
ingredient analytical values. Although fats contain the greatest amount of C, cereal grains will
typically drive the C content of the diet due to their high inclusion levels in swine feed.

After understanding the initial C inputs for the diet, C excretion can be quantified through
multiple methods. One method is through utilizing the C retention efficiency equation provided
in the NRC (2012): (whole-body protein deposition x 0.53) + (whole-body lipid deposition x
0.76). Another common method would be utilizing a prediction model estimating carbon
excretion in the feces (Jorgensen et al., 2013; Shurson et al., 2022). An important determinant of
both methods of C utilization is the efficiency of pig growth and level of performance.

As highlighted by Yu et al. (2024), methane production from intestinal fermentation is
the third largest contributor to swine C emissions. Methane production is largely driven by two
factors: pig bodyweight and dietary fiber level (Velayudhan et al., 2015). Therefore, increasing
fiber in swine diets will increase intestinal fermentation leading to increased C losses through
methane production as well as potentially reducing animal performance. Overall, balancing diet
formulation to minimize the carbon footprint will require careful consideration between animal
performance and broader measures of environmental efficiency such as transportation of feed
ingredients.

Opportunities to optimize nutrient intake by feeding management

12



Phase feeding. As BW increases in growing pigs, feed intake increases and dietary
nutrient requirements decrease as a percentage of the diet (NRC, 2012). Phase feeding is a
strategy where multiple diets are fed to a group of pigs over time based on feed budgets or
weight ranges to closely meet the pigs’ nutrient requirements (Figure 2 adapted from Menegat,
2019). Menegat et al. (2020) evaluated phase feeding strategies for grow-finish pigs (27 to 127
kg) in four studies and concluded that phase feeding strategies provide performance advantages
over feeding a single diet. Lee et al. (2000) compared feeding a single diet versus 2-, 3-, and 4-
phase diet regimens and observed no differences in growth performance but noted a reduction in
daily N and P excretion by 12 and 3%, respectively, for the phase fed pigs compared to those fed
a single diet. While no differences in feed efficiency were observed in these studies, there is
evidence that increasing the number of phases and decreasing dietary protein level of the diets
with age reduces N excretion over the growing period. Similarly, increasing the number of
dietary phases to match the pig’s requirements with age can reduce excretion of P and trace
minerals because the requirements are met more closely. Thus, frequent adjustment of diets (i.e.,
shorter or more phases) can meet the nutrient needs of pigs more effectively and thus reduce
nutrient excretion (Lewis and Southern, 2000).

Precision feeding. While phase feeding is a common practice for growing pigs being fed
ad libitum, ultimately there is still under-feeding of nutrients during the first portion of the phase
and over-feeding of nutrients during the latter half of a phase. Curve or blend feeding strategies
offer the opportunity to match daily requirements of the pig (or group of pigs) by blending two
basal diets at calculated proportions. This strategy is becoming more feasible with technological

advances in automatic feeding systems.
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Studies on precision feeding in commercial production have been applied to groups of
growing pigs because technologies to feed individual pigs their specific requirement in
commercial settings are not currently available. However, precision feeding of individual pigs in
a group setting has shown promise in research settings. Adretta et al. (2014, 2016) showed that
daily blending of diets allows for a reduction in daily N and P excretion by more than 20 and
25%, respectively. Pomar et al. (2014) evaluated the impact of daily multiphase feeding versus
3-phase feeding in grow-finish pigs (25 to 105 kg) and observed no difference in average daily
gain (ADG), average daily feed intake (ADFI), and feed efficiency. However, during the entire
growing period, pigs in daily multiphase feeding consumed less N, resulting in a 11% reduction
in total N excretion per pig compared to 3-phase feeding. Additionally, with similar N-retention,
the efficiency of N utilization in daily multiphase feeding was improved by 37 to 40%.
Phosphorus intake and excretion were also lower in the daily multiphase feeding, but this
difference was less significant than for N (Pomar et al., 2014). In congruent studies, Frobose et
al. (2014) compared diet blending with 4- or 5-phase feeding in finishing pigs (35 to 130 kg) and
observed numerical reductions in overall ADG but a 1% improvement in overall feed efficiency
with the diet blending strategy. In a more recent experiment, diet blending resulted in a 2.2%
improvement in feed efficiency in 23 to 127 kg pigs compared to 5-phase feeding, driven by a
2.3% reduction in ADFI (Navales et al., 2023).

Traditionally, pregnant sows are fed a single diet during gestation. In contrast to growing
pigs, where precision feeding is applied to a group of pigs, electronic sow feeders allow diets to
be blended to meet the requirements of individual sows. Differences in AA requirements and
efficiency of AA use during different stages of gestation indicate opportunities for multi-phase or

precision feeding to improve nutrient utilization in sows and thus reduce nutrient excretion
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(Navales et al., 2019). Gaillard et al. (2020b) modeled individual precision feeding of gestating
sows based on blending two gestation diets and reported 11 and 13.8% reductions in total N and
P excretion per sow, respectively, over the gestation period, compared to feeding a single diet
throughout gestation.

Spinler et al. (2023) evaluated precision feeding for lactating sows. Sows were either fed
ad libitum a high Lys diet (1.10% SID Lys) throughout lactation or a blend of a low and high Lys
diet to target a specific Lys requirement based on NRC (2012) models that incorporate sow BW,
litter size, and day of lactation. Daily N excretion by the sow was reduced by 57% with diet
blending compared to a constant high Lys diet, without reducing litter performance. The
reduction in N excretion increased to 61% when diet blending was adjusted based on actual feed
intake every 2 days. Gauthier et al. (2022) evaluated a similar precision feeding strategy for
lactating sows and suggested that daily N and P excretion could be decreased by 28 and 42%,
respectively.

Split sex feeding and Immunocastration. Feeding barrows and gilts separately can
reduce nutrient excretion and improve feed efficiency (Lewis and Southern, 2000) because
barrows consume more feed and grow faster than gilts, while gilts are more efficient and leaner
than barrows. These differences in feed intake and performance warrant greater nutrient density
for gilts than barrows. Feeding barrows and gilts separately allows each sex to be fed more
closely to their nutritional requirements, which should reduce nutrient excretion (Han et al.,
2001). Interestingly, research is not available to validate the reductions in nutrient excretion that
have been hypothesized by split sex feeding.

Immunocastration is a management practice where intact male pigs are raised for most of

the growing period, but they are given a two-dose regimen to produce antibodies against GnRH,
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at 8 and 4 weeks before marketing. After the second dose, testicular function is suppressed, with
the aim to reduce the incidence of boar taint (Wang et al., 2023). It is well documented that intact
males have greater lean growth compared to castrated males during the same growth period up to
the second vaccine dose (Millet et al., 2011). However, after the second dose, immunocastrated
males have poorer feed efficiency then castrated males (Asmus et al., 2014). The net effect of
immocastration is 14 to 19% less N and 14 to 24% less P excretion per kg of lean meat gain
compared to physically castrated barrows (Van Den Broeke et al., 2022).

De Cuyper et al. (2024) evaluated the impact of slaughter weight and gender on the C
footprint and observed a higher C footprint for barrows than for gilts and immunocastrates. The
higher C footprint in barrows was attributed to their high feed intake but lower capacity to gain
muscle. Additionally, barrows have lower N efficiency and a higher N excretion per kg of gain
compared to gilts and immunocastrates (Van Den Broeke et al., 2017).

Limit feeding. Historically, growing and finishing pigs are provided feed ad libitum.
However, it has been observed that feeding pigs to 85% of ad libitum intake improves feed
efficiency by 5% as a result of reduced fat deposition, without changing protein accretion and
ADG (Haydon et al., 1989). In that study, further restriction to 70% of ad libitum intake resulted
in poorer feed efficiency. Part of the benefit in feed efficiency from limit feeding may be the
result of reduced feed wastage (Patience et al., 2015). However, data reviewed by Patience et al.
(2015) suggests that the benefit of restricted feeding on feed efficiency is less evident with
today’s genetics than in the past. Pigs with modern genetics deposit less fat and, as a result, limit
feeding reduces ADG for these pigs, which increases days to market. This makes limit feeding
less beneficial with modern genetics than in the past.

Future research needs
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Continued research is needed to determine the minimum levels of nutrients that can be
provided without compromising pig performance and wellbeing, particularly with trace mineral
requirements. Research is also needed to develop strategies to reduce the dependence on
pharmacological levels of Zn and Cu for diarrhea control and growth promotion, in order to
reduce their excretion. The minimum N requirement or SID Lys:CP ratio for different stages of
production can be estimated from NRC (2012) requirements but research is needed to validate
these estimates. Methods to measure fiber components and predict their impact on the shift of
nutrients from urinary to fecal excretion are needed. Technology for cost-effective and
employee-friendly precision feeding of groups and individual pigs needs to be further developed
and more widely adopted. The impact of increasing the number of diets needed for phase feeding
on feed mill throughput, logistics, and transportation should be evaluated to assess its overall
environmental impact. Also, additional research is needed to document the influence of split-sex

feeding on nutrient excretion.

Improving feed and nutrient utilization through diet formulation
Ingredient selection

Selection of feed ingredients has direct and indirect influences on the environmental
footprint of pork production. Using ingredients that are high in digestibility reduces excretion.
For example, AA in soybean meal is more digestible than AA in other protein sources, such as
canola meal or sunflower meal (NRC, 2012). As discussed previously, replacing intact protein
sources, such as soybean meal, with feed-grade AA reduces N excretion. Similarly, use of
mineral sources with higher digestibility and bioavailability reduces excretion of the nutrients

that they provide. Interestingly, production of crystalline AA is an energy-intensive process and
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has the largest greenhouse gas emission footprint per kg of ingredient compared to soybean
meal, corn, and DDGS (Figure 3, Benavides et al., 2020). However, their overall contribution to
pork production emissions is small because of their low inclusion rate in the diet versus corn and
soybean meal.

When evaluating the production of different cereal grains, corn requires more energy,
produces more greenhouse gasses, and uses more land and water than wheat (Kumar et al.,
2021). However, when corn is grown locally, its environmental impact can be less than that of
other cereal grains because of a reduction in transportation. Similarly, when comparing various
protein ingredients, Van Zanten et al. (2015) assessed the environmental impact of replacing
15% soybean meal with 23% rapeseed meal in finishing pigs in Europe using a LCA that
included feed production, manure management, pig production, enteric fermentation, and
housing. With rapeseed meal, global warming potential (expressed as kg CO2- eq/’kg BW) was
reduced by less than 1%, energy use by 0.4 to 2.3%, and land use by 8.6 to 12.5%. The
assessment of Van Zanten et al. (2015) did not account for the difference in the environmental
impact due to transportation of locally grown and imported commodities. Thus, interpretation of
studies on alternative grain and protein sources must be used with caution. The environmental
and economic cost of transporting ingredients to the farm or feed processing plant must be
considered.

Alternative ingredients, such as bakery meal, DDGS, and other byproducts, are
increasingly used in swine diets, as prices of traditional cereal grains and protein meals
frequently fluctuate. Besides the economic benefit, the use of alternative ingredients can have
positive environmental impact. Mackenzie et al. (2016) found that dietary inclusion of 8.7%

bakery meal, 5.5% meat meal, or 29.1% wheat shorts reduced non-renewable resource use, non-
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renewable energy use, and global warming potential per kg carcass weight. However, results on
the impact of dietary inclusion of DDGS are not consistent, with Mackenzie et al. (2016)
reporting that DDGS use increased non-renewable resource and energy use and global warming
potential, whereas Haque et al. (2022) found a reduction in global warming potential with DDGS
use. Haque et al. (2022) only considered feed production, while Mackenzie et al. (2016)
considered feed production, herd performance, and manure production. Similarly, Kpogo et al.
(2021) evaluated the environmental impact of using wheat millrun in growing pigs. Inclusion of
wheat millrun to up to 30% did not impact GHG emissions from growing pigs, but reduced feed
efficiency by 5.1%, and N and P digestibility by 3.4 and 21.8%, respectively

In the past, sources of highly digestible feedstuffs were developed by plant breeders
through genetic modification. Products such as low-phytate corn, nutrient-dense corn, and low
oligosaccharide soybean meal have shown potential in reducing nutrient excretion (Spencer et
al., 2000; Brumm, 2003; Baker et al., 2014; Pangeni et al., 2017) but have not been adopted by
crop and swine farmers because of reductions in yield per acre or difficulty of maintaining
identity through the production chain, which is required to capture the value of these more
expensive cropping options.
Use of feed additives

Supplementation with feed additives can also reduce nutrient excretion. Rao et al. (2023)
summarized the effects of various feed additives on finishing pig growth performance and
reported positive effects on feed efficiency (>2.5% improvement) from supplementation with
acidifiers, betaine, conjugated linoleic acid (CLA), multi-enzymes, direct-fed microbials (DFM),
L-carnitine, and yeast (Table 3). Some of the most tested feed additives that have been observed

to reduce nutrient excretion are enzymes. Specifically, carbohydrases break down indigestible
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NSP’s, and B-glucanase and xylanase improve utilization of, respectively, barley and barley by-
products and of wheat and wheat by-products in swine diets (Omogbenigun et al., 2004;
Newbold and Hillman, 2011; NRC, 2012). In contrast, the impact of exogenous carbohydrases
on nutrient digestibility of corn-soybean meal-based diets is not clear. Based on the 84
comparisons summarized by Rao et al. (2023), adding carbohydrases in grow-finish pig diets
improved feed efficiency by on average 1.7%, but with a reported range of -9.3 to 14.8%. The
improvement in feed efficiency from inclusion of carbohydrases is driven by an improvement in
nutrient digestibility (Han et al., 2001; Gaillard et al., 2020). Based on 22 comparisons, proteases
have also been found to improve the digestibility of amino acids, resulting in an average
improvement in feed efficiency of 1.8%, ranging from -4.3 to 15.1% (Rao et al., 2023).

Adding microbial phytase to swine diets is used to release the P bound in phytate, which
reduces the use of inorganic P in the diet and decreases P excretion. A review of literature by
Dersjant-Li et al. (2015) showed that, based on bone ash and performance outcomes, adding
phytase can replace 0.05 to 0.16% inorganic P at a dose range of 500 to 1,000 FTU/kg of feed.
Many evaluations have been performed using a variety of phytase sources and doses to predict
the effect of phytase on P digestibility. One such example was adapted from Kornegay et al.
(1997) and cited by Lewis and Southern (2000) as: P digestibility = 54.86 x (1-0.4908e-0.00263
x Phytase unit, FTU/kg) (R2 = 0.47). The use of non-linear responses to describe the
improvement in P digestibility and availability is common in these studies, with a greater
increase in P release at low phytase doses, but the response levels off with minimal further
improvements in P release at high doses. Symeou et al. (2014) modeled P digestibility, retention,
and excretion from added dietary phytase and, similar to Lewis and Southern (2000), the

responses were curvilinear, with P digestibility and retention reaching a maximum at ~2,500 and
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~1,000 FTU/kg feed, respectively. Supplementation beyond 1,000 FTU/kg increased P excretion
in urine, as the improvement in P digestibility provided greater levels than metabolic needs.
Besides reducing P excretion, adding phytase also improves utilization of Ca, Mg, Cu, Zn, and
Fe, as evident from a reduction of their content in feces and urine, with a dose of 1,000 FTU/kg
diet as the most effective level of supplementation (Czech et al., 2022). Phytase also improves
the digestibility of AA by 1 to 2%, depending on the AA and the dose of phytase (Zouaoui et al.,
2018).

Compared to enzymes that directly reduce nutrient excretion by improving nutrient
digestibility, other feed additives contribute to reducing nutrient waste by indirect improvements
in feed efficiency. Diet acidification inhibits the growth of acid-sensitive bacteria and promotes
the secretion and activity of digestive enzymes, resulting in improved protein and mineral
digestibility. Some acids (ex. benzoic acid) can reduce ammonia volatilization and emissions by
lowering the pH of the slurry (Eriksen et al., 2010). Adding direct fed microbials, or probiotics,
allows for a more balanced intestinal microbial composition that may improve nutrient
digestibility. Similarly, yeast, specifically yeast cell wall extracts, have prebiotic effects that
improve immune response and gastrointestinal health (Baek et al., 2024). In contrast,
improvements in feed efficiency from feed additives such as betaine, CLA, and L-carnitine can
be attributed to their role in energy and lipid metabolism (Rao et al., 2023).

Ractopamine hydrochloride belongs to a class of compounds that are considered p-
adrenergic receptor agonists (NRC, 2012). Ractopamine is a feed additive that has been shown to
improve ADG by ~12% and feed efficiency by 10 to 13%, depending on its concentration in the
diet (Apple et al., 2007). In finishing pigs (100 to 125 kg), Coble (2010) observed that

ractopamine fed pigs had greater daily excretion of DM, N, and P because they required diets
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with higher nutrient density to support the increased growth and lean tissue deposition compared
to pigs not fed ractopamine. Despite this, total DM, N, and P excretion over the growing period
were reduced by 16, 11, and 9%, respectively, because the ractopamine fed pigs required fewer
days to achieve the same target market weight compared to the control pigs.

Ionophores are non-medically important antibiotics and can be fed to increase BW gain
and improve feed efficiency of grow-finish pigs. lonophores increase energy availability by
altering volatile fatty acid production in the hindgut, in favor of propionate production. In a
meta-analysis, Becker et al. (2023) reported that growing and finishing pigs fed diets with
narasin, a type of ionophore, had a 0.7 to 1.1% improvement in feed efficiency and a 1 to 3%
increase in ADG.

Depending on label indications, in-feed antimicrobials can be used for control or treatment of
clinical disease, or in some select situations for growth promotion. Summarizing literature from
the 1970’s and 1980’s, Cromwell (2002) indicated that feed-grade antibiotics improve nursery
ADG and feed efficiency by 16.4 and 6.9%, respectively, and finishing ADG and feed efficiency
by 4.2 and 2.2%, respectively. In the 70’s and 80’s, swine were raised in continuous-flow
facilities, with multiple age groups housed together. Since then, swine production and
management practices have changed dramatically and, today, different age groups of pigs are
raised in segregated, multiple site production. Dritz et al. (2002) reported that these changes in
production systems to mitigate bacterial disease load has reduced responses to in-feed antibiotics
over time, with only a 5% increase in ADG in nursery phase and no response in the finishing
phase. Feed efficiency was not affected in either stage of production by feeding growth
promotion levels of in-feed antibiotics. Therefore, because of changes in modern swine health

management and rearing practices, improvements in feed efficiency from growth promoting
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levels of in-feed antibiotics should not be anticipated. Any improvement in feed efficiency from
the use of therapeutic antibiotics would be indirect, through the influence of the antibiotic on
mortality.
Research needs

Further qualification of major ingredient alternatives, including byproducts, is needed to
determine if they are more environmentally sustainable than traditional feed ingredients when
included in swine diets. In addition to finding ingredient alternatives, understanding the
variability in commonly used feed ingredients is also important. Further evaluations of the
quality and consistency of frequently used ingredients would continue to allow more precise diet
formulation. The cost of transportation of non-locally produced ingredients would also need to
be considered. More information is needed on the influence of feed ingredients or additives on
volatilization of N in manure. Feed additives can either directly or indirectly reduce nutrient
excretion by improving nutrient utilization. However, additional research to measure their
efficacy and potential interaction effects on environmental impacts when used in combination
with each other is needed. Multi-objective diet formulation must be validated with feeding trials

and assessed for both economic and environmental impacts.

Improving feed and nutrient utilization by pigs by feed processing
Grinding and particle size

Particle size reduction of feed ingredients increases the surface area of grain particles,
which allows for greater interaction with digestive enzymes, leading to increased DM
digestibility and improved feed efficiency (Han et al., 2001). Improvements in digestibility and

feed efficiency from particle size reduction have been observed in corn-, sorghum-, barley-, and
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wheat-based diets (Vukmirovi¢ et al., 2017). Rojas and Stein (2015) reduced particle size of
ground corn from 865 to 339 um, which increased apparent ileal digestibility of gross energy by
11% and of starch by 7%. Standardized ileal digestibility of protein and standardized total tract
digestibility of P were not influenced by particle size reduction. For feed efficiency, every 100
pum reduction in particle size results in approximately 1% improvement in feed efficiency due to
the improved digestibility (Menegat et al., 2019).

The response in feed efficiency from particle size reduction is influenced by phase of
production and diet form. In finishing pigs fed meal diets, the improvement in feed efficiency
with reducing particle size appeared to be linear down to 300 um (De Jong et al., 2012).
However, in nursery and finishing pigs fed pelleted diets, the ideal particle size appears to be 500
to 600 pm, with no further improvement in feed efficiency with more finely ground feed (De
Jong et al., 2013; Kippert et al., 2021). Grinding feed too finely in meal-based nursery diets does
not improve feed efficiency because of a decrease in ADFI (Gebhardt et al., 2018).

Pelleting

Pelleting is the process of converting finely ground mash feed into dense, free flowing
pellets or capsules (Farahat, 2015). Feeding pelleted diets to growing pigs improves ADG and
feed efficiency because of less feed wastage and greater nutrient digestibility (Menegat et al.,
2019; (Lancheros et al., 2020). Pelleting has been shown to improve feed efficiency by up to 8%,
with a large portion of this improvement resulting from less feed wastage (Van Kempen and Van
Huegten, 2000). In a review of over 20 publications, Lancheros et al. (2020) reported that the
improvement in feed efficiency with pelleted diets was greater for nursery pigs (9.8%) than for
finishing pigs (5.8%). The increase in digestibility of gross energy in grains from pelleting is due

to the gelatinization of starch with heat and steam that is applied during the pelleting process.

24



The improvement in gross energy digestibility has been demonstrated in corn, DDGS, sorghum,
barley, wheat, and soybean meal, with an overall average improvement in apparent total tract
digestibility of 3.2%, but with some variation (multiple sources, as cited by Lancheros et al.,
2020). Pelleting improved digestibility across diets with different cereal grains by on average
1.1% in nursery pigs and by 2.4% in growing pigs (Danel, 2017). However, it appears that
pelleting results in a slightly greater improvement in energy digestibility with high fiber cereal
grains (barley), than with wheat- or corn-based diets (Danel, 2017). Pelleting also improves
protein digestibility by denaturing proteins and inactivating enzyme inhibitors, when present in
the diet, increasing the opportunity for digestive enzyme exposure (Dunmire and Paulk, 2021).

The benefit of pelleting is influenced by pellet quality (Vukmirovi¢ et al., 2017). High
quality pellets (minimal accumulation of fines in the feeder) led to less feed wastage and
improved feed efficiency. A 10% increase in the amount of fines is estimated to reduce feed
efficiency by 1% (Menegat et al., 2019). Thus, if a diet with 20% fines improves feed efficiency
by 6%, an increase to 50% fines is expected to reduce the feed efficiency response from pelleting
to 3%. The effect of pelleting on feed efficiency can also depend on feeder type. O’Meara et al.
(2020) observed an improvement in feed efficiency for pigs fed pelleted diets when feed was
offered with a dry or wet/dry feeder but not when offered in a liquid diet.
Extrusion

Extrusion of feed ingredients is a thermo-mechanical treatment by which moistened and
expansible starch and/or protein-rich materials are plasticized and cooked in a tube by a
combination of moisture, pressure, temperature, and mechanical shear (Miladinovic and
Zimonja, 2010). Like pelleting, extrusion processing improves digestibility and feed efficiency in

pigs. Extrusion can improve digestibility of gross energy and of starch of corn, wheat, and
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DDGS, as well as the digestibility of amino acids in corn, soybean meal, and field peas
(Lancheros et al., 2020). A review of the literature indicated an 11% improvement in feed
efficiency in growing pigs when fed extruded diets and a numerical improvement (4.4%) in feed
efficiency for nursery pigs [multiple resources as cited by Lancheros et al. (2020)].
Fermentation and enzyme or chemical treatment of ingredients

A meta-analysis by Xu et al. (2020) suggests that fermentation of feed ingredients can
improve ADG and feed efficiency of nursery and growing pigs, with dietary inclusion of
fermented feed ingredients improving feed efficiency by 4.5% . Similarly, replacing soybean
meal with enzyme-treated and fermented soybean meal improved feed efficiency and
digestibility of protein and gross energy (Ma et al., 2019; Muniyappan et al., 2023). Chemical
treatment of ingredients, including the use of sodium hydroxide, ammonia, calcium oxide, or
calcium hydroxide, can also improve the nutrient value of feed ingredients (Rojas and Stein,
2017). However, unlike in ruminants, where the efficacy of using chemically treated ingredients
has been demonstrated in a number of studies [multiple sources as cited by Rojas and Stein
(2017)], data for non-ruminants is lacking.
Combined feed treatment effects

It is important to note that the impacts of feed processing methods on feed efficiency and
nutrient digestibility are not always additive. Rojas et al. (2016) observed that, compared to
meal-based diets, the apparent ileal digestibility of starch is improved by pelleting and by
extrusion, as well as by their combination. However, the effect of the combination of the two
heat processing methods was not additive, likely because pelleting or extrusion each increase
starch digestibility to nearly 100% and, therefore, the combination of the two can offer little

further improvement. In addition, fine particle size and heat processing (pelleting and extrusion)
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can increase the incidence of stomach ulcers in pigs, leading to reduced efficiency and increased
mortality. This increase in mortality is exacerbated when coupled with out-of-feed events caused
by poor feeder or feed bin management. Reduced ADFI resulting from a disease challenge can
also increase the incidence of gastric ulcers. The incidence of gastric ulcers appears to have a
genetic pre-disposition, as some lines are more prone to their development than others (Gottardo
et al., 2017). The effects on pig mortality must be considered when making feed processing
decisions.
Energy cost of feed processing

The feed processing methods previously discussed are known to enhance nutrient
digestibility and feed efficiency, which decreases nutrient excretion. However, these processing
methods require greater thermal, mechanical, and electrical costs. Depending on the formulation,
feed processing requires approximately 40 to 60 kWh/ton of feed in energy costs. Pelleting and
milling share the highest energy consumption, at 40 and 26%, respectively (Figure 4, adapted
from Redecker and Thoben, 2013). Finely grinding feed increases electrical energy consumption
and decreases feed mill throughput (Vukmirovi¢ et al., 2017; Gebhardt et al., 2018). It is
important to find a balance between the benefits of feed processing on feed efficiency and
nutrient utilization and the direct environmental impacts of energy consumption through feed
milling and processing.
Research needs

The basic processes of particle size reduction and pelleting have not changed over the
years. The swine industry would benefit from new methods of feed processing, such as
combinations of grinders or sieving of ground grains that could reduce particle size while

minimizing the percentage of fine particles. Improving the pelleting process to minimize fines
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present at the feeder would improve the response in animal performance from pelleting. The
benefits of the different processing methods on feed efficiency need to be further evaluated,
especially when used in combination. Further optimization of feed mill flows and reduction in
energy use during feed processing would also lower the carbon footprint of feed production.
Improvements in automation of near infrared spectroscopy (NIR) or other technology in feed
mills are needed to provide rapid feedback to optimize diets and reduce variability during
production. Van Der Poel et al. (2020) provides additional perspectives on future needs for
animal feed technology that highlights the importance of further understanding of the structures
and functional properties of feed components and their changes with different primary and
secondary processing, the use of big data to model specific aspects of feed manufacturing, and
the necessity of collaboration between data scientists, machine experts, feed technologists, and

nutritionists for feed processing optimization.

Improving feed efficiency and nutrient utilization by feeding management
Improving whole herd efficiency by management decisions in the breeding herd

Providing more feed than required to meet production goals results in unnecessary
nutrient usage. For example, the amount of feed consumed for gilt development can be reduced
by breeding gilts at the proper BW and age. For gestating sows, providing excess feed will
increase backfat thickness at farrowing and reduce milk production. Many producers have
traditionally increased feed allowance by 0.50 to 1.2 kg/d approximately 20 days before
farrowing to increase piglet birth weight. However, recent research has shown little to no benefit

of this practice (Goncalves et al., 2016; Almeida et al., 2017; Gianluppi et al., 2020). Thus,
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unless sows are in low body condition, increasing feed allowance before farrowing should be
avoided to reduce feed use and the sow herd’s environmental footprint.

For lactating sows, ad libitum consumption is recommended. However, in some
instances, sows may have the capability to consume more feed than required for milk production,
typically when sows have long lactation lengths (>23 days) or are nursing small litters. In these
cases, a maximum feed intake threshold should be implemented in order to limit feed wastage,
weight gain, and fat deposition by the sow.

During the wean-to-service interval, some producers provide ad libitum access to a
nutrient-dense lactation diet. Research suggests that sows do not need more than 2.7 kg of
gestation feed during this period (Graham et al., 2015; Gianluppi et al., 2020). Although a short
period (4 to 7 days), decreasing feed allowance and switching from the lactation to gestation diet
after weaning would reduce feed wastage and N excretion, but the actual savings need further
quantification.

Meal size and feeding frequency

On average, growing pigs eat 8 to 11 meals per day, whereas lactating sows and group-
housed gestating sows eat on average 8.7 and 1.2 meals per day, respectively (Chassé et al.,
2021). The feeding behavior of pigs and sows depends on several nutritional and non-nutritional
factors but impacts digestibility and excretion of nutrients.

The impact of meal size on digestibility is mainly because of gastrointestinal transit.
Consumption of a large meal results in intestine distension, which causes contractions that move
the meal forward through the gastrointestinal tract. Retention time is reduced, and this can
decrease nutrient digestibility due to less contact time with digestive enzymes, nutrient

absorption zones, and microbiota responsible for fermentation (Chassé et al., 2021). On the other
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hand, providing small, more frequent meals can increase nutrient digestibility as a result of the
continuous flow of digesta, which increases the production of digestive enzymes such as
amylase, trypsin, and chymotrypsin. Additionally, gastric and intestinal motility is reduced with
a limited number of meals per day. Jia et al. (2021) observed a 4.8 to 6.7% improvement in feed
efficiency and an 18% improvement in apparent total tract digestibility of CP in growing pigs fed
3 or 5 times per day compared to those fed the same amount of feed in a single meal. Chassé et
al. (2023) showed that a more continuous flow of digesta stabilized blood glucose concentrations
and increased digestibility of DM, gross energy, and CP in pigs fed multiple meals versus those
fed a single meal. Moreover, Schneider et al., (2011) observed a ~10% improvement in feed
efficiency of growing pigs fed 6 versus 2 times per day and determined that this improvement
was not associated with increased feed wastage but likely driven by improved digestibility.
Minimizing feed wastage by feeder management

Reducing feed waste can be a meaningful step to reduce nutrients in manure and improve
feed efficiency. Poor feeder design and presentation of the feed can lead to wastage, often
estimated to be 5 to 6% of total feed intake (Han et al., 2001). Skerman and Willis (2016)
conducted a simulation experiment to determine the effect of 0, 4.2, 9.4 and 15.2% feed wastage
on ammonia N and total N in pig manure and, as expected, ammonium N and total Kjeldahl N in
manure increased as feed wastage increased. However, the response appeared to be curvilinear,
as the increase in ammonium N and total Kjeldahl N in pig manure was greater when feed
wastage increased from 0 to 4.2% compared to from 4.2 to 9.4 and from 9.4 to 15.2%.

Feed wastage is also influenced by diet presentation. Mash feed clings to the pigs’ chin
and nose, in an amount that has been determined to be 1.5 grams each time pigs leave the feeder

(Gonyou et al., 1998). Further, rooting behavior of pigs can lead to 3.4% feed wastage in poorly
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designed feeders (Van Kempen and Van Huegten, 2000). Comparisons among different feeder
types are limited due to difficulty in developing trials to evaluate the impact of feeder type on
feed efficiency and wastage. Taylor and Curtis (1989) found that feed wastage ranged from 1.7
to 11% across 11 nursery feeder types. Trials comparing dry and wet-dry feeders consistently
show no impact on feed efficiency, although wet-dry feeders result in increased ADFI and ADG
(Gonyou and Lou, 2000; Bergstrom et al., 2012; Nitikanchana et al., 2012).

The amount of feed in the feed pan has a major impact on the amount of wastage that can
occur. The target feed pan coverage (i.e., the percentage of the feeder pan that is covered by
feed) is 40 to 50%, with no feed accumulating in the corners of dry feeders (Tokach et al., 2012).
More specifically, pigs from ~40 to 70 kg need approximately 60% pan coverage, whereas pigs
greater than 70 kg should have approximately 30% pan coverage to optimize growth and reduce
feed wastage (Myers et al., 2012). For wet-dry feeders, it appears that decreasing the feeder
opening (and the amount of feed in the pan) as the pig grows can improve feed efficiency
(Bergstrom et al., 2012).

In addition to feed wastage, water wastage is also an important consideration due to the
cost of manure transportation and application. Bumm et al. (2000) determined that the use of cup
drinkers instead of swing nipple drinkers can reduce water usage by 25% and manure volume by
22%. Vande Pol et al. (2022) observed 17% less water disappearance in nursery pigs using cup
drinkers compared to nipple drinkers, with no observed difference in growth performance. Wet-
dry feeders also reduced water disappearance by 25% when compared to dry feeders (Bumm et
al., 2000).

Liquid feeding
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Liquid feeding involves the use of a diet prepared either from a mixture of liquid food
industry residues and conventional dry food, or from dry raw materials mixed with water
(Brooks et al., 2001). A liquid diet typically contains 20 to 30% dry matter. In growing pigs,
liquid feeding improved growth rate by 3 to 8% and feed efficiency by 0 to 10%. depending on
the experiment and diet formulation (De Lange and Zhu, 2012). Liquid feeding also provides
benefits to the environment through utilization of co-products from the human food industry.
Endogenous phytase can also be activated by fermenting ingredients used in liquid feeding or by
direct addition of exogenous enzymes, which can reduce N and P excretion (Brooks et al., 2001).
Research needs

Feeding management plays an important role in reducing nutrient excretion by pigs. The
impact of feeding programs for gilts and sows on whole herd feed usage needs more research
because they account for considerable feed usage in a pork production system. There is also a
need for research on alternative feeding systems that allow for new approaches to meal
frequency and size, as opposed to the ad libitum access to feed and water that is utilized today.
The impact of on-farm feed wastage, along with means to reduce feed (nutrient) losses during
feed mill storage, processing, and delivery should be assessed also. Very limited research has
explored feeder design for nursery and grow-finish pigs. The feeder is the critical point of
interaction between the pig and feed consumption, so improvements in feeder design are
expected to benefit feed and nutrient utilization and, thereby, reduce environmental impacts of

pork production.

Non-nutritional factors that influence feed efficiency and nutrient utilization by pigs

Genetics
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Genetics can directly influence feed efficiency and nutrient utilization through differences
in productivity. Current genetic selection results in a reduction in greenhouse gas production by
0.5 to 1.5% per year (Dekkers, 2024). Genetic lines with greater rates of protein accretion and
ratios of protein to fat accretion have greater feed efficiency than fatter genetic lines because of
the lower energetic cost to deposit lean relative to fat tissue. Similarly, sows selected for larger
litter size have lower feed requirements per piglet weaned because the feed required for
maintaining the sow is spread over more piglets. Thus, pigs from different genetic lines have
distinct nutrient requirements and recommended feeding programs, and, thus, a tailored approach
offers opportunity to optimize pig performance and improve feed and nutrient utilization
efficiency. Dekkers (2024) provides an in-depth review of opportunities to further reduce the
environmental impact of pork production through genetics.

Environmental temperature

Pigs are homeotherms and must maintain a constant body temperature across a relatively
wide range of ambient temperatures by balancing heat loss and production. If the temperature
drops below the pig’s low critical temperature, feed intake is expected to increase by 1.5% per
°C and feed efficiency becomes poorer (NRC, 2012). The lower critical temperature of pigs is
estimated to be about 23 to 24°C at 25 kg BW and about 15°C at 100 kg BW (Renaudeau et al.
2012). These temperatures assume that the pigs are healthy, flooring is dry, and there are no
drafts. The lower critical temperature is estimated to increase by 2 to 3°C if the pigs are in a
damp or drafty environment. Conversely, thermal heat stress will decrease feed intake of
growing and finishing pigs by 1 and 2%, respectively, for every degree above the upper critical
temperature. The upper critical temperature is generally 9 to 11°C above the lower critical

temperature for grow-finish pigs (Renaudeau et al., 2012).
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Campos et al. (2014) evaluated the effects of ambient temperature (24 versus 30°C) on
energy and N utilization in pigs challenged with lipopolysaccharide (LPS). They concluded that
high ambient temperature reduces feed intake, growth performance, and heat production. The
reduction in heat production is associated with a depression in feed intake. No differences in
DM, organic matter, and energy digestibility were observed, but a tendency for higher N
digestibility (86.1 versus 88.0%) with high ambient temperature was observed, driven by lower
feed intake. In other studies, heat stress had no effect on the digestibility of protein, DM, fiber,
Ca, P, Na, Se, and Zn, indicating that the greatest impact of heat stress is on feed intake and not
digestibility (Ortega et al., 2022; 2023). An elevated temperature also causes blood flow to be
diverted from viscera to peripheral tissues as the body attempts to dissipate heat (Lambert et al.
2002). This physiological response results in intestinal hypoxia that may contribute to gross
morphological changes in the enterocytes, resulting in leaky gut, and thus may affect nutrient
digestion and absorption.

In pregnant sows, Gaillard et al. (2021) summarized that the lower critical temperature is
lower for heavier sows than for lighter sows. Similarly, the lower critical temperature is lower
for fat sows than for thin sows and decreases with increasing feeding levels. A thin sow
weighing 140 kg should consume an additional 59 g of feed per day for every 1°C below the
lower critical temperature, while a fat sow of the same BW only needs an additional 34 g of feed
per day for every 1°C of below the lower critical temperature. On the other hand, heavier and
fatter sows are more sensitive to heat stress and therefore have a lower upper critical temperature
compared to lighter and thinner sows. These results underline the need to individually adjust feed
allowances based on environmental temperature. In practice, cold barn temperatures will

increase feed usage per sow per year (Gaillard et al., 2021). For example, a gestating sow housed
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5°C below the low critical temperature and weighing 200 kg would require an additional 90 kg
of feed per year for thermoregulation.
Health status

A disease challenge is often associated with reduced feed intake and growth rate. Low
feed intake and high maintenance requirements due to immune system activation divert nutrient
allocation away from growth. Using intramuscular injections of LPS as a model for a disease
challenge, Rakhshandeh et al. (2012) observed that apparent ileal and fecal digestibility of
protein were reduced by 9.2 and 3.1%, respectively, by immune system activation. It was
suggested that immune system activation increased gut endogenous nutrient losses (mucin
secretion) and reduced intestinal absorptive capacity as a result of compromised intestinal
integrity. Schweer et al. (2016) showed that infection with a porcine reproductive and respiratory
syndrome virus (PRRSV) reduced feed intake and growth rate without significantly altering
digestibility or feed efficiency; however, infection with porcine epidemic diarrhea virus reduced
digestibility of DM by 8% and of energy by 12%. Thus, the nature of the health challenge and
the pathophysiology of the infectious process can have differential impacts on nutrient
absorption and utilization. Under field conditions, Cornelison et al. (2018) observed that a mixed
pathogen disease challenge in grow-finish pigs reduced ADG by 8 to 14% and feed efficiency by
4.8%.

Cadéro et al., (2020) simulated the effects of health status on the environmental impacts
of finishing pigs. In this model, the disease challenged population was assumed to have a 9.4%
reduction in feed intake and a 14.1% reduction in ADG compared to the healthy population to
simulate a mixed enteric-respiratory disease process that often observed in commercial swine

production. When compared to a healthy population, disease challenged pigs had a 6 to 8%
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higher climate change potential, acidification potential, eutrophication potential, cumulative
energy demand, and land application requirement. Feed efficiency was 4.4% poorer in disease-
challenged pigs, which closely matches with Cornelison et al. (2018) who observed a 5% poorer
feed efficiency when comparing low versus high health pigs. This poorer feed efficiency
increased nitrogen excretion by 1.9%, but not P excretion (Cadéro et al., 2020). Additionally,
Cadéro et al. (2020) observed that health status accounted for more than 50% of the variance in
feed efficiency and environmental impact (climate change, acidification, eutrophication,
cumulative energy demand, and land occupation) between pigs compared with variables such as
batch interval, feeding practices (i.e., feed rationing and its sequence plan) and farm
infrastructure constraints (i.e., use or non-use of a buffer room to manage light pigs).

Pig mortality in response to a disease challenge can have a substantial impact on feed
efficiency of the population, as the weight that is accrued by pigs that succumb to mortality does
not result in a consumable product and thus feed used to get to that point is wasted (Dritz, 2012).
The direct effect of mortality on feed efficiency varies in magnitude, depending on the number
and age or weight when the pig dies. Pigs that die later in the finishing period will have a larger
impact on the herd’s feed efficiency compared to pigs that die earlier (Table 4) because young
pigs consume less total feed before they die than older pigs. As an example, if mortality
increased from 4 to 6% and that mortality occurred when pigs are 25% into the feeding period,
there would be a 0.6% reduction in feed efficiency However, if that same increase in mortality
occurred when pigs are 75% into the feeding period, it would represent a 1.8% reduction in feed
efficiency. Recent field research has quantified the impact of health status on wean-finish
mortality, and thus feed efficiency, for important pathogens (Magalhaes et al., 2022). Within this

dataset of commercial production records, wean to finish mortality was characterized for affected
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and unaffected groups, respectively, for PRRSV (15.4 vs 8.7%), Mycoplasma hyopneumoniae
(13.7 vs. 9.9%), and porcine epidemic diarrhea virus (13.4 vs. 9.6%). Through both direct
impacts of health status on efficiency of nutrient utilization and indirect effects on feed
efficiency due to pigs that succumb to mortality not generating productive weight gain, health
status is an important contributor on the environmental impact of swine production.
Use of porcine somatotrophin hormone

Porcine somatotrophin (PST) has been shown to significantly impact pig growth
performance and nutrient excretion by altering the partitioning of absorbed energy and nutrients
(i.e., increasing protein deposition and reducing lipogenesis) rather than by improving nutrient
digestibility or changing muscle fiber types (Shurson and Kerr, 2023). Studies have
demonstrated that PST administration can increase ADG by 10 to 20% and feed efficiency by
20% (Moore et al., 2012). Despite the potential of PST to improve nutrition utilization in pigs, it
is not used in many countries due to consumer attitudes towards hormone use in swine
production.
Research needs

Swine producers continually look to reduce production costs associated with maintaining
the entire swine herd, from replacement stock, breeding herd, to nursery and grow-finish pigs.
However, the effect of these management practices on reducing environmental impacts needs to
be addressed and quantified. Genetic improvement programs to reduce specific environmental
impacts compared to conventional breeding programs that are designed to reduce cost-of-
production must be investigated. More efficient methods to mitigate and minimize cold and heat
stress in commercial production systems should continue to be developed and refined, as they

affect feed requirements and feed efficiency. The limited data available suggests that disease
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plays a major role in the environmental impact of swine production. Therefore, research to
understand different disease challenges and their severity on environmental impacts is needed. In
recent years, significant efforts have focused on reduction of mortality in all phases of
production, and this should continue to be aggressively researched given the substantial impact

of elevated mortality losses on feed and nutrient utilization .

Summary and Conclusion

Today’s swine industry primarily focuses on feed and management practices that
optimize performance and reduce the cost of production. Table 1 concisely summarizes the
technologies and practices currently available in swine production to optimize feed efficiency
and quantifies their potential effects on nutrient utilization. Ultimately, this review will serve as
an important resource for the development of future life cycle assessments of the pork industry.
While the swine industry is now much more efficient than in the past, which has led to
substantial reductions in environmental impact per kg pork produced, the challenge for future
swine production is to find new technologies and strategies that further reduce environmental
impacts while assuring the global competitiveness of the industry and its ability to meet

consumer demands.
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Table 1.1. Examples of current technologies and practices to improve feed efficiency and nutrient utilization by pigs.

Technologies/Practices

Improvement in feed efficiency or nutrient utilization

Reference(s)

I. Improving feed efficiency and nutrient utilization by pigs through diet nutrient levels

a. Energy

b. Protein

c. Fiber

d. Phosphorus

e. Trace minerals

Cu

/n

Feed efficiency is improved by 0.70 to 2.40% for every 1% increase in
metabolizable energy.

G:F = 0.000004365 + 0.000033 x NE (kcal/kg) — 0.00162 % 0.000166 x
Average BW (kg) — 0.08023 £ 0.1071 x SID Lys (%) + 0.000094 +
0.000040 x NE (kcal/kg) x SID Lys (%) + 0.3496 + 0.08771

In growing pigs, total N excretion is reduced by 8% for every percentage
unit reduction in CP.

In sows, N excretion is reduced by 2.8 and 3.7% for every percentage unit
reduction in CP in early and peak lactation, respectively.

Ratio of urinary to fecal N excretion can be predicted by dietary non-starch
polysaccharide (NSP) content as = 178.1 x dietary NSP*83, R = 0.79
Fecal P increases linearly with urinary P and P retention increases in a
quadratic manner as digestible P increases.

Fecal P =0.7116 x Digestible P +2.4592, R? = 0.96

Urine P = (0.2001 x Digestible P?) — (1.6044 x Digestible P) + 3.269, R? =
0.97

P retention = -(0.2001 x Digestible P?) + (2.6044 x Digestible P) — 3.269,
R?=0.88

Reduction in excess of trace minerals or replacement of inorganic trace
minerals with lower inclusion of organic minerals can reduce mineral
excretion. Example:

Replacing 17.3 ppm Cu with 10.5 to 13.9 ppm organic Cu: 28 to 42%
reduction of fecal Cu

Replacing 91.6 ppm Zn with 42.9 to 62.6 ppm organic Zn: 38 to 53%
reduction of fecal Zn

Replacing 92.1 ppm Mn with 66.7 to 83.6 ppm organic Mn: 12 to 20%
reduction of fecal Mn

Patience, 2012

Nitikanchana et al., 2012

Kerr, 2003

Huber et al., 2015

Jha and Berrocoso, 2016

Ekpe et al., 2002

Xiong et al., 2023
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I1. Opportunities with phase feeding, precision feeding, and split-sex feeding

a. Phase-feeding 3- and 4-phase feeding compared to single phase reduced excretion of N Lee et al., 2000
by 12% and P by 3%.

b. Precision feeding Precision feeding to individual growing and finishing pigs can potentially ~ Andretta et al., 2014
reduce N and P excretion by >20 and 25%, respectively. Andretta et al., 2016
Precision feeding during gestation can reduce N and P excretion by 11.0
and 13.8%, respectively. Gaillard et al., 2020
Precision feeding during lactation can lower N excretion by approximately
61%. Spinler et al., 2023

Blending two diets to meet daily requirements of groups of finishing pigs
can improve feed efficiency in growing pigs by 1.0 to 2.2%
Frobose et al., 2014
Navales et al., 2023
Split-sex feeding should in theory reduce N and P excretion, but the actual
value has not been determined.
d. Immunocastration Immunocastrates excrete 14 to 19% less N and 14 to 24% less P than Van den Broeke et al., 2022
physically castrated barrows per kg of lean meat gain.

c. Split-sex feeding

I11. Improving feed efficiency and nutrient utilization by pigs by diet formulation

a. Use of crystalline AA  The use of crystalline amino acids lowers diet CP and results in a reduction
of excreted N as listed in the diet CP section above.

b. Feed enzymes:

Carbohydrase Can increase digestibility and improve feed efficiency by 1.7% Rao et al., 2023
Protease Can improve feed efficiency by 1.8%
Phytase Improves P digestibility with rate of improvement depending on product, Lewis and Southern, 2000

phytase inclusion rate, dietary phytate content, etc. Example: P
digestibility = 54.86 x (1-0.4908¢ 000263 * Phytase unity 'R2 — () 47

c. Feed additives:
Acidifiers, direct-fed  Review indicates these additives can improve feed efficiency by 3.1, 3.3, Rao et al., 2023

microbial, yeast, 2.7,2.7, 3.5 and 2.5%, respectively.

betaine, CLA, and L-

carnitine

Ractopamine Improves ADG by ~12%, feed efficiency by 10 to 13% Apple et al., 2007

Coble, 2010
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Ionophore
d. Major cereal and
protein ingredients

Total DM, N and P excretion was reduced by 16, 11 and 9% over the
feeding period to achieve the same final BW as non-fed Ractopamine pigs
Ionophore (narasin) may improve feed efficiency by 0.74 to 1.13%

Use of local or regional feedstuffs and those with higher nutrient
digestibility will reduce the overall GHG and the carbon footprint. The
dynamics of this are complex and refer to the review text for specific
examples.

Becker et al., 2023

IV. Improving feed efficiency and nutrient utilization of pigs by feed processing

a. Grinding and particle
size

b. Pelleting

c. Extrusion

For every 100 microns reduction in particle size (down to 300 microns in
mash diets and 500 microns in pelleted diets), feed efficiency is improved
by 1% through improved digestibility.

Improves feed efficiency by up to 8% (driven by reduction in feed wastage
and improvement in energy digestibility 1.1 to 3.2%.

The benefit of pelleting is influenced by pellet quality. A 1% change in
feed efficiency will be observed with every 10% change in pellet fines.
Review showed improvement in feed efficiency by 4.4% in weanling pigs
and by 11.1% in growing pigs compared to mash diets.

V. Improving feed and nutrient utilization of pigs through feeding management

a. Reduce overfeeding
of developing gilts
and sows

b. Meal size and
frequency

c. Minimizing feed
wastage (estimated at
5 to 6%)

d. Liquid feeding

Breeding gilts at proper weight, reducing excess feed in gestation, or
lactation will reduce feed usage per sow and per pig produced.

Feed efficiency of growing gilts was improved by 4.8 to 6.7% with 3 or 5
times per day feeding compared to once a day feeding. Comparing 2 versus
6 times per day feeding, feed efficiency was improved by ~10%.

Pelleting can reduce feed wastage by up to 5%.

Feeder type can reduce feed wastage by 1 to 10%.
Liquid feeding can improve feed efficiency by up to 10% in growing pigs
with the response influenced by method of preparation and presentation.

Wondra et al., 1995
Menegat et al., 2019

Danel, 2017

Menegat et al., 2019
Lancheros et al., 2020
Joetal., 2021
Lancheros et al., 2020

Almeida et al., 2017
Gianluppi et al., 2020 Faccin
et al., 2022

Schneider et al., 2011 Jia et
al., 2021

Van Kempen and Van
Huegten, 2000

Taylor and Curtis, 1989
Brooks et al., 2001; de
Lange and Zhu, 2012

VI. Non nutritional factors that influence feed efficiency and nutrient utilization of pigs

a. Genetics

Current genetic selection programs reduce GHG production for pork
production by 0.5 to 1.5% per year, primarily because of improving feed
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efficiency. Most of the reduction results from genetic improvement of
terminal sire lines.
b. Environment At temperature below lower critical temperature (LCT), feed intake will Renaudeau et al., 2012
increase by 1.5% for every °C below LCT. At temperature above upper
critical temperature (UCT), feed intake will decrease by 1 to 2% for every
°C above UCT. Both will impair feed efficiency.

c. Health status The effect of disease challenge is influenced by type of challenge, severity
and length, age of pig, among others.
When compared to healthy population, disease challenged pigs have Cadéro et al., 2020
6.25%, 7.9%, 7.4%, 5.8%, 5.8% higher climate change potential,
acidification potential, eutrophication potential, cumulative energy demand

and land application requirement. Cadéro et al., 2020
When compared to healthy population, disease challenged pigs had 4.4 to
4.8% poorer feed efficiency and a 1.9% increase in N excretion. Cornelison et al., 2018

Reductions in herd mortality will improve the feed efficiency and whole
production system environmental footprint.

d. Floor space and Increasing floor and feeder space can have major impacts on ADG and Laskoski et al., 2021
feeder space ADFI but relatively small impacts on F/G unless feeder space is excessive
where it increases feed wastage.
e. Use of porcine PST administration can increase average daily gain (ADG) by 10 to 20% Moore et al., 2012
somatotrophin and improve feed efficiency by 20%.
hormone (PST)
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Table 1.2. Digestibility and retention of dietary nitrogen, calcium and phosphorus, and trace
minerals in grow-finish pigs

% of intake

Nutrients

Digested ! Retained >

Nitrogen 75 to 88 30 to 60
Calcium (Ca) 40 to 75 20 to 50
Phosphorus (P) 20to 70 20 to 50
Copper (Cu) 10 to 25 5to 40
Iron (Fe) 5to 35 5to 40
Manganese (Mn) 8 to 40 <10

Magnesium (Mg) 20 to 45 15 to 60
Potassium (K) 60 to 80 5to0 20
Zinc (Zn) 10 to 40 5t0 40

! Adapted from Kornegay et al. (1997) as cited by Lewis and Southern (2000). Retention of
microminerals is very similar to digestible values because of the very small amounts excreted
in the urine.

2 Adapted from NRC (2012).
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Table 1.3. Summary of the effect of different feed additives on feed efficiency of grow-finish
pigs (adapted from Rao et al., 2023)!

Item Comparisons, n Difference, %!
Acidifiers 65 3.1
DFM 66 33
Yeast 33 2.7
Betaine 35 2.7
CLA 57 3.5
L-carnitine 24 2.5
Multi-enzyme 29 3.3

! Average of the % of difference of all the comparisons (treatment versus control) used in the
review.
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Table 1.4. Direct effect of mortality on feed/gain of finisher pigs (adapted from Dritz, 2012).

Mortality, %

Feed, %!
0 2 4 6 8 10 12
25% 2.85 2.86 2.88 2.90 2.91 2.93 2.95
50% 2.85 2.88 2.91 2.94 2.97 3.01 3.04
75% 2.85 2.89 2.94 2.99 3.04 3.09 3.14

' Feed, % indicates the percentage of the pig’s feed budget that had been consumed prior to
death.
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Figure 1.1. Schematic diagram of the utilization of nutrients for growth.

The right arrows represent areas of generated waste (adapted from van Kempen and van
Huegten, 2000).
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Figure 1.2. Diagram of phase-feeding strategy in relation to estimated lysine requirement.

The phase-feeding strategy (dash lines) in relation to estimated lysine requirement (solid line),
expressed as a ratio of SID lysine to net energy (adapted from Menegat, 2019).
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Figure 1.3. Carbon intensity (g CO2 eq/kg ingredient) for the main ingredients used in swine
and poultry diets.

The figure was adapted from Benavides et al., 2020. DDGS = distiller’s dried grains with
solubles.
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Figure 1.4. Electrical consumption (%) of compound feed manufacturing
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The figure was adapted from a case study of Redecker and Thoben (2013) on the production of
compound feed in a commercial feed processing plant in Northern Germany.
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Chapter 2 - Comparison between phase feeding and diet blending on
growth performance, carcass characteristics, and diet economics of

finishing pigs raised in a commercial environment

Abstract

A total of 2,160 pigs (initially 24.8 = 0.97 kg) and 962 pigs (initially 26.5 + 0.37 kg)
were used in 2 experiments to compare diet blending with phase feeding on growth performance
and profitability. Pigs were housed in mixed-gender pens with 20 and 26 pens per treatment in
Exp. 1 and 2, respectively. Pens were assigned to treatment in a randomized complete block
design and blocked by initial body weight. In Exp. 1, pens were assigned to treatments arranged
in a 2 x 2 factorial comparing feeding strategy (phase feeding vs. diet blending) and standardized
ileal digestible (SID) Lys (90 or 100% of requirement estimates). Phase-fed pigs were fed diets
in 5 phases. For diet blending, low and high SID Lys diets were blended daily to achieve 90 or
100% of SID Lys requirements. Overall average daily gain (ADG) was not influenced by feeding
strategy, but diet blending decreased (P = 0.002) average daily feed intake (ADFI) and increased
(P <0.001) gain to feed ratio (G:F). Hot carcass weight (HCW), fat depth, and loin depth were
not affected; however, diet blending tended to reduce (P = 0.074) carcass yield and increased (P
=0.094) percentage lean. There was a tendency for greater (P = 0.066) income over feed cost
(IOFC) with phase feeding under low ingredient prices, but diet blending had lower (P = 0.049)
feed cost/kg gain under high prices. Lysine level did not affect overall growth performance, but
pigs fed the 90% SID Lys diets had lower (P < 0.001) feed cost. In Exp. 2, two feeding strategies
were compared. Phase-fed pigs were provided with diets in 3 phases until 114 kg with a common

diet thereafter. Pigs fed the diet blending strategy used 2 of 3 diets mixed daily to follow the
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requirement estimate curve until 114 kg, then fed a common diet from 114 kg to market. Overall
ADG was not influenced by feeding strategy, but diet blending decreased (P = 0.017) overall
ADFI. Diet blending increased G:F (P =0.019) from 26 to 114 kg, but not overall. In the
experimental period, IOFC was unaffected by treatment, though feed cost per pig tended to be
reduced (P < 0.096) with blended diets. In conclusion, phase feeding and diet blending supported
similar growth and carcass traits. Although IOFC was generally unaffected, diet blending

reduced feed usage and feed cost/kg gain compared to phase feeding.

Introduction

Modern pig production aims to maximize animal performance while reducing nutrient
excretion. An efficient way to reduce the excretion of excess nutrients is to adjust diets based on
the pig’s requirements, which progressively decrease over time (NRC, 2012). Traditionally, pigs
during the growing-finishing period are fed in two to five dietary phases with varying
standardized ileal digestible (SID) Lys to calorie ratios (Menegat et al., 2019). The amino acid
requirements are oftentimes calculated at the middle of the weight range for each phase, and this
consequently results in underfeeding the pigs for the first half of the phase and over-feeding
during the second half of the phase (Menegat et al., 2020a). Increasing the number of feeding
phases can reduce the degree of nutrient imbalance within each phase, but this approach also
creates logistical challenges. Multiple diets require additional investment in feed formulation,
manufacturing, and feed storage capacity which can complicate feed management especially in
commercial settings (Pomar et al., 2021).

As an alternative to phase feeding, blending two diets at calculated proportions to

meet the pigs daily estimated requirements offers the opportunity to match the daily
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requirements and allows more precise and efficient nutrient delivery to pigs (Pomar and Remus,
2019). The ability to blend two diets has become increasingly feasible with advances in
automated feeding systems that allow for accurate and flexible diet mixing on a daily basis.
Results comparing diet blending to phase feeding on growth performance and economics
are conflicting. Some studies report improvements in feed efficiency and reduced nutrient
excretion (Andretta et al., 2014; Pomar et al., 2014) while others show little to no benefit
compared with traditional feeding programs (Frobose et al., 2014). Given the variability, the
present studies were conducted to compare phase feeding and diet blending on growth
performance, carcass characteristics, and diet economics of finishing pigs in a commercial
environment. Our hypothesis was that diet blending would offer improvements in nutrient

utilization and reduce feed costs.

Materials and Methods

All protocols were approved by the Kansas State University Institutional Animal Care
and Use Committee (IACUC-4847 and IACUC-4892). Experiment 1 was conducted at a
commercial research-finishing site in southwest MN (Hord Farms West, Pipestone, MN) using
two naturally ventilated and double-curtain-sided barns. Pens were equipped with 5-hole
stainless steel dry self-feeders and bowl waterers, allowing ad libitum access to feed and water.
Pens were 3.05 m % 5.49 m providing 0.62 m2 per pig. Experiment 2 was carried out in two
barns at a commercial research-finishing site also in southwest MN (New Fashion Pork, Jackson,
MN). The barns were completely mechanically ventilated with a tunnel ventilation system. Pens
were fitted with 3-hole stainless steel dry self-feeders and single pan waterers, providing ad

libitum access to feed and water. Pens were 2.59 x 5.56 m providing 0.76 m2 per pig. In both
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experiments, daily feed additions to each pen were accomplished using a robotic feeding system
(FeedPro, FeedLogic, ComDel Innovation, Wahpeton, ND) able to blend and record feed

amounts delivered to individual pens.

Animals and diets

A total of 2,160 pigs (PIC 337 x 1050) initially 24.8 £ 0.97 kg and 962 pigs ([Fast LW x
PIC L02] x PIC 800) initially 26.5 + 0.37 kg were used in two separate experiments. Pigs were
housed in mixed gender pens with 27 pigs per pen and 20 pens per treatment in Exp. 1, and 18 to
19 pigs per pen and 26 pens per treatment in Exp. 2. Treatments were arranged in a randomized
complete block design, with barn and initial body weight (BW) as blocking factors. In Exp. 1,
pens of pigs were assigned to one of four treatments arranged in a 2 x 2 factorial with main
effects of feeding strategies (phase feeding or diet blending) and SID Lys level (90 or 100% of
requirement estimates; PIC, 2022). Diets in the phase feeding strategies were fed from 23 to 34,
34 to 64, 64 to 88, 88 to 109, and 109 to 127 kg (marketing). Pigs were fed on a feed budget set
at 21, 65, 67, 63, and 62 kg of feed per pig for phases 1 to 5, respectively. Diets for Phase-100
were formulated to contain 4.86, 4.15, 3.40, 2.96, and 2.71 g SID Lys per Mcal NE for phases 1
to 5, respectively (Table 1). The Phase-90 diets were formulated to provide 90% of the SID Lys
per Mcal NE levels of the Phase-100 diets. Phase changes took place when the allotted feed
budgets were consumed on a barn basis. For the diet blending treatments, low and high SID Lys
diets were formulated to contain 2.37 and 5.09 g SID Lys per Mcal NE (Table 2). These diets
were blended daily at different proportions until the pigs reached 116 kg to meet the targeted 90
and 100% of the SID Lys curves (Blend-90 and Blend-100), respectively (Figure 1). When pigs

reached 116 kg, pigs previously fed the blended diets were fed the phase 5 diet of the phase
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feeding strategy that corresponded to the same SID Lys level. Diet blending was implemented
only up to 116 kg BW because beyond this point the blending ratios would result in one diet
contributing less than 5% of the total blend which is not practical for the feed delivery system.
The ratios of other essential SID amino acid (AA) to SID Lys were set to meet estimated
requirements relative to Lys (PIC, 2022).

In Exp. 2, pigs were assigned to one of the two feeding strategies (phase or diet
blending). The experimental period spanned from 23 to 114 kg BW, with common feeding
period from 114 to 135 kg BW. For the phase feeding strategy (Phase), diets were provided in
three phases covering BW ranges of 23 to 45, 45 to 79, and 79 to 114 kg, with feed budgets of
44, 82, and 104 kg per pig, respectively. Diets were formulated to contain 4.65, 3.75, 3.00, and
2.65 g SID Lys per Mcal NE for phases 1 to 3 and the common phase, respectively. Phase
changes took place when the allotted feed budgets were consumed on a barn basis. For the diet
blending strategy (Blend), three diets were formulated with 5.09 g (High), 3.60 g (Medium), and
2.76 g (Low) SID Lys per Mcal NE, targeting lysine requirements at 23, 68, and 114 kg BW,
respectively. Two of the three diets were blended daily to meet 100% of the estimated SID Lys
requirement curve up to 114 kg BW (PIC, 2022). From 23 to 68 kg BW, the high and medium
diets were blended, whereas from 68 to 114 kg BW, the medium and low diets were blended
(Figure 2). After 114 kg BW, pigs were fed a single diet containing 2.65 g SID Lys per Mcal NE,
which was the same diet fed to the phase-fed pigs from 114 to 136 kg BW. The blending was
only applied up to 114 kg to accommodate slaughter plant’s requirement for a final diet without
dried distillers grains with solubles. Moreover, and similar to Exp. 1, diet blending was

implemented only up to 114 kg BW because, beyond this point, one diet would contribute less
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than 5% of the blend. Similar to Exp. 1, all diets met or exceeded requirement estimates of other
essential SID amino acids as a ratio of SID Lys (Table 3).

In both experiments, the number of pigs per pen, pen weight, and feed delivery were
recorded approximately every 14 d to calculate average daily gain (ADG), average daily feed
intake (ADFI), and gain-to-feed ratio (G:F). In Exp. 1, the three heaviest pigs per pen were
visually selected and marketed four weeks before the end of the study. These pigs were included
in the growth performance calculations, but not carcass data. The remaining pigs were tattooed
for pen identification and sent to a commercial abattoir (JBS Swift, Worthington, MN) for
carcass yield, backfat, loin depth, percentage lean, and hot carcass weight measurements. In Exp.
2, four to seven of the heaviest pigs per pen were visually selected and marketed two weeks
before the trial ended, with a similar number of pigs remaining in each pen. These remaining
pigs were marketed at trial conclusion to a commercial abattoir (Triumph Foods, St. Joseph,
MO). No carcass characteristics were collected in this experiment.

The growth performance data served as the basis for subsequent economic analyses
which included calculations of feed cost, revenue, and income over feed cost (IOFC). In both
experiments, diet costs included the sum of formula cost, and grinding, mixing, and delivery
charges. Total feed cost per pig was calculated as the product of treatment-associated diet costs
and total feed intake. Feed cost per pig was calculated by dividing the total feed cost by the
number of pigs placed at the start of the experiment, and feed cost per kg of gain was calculated
by dividing the total feed cost by the total gain. Total revenue was calculated by multiplying the
total gain per pig by carcass yield and carcass price. Because carcass traits were not measured in
Exp. 2, an assumed carcass yield of 75% was used. Income over feed cost was then determined

as the difference between total revenue and total feed cost. For both experiments, diet economics
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were determined under low and high price and cost scenarios. Ingredient and carcass prices
($/kg) under the low- and high-price scenarios, respectively, were as follows: corn, 0.110 and
0.243; soybean meal, 0.331 and 0.441; monocalcium phosphate, 0.507 and 0.618; DL-
methionine, 3.748 and 5.511; L-tryptophan, 6.614 and 11.023; L-valine, 5.511 and 8.818; liquid
Lys, 1.874 and 3.000; Thr Pro, 1.765 and 2.823; and carcass, 1.301 and 1.940. The cost of
grinding, mixing and delivery was $0.0165/kg. Additionally for Exp. 2, diet economics were

calculated separately for the experimental and overall periods.

Statistical analysis

All data were analyzed using R (Version 4.3.1; R Core Team, Vienna, Austria) as
randomized complete block designs with pen as the experimental unit. In Exp. 1, SID Lys level,
feeding strategy, and the associated interaction were fixed effects, with barn and initial body
weight block as random effects. One pen of pigs fed 90% SID Lys using diet blending was
excluded due to a feed delivery error. For hot carcass weight (HCW), pig served as the
observational unit, pen was included as a random effect to account for subsampling, and HCW
was used as a covariate in analyses of carcass characteristics. Analyses for Exp. 2 were
conducted similarly to those for Exp. 1, with the exception of treatment being the only fixed
effect. Results were considered significant at P < 0.05 and marginally significant (tendency) at

0.05<P<0.10
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Results

Experiment 1

There were no significant interactive or main effects of feeding strategy and SID Lys
observed for BW in any period of the study (Table 4). Phase fed pigs tended to have increased
ADG fromd 0 to 16 (P = 0.054) and d 94 to 108 (P = 0.090) compared with pigs fed blended
diets. Pigs fed 90% of estimated SID Lys requirement had greater (P = 0.030) ADG than those
fed 100% from d 58 to 72. However, overall ADG was not influenced by feeding strategy or SID
Lys level. For ADFI, no interactions between feeding strategy and SID Lys level were observed
for any period. Pigs fed blended diets had decreased (P < 0.025) ADFI compared to phase
feeding from d 0 to 29, d 58 to 94, and overall, whereas SID Lys level only influenced ADFI
from d 0 to 16, with greater (P = 0.050) intake for the 90% SID Lys group. The reduced ADFI
with diet blending resulted in increased (P < 0.001) G:F compared to phase fed pigs from d 16 to
29,d 58 to 72, d 72 to 94, and overall. On the other hand, G:F of phase-fed pigs from d 94 to 108
tended to be greater (P = 0.089) compared to pigs fed blended diets. Gain to feed ratio did not
differ between SID Lys levels except from d 0 to 16 and d 44 to 58, when it was greater (P <
0.041) for pigs fed diets formulated to 100% of their SID Lys requirements.

Carcass yield tended to decrease (P = 0.074), and percentage lean tended to be greater (P
=0.094) in pigs fed blended diets than phase-fed. Conversely, HCW, fat depth, and loin depth
were not affected. The SID Lys level had no effect on carcass traits.

Economic responses showed no interactions between feeding strategy and SID Lys under
high- or low-price scenarios. In the low-price scenario, feeding strategy did not affect feed cost
per pig or per kg gain, but phase feeding tended (P = 0.066) to increase IOFC. In the high-price

scenario, feed cost per pig was unaffected, but diet blending reduced (P = 0.049) feed cost per kg
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gain compared with phase-fed pigs while IOFC remained unaffected. Across both scenarios,
lowering SID Lys to 90% reduced (P < 0.001) feed cost per pig and per kilogram gain without

altering total revenue or IOFC.

Experiment 2

Feeding strategy had no effect on BW, except on d 56, when phase fed pigs had greater
(P=0.013) BW than pigs fed blended diets (Table 5). From d 0 to 28, ADG, ADFI and G:F
were not affected by the feeding strategy. However, from d 28 to 56, pigs phase-fed had greater
(P <0.004) ADG and ADFI but decreased (P = 0.020) G:F compared with diet blending. From d
56 to 84, ADG and ADFI were not influenced by the feeding strategy, but pigs fed the diet
blending strategy had greater (P = 0.023) G:F. Over the entire experimental period (d 0 to 84),
ADG was unaffected by feeding strategy, while G:F was increased (P = 0.019) in the diet
blending group, primarily due to a reduction (P = 0.002) in ADFI. During the common periods
(d 84 to 1116), feeding strategy did not influence ADG or ADFI. Gain to feed ratio of pigs in the
phase fed group tended to increase (P = 0.051) compared to those in diet blending. For the
overall period (d 0 to 116), diet blending resulted in lower ADFI (P = 0.017), but ADG and G:F
were not affected.

In the low-price scenario, feed cost per pig tended to be decreased (P = 0.096) with diet
blending during the experimental period. Feed cost per kilogram gain, total revenue, and IOFC
during the experimental period, and diet economics during the overall period were not affected
by feeding strategy. In the high price scenario, pigs fed using the diet blending strategy tended to
have lower (P = 0.074) feed cost per pig and feed cost per kilogram of gain compared to those

fed the phase feeding strategy. However, total revenue and IOFC were not affected by the
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feeding strategy. Over the entire period, feeding strategy had no effect on feed cost per pig, feed

cost per kilogram of gain, total revenue, or IOFC.

Discussion

The goal of feeding growing pigs is to provide balanced nutrition that optimizes growth
while keeping feed cost as low as possible in order to maximize profit. In growing pigs, protein
accretion follows a quadratic increase as BW increases, reflecting a shift in nutrient utilization
from lean tissue deposition towards fat deposition. At the same time, feed intake increases;
therefore, the nutrient density of the diet is typically reduced as pigs become heavier. To account
for the dynamic changes in nutrient requirements, feeding programs are often designed to adjust
diet composition throughout the growing period. The most common feeding strategy is phase
feeding where multiple diet are fed to a group of pigs based on budget or weight ranges to
closely meet the nutrient requirements (Menegat et al., 2020a). In phase feeding strategies,
nutrient requirements are typically set to the mid-point of the pig’s weight range, resulting in
nutrient levels fed below the requirements initially and then nutrients will exceed the
requirements toward the end of the phase. Although increasing the number of feeding phases can
reduce nutrient imbalances because the nutrient composition of each diet is closer to the pigs’
biological requirements at both the beginning and end of each phase, it may also introduce
greater complexity in feed management and require additional investment in feed processing and
storage. An alternative program is curve or diet blending where two basal diets are blended in
calculated proportions to more closely match the pigs’ daily nutrient requirements (Frobose et
al., 2014). This approach has become more feasible with the adoption of automated feeding

systems. Diet blending also offers an opportunity to decrease nutrient excretion without affecting
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performance. Andretta et al. (2016) and Llorens et al. (2024) observed that daily blending of
diets allows for a reduction in daily N and P excretion by more than 30 and 40%, respectively.
Precisely meeting the nutrient requirements allows for a decrease in nutrient excretion and feed
cost (Ferreira et al., 2024).

While studies have compared phase feeding and diet blending, results for growth
performance and economics have been inconsistent. In Exp. 1, phase feeding was compared with
blending of low and high SID Lys diets at 90 and 100% of PIC (2022) recommendations to
evaluate the interaction between feeding strategy and SID Lys level. Previous evidence suggests
that phase feeding may reduce performance when diets are formulated below requirements,
particularly when fewer dietary phases are used and Lys levels are slightly underestimated
(Menegat et al., 2020a). In such cases, growth can be compromised if initial BW or feed intake is
lower than expected (Menegat et al., 2020a). On the other hand, Exp. 2 was designed to provide
a more precise nutrient supply by formulating three diets, of which two were blended at any one
time. In contrast to Exp. 1, this approach aimed to avoid nutrient imbalances that could arise
from relying on only two extreme diets. In Exp. 1, the low SID Lys diet used in the blending
strategy was formulated based on 90% of the SID Lys requirement of 127 kg pigs while the high
SID Lys diet was formulated based on 100% of the SID Lys requirement of 23 kg pigs. Because
blending was based solely on SID Lys, the use of these extreme diets resulted in other essential
amino acid to Lys ratios being greater than those achieved with phase feeding. Nonetheless, all
essential amino acid requirement estimates were met.

In both studies, final BW and overall ADG were unaffected by feeding strategy
indicating that both strategies can support growth. These findings are consistent with the earlier

findings of Andretta et al. (2014) and Frobose et al. (2014). In contrast, Pomar et al. (2014)
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observed greater final BW in pigs fed blended diets, primarily due to improved ADG during the
early growth period. The 3-phase program used in that study may have compromised growth
during the initial phase when pigs were fed diets below their requirements for a longer period of
time. Feeding fewer phases increases the likelihood of a mismatch between nutrient supply and
pig requirements, thereby limiting growth (Menegat et al., 2020a).

A key finding across both of the present experiments was the reduction in ADFI of pigs
fed blended diets. This decrease in feed intake improved G:F (overall in Exp. 1 and during the
experimental period in Exp. 2) without compromising ADG. These observations are consistent
with the findings of Lee et al. (2000) and Frobose et al. (2014) suggesting that pigs were able to
maintain growth with lower intake, likely due to improved nutrient utilization. Precisely
matching nutrient supply to the pigs’ requirements enhances utilization efficiency by minimizing
inevitable nutrient losses and reducing nutrient excretion (Pomar and Remus, 2019; Gaillard et
al., 2020). Additionally, meeting the amino acid requirements more precisely eliminates the time
that pigs are fed below their requirements as in phase feeding which also leads to improved
efficiency.

In Exp. 1, growth performance was compared between two SID Lys levels, and results
showed no differences for final BW, overall ADG, ADFI, or G:F. This aligns with the earlier
findings that slight reduction in amino acid density may not compromise performance
particularly in high feed intake situations (Song et al., 2022). In the present study (Exp. 1), pigs
fed the diet containing 90% SID Lys had an SID Lys intake of approximately 20.7 g/kg gain.
This value falls within the range of 19.6 to 23.0 g/kg gain in pigs weighing 35 to 110 kg (Main et
al., 2008; Shelton et al., 2011) and the range of 17.0 to 22.6 g/kg gain in 100 to 130 kg pigs

(Main et al., 2008; Soto et al., 2019) that is required to maximize growth. This indicates that the
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feed intake and SID Lys intake of pigs fed the 90% SID Lys diet in the present study was
sufficient to support growth performance with no advantage to further increasing SID Lys.

In Exp. 2, the comparison of feeding strategies was applied only until pigs reached 114
kg, after which all pigs were fed a common diet until slaughter at 141 kg. This was necessary to
meet the slaughter plant’s requirement for a DDGS-free diet during the final finishing phase. The
use of a common diet, reduced the G:F advantage observed with diet blending and resulted in no
overall difference in G:F.

Carcass traits were also evaluated in Exp. 1. Overall, feeding strategy did not
significantly affect carcass characteristics, consistent with the findings of Moore et al. (2013;
2016) and Frobose et al. (2014), who likewise reported no differences in carcass traits between
pigs fed with a phase feeding strategy or utilizing blended diets. In the present study, pigs fed
blended diets showed a tendency for lower carcass yield and higher lean percentage. It should be
noted that HCW and carcass yield were calculated only from pigs that were marketed and
slaughtered, and numerically more pigs in the phase feeding group were not marketed compared
with the diet blending group because they were either too light or had physical defects (footnote,
Table 4). Similar to growth performance, the comparable carcass traits observed between the
SID Lys levels can be attributed to the adequate SID Lys intake observed at both SID Lys levels.

The hypothesis that diet blending would reduce excess nutrient intake and thereby lower
feed costs was supported by these results. In Exp. 1, pigs fed blended diets had lower feed cost
per kilogram of gain under the high-price scenario. In Exp. 2, diet blending tended to reduce feed
cost per pig during the experimental period at the low-price scenario, and both feed cost per pig
and per kilogram of gain at the high-price scenario. Similarly, Ferreira et al. (2024) simulated a

2.4% reduction in feed cost with diet blending, and in the present study, feed cost per kilogram
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of gain was 1.0% lower for diet blending compared with phase feeding. Despite these reductions,
IOFC did not differ between the two feeding strategies in both experiments. However, IOFC
tended to be greater for phase fed pigs at the low-price scenario in Exp. 1. The IOFC response
was driven by the numerically higher total revenue observed for the phase-fed pigs. Frobose et
al. (2014) also observed a similar IOFC between phase feeding and diet blending and explained
that it was due to lower HCW in pigs fed blended diets. Additionally in Exp. 1, the costs per
kilogram of diet were higher for the blended diets than the weighted cost of the 5-phase diets,
likely due to excess nutrients required when only using two diets to meet the requirements over a
wide weight range. This partly explained the numerically higher IOFC for the phase-fed pigs
compared to pigs fed blended diets. By contrast, in Exp. 2, refinement of nutrient supply by
blending two of three diets minimized this difference in feed cost per kilogram diet, resulting in
more comparable IOFC values between the two strategies. It is worth noting that the comparison
of diet economics between feeding strategies in this study did not account for the fixed cost of
the feeding system unit, its installation, or its maintenance. In addition, feed milling
considerations, such as the potential benefits of mixing and managing fewer diet types, were not
included. This information is needed to evaluate the total economics of feeding strategies in a
pork ecosystem. Lastly, the environmental benefit of diet blending is an important factor to
consider when evaluating sustainability of pork production (Navales et al., 2025). For the diet
economics of SID Lys in Exp. 1, the presented study showed that the 90% SID Lys treatment
had a lower feed cost per pig and per kilogram gain than pigs fed 100% of the estimated
requirements. This is driven by the lower feed cost of formulating to a lower SID Lys level and

this is consistent with observations of Cordoba et al. (2024).
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Summary and Conclusion

Overall, the results of these experiments showed that both phase feeding and diet
blending strategies can support optimal growth performance and carcass characteristics. Diet
blending offers the opportunity to reduce feed cost per kilogram gain, especially under high feed
cost scenarios. While IOFC was generally similar between feeding strategies, refinement of diet
formulation can help manage feed cost and maximize feed efficiency as demonstrated in Exp. 2.
Moreover, the observed similar performance and lower feed cost of the 90% SID Lys treatments
highlights that the marginal reduction in AA density can be economically beneficial when feed
intake is sufficient to meet requirements. The findings in the current study suggest that producers
can utilize diet blending and adjust SID Lys levels as tools to improve diet economics and

potentially reduce nutrient excretion while maintaining animal performance and carcass traits.
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Table 2.1. Diet composition of the phase-feeding treatments (as-fed basis) in Exp. 1!

90% SID Lys? 100% SID Lys?
Items Phase 1 Phase2 Phase3 Phase4 Phase5 Phase 1 Phase2 Phase3 Phase4 Phase5
Ingredient, %
Corn 70.47 76.33 82.41 85.80 87.33 66.52 72.80 79.59 83.71 85.87
Soybean meal, 47.7%° 25.93 20.45 14.76 11.82 10.45 29.81 23.96 17.49 13.83 11.78
Limestone 1.17 1.10 1.00 0.93 0.90 1.17 1.10 1.03 0.93 0.90
Monocalcium phosphate, 21% 0.83 0.63 0.48 0.23 0.15 0.78 0.56 0.45 0.20 0.15
Salt 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
Liquid lysine, 55% 0.51 0.48 0.44 0.39 0.35 0.54 0.50 0.47 0.44 0.42
Thr* 0.19 0.16 0.13 0.10 0.08 0.22 0.18 0.14 0.12 0.12
DL-Met 0.14 0.10 0.05 0.01 0.00 0.17 0.12 0.07 0.04 0.02
L-Trp 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
L-Val 0.05 0.03 0.01 0.00 0.00 0.07 0.04 0.02 0.00 0.00
Tribasic copper chloride 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Vitamins and trace mineral 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Phytase® 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Total 100 100 100 100 100 100 100 100 100 100
Calculated analysis
SID amino acids, %°
Lys 1.09 0.94 0.78 0.69 0.63 1.21 1.04 0.87 0.76 0.70
Ile:Lys 60 60 60 62 63 60 60 60 60 60
Met:Lys 36 35 33 30 31 37 35 34 32 31
Met and Cys:Lys 60 60 60 60 61 60 60 60 60 60
Thr:Lys 65 65 65 65 66 65 65 65 65 66
Trp:Lys 19 19 19 19 19 19 19 19 19 19
Val:Lys 70 70 70 72 75 70 70 70 70 71
Leu:Lys 129 137 148 159 169 125 132 141 150 156
His:Lys 40 41 43 45 47 39 40 42 43 44
Total Lys, % 1.22 1.06 0.88 0.78 0.72 1.35 1.17 0.97 0.86 0.79
Net energy, kcal/kg 2,498 2,526 2,555 2,575 2,582 2,485 2,513 2,544 2,566 2,577
SID Lys:NE, g/Mcal 4.38 3.73 3.06 2.66 2.44 4.86 4.15 3.40 2.96 2.71
Crude protein, % 18.78 16.57 14.27 13.06 12.49 20.39 18.01 15.39 13.92 13.09
Ca, % 0.70 0.62 0.54 0.45 0.43 0.70 0.62 0.55 0.46 0.43
P, % 0.55 0.48 0.42 0.36 0.33 0.55 0.48 0.43 0.36 0.34
STTD P, %’ 0.43 0.38 0.33 0.28 0.26 0.43 0.37 0.33 0.28 0.26
Diet cost (low), US $/kg 0.214 0.198 0.181 0.170 0.165 0.226 0.208 0.189 0.177 0.171
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Diet cost (high), US $/kg 0.349 0.332 0.315 0.303 0.298 0.362 0.343 0.324 0.311 0.305

! Diets in phase feeding strategies were provided from 23 to 34, 34 to 64, 64 to 88, 88 to 109, and 109 to 127 kg. Pigs in phase feeding strategies
were set to receive feed budgets of 21, 65, 67, 63, and 62 kg of feed per pig for phases 1 to 5, respectively.

281D Lys levels represent 90 or 100% of the PIC (2022) SID Lys to calorie ratio recommended for growing-finishing pigs.

3 Net energy of soybean meal was assumed to be 85% of the NE of corn.

4 Thr Pro (CJ America) with SID Thr of 80%.

> Optiphos Plus 2500 G (Huvepharma, St. Joseph, MO) provided 1,250 FTU/kg diet with an assumed release of 0.13% STTD P.

6 SID = standardized ileal digestible amino acid.

"STTD P = standardized total tract digestible P.
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Table 2.2. Diet composition of the low and high SID Lys diets used in diet blending
treatments (as-fed basis) in Exp. 1!

Item High Lys Low Lys

Ingredient, %
Corn 64.50 87.31
Soybean meal, 47.7%? 31.82 10.52
Limestone 1.18 0.90
Monocalcium phosphate, 21% 0.78 0.15
Salt 0.53 0.56
Liquid lysine, 55% 0.55 0.32
Thr? 0.23 0.06
DL-Met 0.19 0.00
L-Trp 0.02 0.01
L-Val 0.07 0.00
Tribasic copper chloride 0.03 0.03
Vitamins and trace mineral 0.10 0.10
Phytase* 0.05 0.05

Total 100 100

Calculated analysis
SID amino acids, %’

Lys 1.26 0.61
Ile:Lys 60 65
Met:Lys 37 32
Met and Cys:Lys 60 63
Thr:Lys 65 66
Trp:Lys 19 19
Val:Lys 70 78
Leu:Lys 123 174
His:Lys 39 48
Total Lys, % 1.41 0.70
Net energy, kcal/kg 2,476 2,582
SID Lys:NE, g/Mcal 5.09 2.37
Crude protein, %?° 21.20 12.48
Ca, % 0.71 0.43
P, % 0.56 0.33
STTD P, %° 0.43 0.26
Diet cost (low), US $/kg 0.231 0.164
Diet cost (high), US $/kg 0.366 0.296

!'For the diet blending strategies, diets were blended at different proportions on a daily
basis to meet the targeted 90 and 100% of the SID Lys curve for curve-90% and curve-100%,
respectively.

2 Net energy of soybean meal was assumed to be 85% of the NE of corn.

3 Thr Pro (CJ America) with SID Thr of 80%.
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4 Optiphos Plus 2500 G (Huvepharma, St. Joseph, MO) provided 1,250 FTU/kg diet with
an assumed release of 0.13% STTD P.

3 SID = standardized ileal digestible amino acid.

®STTD P = standardized total tract digestible P.
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Table 2.3. Diet composition of the phase-feeding and diet blending treatments (as-fed basis) in Exp. 2

Diets for phase feeding! Diets for blending?
Item Phase 1 Phase2 Phase3 Common High Med Low
Ingredient, %
Corn® 61.56 69.24 75.68 87.77 58.27 70.62 77.75
Soybean meal* 20.21 13.05 6.96 10.16 23.19 11.73 498
DDGS, 6.4% oil® 15.00 15.00 15.00 -- 15.00 15.00 15.00
Limestone 1.19 1.17 1.19 0.90 1.20 1.18 1.15
Dicalcium phosphate, 18.5%  0.54 0.20 -- 0.05 0.70 0.15 --
Salt 0.44 0.45 0.46 0.55 0.43 0.45 0.46
L-Lys HCI 0.53 0.49 0.45 0.33 0.57 0.48 0.43
DL-Met 0.13 0.07 0.03 0.02 0.17 0.07 --
L-Thr 0.19 0.15 0.12 0.10 0.22 0.15 0.10
L-Trp 0.05 0.05 0.05 0.04 0.06 0.05 0.05
L-Val 0.07 0.05 0.02 0.02 0.10 0.04 --
Vitamins and trace mineral® 0.10 0.10 0.08 0.08 0.10 0.10 0.08
Total 100 100 100 100 100 100 100

Calculated analysis
SID amino acids, %’

Lys 1.15 0.94 0.76 0.69 1.25 0.90 0.70
Ile:Lys 56 56 56 57 56 56 56
Met:Lys 35 33 31 30 36 33 29
Met and Cys:Lys 58 58 58 58 58 58 58
Thr:Lys 65 65 65 65 65 65 65
Trp:Lys 20 20 19 20 20 20 20
Val:Lys 70 70 70 70 70 70 70
Leu:Lys 135 147 164 153 129 150 171
His:Lys 39 41 43 42 38 41 44
Total Lys, % 1.31 1.08 0.89 0.78 1.42 1.04 0.82
Net energy, kcal/kg 2474 2509 2538 2593 2458 2515 2546
SID Lys:NE, g/Mcal 4.65 3.75 3.00 2.65 5.09 3.60 2.76
CP, % 18.48 15.45 12.86 10.54 19.79 14.89 12.01
Ca, % 0.68 0.56 0.50 0.41 0.73 0.55 0.48
P, % 0.55 0.45 0.39 0.31 0.59 0.44 0.38
STTD P, %° 0.40 0.33 0.30 0.27 0.43 0.32 0.30
Diet cost (low), US $/kg 0.202 0.180 0.160 0.163 0.214 0.176 0.154
Diet cost (high), US $/kg 0.344 0.321 0.300 0.297 0.358 0.317 0.293

! Diets in phase feeding strategies were provided from 23 to 45, 45 to 79, and 79 to 114 kg. Pigs were
fed on a feed budget set at 44, 82, and 104 kg of feed per pig for phases 1 to 3, respectively. From 114 to
135 kg, a common diet was fed until the end of the study.

2 For the diet blending strategy, two of the three diets were blended at different proportions daily to
meet the targeted SID Lys curve, aligned with 100% of PIC (2022) SID Lys recommendation.

3 Crude protein of corn is 6.07%.

*Net energy of soybean meal was assumed to be 85% of the NE of corn and CP was 47.09%.

3 Crude protein of dried distillers grain with solubles (DDGS) was 26.55%.
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6 Optiphos Plus 2500 G (Huvepharma, St. Joseph, MO) was included in the premix and provided 1,250
FTU/kg diet with an assumed release of 0.13% STTD P.

7 SID = standardized ileal digestible amino acid.

8 STTD P = standardized total tract digestible P.
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Table 2.4. Effects of phase feeding vs. complete diet blending and SID Lys on finishing pig growth performance, carcass traits, and diet
economics, Exp. 1

Feeding strategy: Phase feeding' Diet blending? P=
SID Lys level®: 90% 100% 90% 100% SEM Strategy x Lys  Strategy SID Lys
Growth performance

Body weight, kg

do 24.8 24.8 24.9 24.8 0.97 0.995 0.913 0.835

d16 37.1 37.0 36.5 36.7 1.33 0.642 0.161 0.820

d29 50.0 49.9 49.7 50.0 1.49 0.579 0.767 0.727

d 44 64.2 63.9 63.6 64.0 1.66 0.501 0.576 0.978

d 58 78.8 78.7 78.3 78.4 1.70 0.847 0.476 0.999

d72 92.4 91.5 91.8 91.8 1.63 0.412 0.765 0.376

d 94 108.8 107.8 108.4 108.4 1.55 0.414 0.926 0.394

d 108 118.7 117.3 117.6 117.8 1.71 0.253 0.736 0.389

d 120 128.5 127.6 128.1 128.0 1.66 0.676 0.973 0.588
d0to 16

ADG, kg 0.78 0.78 0.75 0.76 0.030 0.515 0.054 0.500

ADFI, kg 1.45 1.39 1.38 1.37 0.053 0.239 0.025 0.050

G:F 0.535 0.559 0.539 0.556 0.0070 0.519 0.880 <0.001
d 16 to 29

ADG, kg 0.92 0.93 0.93 0.95 0.020 0.515 0.139 0.427

ADFI, kg 1.88 1.87 1.79 1.82 0.053 0.348 0.001 0.522

G:F 0.494 0.497 0.525 0.526 0.0110 0.764 <0.001 0.731
d 29 to 44

ADG, kg 1.01 1.00 0.99 0.99 0.019 0.376 0.214 0.629

ADFI, kg 2.18 2.20 2.15 2.15 0.050 0.537 0.109 0.678

G:F 0.465 0.454 0.461 0.465 0.0050 0.069 0.338 0.321
d 44 to 58

ADG, kg 1.03 1.05 1.05 1.03 0.014 0.075 0.554 0.953

ADFI, kg 2.56 2.46 2.49 2.51 0.046 0.011 0.609 0.093

G:F 0.405 0.430 0.422 0.412 0.0070 <0.001 0.828 0.041
d58to 72

ADG, kg 0.96 0.92 0.96 0.94 0.024 0.540 0.464 0.030

ADFI, kg 2.69 2.67 2.59 2.58 0.042 0.858 0.003 0.666

G:F 0.356 0.345 0.371 0.364 0.0070 0.625 <0.001 0.050
d 72 to 94

ADG, kg 0.73 0.73 0.75 0.74 0.015 0.794 0.286 0.999

ADFI, kg 2.44 2.36 2.30 2.29 0.045 0.192 <0.001 0.083
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G:F 0.302 0.313 0.325 0.325 0.0050 0.126 <0.001 0.136
d 94 to 108

ADG, kg 0.85 0.83 0.80 0.83 0.027 0.203 0.090 0.938

ADFI, kg 2.50 2.52 2.52 2.51 0.042 0.806 0.918 0.824

G:F 0.338 0.330 0.319 0.329 0.0090 0.126 0.089 0.893
d 108 to 120

ADG, kg 0.77 0.77 0.79 0.77 0.034 0.664 0.825 0.688

ADFI, kg 2.63 2.67 2.58 2.63 0.046 0.865 0.325 0.305

G:F 0.293 0.291 0.307 0.293 0.0130 0.580 0.496 0.452
Overall

ADG, kg 0.88 0.87 0.87 0.87 0.009 0.718 0.727 0.704

ADFI, kg 2.27 2.25 2.20 2.21 0.032 0.327 0.002 0.538

G:F 0.385 0.388 0.396 0.395 0.0030 0.243 <0.001 0.587

Carcass traits

HCW, kg 96.7 96.9 95.8 96.1 1.06 0.930 0.178 0.685
Carcass yield, %* 74.61 74.83 73.99 74.32 0.351 0.867 0.074 0.384
Percentage lean, %’ 56.99 57.07 57.16 57.36 0.201 0.658 0.094 0.303
Fat depth, mm® 16.45 16.19 16.16 15.83 0.334 0.849 0.111 0.145
Loin depth, mm?® 67.87 67.16 67.56 67.82 0.383 0.135 0.598 0.495
Diet economics
Low price
Feed cost per pig, $° 46.76 49.06 46.85 49.48 0.688 0.626 0.445 <0.001
Feed cost/kg of gain, §’ 0.47 0.49 0.47 0.49 0.004 0.221 0.505 <0.001
Total revenue, $® 98.40 100.52 96.25 97.37 1.707 0.754 0.102 0.312
IOFC, $° 51.64 51.46 49.40 47.89 1.628 0.671 0.066 0.587
High price
Feed cost per pig, $° 81.18 83.85 80.41 83.53 1.196 0.703 0.352 <0.001
Feed cost/kg of gain, $’ 0.82 0.84 0.81 0.83 0.007 0.281 0.049 <0.001
Total revenue, $® 146.76 149.92 143.56 145.23 2.546 0.754 0.102 0.312
IOFC, $° 65.59 66.07 63.11 61.70 2.452 0.683 0.144 0.842

! Diets in phase feeding strategies were fed from 23 to 34, 34 to 64, 64 to 88, 88 to 109, and 109 to 127 kg. The 90% SID Lys diets were
formulated to contain 4.38, 3.73, 3.06, 2.66, and 2.44 g SID Lys per Mcal NE for phases 1 to 5, respectively. The 100% SID Lys diets were
formulated to contain 4.86, 4.15, 3.40, 2.96, and 2.71 g SID Lys per Mcal NE for phases 1 to 5, respectively. Pigs in phase feeding strategies were
set to receive feed budgets of 21, 65, 67, 63, and 62 kg of feed per pig for phases 1 to 5, respectively.
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2 For the diet blending strategies, low and high SID Lys diets were formulated to contain 2.37 and 5.09 g SID Lys per Mcal NE. These diets
were blended at different proportions on a daily basis to meet the targeted 90 and 100% of the SID Lys curve, respectively.

3SID Lys levels represent 90 or 100% of the PIC (2022) SID Lys to calorie ratio recommendation for growing pigs.

4 Carcass yield was calculated based on adjusted live weight. Adjusted live weight = (pen live weight — total weight of light and cull pigs) /
(pen inventory — number of light and cull pigs). For phase feeding, the numbers of light and cull pigs were 31 (90% SID Lys) and 37 (100% SID
Lys), whereas for the diet blending strategy, they were 27 (90% SID Lys) and 15 (100% SID Lys).

5 Data were analyzed using HCW as a covariate.

®Feed cost per pig = total feed cost divided by number of pigs at placement. For phase-fed group, total feed cost was calculated using
weighted feed cost of the 5 diet phases. For the diet blending group, total feed cost was calculated based on the cost of high and low Lys diets.

"Feed cost per kg of gain = total feed cost divided by the total gain.

8 Total revenue = (total gain X carcass yield) X carcass price ($/kg). Total gain includes the weight of marketed, topped, and light pigs.

? Income over feed cost = total revenue — total cost.
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Table 2.5. Table 5. Effects of phase feeding vs. complete diet blending on growing-finishing pig
growth performance and diet economics, Exp. 2.

Feeding strategy

Item Phase! Blend? SEM P =
Growth performance
Body weight, kg
do 26.5 26.5 0.37 0.721
d 28 52.1 52.1 0.57 0.764
d 56 82.2 81.2 0.60 0.013
d 84 113.1 112.5 0.68 0.189
d 102 131.7 130.9 0.70 0.153
d116 139.5 138.9 0.84 0.456
Initial marketing (d 102)* 144.7 143.7 0.97 0.261
Final marketing (d 116)* 140.4 140.6 0.76 0.819
Average market weight’ 141.8 141.6 0.71 0.827
d0to 28
ADG, kg 0.91 0.91 0.009 0.975
ADFI, kg 1.75 1.74 0.022 0.813
G:F 0.520 0.522 0.0055 0.819
d 28 to 56
ADG, kg 1.06 1.03 0.006 0.004
ADFI, kg 2.58 2.46 0.023 <0.001
G:F 0.412 0.421 0.0031 0.020
d 56 to 84
ADG, kg 1.10 1.11 0.009 0.247
ADFI, kg 3.24 3.20 0.031 0.146
G:F 0.339 0.347 0.0031 0.023
Experimental period (d 0 to 84)
ADG, kg 1.02 1.02 0.005 0.115
ADFI, kg 2.52 2.46 0.021 0.002
G:F 0.407 0.413 0.0031 0.019
Common period (d 84 to 116)
ADG, kg 1.02 1.01 0.008 0.393
ADFI, kg 3.39 3.44 0.017 0.105
G:F 0.300 0.294 0.0022 0.051
Overall period (d 0 to 116)
ADG, kg 1.02 1.01 0.004 0.107
ADFI, kg 2.73 2.70 0.018 0.017
G:F 0.374 0.376 0.0024 0.404
Diet economics
Low price
Experimental period
Feed cost per pig, $¢ 37.32 36.65 0.411 0.096
Feed cost/kg gain, $’ 0.443 0.439 0.0033 0.126
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Total revenue, $* 81.95 81.31 0.679 0.433

IOFC, $/° 44.63 44.66 0.469 0.965
Overall period
Feed cost per pig, $¢ 51.04 50.41 0.474 0.165
Feed cost/kg gain, $’ 0.461 0.459 0.0031 0.628
Total revenue, $° 108.18 107.15 0.809 0.329
IOFC, $/° 57.14 56.75 0.576 0.597
High price
Experimental period
Feed cost per pig, $¢ 66.83 65.55 0.736 0.074
Feed cost/kg gain, $’ 0.796 0.787 0.0057 0.074
Total revenue, $® 122.23 121.28 1.013 0.433
IOFC, $/° 55.40 55.73 0.673 0.669
Overall period
Feed cost per pig, $¢ 91.89 90.78 0.850 0.177
Feed cost/kg gain, $’ 0.829 0.827 0.0053 0.661
Total revenue, $° 161.35 159.82 1.207 0.329
IOFC, $/° 69.46 69.04 0.832 0.683

! Diets in phase feeding strategies were provided from 23 to 45, 45 to 79, and 79 to 114 kg. Pigs
were fed on a feed budget set at 44, 82, and 104 kg of feed per pig for phases 1 to 3, respectively.
From 114 to 135 kg, a common diet was fed until the end of the study. Diets were formulated to
contain 4.65, 3.75, 3.00, and 2.65 g SID Lys per Mcal NE for phases 1 to 3 and the common diet,
respectively.

2 For the diet blending strategy, three diets were formulated to contain 5.09, 3.60, and 2.76 g SID
Lys per Mcal NE. Two of these three diets were blended at different proportions daily to meet the
targeted SID Lys curve [aligned with 100% of PIC (2022) SID Lys recommendation] until pigs
reached 114 kg BW. Thereafter, pigs were then fed a common diet (2.65 g SID Lys per Mcal NE)
from 114 to 135 kg.

30n d 102 of the trial, the four to seven heaviest pigs in each pen were selected for marketing.

* Pigs marketed on d 116 of the trial. Pigs with defects or too small for marketing were left and
excluded from marketing.

> Weighted average of marketed pigs (initial and final marketing)

®Feed cost per pig = total feed cost divided by number of pigs at placement. Total feed cost was
determined as the sum-product of the total feed consumed from the beginning until the end of the
experimental or overall period for each diet and its corresponding cost.

"Feed cost per kg of gain = total feed cost divided by the total gain during experimental or overall
period.

8 Total revenue = total gain during experimental or overall period per pig x liveweight price ($/kg).
For the overall period, total gains included the weight of the marketed pigs (topped and dumped).

? Income over feed cost (IOFC) = total revenue during experimental or overall period — total cost
during experimental or overall period.
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Figure 2.1. Diet blending for Exp. 1

Blending of low (broken line) and high (solid line) standardized ileal digestible (SID) Lys diets to achieve the targeted SID Lys curves
corresponding to 90% (Blend-90, gray) and 100% (Blend-100, black) of PIC (2022) SID Lys recommendations, Exp. 1. Feed was
delivered daily using a robotic feeding system (FeedPro; FeedLogic by ComDel Innovation, Wahpeton, ND).

104



100% I
90%
80%

70% e High

60% eeee Medium

50%
° - e [ ow

40% )
== «+Common Diet
30%

Percent of the blended diets, %

20%
10%

0%
23 27 32 36 41 45 50 54 59 64 68 73 77 82 8 91 95 100 104 109 113 118 122 127 132 136

Body weight, kg

Figure 2.2. Diet blending for Exp. 2

Blending of two of the three diets (High, Medium, and Low) to achieve the targeted standardized ileal digestible (SID) Lys curve
corresponding to 100% of PIC (2022) SID Lys recommendations, Exp. 2. Feed was delivered daily using a robotic feeding system
(FeedPro; FeedLogic by ComDel Innovation, Wahpeton, ND).
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Chapter 3 - Determination of available and total tract digestible

phosphorus release curves for Microtech phytase

Abstract

A total of 320 barrows (DNA 200 x 400; initially 10.7 = 0.21 kg) were used in a 21-d
growth trial to determine the available P (aP) and true total tract digestible P (TTTD P) release
curves for Microtech phytase (VTR Bio-Tech Co, Ltd., Guangdong, China). At ~21 d of age,
pigs were weaned, randomly allocated to pens and fed a common diet for 18 d and then fed a P
depletion diet with 0.11% aP and 0.20% standardized total tract digestible (STTD P) for 3 d. On
d 21 post-weaning, considered d 0 of the study, pigs were blocked by average pen body weight
(BW) and randomly allotted to 1 of 8 dietary treatments with 5 pigs per pen and 8 pens per
treatment. Dietary treatments were derived from a single basal diet and phytase, monocalcium
phosphate, limestone, and sand were added to create the treatment diets. The basal diet contained
0.32% phytate P. Treatments included 3 diets with 0.11, 0.19 and 0.27% aP (corresponding to
STTD P 0f 0.20, 0.27 and 0.35%) using monocalcium phosphate and 5 diets with 0.11% aP
(0.20% STTD P) and increasing phytase (250, 500, 1,000, 1,500 and 2,000 FTU/kg). On d 14 of
the trial, fecal samples were collected from 3 pigs per pen. Samples were analyzed for dry matter
(DM), N, P, and TiO: for the calculation of apparent total tract digestibility (ATTD) of DM, N
and P. At the conclusion of the experiment, 1 pig, closest to the mean weight of each pen, was
euthanized for bone analysis. The right fibula, 10" rib, and 3™ metacarpal were collected for the
determination of bone density, bone ash weight, and percentage bone ash. Increasing aP and
STTD P from inorganic P increased (quadratic, P < 0.050) final BW, average daily gain (ADG),
and gain to feed ratio (G:F). Increasing phytase increased (linear, P < 0.012) final BW and

average daily feed intake (ADFI) and improved (quadratic, P < 0.042) ADG and G:F. Dry matter
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digestibility decreased (quadratic, P = 0.043) with increasing aP and STTD P from inorganic P,
while P digestibility increased (linear, P < 0.001) with increasing aP and STTD P from inorganic
P and increasing phytase. Bone density, bone ash weight, and percentage bone ash increased
(linear, P < 0.004) with increasing aP and STTD P from inorganic P and increasing phytase. The
aP release curve based on the average percent bone ash of the three bones and TTTD P release
curve developed for Microtech phytase are: aP release, % = (0.868 x FTU/kg) +(9,599.511 +

FTU/kg) and TTTD P release, % = (0.00004017 x FTU) + 0.011, respectively.

Introduction

Phytase (myo-inositol hexaphosphate phosphohydrolase) is an enzyme used to hydrolyze
the phytate molecule and release phytate P (Selle and Ravindran, 2008). The use of phytase in
animal diets allows for more efficient digestion of P and other nutrients in plant-based
ingredients, thereby improving animal performance while reducing P excretion. In swine
nutrition, phytase can be sourced from endogenous enzymes generated by the small intestine
mucosa, microfloral enzyme activity in the large intestine, intrinsic plant phytase activity, and
dietary inclusion of exogenous phytase. When exogenous phytase is used in diet formulation,
either available P (aP) or digestible P release is used to estimate the amount of phosphate that
can be replaced in the diet. Available P release by phytase is determined based on its biological
value relative to a standard mineral source such as monocalcium phosphate using a sensitive
response indicator such as bone mineralization as response criteria (Zhai et al., 2022). Available
P release can then be converted to digestible P release using a conversion factor of 0.883, which
is the digestibility coefficient of P in monocalcium phosphate with an assumed bioavailability of

100% (Dersjant-Li et al., 2015). Improvement in P digestibility by phytase can also be measured
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by comparing the amount of digestible P in P-deficient diets with and without phytase (Almeida
et al., 2013). Digestible P can be expressed as apparent total tract digestible P (ATTD P),
standardized total tract digestible P (STTD P) or true total tract digestible P (TTTD P). Apparent
total tract digestible P measures the proportion of P that is not excreted in the feces without
correcting for endogenous losses, whereas STTD P and TTTD P corrects for basal and total
endogenous losses, respectively.

Microtech phytase is a new generation phytase developed by VTR Biotech (Guangdong,
China) with little data available to describe its P release. Microtech phytase is an E. coli-derived
6-phytase expressed in Pichia pastoris. A study by Flohr et al. (2015) observed that inclusion of
Microtech phytase resulted in improved average daily gain (ADG), feed to gain ratio, and bone
ash weight and percentage up to its highest inclusion in the study of 780 FTU/kg indicating that
higher inclusion may provide additional benefit to growth performance and bone mineralization.
The study by Flohr et al. (2015) found that aP release of Microtech phytase ranged from 0.02 to
0.06% when included at 155 to 780 FTU/kg. Evaluation of Microtech phytase warrants a higher
inclusion rate and development of both aP and digestible P release. Therefore, the objectives of
the study were to evaluate the effects of Microtech phytase on growth performance, fecal P
digestibility, and bone characteristics of 10- to 22 kg nursery pigs and to develop available and

TTTD P release curves for Microtech phytase at levels between 250 to 2,000 FTU/kg.

Materials and Methods

The protocol used in this experiment was approved by the Kansas State University
Institutional Animal Care and Use Committee. Prior to the experiment, two samples of corn,

soybean meal, canola meal, limestone, monocalcium phosphate, vitamin premix, and mineral
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premix were analyzed in duplicate for Ca and P (AOAC, 2006, official method 985.01) at
Kansas State University Research and Extension Soil Testing Laboratory (Manhattan, KS) and
Midwest Laboratories (Omaha, NE). The mean values obtained from the two laboratories were
used in diet formulation (Table 1). Additionally, three samples of Microtech phytase were
analyzed in duplicate (AOAC, 2000, official method 2000.12) for phytase activity. Microtech
phytase was found to contain 10,758,000 phytase units (FTU)/kg and this was used to determine

its inclusion rate in diet formulations.

Diet formulation and manufacturing

A single corn-soybean meal-canola meal-based diet was used to derive dietary
treatments. The basal diet was formulated to contain 1.25% SID Lys with all other essential
amino acids (AA) set to meet or exceed NRC (2012) requirement estimates as a ratio relative to
SID Lys (Table 2). Canola meal was added at 7.6% of the basal diet to achieve the phytate P
level of 0.32% and ensure adequacy of substrate for phytase activity. Ingredients including
Microtech phytase, monocalcium phosphate, limestone, and sand were added to the basal diet to
create the experimental diets (Table 3). A ratio of 1.10:1 analyzed Ca to analyzed P ratio was
maintained in all treatment diets. Titanium dioxide (TiO2) was added (0.5%) to the diets as an
indigestible marker for measurement of nutrient digestibility. Basal and experimental diets were
manufactured in meal form at O.H. Kruse Feed Technology Innovation Center at Kansas State
University. During bagging, diet samples were collected from every fourth bag, pooled, ground,
and stored at -20 °C until submitted for analysis. Two samples of each treatment diet were
submitted and analyzed in duplicate for Ca and P (Kansas State University Research and

Extension Soil Testing Laboratory, Manhattan, KS), phytase activity (AOAC, 2000 official
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method 2000.12), and phytic acid (Ellis et al., 1977; Eurofins Nutrition Analysis Center, Des

Moines, IA).

Animals and diets

The study was conducted at the Kansas State University Segregated Early Weaning
facility in Manhattan, KS. The facility has two identical barns that are completely enclosed and
environmentally controlled. Pigs were placed in 1.2 x 1.2 m pens that contained a four-hole dry
self-feeder and a cup waterer for ad libitum access to feed and water. A total of 320 barrows
(DNA 200 x 400) were weaned at approximately 21 d of age. Weaned pigs were then fed a
common diet for 18 d. Pigs were then fed a P depletion diet (0.11% available P corresponding to
0.20% STTDP) for a 3-d period. On the fourth day after the start of the depletion feeding period,
pens of pigs were blocked by body weight (BW; initially 10.7 = 0.21 kg) and randomly allotted
to 1 of 8 dietary treatments with 5 pigs per pen and 8 replicate pens per treatment. This was
considered d 0 of the study. Treatments included 3 diets with 0.11, 0.19 and 0.27% aP
corresponding to 0.20, 0.27 and 0.35% STTD P using monocalcium phosphate. These 3
treatment diets were used to develop the standard curves for determining aP and TTTD P release
and 5 diets with 0.11% aP (0.20% STTD P) and increasing phytase (250, 500, 1,000, 1,500 and

2,000 FTU/kg) that were used to develop the aP and TTTD P release curves.

Measurements and sampling
Throughout the 21-d experiment, pig and feeder weights were measured every 7 d to
determine ADG, average daily feed intake (ADFI), and gain to feed ratio (G:F). Atd 14 of the

trial, fecal samples were collected from 3 pigs per pen using rectal stimulation and were stored at
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-20 °C until analysis. Samples were oven dried at 55 °C for 48 h, ground, pooled per pen, and
analyzed for dry matter (DM), N, P, and TiO; for the calculation of ATTD of DM, N, and P
(Equation 1). The weight before and after drying were used to calculate percentage DM.
Nitrogen content of the fecal and feed samples was determined by combustion method using
Leco TruMac N with TruMac operating software (Leco Corporation, St. Joseph, MI), whereas
the P content was determined at Midwest Laboratories (Omaha, NE) using inductively coupled
plasma spectroscopy-optical emission spectroscopy (AOAC, 2006 official method 985.01).
Titanium dioxide content of feces and feed were quantified according to Short et al. (1996).
Absorbance of standards and samples were read using Epoch 2 plate reader (BioTek Instruments,
Inc., Winooski, VT) at 408 nm wavelength. All fecal and feed samples were analyzed in
duplicate. For the calculation of ATTD of N and P, the dried fecal samples were further dried in
muffle furnace at 135 °C for 2 h and this was used to express fecal N, P and TiO; on a DM basis.
Furthermore, TTTD of P was calculated based on NRC (2012, Equation 2) with the total
endogenous P losses estimated from the y-intercept of the regression of ATTD P (g/kg feed)

against dietary P concentration (g/kg feed) in inorganic P diets.

ATTD P, DM or N, % = [1_ (TiOz in diet, % x DM, N or P of feces, % )] <100

Equation 1.
TiO: in feces, % x DM, N or P of diet, % !

TTTD P, % = ATTD P, % + [(mt*" endogenous P ‘°Ss) x 100] Equation 2.

P in diet

At the termination of the experiment, pigs were euthanized, and bones were collected
from the middle weight pig from each pen to determine bone mineralization. The right fibula,
10™ rib, and 3™ metacarpal were collected, individually placed in plastic bags with identification,

and stored at -20 °C until analysis. After freezing, leftover extraneous soft tissue and cartilage
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caps were removed from each bone. For bone density, bones were submerged in ultra-purified
water under vacuum for 4 h. Bones were then weighed while suspended in a vessel of water and
the weights were used to calculate bone density. For bone ash, bones were processed using the
non-defatted method. Each bone was dried at 105 °C for 7 d in a drying oven and subsequently
ashed at 600 °C for 24 h in a muftle furnace. This method was used to determine total bone ash

weight and percentage ash relative to dried bone weight.

Calculations and statistical analysis

Growth performance, digestibility, and bone analyses data were analyzed as a
randomized complete block design with pen as the experimental unit, treatment as fixed effect,
and weight and barn blocks as random effects. The base model was evaluated using the MIXED
procedure of SAS v.9.4 (SAS Institute, Inc., Cary, NC). Linear and quadratic polynomial
contrasts were performed to determine the effects of increasing inorganic P and phytase level.
Results were considered significant with P-values < 0.05 and were considered marginally
significant at 0.05 < P <0.10.

Available P release by phytase was calculated using a standard response curve that
utilized the inorganic P diets. Standard response curves were developed using marginal aP intake
[i.e., dietary aP% minus 0.11% (the aP in the basal diet) multiplied by ADFI] as a predictor
variable for each response criterion. The equation for the standard curve was used to calculate
the aP release from each pen based on the observed value for each response criterion. Using the
pen ADFI, this value was then converted to a marginal aP intake. A mixed model ANOVA with
weight and barn blocks as random effects were used to evaluate aP release as a function of the

calculated phytase dosage, assuming an intercept of no aP release for the 0.11% aP diet without
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phytase. Formulated phytase levels were used to calculate all release values. A model (Equation
3) was fitted to pen release values using non-linear regression. The model parameters were
estimated using the nls function from the stat package in R (version 4.3.1, R Core Team, Vienna,

Austria) to develop aP release curves for bone density, bone ash weight and percentage bone ash.

ax FTU
b+ FTU

aP release, %= Equation 3.

where a and -b are the horizontal and vertical asymptote, respectively.

The TTTD P release from phytase was calculated using two approaches (Zhai et
al.,2023). In the first approach, the aP release values based on percent bone ash were transformed
to its equivalent digestible P values by multiplying to the TTTD coefficient of P in monocalcium
phosphate that was represented by the slope of the linear regression of ATTD P against the
formulated dietary P concentration. In the second approach, TTTD P release by phytase was
calculated for each pen by subtracting the average of the TTTD P in control diet from the TTTD
P in each diet added with phytase. Models were fitted to pen release values using a linear
trendline with the formulated phytase level as fixed effect and weight and barn as random
effects. The model parameters were estimated using the Ime procedure of R (version 4.3.1, R

Core Team, Vienna, Austria) to develop the release curve for TTTD P.

Results

The analyzed Ca and P of the experimental diets were lower than formulated values but
were consistent with increasing Ca and P for the inorganic P treatments (Table 3). Phytase

activity of the complete diets increased across phytase treatments with analyzed phytase
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concentration of 268, 483, 1,060, 1,575, and 2,225 FTU/kg. Phytate P levels of the treatment
diets ranged from 0.27 to 0.30%.

Pig fed increasing aP and STTD P from inorganic P had increased (quadratic, P < 0.050)
final BW, ADG, and G:F (Table 4). Pigs fed increasing phytase had increased (linear, P < 0.012)
final BW and ADFI and increased (quadratic, P < 0.042) ADG and G:F. The calculated aP
release values from Microtech phytase based on ADG and G:F also followed a significant
quadratic (P <0.015, Table 5) pattern.

Bone density, bone ash weight, and percentage bone ash of the fibula, rib, metacarpal and
their average increased (linear, P < 0.004) with increasing aP and STTD P from inorganic P and
increasing phytase (Table 4). As a result, the calculated percentage aP release from Microtech
phytase based on different bone response criteria followed a significant linear (P < 0.002 pattern.

Percentage fecal DM, N, and P were not influenced by increasing aP and STTD P from
inorganic P, whereas increasing phytase decreased fecal N (quadratic, P = 0.015) and fecal P
(linear, P = 0.009) percentage (Table 4). Dry matter and N digestibility decreased (quadratic, P <
0.049) with increasing aP and STTD P from inorganic P, while P digestibility increased (linear,
P <0.001) with increasing aP and STTD P from inorganic P and increasing phytase.

The aP release curves of Microtech phytase for bone density, bone ash weight and
percent bone ash for the right fibula, right 10 rib, right 3 metacarpal, and the average of all
three bones were modelled following Equation 3 (Figure 1, a to d). The aP release based on
average bone density (Equation 4), bone ash weight (Equation 5) and percent bone ash (Equation

6) of the 3 bones, respectively are:

aP release, % = (0.519 x FTU/kg) + (5,210.321 + FTU/kg) Equation 4
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Bone ash weight aP release, % = (0.392 x FTU/kg) + (3,124.916 + FTU/kg) Equation 5

Bone ash (%) aP release, % = (0.868 x FTU/kg) + (9,599.511 + FTU/kg) Equation 6

For TTTD P release curve of Microtech phytase, two approaches adapted from Zhai et al.
(2023) were used. In both approaches, the TTTD P release increased (linear, P < 0.001) with
increasing phytase (Table 6). The first approach resulted in greater digestible P release values at
0 to 0.14% TTTD P than the second approach at 0.02 to 0.09% TTTD P. For the first approach,
the regression equation was: ATTD P = (0.935 x total P) — 3.218 (12 = 0.737) with the slope
representing the TTTD of P of monocalcium phosphate and the y-intercept representing the total
endogenous losses (Figure 2). The TTTD of P of monocalcium phosphate was used as multiplier
to convert aP release to digestible P release (Approach 1: TTTD P = aP x 0.935). For the second
approach, the STTD P release curve of Microtech phytase as TTTD P = (0.00004017 x FTU/kg)

+0.011 (Figure 3).

Discussion

Microbial phytase is an enzyme used to release the phytate bound P and its complexes in
plant-based raw materials. Phytase reduces the antinutritional effect of phytate through
dephosphorylation of insoluble phytic acid in grains and oilseeds into orthophosphate and
inositol phosphate, allowing improved digestion of P, Ca, amino acids, and energy, thereby
improving animal performance while reducing P excretion (Adeola and Cowieson, 2011;
Dersjant-Li et al., 2015). Several exogenous phytases are commercially available and their
efficacy varies, thus knowing the efficacy of P release from novel phytase is essential for its

effective use in diet formulation (Becker et al., 2021; Kim et al., 2024). Undervalued dietary P-
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release from phytase results in unnecessary diet cost and a negative environmental impact,
whereas over estimation of P-release from phytase may compromise animal growth and bone
mineralization. In this experiment, Microtech phytase developed by VTR Biotech (Guangdong,
China) is an E. coli-derived 6-phytase that is expressed in Pichia pastoris. Internal evaluation of
Microtech phytase showed that it is stable after feed conditioning and pelleting (75 to 80 °C) and
is stable at a pH range of 3.0 to 5.5.

Unlike previous studies that evaluated the effect of Microtech phytase in nursery pig
diets, the current study incorporated canola meal to achieve a higher dietary phytate P level of
0.32%, compared to 0.24% typically found in corn—soybean meal-based diets. This adjustment
was made to ensure an adequate supply of substrate for phytase activity. Canola meal contains
0.65% phytate P and 1.08% total P, whereas soybean meal contains 0.38% phytate P and 0.71%
total P (NRC, 2012).

An earlier evaluation of Microtech phytase was conducted by Flohr et al. (2015) where
15 to 28 kg nursery pigs were either fed an increasing dietary aP from 0.12 to 0.24% aP using
inorganic P or increasing dietary phytase from 155 to 780 FTU/kg using from Microtech
phytase. A linear increase in final BW and ADG and a quadratic increase in G:F with increasing
phytase in the diet were observed by Flohr et al. (2015) demonstrating a potential further benefit
beyond the highest level evaluated of 780 FTU/kg. In the current study, the inclusion was
increased above the levels of Flohr et al. (2015) and observed final BW, ADG, ADFI and G:F
were numerically maximized at the highest inclusion rate of 2,000 FTU/kg although quadratic
responses were observed. The greatest magnitude of improvement in final BW and ADG was

observed with the first 500 FTU/kg inclusion with smaller incremental improvement through
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2,000 FTU, whereas Flohr et al. (2015) observed greater magnitude of improvement in ADG
between 465 to 780 FTU/kg.

Besides the improvement in growth performance, phytase in the diet allows for reduced
use of inorganic P and decreases P excretion. In the current study, fecal P linearly decreased with
increasing phytase in the diet, resulting in a linear increase in P digestibility up to the highest
phytase level of 2,000 FTU/kg. This was in agreement with Symeou et al. (2014) who modeled P
digestibility, retention and excretion from added dietary phytase and observed that the responses
were curvilinear and P digestibility reached a maximum at 2,500 FTU/kg. In contrast to P
digestibility, DM and N digestibility were not influenced by phytase levels. In a series of studies
conducted by Liao et al. (2005), supplementation of phytase at 500 and 1,000 FTU/kg improved
N digestibility in wheat-soybean meal- and wheat-soybean meal-canola meal based diets, but not
in corn-soybean meal and barley-peas-canola meal based diets which may suggest that the
response depends on diet composition. Apart from the fecal P and P digestibility response to
increasing phytase, it is important to note that the increasing aP in the inorganic P diets, thus
increasing P intake, increased P digestibility without significantly increasing fecal P, suggesting
the extra P consumed was retained. In contrast, Ekpe et al. (2002) observed a linear increase in
fecal P with increased dietary P intake. The difference in results is because P levels in diets of
the current study were intentionally below the pig’s P requirement to generate a standard curve.

As P is needed to maximize bone strength and mineralization, these parameters have been
included in numerous phytase studies (Becker et al., 2021; Gaffield et al., 2023; Kim et al.,
2024). Consistent with these studies, multiple bones and bone criteria were used in the present
study as numerous factors may influence the sensitivity of a bone to dietary P. For example,

Williams et al. (2022) concluded that in 12-kg pigs, the second rib and fibula were the most
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sensitive indicators of P status in bone mineralization. In contrast, Crenshaw et al. (1981)
reported that the femur, humerus, and rib were the most responsive to P in younger pigs.
Congruent with the findings of Flohr et al. (2015), linear increases in bone ash weight and bone
ash percentage were observed in the present study. Additionally, bone density, which is another
measure of bone mineralization, linearly increased with increasing phytase in the diet. This
suggests that a greater inclusion of Microtech phytase (i.e., >2,000 FTU/kg) may further increase
the bone characteristics measured.

Using the responses of bone criteria and fecal P to increasing phytase in the diet, the aP
and TTTD P release values were determined. Phosphorus release is often evaluated using aP
release curves as it represents the amount of P that is digested, absorbed, and available for
utilization in bone mineralization (Becker et al., 2021; Gaffield et al., 2023; Kim et al., 2024). In
this approach, the aP release by phytase is calculated by comparing it with standard mineral P
source (e.g. monocalcium phosphate) to achieve the same response of a sensitive indicator such
as bone ash (Dersjant-Li et al., 2019), although growth performance are also used. The NRC
(2012) P requirement estimates; however, are represented as digestible P, therefore it is
important to establish both aP and digestible P release by phytase. Different aP to digestible P
conversion have been used. For example, available P can be converted to STTD P using a factor
of 0.883 which is based on assumed P bioavailability of 100% and an actual STTD P of 88.3% of
monocalcium phosphate (NRC, 1998; NRC, 2012). This conversion has been challenged by
relevant studies because aP and digestible P are different in several aspects including that
digestible P is point-of-time measurement while aP reflects a cumulative effect of P on bone
mineralization (Zhai et al., 2022; 2023). Moreover, digestible P is reflective of the digested and

absorbed P in a diet with specific ingredient composition; whereas aP accounts for the P balance
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in animals. In the current study, both aP and digestible P (expressed as TTTD P) of Microtech
phytase were determined and TTTD P was determined following the two approaches described
by Zhai et al. (2023). Compared to ATTD P, TTTD P corrects the digestibility coefficient of P
for the total endogenous losses (She et al., 2017). In this study, total endogenous losses were
estimated using regression analysis as described by Pettey et al. (2006).

The aP release values for phytase depend on response variables as these have different
sensitivity to dietary P supply. In the current study and similar to findings of Zhai et al. (2023),
the aP release values based on growth performance were higher than the bone criteria and this
can be explained by the dependence of soft tissue growth on P and the extra-phosphoric effect of
phytase beyond P nutrition (Lu et al., 2019; Lautrou et al., 2020). However, contrary to Zhai et
al. (2023), a quadratic trend in calculated aP release values based on ADG and G:F but a linear
trend in calculated aP release based on bone criteria were observed in the present study. This
supports the knowledge that bone mineralization is a more sensitive parameter for dietary P-
related studies than other parameters (Wang et al., 2021) and thus provides evidence that it
provides a better estimation of aP release. Furthermore, the aP release based on bone ash weight
was greater than aP release based on bone density and bone ash percent. Bone criteria based on
weight generally give greater response to supplementation of monocalcium phosphate or phytase
than bone criteria in percentages because bone size adds another dimension of difference. As
growth in size might obscure the improvement in mineral deposition, bone ash percentage may
provide a more accurate measure of aP release from phytase as it independent of bone size
(Gaffield et al., 2023). Additionally, higher aP release was observed for 3™ metacarpal than

fibula and 10" rib. This is in contrast with the findings of Kim et al. (2024) who observed greater
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aP release with 10" rib than 3™ metacarpal and fibula. The differences among studies suggest
that the average of the three bones may provide a more robust estimate of the aP release.

For the TTTD P, similar to Zhai et al. (2023), the current study used two approaches. The
first approach that utilized the TTTD P of monocalcium phosphate of 0.935 (the slope of the
linear regression of ATTD P against the formulated dietary P concentration) to convert aP to
TTTD P release by phytase generated greater values than the second approach that utilized actual
TTTD P of the phytase diets, and the difference was greater at higher phytase levels. For
example, at 500 FTU/kg, the TTTD P release based on approaches 1 and 2 are 0.05 and 0.04%,
respectively, whereas at 2,000 FTU/kg, the TTTD P release based on approaches 1 and 2 are
0.14 and 0.09%, respectively. The difference can be explained by the different response criteria
used. The first approach used aP that was measured using bone mineralization which is a more
sensitive response parameter than P digestibility which was used in the second approach. This
paper used the second approach to estimate TTTD P release because it directly measured the

improvement in digestibility by phytase.

Summary and Conclusion

In summary, this study provided the aP and TTTD P release values for Microtech phytase
in nursery pigs weighing 10 to 22 kg nursery pigs when fed at levels between 250 to 2,000
FTU/kg. The aP and TTTD P release of Microtech phytase depends on the bone characteristic
measured, type of bone used, and the methodology used to estimate digestibility of P. The aP
release curve based on the average percent bone ash of the three bones and TTTD P release

curve based on directly improved digestibility for Microtech phytase are: aP release, % = (0.868
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x FTU/kg) + (9,599.511 + FTU/kg) and TTTD P release, % = (0.00004017 x FTU/kg) + 0.011,

respectively.
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Table 3.1. Analyzed composition of ingredients used in diet formulation (as-fed basis)

Ingredient Ca, %! P, %! Phytase, FTU/kg?
Corn 0.08 0.31 ---
Soybean meal 0.63 0.71 -—-

Canola meal 1.56 0.80 -
Limestone 38.80 0.01 -
Monocalcium phosphate 17.15 21.37 -
Vitamin premix 26.17 0.03 -
Mineral premix 18.44 <0.01 -
Microtech phytase -—- -—- 10,758,000

'Ca and P levels of ingredients were analyzed at K-State Research and Extension Soil
Testing Laboratory, Manhattan, KS and Midwest Laboratories, Omaha, NE. Two samples
were sent to each laboratory and each analyzed in duplicate. Values represent the mean of the
results obtained from the two laboratories. > Analyzed at Eurofins Nutrition Analysis Center,
Des Moines, IA.
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Table 3.2. Composition of basal mix (as-fed basis)’

Item

Ingredient, %

Corn 60.59
Soybean meal 29.86
Canola meal 7.59
Sodium chloride 0.53
L-Lysine HCl 0.30
DL-Methionine 0.10
L-Threonine 0.10
L-Valine 0.01
Trace mineral premix? 0.15
Vitamin premix’ 0.25
Titanium dioxide 0.51
Total 100.00
Calculated analysis
Standardized ileal digestible (SID) amino acids
Lys, % 1.25
Ile:Lys 63
Leu:Lys 129
Met:Lys 33
Met and Cys:Lys 59
Thr:Lys 63
Trp:Lys 18.6
Val:Lys 70
His:Lys 42
Total Lys, % 1.44
Metabolizable energy, kcal/kg 3,309
Net energy (NE), kcal’kg 2,416
SID Lys:NE, g/Mcal 5.17
Crude protein, % 22.6
Ca, % 0.45
P, % 0.46
Available P, %* 0.09
STTD P, %° 0.19

! The basal batch was used as a major ingredient in each experimental diet.
2 Provided per kilogram of diet: 110 mg Zn from zinc sulfate; 110 mg Fe from
ferrous sulfate, 33 mg Mn from manganese oxide; 17 mg Cu from copper sulfate;

0.30 mg I from calcium iodate; 0.30 mg Se from sodium selenite.

3 Provided per kilogram of diet: 4,134 IU vitamin A; 1,653 IU vitamin D; 44 IU
vitamin E; 3 mg vitamin K; 0.03 mg vitamin B12, 50 mg niacin; 28 mg pantothenic

acid; 8 mg riboflavin.

4 Coefficients for formulation were derived from NRC (1998).
3STTD P, standardized total tract digestible phosphorus.
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Table 3.3. Composition, calculated analysis, and analyzed composition of experimental diets (as-
fed basis)

Item Inorganic P Phytase!

0.11 0.19 0.27 250 500 1,000 1,500 2,000
Ingredient, %
Basal mix 08.88  98.88  98.88 08.88 98.88 98.88 98.88  98.88
Limestone 0.16 0.23 0.29 0.16 0.16 0.16 0.16 0.16
Monocalcium P 0.11 0.49 0.86 0.11 0.11 0.11 0.11 0.11
Sand? 0.85 0.43 --- 0.85 0.85 0.84 0.84 0.83
Phytase® --- --- --- 0.0023 0.0046 0.0093 0.0139 0.0186
Total 100 100 100 100 100 100 100 100
Calculated analysis
NE, kcal/kg 2,377 2377 2377 2,377 2,377 2,377 2,377 2377
SID Lys, % 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24
Ca, % 0.53 0.62 0.70 0.53 0.53 0.53 0.53 0.53
P, % 0.48 0.56 0.64 0.48 0.48 0.48 0.48 0.48
Ca:P ratio 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10
Phytate P, % 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32
Analyzed composition*
DM, % 88.33  88.22  88.42 88.51 88.54 88.62 88.60 88.69
N, % 3.23 3.22 3.26 3.28 3.64 3.27 3.22 3.31
Ca, % 0.46 0.54 0.64 0.46 0.46 0.53 0.47 0.49
P, % 0.38 0.46 0.56 0.40 0.42 0.42 0.44 0.45
Ca:P ratio 1.21 1.17 1.14 1.15 1.10 1.26 1.07 1.09
Phytate P, % 0.28 0.28 0.30 0.27 0.28 0.29 0.29 0.30
Phytase, FTU/g --- --- --- 268 483 1,060 1,575 2,225
TiO 0.49 0.52 0.51 0.51 0.51 0.52 0.51 0.51

! Microtech phytase, VTR Biotech, Guangdong, China.

2 Sand was used to equalize weight of hand-add batch including the addition of limestone,
monocalcium P, and phytase when blended with the basal mix.

3 Phytase was analyzed for phytase level and contained 10,758,000 FTU/kg (Eurofins
Scientific Inc., Des Moines, 1A).

4 Diet samples were collected from every fourth bag, pooled, ground, and stored at -20 °C.
Samples were submitted in duplicate at K-State Research and Extension Soil Testing Laboratory,
Manbhattan, KS for Ca, and P analyses, and at Eurofins Nutrition Analysis Center, Des Moines,
IA for phytase and phytic acid analyses. Dry matter, N and TiO> were analyzed at KSU Swine
Laboratory. Manhattan, KS.
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Table 3.4. Effects of increasing aP (and STTD P) from monocalcium P or Microtech phytase on nursery pig growth performance and bone characteristics'+

Inorganic P, % aP? Phytase, FTU/kg* Inorganic P Phytase P
Item 0.11 0.19 0.27 250 500 1,000 1,500 2,000 SEM Linear  Quadratic Linear Quadratic
BW, kg
do 10.7 10.7 10.7 10.7 10.7 10.7 10.7 10.7 0.21 0.801 0.781 0.775 0.759
d21 19.5 20.9 21.1 20.2 20.7 209 211 21.4 0.31 <0.001 0.050 <0.001 0.063
d0to21
ADG, g 402 461 472 435 454 463 472 487 9.6 <0.001 0.043 <0.001 0.042
ADFIL, g 742 766 760 747 778 762 775 786 13.4 0.325 0.331 0.012 0.671
G:F, g/kg 542 602 622 581 584 609 609 619 7.8 <0.001 0.027 <0.001 0.003
Bone characteristics®
Fibula
Bone density, g/mL 1.15 1.20 1.21 1.16 1.19 1.18 1.19 1.21 0.014 0.004 0.217 0.001 0.840
Bone ash, g 0.640 0.806 0.865 0.666 0.747 0.775 0.873 0.872 0.0325 <0.001 0.164 <0.001 0.199
Bone ash, % 420 453 47.8 40.9 44.0 45.1 45.9 46.6 0.78  <0.001 0.692 <0.001 0.289
Rib
Bone density, g/mL 1.17 1.22 1.24 1.18 1.21 1.21 1.22 1.23 0.009 <0.001 0.290 <0.001 0.291
Bone ash, g 0.780 1.001  1.182 0.759 0938 0990 1.036 1.149 0.0443 <0.001 0.710 <0.001 0.470
Bone ash, % 44.5 48.3 50.5 43.8 46.8 48.8 49.1 50.4 0.73  <0.001 0.345 <0.001 0.116
Metacarpal
Bone density, g/mL 1.11 1.15 1.15 1.13 1.14 1.14 1.15 1.16 0.006 <0.001 0.081 <0.001 0.482
Bone ash, g 0.926 1.091 1.171 1.031 1.054 1.111 1.182 1.215 0.0382 <0.001 0.300 <0.001 0.181
Bone ash, % 31.9 34.9 36.3 32.1 34.5 35.1 35.6 37.1 0.84 0.001 0.446 <0.001 0.468
Average
Bone density, g/mL 1.15 1.19 1.20 1.16 1.18 1.18 1.18 1.20 0.008 <0.001 0.103 <0.001 0.463
Bone ash, g 0.782 0.963 1.073 0.818 0913 0959 1.030 1.079 0.0331 <0.001 0.318 <0.001 0.163
Bone ash, % 39.5 42.9 44.8 38.9 41.8 43.0 435 447 0.67  <0.001 0.397 <0.001 0.186
Digestibility®
Fecal dry matter, % 26.7 27.3 25.9 27.5 26.0 259  28.8 25.1 0.95 0.503 0.344 0.612 0.404
Fecal N, % 448 452 4.47 4.28 4.25 4.25 4.00 4.36 0.108 0.984 0.690 0.141 0.015
Fecal P, % 1.91 1.92 2.07 1.77 1.70 1.71 1.70 1.52 0.090 0.220 0.557 0.009 0.965
DM digestibility, % 84.14 8236 83.49 82.78 8191 8253 83.81 82.03 0.612 0.427 0.043 0.279 0.493
N digestibility, % 79.94  77.39 79.24 79.45 80.71 79.07 81.51 78.15 0911 0.584 0.049 0.473 0.199
P digestibility, % 27.82 3297 4431 32.03 33.63 3439 4269 44.04 3268 <0.001 0.412 <0.001 0.924

I A total of 320 pigs (DNA 200 x 400, initially 10.7 + 0.21 kg) were used in a 21-d growth trial with 5 pigs per pen and 8 replications per treatment.

2 ADG = average daily gain; ADFI = average daily feed intake; G:F = gain to feed ratio.

3 Inorganic P was added to the diet by increasing monocalcium P.
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4 Microtech phytase, VTR Biotech, Guagdong, China.

5 One pig per pen (8 pigs per treatment) was euthanized and the right fibula, right 10" rib, and right 3 metacarpal were collected to determine bone
density, bone ash weight, and percentage bone ash. After cleaning, bones were submerged in ultra-purified water under vacuum for 4 h. Weights were then
collected, and bone density calculated. For bone ash, bones were placed in a drying oven at 105 °C for 7 d and then ashed in a muffle furnace at 600 °C for
24 h.

6 At d 14 of the trial, fecal samples were collected from 3 pigs per pen using rectal swabbing and were stored at -20 °C until analysis. Samples were oven
dried at 55 °C for 48 h, ground, pooled per pen, and analyzed for dry matter (DM), N, P, and TiO> for the calculation of ATTD of DM, N, and P.
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Table 3.5. Calculated aP release values (%) based on different response criteria'

Phytase, FTU/kg?

Item: 250 500 1,000 1,500 2,000 SEM Linear Quadratic
Performance
ADG 0.057 0.098 0.119 0.135 0.164 0.0202 <0.001 0.015
G:F 0.067 0.069 0.121 0.119 0.137 0.0157 <0.001 0.002
Bone characteristics®
Fibula
Bone density 0.004 0.062 0.064 0.090 0.152 0.0428 0.002 0.899
Bone ash 0.005 0.067 0.084 0.151 0.147 0.0209 <0.001 0.106
Bone ash -0.034 0.043 0.082 0.102 0.119 0.0221 <0.001 0.299
Rib
Bone density 0.008 0.062 0.084 0.100 0.136 0.0262 <0.001 0.368
Bone ash -0.009 0.057 0.082 0.098 0.139 0.0156 <0.001 0.360
Bone ash -0.029 0.042 0.108 0.117 0.148 0.0185 <0.001 0.113
Metacarpal
Bone density 0.046 0.082 0.102 0.107 0.177 0.0225 <0.001 0.366
Bone ash 0.061 0.076 0.111 0.155 0.172 0.0243 <0.001 0.126
Bone ash -0.006 0.082 0.105 0.125 0.178 0.0293 <0.001 0.391
Average*
Bone density 0.016 0.068 0.082 0.098 0.154 0.0231 <0.001 0.484
Bone ash 0.015 0.066 0.092 0.130 0.152 0.0151 <0.001 0.075
Bone ash -0.024 0.054 0.099 0.115 0.147 0.0175 <0.001 0.145

! Available P release by Microtech phytase was calculated using a standard response curve that utilized the inorganic P diets.
Standard response curves were developed using marginal aP intake [i.e., dietary aP% minus 0.11% (the aP in the basal diet)
multiplied by ADFI] as the predictor variable for each response criterion. Marginal aP intake equivalence was solved for each
replicate pen fed a specific phytase by substituting the response variable in each standard response equation with the measured

value. Using the pen ADF]I, aP intake was then converted to marginal aP release.

2 Microtech phytase, VTR Biotech, Guagdong, China.
3 One pig per pen (8 pigs per treatment) was euthanized and the right fibula, right 10" rib, and right 3™ metacarpal were
collected to determine bone density, bone ash weight, and percentage bone ash. After cleaning, bones were submerged in ultra-
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purified water under vacuum for 4 h. Weights were then collected, and bone density calculated. For bone ash, bones were placed in
a drying oven at 105 °C for 7 d and then ashed in a muffle furnace at 600 °C for 24 h.
4Average aP release values generated using data from the right fibula, rib, and metacarpal.
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Table 3.6. Calculated TTTD P release values based on 2 approaches demonstrated by Zhai et al. (2023)

Phytase, FTU/kg' P=
Item: 250 500 1,000 1,500 2,000 SEM Linear Quadratic
Approach 17
TTTD P, % -0.022 0.051 0.092 0.107 0.137 0.0163 <0.001 0.144
Approach 2°
TTTD P, % 0.022 0.038 0.038 0.081 0.090 0.0179 <0.001 0.849

! Microtech phytase, VTR Biotech, Guagdong, China.

2 The aP release values based on bone ash weight of the average of the 3 bones (Table 5) were transformed to its equivalent
TTTD P values by multiplying to the TTTD coefficient of P in monocalcium phosphate of 0.935.

3 The TTTD P release by Microtech phytase was calculated for each pen by subtracting the average of the TTTD P in the control
diet (no phytase) from the TTTD P in each phytase-containing diet.
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Figure 3.1. Available P release curves of Microtech phytase
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Available P release curves of Microtech phytase for bone density, bone ash weight, and percent bone ash for right fibula (upper-left), right 10 rib
(upper-right), right 3™ metacarpal (bottom-left), and the average of all three bones (bottom-right).
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20 - ATTD P =(0.935 x total P, g/kg) — 3.218

2.5 1
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Figure 3.2. Regression of ATTD P (g/kg feed) against dietary total P concentration (g/kg feed)
in inorganic P diets

This was used to estimate the TTTD coefficient of P in MCP. The regression equation was:
ATTD P =(0.935 x total P) —3.218 (12 = 0.737) with the slope representing the TTTD of P of
MCP and the y-intercept representing the total endogenous losses. The TTTD of P of MCP was
used as multiplier to convert aP release to digestible P release.
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(—) TTTD P =aP x 0.935
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Figure 3.3. Standardized total tract digestible P release with supplemental Microtech phytase

Two approaches were used. Approach 1: TTTD P =aP x 0.935 (—) and approach 2: TTTD P =
(4.017¢® x FTU) + 0.011, r*= 0.236 (-----).

137



Chapter 4 - Effect of standardized ileal digestible lysine to crude
protein ratio on growth performance and blood urea nitrogen of 45

to 125 kg pigs

Abstract

Four experiments were conducted to determine the effect of standardized ileal digestible
(SID) Lys to crude protein (CP) ratio on growth performance and blood urea nitrogen (BUN) of
45 to 125 kg pigs. In each experiment, pens of pig were blocked by body weight (BW) and
randomly assigned to one of five dietary treatments in a randomized complete block design.
There were 8 to 10 pigs per pen and 13 or 14 replications per treatment in each experiment. A
total of 621, 663, 624, and 609 pigs were used in Exp. 1 through 4, respectively. The pigs (DNA
600 x 241) were initially 45.5 + 0.53, 55.1 £ 0.49, 84.8 £ 0.85, and 103.8 = 0.61 kg in Exp. 1 to
4, respectively. Pens were mixed sex, and each experiment lasted 21 d. Dietary treatments were
formulated to contain 0.94, 0.83, 0.71, and 0.63% SID Lys for Exp. 1 to 4, respectively. Within
each experiment, diets provided SID Lys:CP ratios of 85.0, 92.5, 100.0, 107.5, and 115.0% of
requirement estimates calculated from NRC (2012). Pen weight, number of pigs per pen, and
feed delivery were recorded to calculate average daily gain (ADG), average daily feed intake
(ADFI), and gain to feed ratio (G:F). Blood samples were collected on d 14 of each experiment
and analyzed for BUN. Dose response curves were evaluated using linear, quadratic polynomial,
cubic polynomial, and broken-line linear models. In Exp. 1, increasing SID Lys:CP ratio had no
effect on final BW and ADG, but increased (linear, P < 0.001) ADFI and decreased (linear, P <
0.001) G:F. In Exp. 2, final BW was unaffected, ADG tended to decrease (linear, P = 0.053),

ADFT increased (quadratic, P = 0.025), and G:F decreased (linear, P < 0.001) with increasing
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SID Lys:CP ratio. In Exp. 3, increasing SID Lys:CP ratio decreased (linear, P < 0.046) final BW,
ADG, and G:F. In Exp. 4, no effects were observed on BW or ADG, but ADFI tended to
increase (linear, P =0.069) and G:F decreased (linear, P = 0.009) with increasing SID Lys:CP
ratio. Across experiments, increasing SID Lys:CP ratio reduced N intake and BUN (linear, P <
0.001). The cubic models provided the best fit for Exp. 1, 2 and 4, while a linear model fit Exp.
3. In conclusion, increasing SID Lys:CP ratio decreased G:F and BUN in 45 to 125 kg pigs.
Based on the local maxima determined using cubic models, the estimated SID Lys:CP ratios to
optimize G:F were 5.55% (45 to 70 kg), 5.47% (55 to 78 kg), and 5.27% (103 to 125 kg). For 84

to 108 kg pigs, requirements were estimated below 5.13% (linear model).

Introduction

Low-protein, amino acid (AA)-fortified diets offer an opportunity to reduce N excretion
in swine waste. Kerr (2003) observed that total N excretion is reduced by 8% for every
percentage unit reduction in dietary crude protein (CP) content in growing pigs. However,
reducing CP by more than 3 percentage units often compromises growth performance if only the
first four limiting amino acids (Lys, Met, Thr, and Trp) are supplemented, as branched-chain AA
(Val, Ile, and Leu) become limiting AA (Powell et al., 2011; Zheng et al., 2016; Wang et al.,
2018). A further reduction of more than 6% CP can still decrease growth performance, even
when all essential AA are provided, due to insufficient total N or the need for intact protein to
support nonessential AA synthesis (Guay et al., 2006). Excessive replacement of dietary protein
with feed-grade AA may therefore limit growth, as N from intact protein is essential for

maintaining AA balance and supporting optimal protein deposition.
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The standardized ileal digestible (SID) Lys to CP ratio can be used as an indicator to
ensure sufficient N is available for synthesis of non-essential AA in low protein, AA-fortified
diets. In nursery pigs weighing 11 to 25 kg, the optimal SID Lys:CP ratio requirement is 6.5%
which closely aligned with NRC (2012), and the ratio exceeding this value compromised feed
efficiency (Millet et al., 2018; Smallfield et al., 2024). The SID Lys:CP ratio in growing pigs has
not yet been established or estimated factorially. Using NRC (2012) estimates for N
requirements and a N to CP conversion of 6.25, the calculated SID Lys:CP ratios are
approximately 6.2% for 20 to 75 kg pigs, 6.0% for 75 to 100 kg pigs, and 5.8% for pigs from 100
to 125 kg pigs. These values correspond to SID Lys:SID CP ratios of 7.4%, 7.3%, and 7.1%,
respectively. These values, to our knowledge, have not been validated in empirical studies.
Therefore, the objective of this study was to determine the effect of SID Lys:CP ratio on growth

performance and blood urea nitrogen (BUN) of 45 to 125 kg pigs.

Materials and Methods

The Kansas State University Institutional Animal Care and Use Committee approved the
protocol (IACUC-4942) used in these experiments. The experiments were conducted at the
Kansas State University Swine Teaching and Research Center, Manhattan, KS. Each pen (2.44 m
x 3.05 m) provided 0.74 to 0.83 m? per pig and was equipped with a dry, 2-hole feeder
(Farmweld, Teutopolis, IL) and 1-cup waterer to provide ad libitum access to feed and water.
Pens were located over a completely slatted, concrete floor with a 1.2 m deep pit underneath for
manure storage. Daily feed additions to each pen were accomplished using a robotic feeding
system (FeedPro, FeedLogic by ComDel Innovation, Wahpeton, ND) able to record feed

deliveries for individual pens.
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Animals and diets

Four experiments were conducted using two groups of pigs per experiment. In Exp. 1,
621 pigs (DNA 600 x 241; initially 45.5 + 0.53 kg) were housed in pens of 9 pigs each, with 13
or 14 pens per treatment. Experiment 2 used 663 pigs (initially 55.1 + 0.49 kg) in pens of 9 or 10
pigs, with 14 pens per treatment. In Exp. 3, 624 pigs (initially 84.8 + 0.85 kg) were housed in
pens of 8 or 9 pigs, with 14 pens per treatment. Experiment 4 used 609 pigs (initially 103.8 +
0.61 kg) housed in pens of 8 to 10 pigs, with 13 pens per treatment. The same pigs used in Exp. 1
were also used for Exp. 3 and those in Exp. 2 were used in Exp. 4. There was a 21-d washout
period between the experiments during which all pigs were fed a common diet formulated above
their AA requirements (NRC, 2012). All pens of pigs were mixed sex with a similar
representation of barrows and gilts within each treatment. Pens were equipped with adjustable
gates to allow space allowance per pig to be maintained if a pig died or was removed during the
experiment. Pens of pigs were allotted by BW and randomly assigned to one of five dietary
treatments in a randomized incomplete block design for Exp. 1 or in a randomized complete
block design for Exp. 2, 3, and 4.

The dietary treatments were corn-soybean meal-based and formulated to contain 0.94,
0.83, 0.71, and 0.63% SID Lys for Exp. 1 to 4, respectively. The SID Lys levels in each phase
were determined using the prediction models developed by Royall et al. (2022), applying the
requirement estimate calculated for pig weight at the end of each phase to ensure Lys was below
the pig’s requirement. Within each experiment, diets provided SID Lys:CP ratio of 85.0, 92.5,
100.0, 107.5, and 115.0% of requirement estimates calculated from NRC (2012, Table 1).

Before diet formulation, duplicate samples of two sets of corn and soybean meal, one

used for the first group and the other for the second group, were analyzed for CP and AA profiles
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(Table 2; University of Missouri Agricultural Experiment Station Chemical Laboratories). The
analyzed CP and total AA values and the corresponding SID AA coefficients derived from NRC
(2012) were used in diet formulation. Other nutrients and energy levels of ingredients, except for
the NE of soybean meal which was set at 100% of corn (2,672 kcal NE/kg; Cemin et al., 2020),
were derived from NRC (2012). The lowest and the highest SID Lys:CP ratio diets were
formulated, and the intermediate treatments were created by blending the diets containing the
lowest and highest SID Lys:CP ratio (Table 3). The increase in SID Lys:CP ratio was achieved
by decreasing soybean meal in the diet while increasing the use of crystalline Lys, Met, Thr, Trp,
Val, Ile, and His. All other nutrients met or exceeded NRC (2012) requirements. Diets were
manufactured in meal form at the O.H. Kruse Feed Technology Innovation Center at Kansas
State University. Representative diet samples of the lowest and highest SID Lys:CP ratio diets
were collected and stored at -20°C, then analyzed in duplicate for N content using Leco TruMac
N with TruMac operating software (Leco Corporation, St. Joseph, MI) at Kansas State
University Swine Laboratory. Results of the analysis indicated that the N levels of the diets
matched the formulated values.

Pen weight, number of pigs per pen, and feed delivery were recorded weekly to calculate
average daily gain (ADG), average daily feed intake (ADFI), and gain to feed ratio (G:F). All
experiments were 21-d in duration. The periods were comparable with the SID Lys study of
Royall et al. (2022) and were selected to be long enough to capture treatment responses without
extending to the point where pigs would be fed above requirements which may alter the response
curve. On d 14 of the experiments, 7 mL of blood was collected via jugular venipuncture from
three pigs per pen (two barrows and one gilt) after a 10-h fasting period. Blood serum urea N

(BUN) concentrations were determined using the Urea Nitrogen Colorimetric Detection Kit
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(Arbor Assays, Ann Arbor, MI). Nitrogen intake per day was calculated using the overall ADFI
and the N content of the diets, whereas N intake per kilogram gain was calculated based on daily

N intake and overall ADG.

Statistical analysis

Experimental data were analyzed using R Studio (Version 4.3.1, R Core Team. Vienna,
Austria) with pen serving as the experimental unit for growth performance and N intake,
treatment as fixed effect, and initial BW block as a random effect. For BUN, pig served as
observational unit. Treatment and sex were used as fixed effects, whereas pen and plate were
included as random effects. Orthogonal linear and quadratic contrasts were evaluated to
determine the response to increasing SID Lys:CP ratios. Results were considered significant P <
0.05, and marginally significant at 0.05 < P < 0.10. Dose response curves were evaluated using
linear, quadratic polynomial, cubic polynomial, and broken-line linear (BLL) models using SAS
v.9.4 (SAS Institute, Inc., Cary, NC) with the initial BW included in the model as random
intercept. The best-fitting models were selected using the Bayesian Information Criterion (BIC)

with improved model fit accepted when BIC decreased by at least 2.0.

Results
Experiment 1
In pigs weighing 45 to 70 kg, increasing SID Lys:CP ratio did not affect final BW or
overall ADG (Table 4). However, ADFI increased and G:F decreased (linear, P < 0.001) as SID
Lys:CP ratio increased. Nitrogen intake and BUN levels decreased (linear, P <0.001) as SID

Lys:CP ratio increased. Among the models evaluated, the cubic model yielded the lowest BIC
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for G:F with the local maximum at a SID Lys:CP ratio of 5.55% (Figure 1). The resulting cubic
model equation was G:F = 0.03988 x (SID Lys:CP ratio)® — 0.73480 x (SID Lys:CP ratio)? +

4.47070 x (SID Lys:CP ratio) — 8.51020.

Experiment 2

In pigs weighing 55 to 78 kg, increasing SID Lys:CP ratio did not affect final BW (Table
5). However, ADG tended (linear, P = 0.053) to decrease, ADFI increased (quadratic, P = 0.025)
and G:F decreased (linear, P < 0.001) with increasing SID Lys:CP ratio. Nitrogen intake and
BUN levels decreased (linear, P < 0.001) as SID Lys:CP ratio increased. Among the models
evaluated, the cubic model yielded the lowest BIC for G:F with the local maximum at a SID
Lys:CP ratio of 5.47% (Figure 2). The resulting cubic model equation was G:F = 0.02806 x (SID

Lys:CP ratio)® — 0.51250 x (SID Lys:CP ratio)? + 3.08750 x (SID Lys:CP ratio) — 5.70430.

Experiment 3

In pigs weighing 84 to 108 kg, increasing SID Lys:CP ratio decreased (linear, P < 0.046)
final BW and overall ADG (Table 6). Average daily feed intake was not influenced by SID
Lys:CP ratio and G:F decreased (linear, P < 0.001) as SID Lys:CP ratio increased. Nitrogen
intake and BUN levels decreased (linear, P < 0.001) as SID Lys:CP ratio increased. Among the
models evaluated for G:F, the linear model yielded the lowest BIC (Figure 3) indicating the SID
Lys:CP ratio requirement was below the lowest level (5.13%) tested. The resulting linear model

equation was G:F = (-0.01420 x SID Lys:CP ratio) + 0.44190.
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Experiment 4

In pigs weighing 103 to 125 kg, increasing SID Lys:CP ratio did not affect final BW or
ADG (Table 7). However, ADFI tended to increase (linear, P = 0.069) and G:F decreased (linear,
P =0.013) with increasing SID Lys:CP ratio. Nitrogen intake and BUN levels decreased (linear,
P <0.001) as SID Lys:CP ratio increased. Among the models evaluated for G:F, the resulting
cubic model yielded the lowest BIC with the local maximum at a SID Lys:CP ratio of 5.27%
(Figure 4). The cubic model equation was G:F = 0.03453 x (SID Lys:CP ratio)® — 0.60210 x

(SID Lys:CP ratio)? + 3.46940 x (SID Lys:CP ratio) — 6.28540.

Discussion

Generally, requirement estimates for swine are predominantly based on essential AA
instead of CP (NRC, 2012; Gloaguen et al., 2014). The availability of feed-grade AA allows for
potential reduction in dietary CP, which reduces the use of intact protein sources, diet costs and
N excretion, and improves gut health such as lowering incidence of post-weaning diarrhea and
improvement of intestinal morphology (Wang et al., 2018). However, previous studies with low
CP, AA fortified diets have reported inconsistent results regarding growth performance, which
may be attributed to differences in the extent of CP reduction relative to the control diets or the
supplementation of crystalline amino acids. Duarte et al. (2024) highlighted that when CP is
reduced by 2 to 3 percentage units in corn-soybean meal-based diets, supplementation with Lys,
Met, Thr, Trp, Val, and Ile is necessary to maintain equal performance as a control diet (corn-
soybean meal). On the other hand, reducing CP by more than 3%, despite meeting the
requirements for essential AA, decreased growth performance (Guay et al., 2006). The authors

explained that the insufficient nonessential AA or total N may be the reason for the poor
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performance. One of the limitations of low CP diets is that they decrease the amount of intact
dietary protein, which has been reported to be more effective than free AA in maintaining N
retention and whole body protein homeostasis than feed grade AA (Peng et al., 2016). Moreover,
because low CP diets typically involve reduced inclusion of soybean meal, they may also lead to
a lower consumption of beneficial bioactive compounds naturally present in soybean meal, such
as peptides and isoflavones (Soto et al., 2019; White et al., 2024).

The SID Lys:CP ratio can be used as an indicator to ensure sufficient N is available for
synthesis of non-essential AA in low protein, AA-fortified diets. This method was proposed by
Millet et al. (2018) in nursery pigs highlighting that the effect of decreasing CP levels depends
on SID Lys of the diet. NRC (2012) does not provide requirement estimate for SID Lys:CP ratio,
however, N requirements on an SID or total basis are provided. These requirements have often
been ignored in experiments but can be used to estimate the amount of N required relative to Lys
or converted to CP to establish an SID Lys:CP ratio. To our knowledge, the optimal SID Lys:CP
ratio in growing-finishing pigs has not previously been established. Based on NRC (2012)
estimates of total N requirements and using a N-to-CP conversion factor of 6.25, the
corresponding minimum CP levels suggested for pigs weighing 20 to 75, 75 to 100, and 100 to
125 kg are 15.1, 12.1, and 10.7% respectively. Considering the SID Lys requirements of 0.94,
0.73 and 0.63% for the same weight ranges, the maximum calculated SID Lys:CP ratios are
approximately 6.2, 6.0, and 5.8%. However, based on the meta-analysis by Rocha et al. (2022),
the minimum CP levels required to optimize ADG and G:F were 16.1 and 16.2% for early
finishers (20 to 50 kg), and 11.6 and 11.4% for late finishers (50 to 125 kg), respectively. These
findings suggest that the NRC (2012) may slightly underestimate the minimum dietary CP (N)

requirement for early-finishing pigs, whereas its estimates appear more accurate for late-
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finishing pigs. Consequently, the actual maximum SID Lys:CP ratios may be lower than those
derived from the NRC (2012) calculated from total N and SID Lys recommendations. Moreover,
genetic improvements in modern pigs have led to greater protein deposition (Lu et al., 2024)
suggesting that total N requirements may have shifted as well.

In the current experiments, increasing SID Lys:CP ratios were achieved by decreasing the
CP levels of the diets, while maintaining a constant SID Lys levels within each phase. This
approach was consistent with the meta-analysis conducted by Rocha et al. (2022), who
determined minimum CP requirements using studies with different CP levels at a fixed SID Lys
level. Therefore, the current study can also be viewed as an evaluation of the optimum dietary
CP level while determining the optimal SID Lys:CP ratio. The SID Lys levels in each phase
were determined using the models developed by Royall et al. (2022) applying the requirement
estimate calculated for pig weight at the end of each phase. In this strategy, the SID Lys levels
were set to provide at least 80% of the estimated requirement at the start of each phase and up to
100% by the end. This ensured that SID Lys was not so low at the beginning that it would greatly
limit the growth response, and not so high at the end that it would prevent SID Lys from serving
as the second limiting nutrient for the performance which is necessary when determining AA or
N requirements as a ratio to Lys (Van Milgen and Dourmad, 2015).

For growth performance, final BW was generally unaffected by changes in SID Lys:CP
ratio across all experiments, indicating that the increased SID Lys:CP ratio (or reductions in
dietary CP) did not greatly compromise overall growth potential within the ranges tested.
However, the effect on ADG was variable among experiments. In Exp. 1 and 4, ADG was
maintained across treatments, and this result aligns with earlier studies conducted at comparable

BW range that reported no difference in growth rate provided that essential AA requirements are
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met despite a reduction in CP (Wolp et al., 2012; Qiu et al., 2018). In Exp. 2 and 3, ADG tended
to decrease or decreased with increasing SID Lys:CP ratio. These findings were in contrast with
the previous studies in growing pigs of similar BW and SID Lys levels that reported no
differences in growth performance when pigs were fed low CP diets (Qin et al., 2015; Li et al.,
2021). However, those studies only compared CP levels differing by 2.5%, whereas the present
study compared diets with a 3.7% difference (lowest and highest SID Lys:CP ratio). As
previously highlighted, reducing CP by more than 3 percentage units, despite meeting the
requirements for essential AA, compromised performance when total N intake is not sufficient
(Guay et al., 2006).

A consistent response to increasing the SID Lys:CP ratio was an increase in ADFI,
particularly evident in Exp. 1, 2, and 4. This behavior likely reflects an attempt by pigs to meet
daily N intake requirements. For example, in Exp. 1, pigs weighing 45 to 70 kg have an
estimated N requirement of 49.0 g/day. Across all treatments, pigs consumed approximately 50 g
N per day, which explains why ADG was not affected by increasing the SID Lys:CP ratio.
Similarly, in Exp. 2, the estimated N requirement for pigs weighing 55 to 78 kg is 51.0 g/day.
Pigs fed all but the highest SID Lys:CP ratio exceeded this level through increased feed intake,
while those at the highest ratio failed to meet the requirement, resulting in reduced ADG. In Exp.
4, where the estimated N requirement for 103 to 125 kg pigs is 50.4 g/day, all treatments except
the highest SID Lys:CP ratio exceeded this value. Interestingly, despite a lower N intake at the
highest ratio, ADG remained unaffected. This may be explained by changes in the composition
of tissue gain as pigs become heavier. In modern genotypes, maximum protein deposition
typically occurs around 100 kg body weight, after which protein accretion declines while lipid

deposition continues to increase (Lu et al., 2024). Pigs in Exp. 4 were likely beyond their peak
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for protein deposition and entering a phase characterized by greater fat accumulation and this
could have influenced the response to N intake. Although the present study did not determine the
composition of gain, it is possible that pigs fed the highest SID Lys:CP ratio deposited a greater
proportion of lipid compared with those fed lower ratios as evident in the earlier study of Wang
et al. (2018). In Exp. 3, an increase in ADFI was observed up to the second-highest SID Lys:CP
ratio consistent with the responses in Exp. 1, 2, and 4. However, pigs fed the highest SID Lys:CP
ratio did not exhibit a compensatory increase in ADFI, resulting in a significant reduction in
ADG. During this phase (84 to 108 kg BW), the estimated NRC (2012) N requirement was 52.2
g/day, which was achieved by all treatments except the highest SID Lys:CP ratio. The absence of
compensatory feed intake, and consequently lower N intake, likely accounted for the observed
decline in growth performance, warranting further investigation of the SID Lys:CP response in
this BW range.

The ADFI response to increasing SID Lys:CP ratio was reflected in G:F. In Exp. 1, 2, and
4, increasing SID Lys:CP ratio led to reduced G:F as pigs consumed more feed to compensate
for lower CP. These findings were consistent with the earlier studies. For example, Wolp et al.
(2012) observed poorer feed efficiency, driven by increased ADFI, in early finishing pigs as CP
decreased (i.e., as the SID Lys:CP ratio increased). Similarly, Soto et al. (2019) observed a
reduction in G:F with decreasing CP in late finishing pigs. Carpenter et al. (2004) also reported a
reduction in feed efficiency when the CP of the diet was reduced from 20.7% (4.96% SID
Lys:CP ratio) to 12.3% CP (8.37% SID Lys:CP ratio) highlighting the importance of total N for
the synthesis of non-essential AA. Interestingly, in the current study (Exp. 1, 2, and 4), G:F
improved again at the highest SID Lys:CP ratios (7.13%, 7.06%, and 6.74%; corresponding to

13.2%, 11.8%, and 9.4% CP, respectively), whereas this pattern was not observed in Exp. 3. The
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observed cubic response warrants further investigation to clarify the underlying mechanisms. In
Exp. 3, increasing the SID Lys:CP ratio led to a reduction in G:F, similar to the pattern observed
in Exp. 1, 2, and 4. However, unlike the other experiments where the decline in G:F was

primarily driven by increased ADFI, the reduction in Exp. 3 was attributable to decreased ADG.

To further quantify the relationship between SID Lys:CP ratio and growth performance
and identify the optimal ratio, the data were analyzed using multiple modelling approaches. The
G:F was used in the model as the response criteria because G:F tends to show a more consistent
response to changes in dietary CP level (Kerr et al., 2003; Morazan et al., 2015; Soto et al.,
2019). Cubic models provided the best fit for Exp. 1, 2, and 4, likely due to the improved G:F
observed at the highest SID Lys:CP ratio. However, as previously noted, this response warrants
further investigation. For Exp. 1 and 2, the BLL model provided the second lowest BIC, and the
corresponding optimal SID Lys:CP ratios were 5.48% and 5.38%. These values achieved
approximately 99% of the maximum G:F predicted by the cubic model in both experiments. For
Exp. 3, the linear model provided the best fit based on the lowest BIC both for ADG and G:F.
This indicated that the optimum SID Lys:CP ratio is below the lowest SID Lys:CP ratio used in
this study.

After identifying the optimum SID Lys:CP ratio and the corresponding CP levels, these
requirements were modeled as a function of BW and compared with NRC (2012) requirement
estimates (Figures 5 and 6). The relationship between BW and SID Lys:CP ratio was SID
Lys:CP ratio = 0.00026 x BW, kg? - 0.05087 x BW, kg + 7.61742, R? = 0.985. Similarly, the
corresponding CP requirement as a function of BW was described as CP = -0.06846 x BW, kg +
19.99858, R? =0.993. Compared with the NRC (2012) estimates, the SID Lys:CP ratio

determined in the present study was lower and the corresponding CP requirement was higher.
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Urea is the main nitrogenous end product of AA catabolism and BUN is directly related
to protein intake (Whang and Easter, 2000). When dietary CP is reduced but essential AA
requirements are met, less nitrogen is wasted because AAs are utilized more efficiently for
protein synthesis rather than being oxidized. This leads to lower ammonia production and,
consequently, reduced urea synthesis. As expected, BUN concentrations in the present study
decreased with increasing SID Lys:CP ratios, reflecting the reduction in dietary CP while
maintaining a balanced essential AA profile.

It is important to note that, given the formulation strategies used in this study, the results
can be interpreted in several ways. For example, the SID Lys:CP ratios were achieved by
decreasing soybean meal in the diet, while increasing the use of feed-grade Lys, Met, Thr, Trp,
Val, Ile, and His. Therefore, it could be argued that the response was partly a reflection of the
soybean meal levels in each of the treatments, and thus reduction in the levels of bioactive
compounds consumed. Additionally, potential deficiencies in an essential AA that was not
supplemented in the high SID Lys:CP diets (e.g., Phe) may have contributed to the observed
effects. While the consistent reduction in G:F with increasing SID Lys:CP ratios across
experiments could reflect reduced soybean meal inclusion, the ADG responses observed in Exp.
1, 2, and 4 indicate that this was not the sole factor driving performance outcomes. Previous
studies have reported decreases in ADG with lower soybean meal inclusion (Anderson, 2021;
Holen et al., 2023), but such effects were generally not evident in the current study with
responses more related to increased ADFI and decreased G:F as opposed to decreased ADG.
Consistently, studies employing comparable low-CP formulation strategies, characterized by
increased inclusion of crystalline AA, have reported maintenance of ADG with associated

reductions in feed efficiency (Zhao et al., 2019).
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The observed response may also reflect alterations in AA balance, which can be
expressed in several ways, including the ratio of essential AA-N to total N, the ratio of essential
to nonessential AA, or the ratio of essential to nonessential AA-N. When the ratios of essential
AA-N to total N were calculated for the two lowest SID Lys:CP ratio treatments, where the
optimum ratio based on model estimates occurred, the values were 0.46, 0.46, 0.45, and 0.44 for
Exp. 1 to 4, respectively. These values are 0.02 to 0.03 lower than those for the highest SID
Lys:CP ratio diet used in this study and below 0.48, which has been reported as the maximum
essential AA-N to total N ratio for optimizing nitrogen retention in pigs (Heger et al., 1998). In
this calculation, the N content of the 12 essential AA was determined based on its molar mass,
and total N was estimated using the standard CP conversion factor (CP =N x 6.25). Consistent
with the findings of the current study, Camiré et al. (2023), Buchinski et al. (2024) and Zeng et
al. (2025) reported improved growth performance and higher N retention with lower essential
AA-N to total N ratios. These authors attributed the response to a deficiency of N in the higher-
ratio diet.

When calculating essential AA N to nonessential AA-N ratios, the two lowest SID
Lys:CP ratio treatments in the current experiment were 52:48, 52:48, 51:49, and 50:50 for Exp. 1
to 4, respectively. Conversely, the highest SID Lys:CP ratio treatments showed corresponding
ratios of 55:45, 54:46, 54:46, and 53:47. Earlier study suggested 50:50 essential to nonessential
AA-N ratio for optimum N retention and utilization particularly for low protein diet Lenis et al.
(1999).

Summary and Conclusion

In conclusion, increasing SID Lys:CP ratio decreased G:F and BUN of 45 to 125 kg pigs.

Based on the local maximum determined using cubic models, the estimated SID Lys:CP ratios to
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optimize G:F for pigs weighing 45 to 70 kg, 55 to 78 kg, and 103 to 125 kg were 5.55%, 5.47%,
and 5.27%, respectively. For pigs weighing 84 to 108 kg, the requirement was estimated to be
below 5.13% based on the linear model. These SID Lys:CP ratios are below the levels calculated
from the SID Lys and total N requirement estimates of NRC (2012) for these weight ranges,
suggesting the dietary CP level needed to optimize growth performance appears to be higher than

recommended by NRC (2012).
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Table 4.1. Calculated standardized ileal digestible (SID) Lys, SID Lys to crude protein (CP)
ratio, and CP levels of dietary treatments by phase

SID Lys to CP ratio, % of NRC, 2012

ID Lys?

Phase! S o ys® 85.0 92.5 100.0 107.5 115.0
{ 0.94 5.27 5.74 6.20 6.67 7.13
' (17.8)° (16.4) (15.2) (14.1) (13.2)

5 0.83 5.22 5.68 6.14 6.60 7.06

' (15.9) (14.6) (13.5) (12.6) (11.8)

3 071 5.13 5.58 6.03 6.48 6.93

' (13.9) (12.7) (11.8) (11.0) (10.2)

4 0.63 4.98 5.42 5.86 6.30 6.74

' (12.7) (11.6) (10.8) (10.0) (9.4)

! Diets were formulated based on the requirements of 43 to 64 kg (Phase 1), 57 to 78 kg
(Phase 2), 78 to 101 kg (Phase 3), and 101 to 128 kg (Phase 4).

2 Standardized ileal digestible Lys levels in each phase were determined using the
prediction models developed by Royall et al. (2022), applying the requirement estimated at the
end of each phase.

3 Numbers in the parenthesis represent dietary CP.
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Table 4.2. Analyzed crude protein (CP) and total amino acid (AA) values of corn and soybean
meal (as fed basis) used in Exp. 1 to 4!

) Corn Soybean meal
Nutrients
Group 1 Group 2 Group 1 Group 2
Crude protein, % 7.22 7.79 45.91 46.29
Total AA, %
Arg 0.36 0.36 33 3.34
His 0.19 0.22 1.2 1.22
Ile 0.25 0.27 2.2 2.22
Leu 0.78 0.9 3.53 3.53
Lys 0.26 0.29 2.93 3.08
Met 0.14 0.18 0.62 0.67
Phe 0.34 0.38 2.33 2.36
Thr 0.24 0.28 1.75 1.8
Trp 0.05 0.06 0.6 0.62
Val 0.33 0.38 2.28 2.38
Ala 0.5 0.57 1.96 2.01
Asp 0.48 0.52 5.14 5.21
Cys 0.15 0.17 0.65 0.71
Glu 1.27 1.45 8.36 8.5
Gly 0.29 0.32 1.93 1.98
Pro 0.6 0.65 24 2.29
Ser 0.31 0.36 1.9 2.05
Tyr 0.22 0.22 1.7 1.66

! Duplicate samples of two sets of corn and soybean meal, one used for the first group and
the other for the second group, were analyzed for CP and AA profiles (University of Missouri
Agricultural Experiment Station Chemical Laboratories).
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Table 4.3. Diet composition of the low and high standardized ileal digestible (SID) Lys to crude protein (CP) ratio diets in each phase (as-fed
basis)!?

Phase 1 Phase 2 Phase 3 Phase 4
Low High Low High Low High Low High
SID Lys:CP  SID Lys:CP  SID Lys:CP  SID Lys:CP  SID Lys:CP  SID Lys:CP  SID Lys:CP  SID Lys:CP

Ingredient, % ratio ratio ratio ratio ratio ratio ratio ratio
Corn® 70.1,71.3 82.9, 84.2 75.3,76.7 86.7, 88.1 80.8, 82.2 90.7, 92.1 84.1, 85.5 93.2,94.6
Soybean meal® 27.3,26.2 13.2,11.9 22.3,21.1 9.7,84 17.0, 15.7 6.0, 4.7 13.9,12.8 3.8,2.5
Limestone 0.85 0.79 0.79 0.74 0.78 0.73 0.73 0.69
Monocalcium
phosphate, 21% P 0.55 0.74 0.40 0.58 0.31 0.50 0.20 0.34
Salt 0.55 0.55 0.55 0.56 0.55 0.56 0.55 0.57
L-Lys-HCI 0.12, 0.09 0.56, 0.55 0.13,0.11 0.52 0.14,0.13 0.48, 0.49 0.14,0.13 0.45, 0.46
DL-Met 0.08, 0.03 0.21,0.17 0.06, 0.01 0.17,0.13 0.04, -- 0.14,0.10 0.02, -- 0.11, 0.07
L-Thr 0.08, 0.06 0.27,0.25 0.07, 0.05 0.24,0.23 0.06, 0.05 0.21, 0.20 0.05 0.19,0.17
L-Trp 0.03, 0.02 0.09 0.02 0.09 0.03,0.02 0.08 0.03, 0.02 0.08
L-Val - 0.20, 0.18 -- 0.18,0.16 -- 0.16, 0.14 - 0.14,0.11
L-Ile - 0.15 -- 0.14,0.15 -- 0.13,0.14 - 0.12,0.13
L-His HCI - 0.06, 0.05 -- 0.05, 0.04 - 0.05, 0.03 - 0.04, 0.02
Mineral premix 0.15 0.15 0.15 0.15 0.13 0.13 0.13 0.13
Vitamin premix 0.15 0.15 0.15 0.15 0.13 0.13 0.13 0.13
Phytase* 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Calculated analysis

Net energy, kcal/kg 2,612 2,621 2,619 2,626 2,623 2,628 2,626 2,632

CP, % 17.8 13.2 15.9 11.8 13.9 10.2 12.7 9.4

SID Lys, % 0.94 0.94 0.83 0.83 0.71 0.71 0.63 0.63

SID Lys:CP ratio 5.27 7.13 522 7.06 5.13 6.93 4.98 6.74

SID Lys:SID CP ratio 5.97 8.10 5.94 8.06 5.86 7.96 5.71 7.79

SID AA:SID Lys

Ile 72 61 71 61 70 61 70 61
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Leu 143 106 148 111 155 117 164 125

Met 32 39 32 38 31 37 31 36
Met+Cys 58 58 58 58 59 58 60 58
Thr 65 65 65 65 65 65 66 65
Trp 21 21 21 21 21 21 21 21
Val 80 72 80 72 80 72 82 72
His 44 34 44 34 45 34 46 34
Arg 112 70 110 67 108 64 108 62
Phe 82 55 82 55 &3 55 84 56
Phe+Tyr 137 90 137 &9 137 88 139 89
Ala 81 61 84 64 89 68 94 73
Asp 158 95 154 91 149 85 148 81
Glu 300 202 301 202 304 203 311 208
Gly 66 45 66 45 67 45 69 46
Pro 119 87 123 90 128 95 134 100
Ser 71 48 71 48 72 48 74 50
Ca, % 0.59 0.56 0.52 0.50 0.48 0.46 0.43 0.41
STTD P, % 0.38 0.38 0.34 0.34 0.31 0.31 0.28 0.28
Ca:P ratio 1.20 1.20 1.20 1.20 1.21 1.21 1.21 1.21
Analyzed CP, %° 16.8,17.9 12.4,13.3 15.8,15.7 11.5,11.2 13.8,12.8 10.4,9.4 12.8,12.3 9.8, 8.7

' Two sets of diets for each phase were formulated. The first set was used for the 1% group of pigs in Exp. 1 to 4, and the second set was used
for the 2™ group of pigs in Exp. 1 to 4. Diets were formulated based on the requirements of 43 to 64 kg (Phase 1), 57 to 78 kg (Phase 2), 78 to
101 kg (Phase 3), and 101 to 128 kg (Phase 4).

2 Standardized ileal digestible Lys levels in each phase were determined using the prediction models developed by Royall et al. (2022),
applying the requirement estimated at the end of each phase. These levels corresponded to at least 80% of the requirement at the beginning and
up to 100% at the end of each phase. Intermediate SID Lys:CP ratio treatments were created by blending the diets containing the lowest and
highest SID Lys:CP ratios.

3 Diets were formulated using two sets of analyzed values (Table 3).

* HiPhorius 2,400 (DSM-Firmenich, Exton, PA) phytase provided 900 FYT/kg with a release of 0.12% STTD P.

> Analyzed in duplicate using Leco TruMac N with TruMac operating software (Leco Corporation, St. Joseph, MI) at Kansas State
University Swine Laboratory. The analyses for each set of diet were separated by comma.
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Table 4.4. Effect of standardized ileal digestible (SID) Lys to crude protein (CP) ratio on growth
performance, N intake and blood urea N (BUN) of 45 to 70 kg pigs, Exp. 1!

SID Lys:CP ratio, % of NRC
85.0 92.5 100.0 107.5 115.0

SID Lys:CP ratio: 5.27 5.74 6.20 6.67 7.13 P=
CP, %: 17.8 16.4 15.2 14.1 13.2 SEM Linear Quadratic

BW, kg

Initial 45.5 45.5 45.5 45.5 45.5 0.53 0912 0.899

Final 69.3 69.2 69.7 69.2 69.3 0.70 0.926 0.686
Growth performance

ADG, kg 1.12 1.10 1.12 1.10 1.10 0.014 0.552 0.750

ADFI, kg 2.33 2.29 2.39 2.45 2.37 0.036 <0.001 0.107

Gain:feed 0.480 0.481 0470 0.449 0.466 0.006 <0.001 0.184
N intake, g/d 66.3 60.2 58.2 553 50.0 0.90 <0.001 0.708
N intake, g/kg gain 59.5 54.7 51.9 50.3 454 0.70 <0.001  0.526
BUN, mg/dL? 11.60  9.95 8.07 7.30 4.90 0.488 <0.001 0.800

L' A total of 621 pigs were used with 9 pigs per pen and 13 or 14 pens per treatment.

2Blood samples were taken on d 14 from three pigs per pen (two barrows and one gilt) to measure

serum urea N.
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Table 4.5. Effect of standardized ileal digestible (SID) Lys to crude protein (CP) ratio on growth
performance, N intake and blood urea N (BUN) of 55 to 78 kg pigs, Exp. 2!

SID Lys:CP ratio, % of NRC
85.0 92.5 100.0 107.5 115.0

SID Lys:CP ratio: 5.22 5.68 6.14 6.60 7.06 P=
CP, %: 15.9 14.6 13.5 12.6 11.8 SEM Linear Quadratic

BW, kg

Initial 55.1 55.1 55.1 55.1 55.1 0.49 0.948 0.932

Final 78.0 77.9 77.9 77.5 77.4 0.61 0.149 0.746
Growth performance

ADG, kg 1.14 1.14 1.14 1.12 1.10 0.014 0.053 0.277

ADFI, kg 2.60 2.61 2.66 2.72 2.63 0.031 0.039 0.025

Gain:feed 0.438 0436 0428 0411 0.421 0.004 <0.001 0.315
N intake, g/d 66.0 61.0 57.5 54.8 49.6 0.65 <0.001 0.825
N intake, g/kg gain 58.2 53.6 50.5 49.0 45.0 0.53 <0.001  0.080
BUN, mg/dL? 9.05 7.93 6.12 5.10 431 0.404 <0.001 0.155

L' A total of 663 pigs were used with 9 or 10 pigs per pen and 14 pens per treatment.

2 Blood samples were taken on d 14 from three pigs per pen (two barrows and one gilt) to measure

serum urea N.
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Table 4.6. Effect of standardized ileal digestible (SID) Lys to crude protein (CP) ratio on growth
performance, N intake and blood urea N (BUN) of 84 to 108 kg pigs, Exp. 3!

SID Lys:CP ratio, % of NRC
85.0 92.5 100.0 107.5 115.0

SID Lys:CP ratio: 5.13 5.58 6.03 6.48 6.93 pP=
CP, %: 13.9 12.7 11.8 11.0 10.2 SEM Linear Quadratic

BW, kg

Initial 84.8 84.8 84.8 84.8 84.8 0.85 0.978 0.959

Final 107.7 107.0 107.0 107.5 106.0 0.99 0.046 0.496
Growth performance

ADG, kg 1.12 1.08 1.08 1.08 1.03 0.020 0.001 0.690

ADFI, kg 3.02 2.97 3.04 3.11 2.99 0.042 0.462 0.246

Gain:feed 0370 0363 0356 0.347 0.346 0.004 <0.001 0.497
N intake, g/d 67.1 60.3 57.5 54.6 48.8 0.79 <0.001 0.419
N intake, g/kg gain 60.3 56.0 53.2 50.8 47.2 0.65 <0.001 0.423
BUN, mg/dL? 8.81 8.51 7.21 5.27 4.36 0.457 <0.001 0.192

L A total of 624 pigs were used with 8 or 9 pigs per pen and 14 pens per treatment.
2 Blood samples were taken on d 14 from three pigs per pen (two barrows and one gilt) to measure
serum urea N.
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Table 4.7. Effect of standardized ileal digestible (SID) Lys to crude protein (CP) ratio on growth
performance, N intake and blood urea N (BUN)of 103 to 125 kg pigs, Exp. 4!

SID Lys:CP ratio, % of NRC
85.0 92.5 100.0 107.5 115.0

SID Lys:CP ratio: 4.98 5.42 5.86 6.30 6.74 P=
CP, %: 12.7 11.6 10.8 10.0 9.4 SEM Linear Quadratic

BW, kg

Initial 103.8 103.7 103.8 103.8 103.7 0.61 0.974 0.999

Final 1249 1247 1248 1243 1248 0.94 0.656 0.487
Growth performance

ADG, kg 1.01 1.00 1.00 0.98 1.00 0.027 0.623 0.456

ADFI, kg 3.11 3.05 3.13 3.19 3.15 0.064 0.069 0.856

Gain:feed 0324 0327 0.320 0306 0.318 0.004 0.013 0.398
N intake, g/d 62.6 56.6 54.0 51.0 46.9 1.12 <0.001 0.204
N intake, g/kg gain 62.2 56.9 54.1 52.5 46.9 0.69 <0.001 0.827
BUN, mg/dL? 9.82 8.10 7.01 6.83 5.20 0.750 <0.001 0.507

I A total of 609 pigs were used with 8 to 10 pigs per pen and 13 pens per treatment.

2Blood samples were taken on d 14 from three pigs per pen (two barrows and one gilt) to measure

serum urea N.
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Figure 4.1. Estimation of SID Lys:CP ratio requirements to maximize G:F for 45 to 70 kg pigs

(Exp. 1).

The cubic model resulted in the lowest BIC, with the local maximum at 5.55 SID Lys:CP ratio.
The shaded region represents 95% confidence interval.
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Figure 4.2. Estimation of SID Lys:CP ratio requirements to maximize G:F for 55 to 78 kg pigs
(Exp. 2).

The cubic model resulted in the lowest BIC, with the local maximum at 5.47 SID Lys:CP ratio.
The shaded region represents 95% confidence interval.
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Figure 4.3. Estimation of SID Lys:CP ratio requirements to maximize G:F for 84 to 108 kg pigs
(Exp. 3).

The linear model resulted in the lowest BIC indicating requirement below 5.13 SID Lys:CP ratio.
The shaded region represents 95% confidence interval.
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Figure 4.4. Estimation of SID Lys:CP ratio requirements to maximize G:F for 103 to 125 kg
pigs (Exp. 4).

The cubic model resulted in the lowest BIC, with the local maximum at 5.27 SID Lys:CP ratio.
The shaded region represents 95% confidence interval.
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Figure 4.5. Estimated SID Lys:CP ratio for pigs weighing 45 to 125 kg.

The solid line (==) represents the SID Lys to CP ratio calculated using NRC (2012) estimates for SID Lys and CP (N x 6.25). The SID
Lys:CP ratio requirements from Exp. 1 to 4 to maximize G:F are shown as .
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Figure 4.6. Estimated CP for pigs weighing 45 to 125 kg .

The solid line (==) represents the NRC (2012) estimates. The CP requirements to maximize G:F from Exp. 1 to 4 are shown as W.
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Chapter 5 - Effect of S-abscisic acid supplementation on the growth

performance and antioxidant status of nursery pigs

Abstract

A total of 320 nursery pigs (DNA 241 x 600; initially 5.4 £ 0.52 kg) were used to
evaluate the effect of dietary S-abscisic acid (S-ABA) supplementation on the growth
performance and antioxidant status of pigs. Pigs were weaned at approximately 18 d of age and
assigned to pens in generalized randomized block design with sex and weight category as
blocking factors. Pigs were fed a common phase 1 diet for 7 d postweaning. On d 7 post-
weaning, pen of pigs (6.4 = 0.57 kg) within sex x weight blocks were randomly allotted to 1 of 4
dietary treatments. Treatments included a conventional nursery diet (Control) and 3 diets which
used the Control formulation with increasing S-ABA (0.5, 1.0 and 5.0 mg/kg). Treatments were
provided during phases 2 (d 0 to 14) and 3 (d 14 to 35). Growth performance was measured
weekly. Additionally, 32 pigs on d 0 and 2 pigs per pen on d 14 and 35 were bled to assess the
erythrocytes’ total glutathione (GSH+GSSG), reduced glutathione (GSH), oxidized to reduced
glutathione ratio (GSSG:GSH), and serum total antioxidant capacity (TAC), superoxide
dismutase (SOD), and thiobarbituric acid reactive substances (TBARS). At the termination of the
trial, 2 pigs in each pen were euthanized and duodenal, jejunal, and ileal mucosa were collected
to measure GSH+GSSG, GSH and GSSG:GSH. No interactive effects between S-ABA and sex
on growth performance were observed. Additionally, increasing S-ABA did not influence growth
performance. There were also no interactions between S-ABA and collection day on antioxidant
parameters. Erythrocyte GSH+GSSG tended to increase (linear, P = 0.056) with higher S-ABA
in the diet on d 14, while GSH showed a similar trend (linear, P = 0.096) at d 14 and (quadratic,

P=0.100) d 35. The d 35 GSSG:GSH ratio decreased (quadratic, P = 0.022) with increasing S-
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ABA in the diet. Serum TAC, SOD and TBARS were not influenced by S-ABA in the diet.
Similarly, dietary S-ABA had no effect on GSH+GSSG, GSH and GSSG:GSH in the intestinal
mucosa. In conclusion, supplementation of S-ABA in the diet improved the antioxidant status of
nursery pigs by reducing the erythrocyte GSSG:GSH ratio without negative effects on growth

performance.

Introduction

Weaning is a well-recognized stressor in piglets, and its impact on swine production has
been extensively documented. Specifically, weaning-induced stress alters oxidative indicators
which may contribute to the development of oxidative stress in pigs (Hong et al., 2024). A
variety of nutrient are used to prevent oxidative stress in animals including vitamin E, which
protects cell membranes from lipid peroxidation by neutralizing free radicals, and selenium,
which plays a crucial role as a component of glutathione peroxidase which breaks down
hydrogen peroxide (NRC, 2012). Additionally, retinol (vitamin A) plays a crucial role in normal
growth, reproduction, and vision and also possesses antioxidant properties (Shastak et al., 2023).
Retinol scavenges reactive oxygen species, boosts antioxidant enzyme activities, and promotes
antioxidant defense mechanisms (Kozlov et al., 2024). While mammals have the potential to
synthesize vitamin A from carotenoids that are present in the plant-based ingredients, the
efficiency of synthesis is limited.

S-abscisic acid (S-ABA) is a direct derivative of carotenoid and shares a structural
similarity with retinoid, which is known for its antioxidant properties. S-abscisic acid is an
important phytohormone that regulates many aspects of plant growth and development including

embryo maturation, seed dormancy, germination, cell division and elongation, floral induction,
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and responses to environmental stresses (Finkelstein, 2013). In animals, it has been demonstrated
that S-ABA can influence resistance against different microbial pathogens, inflammatory
response, and act as a potent antioxidant molecule (Balifio et al., 2019). Soti et al. (2019)
reported that S-ABA was able to reduce oxidative stress in rat brains as evident with reduced
malondialdehyde (MDA) concentration, reduced H>O» levels in rat diencephalon, and increased
antioxidant enzyme catalase and peroxidase activities.

Several biological tests can be used to assess the antioxidant status of an organism. For
example, serum total antioxidant capacity (TAC), superoxide dismutase (SOD), and
thiobarbituric acid reactive substances (TBARS) can be used as criteria to evaluate the
antioxidant status of an organism. Total antioxidant capacity measures the cumulative action of
all the antioxidants present in plasma and body fluids and provides information on the balance
between oxidants and antioxidants, thus the redox status (Ghiselli et al., 2000). Superoxide
dismutase is a metalloenzyme that catalyzes the dismutation of superoxide anion to molecular
oxygen and peroxide and thus is an important part of the cellular antioxidant defense mechanism
(Le et al., 2023). Malondialdehyde (MDA) is a lipid peroxidation product that reacts with
thiobarbituric acid to form TBARS. Thus, TBARS is a further indicator of the level of oxidative
stress within biological samples (Aguilar Diaz De Leon and Borges, 2020). Additionally, the
levels of total glutathione (GSH+GSSG), reduced glutathione (GSH), and ratio of oxidized and
reduced glutathione (GSSG:GSH) in erythrocytes and intestinal mucosa can be used. Glutathione
is the main antioxidant that works in the detoxification of electrophiles and alleviation of
oxidative stress caused by reactive oxygen species (ROS). As a reducing agent, GSH reduces

ROS and is converted to GSSG (Figure 1, adapted from Chai and Mieyal, 2023). Therefore,
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GSSG:GSH reflects the redox status of the cells and serves as a sensitive indicator of oxidative
stress (Hou et al., 2023).

To our knowledge, no study has been conducted evaluating S-ABA supplementation in
swine diets. Thus, this study aimed to evaluate the effect of dietary S-ABA supplementation on
the growth performance and antioxidant status of nursery pigs using erythrocyte and intestinal
mucosa glutathione levels and serum TAC, SOD, and TBARS levels as measures of antioxidant

status.

Materials and Methods

The Kansas State University Institutional Animal Care and Use Committee approved the
protocol used in this experiment. The study was conducted at the Kansas State University Swine
Teaching and Research Center in Manhattan, KS. The facility was completely enclosed and
environmentally controlled. Pigs were placed in 1.22 m x 1.22 m pens that contained a four-hole
dry self-feeder (Thorp Equipment, Thorp, WI) and a nipple drinker for ad libitum access to feed

and water.

Animals and diets

A total of 320 pigs (DNA 241 x 600; DNA Genetics, Columbus NE) with initial body
weight (BW) of 5.4 £ 0.52 kg were weaned at approximately 18 d of age. Pigs were assigned to
pens in generalized randomized block design with sex and weight categories that represent first
to fourth quartile as blocking factors. Pigs were fed a common phase 1 diet (NE: 2,580 kcal/kg
and standardized ileal digestible (SID) Lys: 1.50%) for 7 d postweaning. On d 7 post-placement
(considered d 0 of the study), pens of pigs (BW: 6.4 £ 0.57 kg) within sex and weight blocks

were randomly allotted to 1 of 4 dietary treatments. Each pen had 5 pigs and there were 16 pens
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per treatment (2 pens per sex in each weight category). Treatments included a conventional
nursery diet (Control), and 3 diets based on the Control formulation with increasing S-ABA (0.5,
1.0, and 5.0 mg/kg S-ABA). The experimental period included phase 2 (d 0 to 14) and phase 3 (d
14 to 35) periods. For each phase, dietary treatments were derived from a single corn-soybean
meal-specialty ingredient-based diet and three premixes that contained 0.1, 0.2, and 1.0% S-
ABA were incorporated into the feed at an inclusion rate of 0.05% to provide 0.5, 1.0, and 5.0
mg/kg dietary S-ABA, respectively. The S-ABA premixes were provided by Sumitomo
Chemical Co. (Tokyo, Japan) and were composed of S-ABA and limestone as an inert carrier.
Internal analysis conducted by Sumitomo Chemical Co. showed that the premix contained 0.107,
0.196, and 1.009% S-ABA. In place of the S-ABA premix, 0.05% ground corn was added to the
Control diet. All nutrients were set to meet or exceed nutrient recommendations established by
the NRC (2012, Table 1).

Basal and experimental diets were manufactured in meal form at O. H. Kruse Feed
Technology Innovation Center at Kansas State University. During bagging, representative
samples of the diets were collected using a sampling probe from every fourth bag, pooled,
ground and stored at -20°C until analysis. Phase 2 and 3 basal diets were analyzed in duplicate
for nutrient content at Midwest Laboratories, Omaha, NE. Analyses included moisture content
(MC, AOAC Official Method 930.15, 2005), crude protein (CP; AOAC Official Method 990.03,
2006), ether extract (EE, AOAC Official Method 2003.05, 2006), crude fiber (CF; AOCS Ba 6a-
05), ash (AOAC Official Method 942.05, 2006), and total Ca and P (AOAC Official Method
985.01, 2006). Additionally, experimental diets were analyzed in triplicate for S-ABA

concentration (ABA LC-MS/MS Method) at Valent BioSciences, Libertyville, IL.
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Measurements, sampling and analytical methods

Throughout the study, pig and feeder weights were measured every 6 to 7 d to determine
average daily gain (ADGQG), average daily feed intake (ADFI), and gain to feed ratio (G:F). Pigs
were weighed individually on a platform scale during phase 2 and as a pen during Phase 3. Feed
intake, calculated on pen basis, was determined throughout the study as the total amount of feed
provided minus feed refused and feed removed. Feed efficiency was calculated as gain to feed.

To evaluate the antioxidant status of pigs, key parameters: GSH+GSSG, GSH, and the
GSSG:GSH in erythrocytes, along with serum TAC, SOD, and TBARS were measured. On d 0,
blood samples were collected from 32 median-weight pigs, with one pig of each sex per weight
category in each treatment group. On d 14, blood samples were taken from two median-weight
pigs per pen, and the same pigs were bled again at the end of the study (half on d 34 and the
other half on d 35).

For erythrocyte analysis, whole blood samples were collected using EDTA-containing
tubes [Coviden Monoject blood collection tube, silicone coated lavender stopper, EDTA (K3)
0.07 mL 15.0% solution, 7 mL draw; Medtronic, Minneapolis, MN]. Samples were centrifuged
at 1,000 x g for 10 min at 0°C, and the erythrocyte fraction (0.5 mL) was lysed in 2 mL of
glutathione buffer and kept on ice for 10 min. Samples were deproteinized by adding 1 mL of
trichloroacetic acid (TCA) and centrifuged at 4,000 % g for 15 min. The supernatant was then
transferred to a fresh tube and stored at -80°C until analysis. For serum analysis, whole blood
samples were collected in tubes without additives (Coviden Monoject blood collection tube,
silicone coated red stopper, no additive, 7 mL draw; Medtronic, Minneaolis, MN). After clotting

for at least 30 min, samples were centrifuged at 1,500 x g for 30 min, and the serum supernatant
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was divided into two polypropylene tubes (PR1MA microcentrifuge tubes, natural boil-proof;
Midwest Scientific, St. Louis, MO) and stored at -80°C until analysis.

The levels of GSH+GSSG and GSH were determined using a commercial glutathione
quantification kit (Ab205811 GSH/GSSG ratio detection kit II (fluorometric — green); Abcam
Inc., Waltham, MA). This assay utilized a proprietary non-fluorescent, water-soluble dye that
becomes fluorescent upon reacting with GSH, with fluorescence read using a microplate reader
(Synergy HT Multi-Mode Microplate Reader; BioTek Instruments, Inc, Winooski, VT) at Ex/Em
=490/520 nm. Oxidized glutathione (GSSG) was calculated as: (GSH+GSSG - GSH) + 2,
reflecting the conversion of GSSG to GSH at a 1:2 ratio.

Serum TAC and SOD levels were analyzed using commercial kits [OxiSelect Total
Antioxidant Capacity Assay Kit (STA-360); Cell Biolabs, Inc; San Diego, CA, and Superoxide
Dismutase Assay Kit (706002); Cayman Chemical; Ann Arbor, M1, respectively]. The TAC
assay measured the reduction of Cu (II) to Cu (I) by antioxidants, with the resulting color
measured at 490 nm and compared to a uric acid standard curve. The SOD assay utilized
tetrazolium salt to detect superoxide radicals generated by xanthine oxidase and hypoxanthine,
defining one unit of SOD as the amount of enzyme required for 50% dismutation of superoxide
radicals, measured by the change in absorbance per minute at 25°C and pH 8.0. Thiobarbituric
acid reactive substances levels were assessed following a procedure adapted from Aguilar Diaz
De Leon and Borges (2020). Briefly, the assay involved the reaction of lipid peroxidation
products, primarily MDA, with TBA which led to the formation of TBARS.

Pigs that were bled at the termination of the study were also euthanized for the collection
of intestinal mucosae from the duodenum, jejunum, and ileum. Due to the time and labor

involved, sample collections were conducted over two days, with 32 pens (one pen per treatment
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for each sex and weight category) sampled on d 34 and 35 of the study. Following euthanasia, a
necropsy was performed to locate the key abdominal landmarks including the pyloris and cecum.
Following identification of the small intestine segments, a 7.6 cm section was excised, and the
intestine sample was opened, and the mucosa was gently washed with saline solution, then
scraped into 10 mL tubes and immediately frozen in dry ice, storing them at -80°C until
preparation. For sample preparation, a 100 mg tissue sample was homogenized in 0.4 mL of
glutathione buffer. To this homogenate, 100 uL of TCA was added, followed by vortexing and
centrifugation at 4,000 x g for 15 min. The resulting supernatant was transferred to a fresh tube
for use in the glutathione assay. The glutathione assays for mucosa samples were the same as to

those of erythrocytes.

Statistical analysis

Statistical analyses were performed using SAS v.9.4 (SAS Institute, Inc., Cary, NC). Pen
was used as the experimental unit. Additionally, pig was used as the observational unit for
criteria where multiple pigs within a pen were sampled. For growth performance and intestinal
mucosa glutathione criteria, S-ABA, sex and its interaction were used as fixed effects and weight
category (and pen for intestinal mucosa) was used as a random intercept. For erythrocyte
glutathione parameters and serum TAC, SOD and TBARS, a constrained longitudinal model was
fit following procedures described by Coffman et al. (2016) where the statistical model included
the S-ABA x day interaction, day, and sex as fixed effects. Weight category and pen were
included as random intercepts, and repeated measures were modelled using an unstructured
covariance matrix structure with individual pig as subject. Interaction of sex with other fixed

effects were initially modelled and found to be not significant (P > 0.10) and therefore was
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removed from the model. Means were estimated using LSMEANS function with slice option to
evaluate differences within each day of collection.

For all criteria measured, linear and quadratic contrasts were evaluated to determine the
response to increasing concentration of S-ABA. Probability values less than 0.05 were
considered statistically significant, and values between 0.05 and 0.10 were considered

tendencies.

Results and Discussion

Oxidative stress can arise from an imbalance between oxidants and antioxidants, often
triggered by excessive production of reactive oxygen species (ROS). When ROS levels surpass
the capacity of the body’s enzymatic and non-enzymatic antioxidant defenses, it can lead to
metabolic disorders and placental dysfunction in sows, as well as impaired growth performance
in piglets (Hong et al., 2024). In nursery pigs, oxidative stress can result from a variety of
factors, including physiological challenges such as weaning stress, environmental conditions like
heat or cold stress, and dietary imbalances such as mycotoxin or dietary lipid peroxidative
induced stress. A variety of nutrients are used to prevent oxidative stress in animals including
vitamin E, selenium, and functional amino acids. Besides nutritional strategies, increasing
attention has been given to non-nutritional bioactive compounds in plants, such as polyphenols,
plant extracts, and phytohormones, which possess antioxidant and anti-inflammatory properties
(Corino and Rossi, 2021; Hong et al., 2024). These plant compounds act as antioxidants by
scavenging free radicals, preventing their formation, and inhibiting oxidative stress, and this is
achieved through hydrogen atom transfer, single electron transfer, or transition metal chelation

(Lang et al., 2024).
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S-abscisic acid is a promising candidate phytohormone with antioxidant property. It is an
important phytohormone that regulates many aspects of plant growth and development including
embryo maturation, seed dormancy, germination, cell division and elongation, floral induction,
and responses to environmental stresses (Finkelstein, 2013). S-abscisic acid is biosynthesized
from Cyo carotenoids, xanthophylls. Briefly, the process involves the oxidative cleavage of
xanthophyll to produce xanthotin, which is then converted to abscisic aldehyde and subsequently
oxidized to form S-ABA. The antioxidant properties of S-ABA have been well demonstrated in
plants (Li et al., 2022; Nguyen et al., 2023). Under stress condition, S-ABA activates a strong
antioxidant defense response in plants, enhancing the activity of key enzymes such as SOD,
catalase, peroxidase, and glutathione reductase.

To the best of current knowledge, this experiment is the first to evaluate effect of S-ABA
on growth performance and antioxidant status of nursery pigs. Multiple methods were employed
to assess the antioxidant status of the pigs to ensure a robust evaluation.

To ensure that the experimental diets contained the desired levels of S-ABA, the
chemical compositions of the basal and experimental diets were analyzed and confirmed to
match the formulated values before the experiment was initiated (Table 1). For the experimental
diets, the analyzed S-ABA levels were higher than the formulated levels but followed an
increasing trend. The 0.5, 1.0 and 5.0 mg/kg S-ABA diets had 0.66, 1.21, and 5.65 mg/kg S-
ABA in phase 2 and 0.64, 1.14, and 5.36 mg/kg S-ABA in phase 3 diet, respectively. Although
not directly analyzed, it is important to note that the levels of vitamins A and E, both known for
their antioxidant properties, were formulated to meet the NRC (2012) requirement estimates in
all experimental diets. This approach ensured that any observed effects could be attributed to S-

ABA supplementation rather than variations in baseline antioxidant nutrients. Moreover, it
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should be emphasized that S-ABA does not substitute for the distinct biological roles of vitamins
A and E. Furthermore, formulating a single basal diet for each of phases 2 and 3 ensured
uniformity in the levels of nutrient or compounds with potential antioxidant properties (e.g.
carotenoids in yellow corn) across treatments.

For growth performance, no interaction between S-ABA and sex was observed
throughout the study (Table 2). Similarly, S-ABA had no significant effect on growth
performance at any time point. However, from d 14 to 21, there was a tendency for increased
(quadratic, P = 0.053) G:F with increasing dietary S-ABA levels. These findings partially
aligned with previous studies involving increased vitamin E equivalence or polyphenol
supplementation, where no significant effects on overall ADG and ADFI were observed, but a
tendency for improved overall G:F was reported (Silva-Guillen et al., 2020; Rao et al., 2023).
The authors argued that the observed tendency for improved G:F may be attributed to enhanced
antioxidant capacity and immune function associated with increasing vitamin E equivalence. On
the other hand, increasing dietary levels of vitamin A, a known antioxidant vitamin with
structural similarity to S-ABA, showed no influence on ADG, ADFI, or G:F (Wu et al., 2023).
The lack or minimal effect of antioxidant supplementation on growth performance observed in
the present study, as well as in previous reports, may suggest that the animals had an adequate
antioxidant status. In a study conducted by Orengo et al. (2021), supplementing antioxidants in a
low vitamin E diet resulted in growth performance comparable to pigs fed diets with adequate
vitamin E levels, whereas pigs fed the low vitamin E diet without antioxidant supplementation
exhibited poor growth performance. Moreover, the minimal effect on growth performance
observed in the current study may suggest an absence of oxidative stress challenge. In the current

trial, one pig was removed due to Streptococcus infection, and another was euthanized due to an
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abdominal hernia, suggesting that the overall health status of the pigs was good and that they
were not subjected to significant physiological stressors.

In animals, the impacts of antioxidants are more pronounced in immune response and
oxidative stress biomarkers than growth performance. For example, it has been demonstrated that
S-ABA plays a key role in resistance against different microbial pathogens, on inflammatory
response, and as a potent antioxidant molecule (Balifio et al., 2019). The antioxidant role of S-
ABA in animals and human medicine has been demonstrated in few studies. For instance, Soti et
al. (2019) reported that S-ABA reduced oxidative stress in rat brains, as evidenced by decreased
MDA levels, lower H202 concentrations in the diencephalon, and increased activities of
antioxidant enzymes such as catalase and peroxidase. Furthermore, Rafiepour et al. (2019) and
Shabani et al. (2023) demonstrated the neuroprotective effects of S-ABA against 6-
hydroxydopamine (6-OHDA )-induced neurotoxicity in both in vitro and in vivo models of
Parkinson’s disease. These protective effects were attributed, at least in part, to S-ABA’s ability
to indirectly reduce ROS levels by activating the nuclear receptor peroxisome proliferator-
activated receptor gamma (PPARY), which in turn decreases ROS production and enhances the
expression of antioxidant enzymes. The antioxidant potential of S-ABA may also be partly
explained by its structural similarity to retinoic acid, a well-known antioxidant compound. Both
molecules possess a hydrophobic isoprenoid chain and a terminal carboxylic acid group,
enabling them to interact with lipid membranes and bind to nuclear receptors such as PPARy,
thereby modulating gene expression involved in oxidative stress responses (Figure 2).

Several biological tests can be used to assess the antioxidant status of an organism. This
includes TAC, SOD, TBARS, and GSSG:GSH (Ghiselli et al., 2000; Aguilar Diaz De Leon and

Borges, 2020; Hou et al., 2023; Le et al., 2023), among others. Furthermore, oxidative status can
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be measured on a variety of sample types to give an indication of systemic or localized oxidative
status. In the present study, several assays were used to assess serum and mucosal oxidative
status. For erythrocyte GSH+GSSG, GSH, and GSSG:GSH, and serum TAC, SOD, and TBARS,
no interactive effect of S-ABA and day of collection was observed (Table 3). Similarly, serum
TAC, SOD, and TBARS levels were not affected by the dietary inclusion of S-ABA. In contrast,
increased vitamin E and polyphenol supplementation resulted to increased TAC and SOD in the
studies of Silva-Guillen et al. (2020) and Rao et al. (2023), respectively. However consistent
with the current study, Rao et al. (2023) reported no significant effect on TBARS with increasing
vitamin E equivalence. The lack of response in TBARS, TAC, and SOD may be because of the
mode of action of S-ABA. As described by Rafiepour et al. (2019) and Shabani et al. (2023), S-
ABA exerts its antioxidant effects indirectly by activating the nuclear receptor PPARY, which
subsequently reduces ROS production and upregulates the expression of antioxidant enzymes. In
the present study, the absence of changes in TBARS indicates that the animals were not
experiencing significant lipid peroxidation. Consequently, the need for S-ABA to activate
PPARy and induce antioxidant enzyme expression may have been minimal under this study.

On the other hand, GSH+GSSG tended to increase (linear, P = 0.056) with increasing S-
ABA in the diet at d 14 of the trial but not on d 35. Moreover, GSH tended to increase with
increasing S-ABA in the diet at d 14 (linear, P = 0.096) and d 35 (quadratic, P = 0.100). Similar
to S-ABA, dietary GSH supplementation has been shown to enhance serum antioxidant capacity,
as evidenced by increased GSH levels in nursery pigs subjected to diquat-induced oxidative
stress (Liang et al., 2023). As the primary intracellular antioxidant, glutathione plays a crucial
role in detoxifying electrophiles and mitigating oxidative stress caused by ROS. Therefore, while

S-ABA did not increase the antioxidant enzyme expression in this study, its ability to increase
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glutathione levels suggests a contributory role in enhancing cellular antioxidant defenses.
Additionally, the GSSG:GSH which reflects the redox status of the cells decreased (quadratic, P
=0.022) with increasing S-ABA in the diet at d 35. These findings underscore GSSG:GSH as a
sensitive and reliable biomarker of oxidative stress, as previously emphasized by Giustarini et al.
(2016).

The day of collection also influenced the level of erythrocyte and serum antioxidant
parameters. Serum TAC and SOD were greater (P < 0.001) at d 35 compared to d 14 of
collection and this is consistent with the finding of Silva-Guillen et al. (2020) with vitamin E and
polyphenols. This may indicate an increased antioxidant capacity as the pig grew reflecting
increased feed consumption. In contrast, erythrocyte GSH+GSSG and GSH were greater (P <
0.001) on d 14 compared to d 35 of collection.

In addition to the erythrocytes and serum, the current study also evaluated the glutathione
levels in the intestinal mucosa. Except for the tendency of reduced (P = 0.054) GSH in the
duodenal mucosa with increasing S-ABA in the diet, the levels of GSH+GSSG, GSH, and
GSSG:GSH in the duodenal, jejunal, and ileal mucosa were not influenced by the level of S-
ABA in the diet (Table 4). These criteria were also not influenced by sex. Notably, consistent
with the study of Huo et al. (2023), the level of glutathione was greater in duodenum than in
ileum. This difference may be attributed to the role of duodenum being the first site exposed to

ingested nutrients, toxin, and potential oxidants, and thus requiring more antioxidant defense.

Summary and Conclusion

The present study evaluated the effects of S-ABA supplementation on growth

performance and antioxidant status of nursery pigs fed a basal diet formulated to meet or exceed
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NRC (2012) requirements, including key antioxidant nutrients. Under these conditions, S-ABA
supplementation did not produce significant changes in growth performance or antioxidant
parameters, likely due to the absence of an oxidative challenge. Despite this, it can be concluded
that supplementation of S-ABA in the diet improved the antioxidant status of nursery pigs by
reducing erythrocyte GSSG:GSH indicating improved redox balance. The improvement in the
antioxidant status was achieved without detrimental effect on growth performance. Further
studies incorporating oxidative stress challenge or nutrient deficient diets are warranted to
understand the functional role and efficacy of S-ABA in promoting growth and enhancing redox

balance in pigs.
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Table 5.1. Composition, calculated analysis, and analyzed composition of experimental diets

(as-fed basis)!

Ingredient Phase 1 Phase 2 Phase 3
Corn 44.90 55.70 66.50
Soybean meal, 47.7% CP 21.30 25.80 29.70
Blood plasma 2.50 -- --
Specialty soy product? 6.00 3.75 --
Whey powder 20.00 10.0 --
Soybean oil 2.00 1.00 --
Calcium carbonate 0.60 0.60 0.80
Monocalcium phosphate, 21% P 0.60 0.90 1.00
Salt 0.30 0.60 0.60
L-Lys-HCI 0.45 0.47 0.50
DL-Met 0.28 0.23 0.16
L-Thr 0.17 0.18 0.20
L-Trp 0.03 0.05 0.04
L-Val 0.13 0.12 0.13
Trace mineral premix? 0.15 0.15 0.15
Zinc oxide 0.40 0.26 --
Vitamin premix* 0.125 0.125 0.125
Vitamin A’ 0.00004 0.00004 --
Vitamin E° 0.00101 0.00101 -
Phytase’ 0.08 0.08 0.08
S-ABA®’ -- +/- +/-
Calculated analysis
SID AA'C, %
Lys 1.50 1.35 1.30
Ile:Lys 56 57 55
Leu:Lys 111 114 116
Met:Lys 38 37 33
Met+Cys:Lys 60 58 54
Thr:Lys 62 62 62
Trp:Lys 19 20 19
Val:Lys 70 70 70
SID Lys:NE, g/Mcal 5.83 541 5.34
NE, kcal/kg 2,575 2,495 2,430
STTD P, % 0.40 0.39 0.35
Vitamin A, [U/kg 2,205 2,205 1,764
Vitamin E, IU/kg 16.1 16.1 11.0
S-ABA, mg/kg -- 0to5.0 0to 5.0
Chemical analysis'!
Moisture, % -- 11.8 12.6
Dry matter, % -- 88.2 87.4
Crude protein, % -- 21.3 20.6
Ether extract, % -- 34 2.7

195



Crude fiber, % -- 1.7 2.0

Ash, % -- 5.4 4.4
Total Ca, % -- 0.74 0.68
Total P, % -- 0.62 0.53
S-ABA, mg/kg'?
Control -- -- --
Control + 0.5 mg/kg S-ABA -- 0.66 0.64
Control + 1.0 mg/kg S-ABA -- 1.21 1.14
Control + 5.0 mg/kg S-ABA -- 5.65 5.36

"Phase 1 was fed from d 0 to 7 post-weaning. Phases 2 and 3 were fed from d 7 to 21 and d
21 to 42 post-weaning, respectively (or d 0 to 14 and d 14 to 35 of experimental period).

2HP 300, Hamlet Protein, Findlay, OH.

3Provided the following levels in the diet: 110 mg/kg Zn, 33 mg/kg Mn, 17 mg/kg Cu, 0.30
mg/kg I, 0.30 mg/kg Se.

“*Provided per kg diet: 1,764 IU Vit. A, 1,654 IU Vit. D, 11.0 IU Vit. E, 3.31 mg Vit. K,
33.1 mecg Vit. B12, 49.6 mg Niacin, 27.6 mg Pantothenic acid, 8.27 mg Riboflavin.

SVitamin A (as retinyl acetate) was added to Phases 1 and 2, resulting to 2,205 IU/kg total
Vit. A.

SVitamin. E (as dl-o-tocopherol acetate) was added to Phases 1 and 2, resulting to 16.1
IU/kg total Vit. E.

"Ronozyme HiPhos 2,700 (DSM Nutritional Products, Parsippany, NJ) provided an
estimated release of 0.13% STTD P with 2,160 FYT/kg.

8Sumitomo Chemical Co., Tokyo, Japan. Three premixes containing 0.1, 0.2 and 1.0% S-
abscisic acid (S-ABA) were added to the basal diet at 0.05% resulting in dietary S-ABA of 0.5,
1.0 and 5.0 mg/kg.

’Internal analysis of Sumitomo Chemical Co. showed that the premixes contained 0.107,
0.196 and 1.009% S-ABA.

10Standardized ileal digestible amino acid

"Basal phase 2 and 3 diets were analyzed in duplicate for moisture, CP, EE, CF, ash, total
Ca and total P at Midwest Laboratories, Omaha, NE. Experimental diets were analyzed in
triplicate for S-ABA content at Valent BioSciences, Libertyville, IL.

12S_ABA levels were calculated by subtracting the S-ABA level of the control diet with the
detected S-ABA of the fortified diets.
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Table 5.2. Effect of S-abscisic acid (S-ABA) on growth performance of nursery barrows and gilts !~

S-ABA, mg/kg
0 0.5 1.0 5.0 SEM Linear Quadratic

Body weight,
kg

do 6.4 6.5 6.4 6.4 0.56 0918 0.936

d7 8.7 8.8 8.6 8.7 0.69 0.707 0.617

d 14 11.7 12.1 11.6 11.9 0.86 0.467 0.761

d21 14.4 14.9 14.5 14.8 1.05 0.429 0.769

d 28 18.9 19.1 18.8 19.3 1.19 0.348 0.700

d 35 242 24.5 24.0 24.6 1.35 0.393 0.680
DOto7

ADG, kg 0.32 0.33 0.31 0.33 0.022 0.495 0.486

ADFI, kg 0.40 0.42 0.38 0.42 0.024 0.222 0.133

G:F, g/kg 776.1 787.8 801.7 775.1 0.018 0.641 0.263
D7to 14

ADG, kg 0.43 0.47 0.43 0.46 0.027 0.368 0.977

ADFI, kg 0.64 0.67 0.64 0.66 0.038 0.773 0.777

G:F, g/kg 670.7 700.0 677.0 697.2 0.012 0.284 0.777
D 14 to 21

ADG, kg 0.39 0.40 0.41 0.41 0.030 0.624 0.248

ADFI, kg 0.66 0.68 0.66 0.68 0.040 0.438 0.996

G:F, g/kg 585.1 586.3 621.4 589.6 0.015 0.864 0.053
D 21to028

ADG, kg 0.65 0.61 0.62 0.64 0.030 0.825 0.182

ADFI, kg 0.86 0.84 0.84 0.87 0.041 0.485 0.475

G:F, g/kg 761.3 722.5 736.1 732.3 0.017 0.443 0.165
D 28 to 35

ADG, kg 0.80 0.83 0.80 0.82 0.030 0.743 0.764

ADFI, kg 1.17 1.18 1.14 1.17 0.048 0.987 0.282

G:F, g/kg 686.2 703.2 702.6 700.3 0.012 0.629 0.236
D 0 to 35

ADG, kg 0.51 0.52 0.51 0.52 0.025 0.478 0.690

ADFI, kg 0.74 0.75 0.73 0.75 0.036 0.530 0.396

G:F, g/kg 693.0 694.9 702.0 696.2 0.006 0.902 0.274

'A total of 320 pigs were used in 7-d acclimatization and 35-d experimental feeding trial, with 5 pigs per
pen and 16 replicate pens per treatment (2 pens per sex in each weight category). Experimental diets were

provided 7 d post weaning, which was considered d 0 of the study.

2ADG = average daily gain, ADFI = average daily feed intake, G:F = gain to feed ratio
3For the analysis, pen was considered the experimental unit, with diet (S-ABA), sex and S-ABA x sex
interaction as fixed effects and weight group as a random effect. No interactive effect of diet and sex were
observed (P > 0.05).



Table 5.3. Effect of S-abscisic acid (S-ABA) on nursery pigs’ erythrocyte GSH+GSSG, GSH and
GSSG:GSH and serum TAC, SOD and TBARS!?

S-ABA, mg/kg P34 =
Diet
0 0.5 1.0 5.0 SEM Day Linear  Quadratic
Erythrocytes
GSH+GSSG, nmol/mL
Baseline 54.36 -- <0.001 -- --
d14 72.25 71.35 7691 79.35 4.060 0.056 0.455
d 35 41.26 44.26 47.51 49.22 4.129 0.348 0.440
GSH, nmol/mL
Baseline 39.39 -- <0.001 -- --
d14 61.12 59.62 63.58 65.90 3.297 0.096 0.720
d 35 32.11 36.06 40.74 40.84 3911 0.130 0.100
GSSG:GSH
Baseline 0.187 -- <0.001 -- --
d14 0.101 0.103 0.107 0.109 0.0154 0.618 0.787
d 35 0.274 0.191 0.130 0.166 0.298 0.022
Serum
TAC, mmol - CRE
Baseline 565.8 -- <0.001 -- --
d14 545.8 568.3 558.2 577.1 32.56 0.312 0.725
d 35 627.6 636.1 611.9 645.9 32.37 0.380 0.454
SOD, U/mL
Baseline 2.49 -- <0.001 -- --
d14 3.91 3.66 3.55 3.88 0.317 0.669 0.243
d 35 4.58 4.26 4.17 431 0.345 0.805 0.294
TBARS, umol MDA
Baseline 7.55 -- 0.180 -- --
d14 7.48 7.85 7.52 7.47 0.337 0.730 0.828
d 35 7.01 6.94 7.25 7.39 0.331 0.354 0.748

'Blood samples were collected from 32-median weight pigs at d 0 of the experiment to represent
baseline levels for the different antioxidant parameters. The 32 pigs were balanced across 4 treatments
within each sex x weight category blocks. On d 14, blood samples were taken from two median-weight
pigs per pen, and the same pigs were bled again at the end of the study, resulting in 32 observations per
treatment.

2GSH+GSSG = total glutathione, GSH = reduced glutathione, GSSG = oxidized glutathione, TAC =
total antioxidant capacity, expressed as mmol Cu-reducing equivalent, SOD = superoxide dismutase,
expressed as enzyme activity (U) per mL, and TBARS = thiobarbituric reactive substance, expressed as
umol malondialdehyde.

3A constrained longitudinal model was fitted with diet (S-ABA) x collection day, day of collection and
sex as fixed effects, and weight category and pen as random effects. Repeated measures were modelled
using an unstructured covariance matrix structure with individual pig as subject.

“No interactive effect of sex with other fixed effects were observed (P > 0.05).
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Table 5.4. Effect of S-abscisic acid (S-ABA) on duodenal, jejunal and ileal GSH+GSSG, GSH, and GSSG:GSH of nursery barrow and gilts'-?

S-ABA, mg/kg SEM . P= .
0 0.5 1.0 5.0 Linear Quadratic

Duodenum

GSH+GSSG, pmol/g 1.30 1.24 1.21 1.25 0.055 0.705 0.119

GSH, pmol/g 1.10 1.03 0.99 1.02 0.043 0.452 0.053

GSSG:GSH 0.09 0.10 0.12 0.11 0.010 0.412 0.140
Jejunum

GSH+GSSG, pmol/g 0.98 1.06 1.00 1.08 0.068 0.269 0.868

GSH, pmol/g 0.85 0.91 0.85 0.94 0.067 0.242 0.945

GSSG:GSH 0.08 0.08 0.10 0.08 0.010 0.839 0.389
Ileum

GSH+GSSG, pmol/g 0.65 0.63 0.66 0.63 0.054 0.705 0.879

GSH, pumol/g 0.59 0.57 0.58 0.55 0.048 0.476 0.867

GSSG:GSH 0.06 0.06 0.08 0.08 0.020 0.210 0.543

'Two median-weight pigs in each pen (same pigs that were bled) were euthanized for the collection of intestinal mucosae from duodenum,
jejunum and ileum.

2Levels of GSH+GSSG, GSH and GSSG:GSH are different among sections of intestine (P < 0.001).

3For the analysis, pen was considered as experimental unit and pig as observational unit, with diet (S-ABA), sex and S-ABA x sex interactions
as fixed effect and weight group and pen as random effects. No interactive effect of diet and sex and main effect of sex were observed (P > 0.05).
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Oxidative Stress

o) o) O L

ﬁHz H =
Glutathione reductase +

NADPH
Reduced Glutathione

(GSH)

Oxidized Glutathione
(GSSG)

Figure 5.1. Structure of reduced glutathione and oxidized glutathione (adapted from Chai and
Mieyal, 2023).

As areducing agent, GSH reduces ROS and is converted to GSSG.
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\\\\OH

a. Retinoic acid

O~ OH

a. S-Abscisic acid

Figure 5.2. Structure of retinoic acid (a) and S-abscisic acid (b) [adapted from Butnariu (2016);
Hewage et al. (2020)].

Both have hydrophobic chain and carboxylic acid group which allows them to interact with lipid
membranes and binds to nuclear receptors (e.g. PPARY).
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Appendix A - The effect of sow body weight change during gestation
on sow body weight change and litter average daily gain during

lactation

Abstract

A retrospective study was conducted to assess the impact of sow BW change during
gestation on sow BW change and litter ADG during lactation. Data from 1,978 gilts and sows
across three studies were categorized by parity (gilts: n = 1,098; sows: n = 880). Maternal BW
gain during gestation was calculated as the difference between estimated BW at 24-h post-
farrowing and BW at d 1 of gestation, while lactation BW change was determined as the
difference between BW at weaning and estimated BW at 24-h post-farrowing. Litter ADG was
calculated as the difference between litter weight at weaning and litter weight after cross-
fostering, divided by lactation length. Regression analyses were performed to model gestation
BW change as a function of sow BW at d 1 of gestation, lactation BW change as a function of
gestation BW change, and litter ADG as a function of gestation and lactation BW change, along
with other covariates. Final models were selected using the Akaike Information Criterion (AIC).
Results indicated that in both parity categories, sow BW at day 1 of gestation was negatively
associated with gestation BW change (P < 0.05), and gestation BW change was negatively
associated with lactation BW change (P < 0.05). Conversely, litter ADG was positively related to
both gestation and lactation BW gain (P < 0.05). In gilts, the effect of gestation BW change on
litter ADG was modest and can be explained by the offsetting effect of lactation BW change that
is negatively influenced by gestation BW change. In contrast, the off-setting effect of lactation

BW change on the relationship between gestation BW change and litter ADG was less
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substantial in sows. In conclusion, the dynamics of sow BW change during gestation and
lactation significantly influence litter ADG. Increased BW gain in gilts during gestation lead to
greater BW loss in lactation without negatively affecting litter ADG, whereas BW loss in sows

during gestation leads to compensatory gain during lactation at the expense of litter ADG.

Introduction

The dynamics of sow BW change during gestation and lactation are critical determinants
of reproductive performance. Numerous studies have highlighted the importance of achieving
adequate maternal weight gain during gestation and minimizing BW loss during lactation, as
both factors are closely linked to milk production and, consequently, litter growth. For example,
Ha et al. (2024) emphasized that appropriate BW gain during gestation prepares sows for the
metabolic demands of lactation, with greater mobilizable body reserves supporting higher milk
production, particularly when lactation feed intake is insufficient. Similarly, Hoving et al. (2012)
observed a positive association between lactation BW gain and litter ADG. Moreover, excessive
BW loss during lactation has been associated with reduced embryo survival in subsequent
parities.

Despite these findings, the relationship between BW changes during gestation and
lactation and their combined effect on litter ADG remains poorly understood. Some studies
suggest a negative correlation between BW changes across these reproductive stages, indicating
potential biological trade-offs. Therefore, this retrospective study aimed to evaluate how BW
changes during gestation influence subsequent BW changes during lactation and how these

patterns together affect litter ADG. We hypothesize that sows experiencing BW loss during
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gestation will compensate by gaining weight during lactation, potentially at the expense of litter

growth.

Materials and Methods

Data

This retrospective study utilized data from three separate trials. Two of the studies
investigated SID Lys levels during gestation in multiparous sows (n = 931), while the third study
examined different feeding levels in gestating gilts (n = 1,187). All datasets were evaluated to
ensure they included the necessary variables to calculate maternal BW changes during both
gestation and lactation, as well as litter ADG. These include BW at early gestation, at transfer to
farrowing room, and at weaning, litter weight after cross fostering and at weaning, and lactation
length.

Unlike the feeding level study, which recorded initial BW on d 1 of gestation, the SID
Lys studies measured initial BW on d 35 of gestation. To allow for consistency across datasets,
these BW values were standardized to d 1 using prediction equations adapted from Orlando et al.
(2023, Equation 1). The model included both linear and quadratic terms for day of gestation to
estimate sow BW trajectories by parity. The ratio of actual to predicted BW at d 35 was then
applied as an adjustment factor to estimate the corresponding BW at d 1 from the model's y-

intercept. The regression coefficients used in Equation 1 are summarized in Table 1.

(BW at d 35 of gestation x f)

Estimated BW at d 1 of gestation, kg = B (5.35) - (B, 35)

(Equation 1)
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On the other hand, final BW of the gestating sows was recorded at the time of transfer to
farrowing room (d 110.9 £+ 1.37 of gestation). These were converted to estimated BW at 24-h
post-farrowing using a predictive equation developed by Mallmann et al. (2018, Equation 2).
This model uses pre-farrowing weight along with total born alive (TBA) and stillborn (SB) as
predictor variables.

BW at 24-h post-farrowing, kg =

13.03 + (0.93 x pre-farrowing BW) + [-1.23 x (TBA + SB)] (Equation 2)

After BW standardization, gestation BW change and lactation BW change were
calculated using Equations 3 and 4, respectively. The calculation of gestation BW change
accounted solely for maternal weight, excluding the weight of the conceptus. Additionally, litter
ADG was computed based on litter weights recorded at cross-fostering and weaning, along with

the duration of lactation (Equation 5).

Gestation BW change, kg = BW at 24-h post-farrowing, kg - BW at d 1 of gestation, kg (Equation 3)

Lactation BW change, kg = BW at weaning, kg - BW at 24-h post-farrowing, kg (Equation 4)

litter weight at weaning, kg-litter weight after cross-fostering, k: .
( g g kel g g kg) (Equation 5)
lactation length

Litter ADG, kg/d =

Following initial screening, an additional 20 gilts and sows were excluded due to either a
lactation length of less than 10 d or gestation/lactation BW changes equal to more than 100% of
their initial BW that was considered as potentially inaccurate weight recordings. After these

exclusions, a total of 1,978 gilts and sows remained for analysis. Animals were categorized by
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parity: 1,098 gilts and 880 sows. Due to the limited number of observations, sows were not
further categorized.

In addition to the variables described above, gestation length, litter size after cross-
fostering and at weaning, and caliper score (CS) measurements were included in the analysis.
Caliper score was recorded at three time points: early gestation (day 1 of gestation for gilts and
day 35 for sows), at transfer to the farrowing room, and at weaning. However, the specific
version of the caliper used was not documented. Therefore, changes in CS were used rather than
absolute values. Gestational CS change was calculated as the difference between CS at transfer
to the farrowing room and CS at early gestation, while lactational CS change was defined as the
difference between CS at weaning and CS at transfer. Additionally, metabolizable energy (ME)
intake was calculated as a percentage of the ME requirement for maintenance (MEm) at d 1 of

gestation for the gilt dataset.

Statistical analysis

All regression analyses were performed using the Ime4 package in R (version 4.3.1; R
Core Team, Vienna, Austria). Linear mixed-effects models were fitted using the Imer function,
with the experiment included as a random effect in the sow analyses. Model selection was
conducted using the ImerTest package, where the step function enabled stepwise selection of
fixed effects. The Akaike Information Criterion (AIC) was used to identify the best-fitting
model. Additionally, the hierarchical principle was applied to ensure that lower-order terms were
retained whenever higher-order terms were included.

For the gestation BW change model, the following variables were considered: BW on day
1 of gestation (linear and quadratic terms), gestation length, and change in CS during gestation.

For the lactation BW change model, candidate predictors included gestational BW change (linear
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and quadratic terms), BW at 24h post-farrowing, litter size after cross-fostering and at weaning
(and their interaction), lactation length, and CS changes during both gestation and lactation (and
their interaction). For the litter ADG model, the following variables were used in model
selection: gestation and lactation BW change (linear, quadratic, and interaction terms), litter size
after cross-fostering and at weaning (and their interaction), lactation length, and CS changes
during gestation and lactation (including their interaction). For the gilt dataset, ME intake as a
percentage of MEm at day 1 of gestation was also included in all model selection procedures.
For the litter ADG modeling, lactation BW change was first predicted based on gestational BW
change, and this predicted value was subsequently used to estimate litter ADG. Statistical

significance was set at P < 0.05.

Results and Discussion

Gilts

A quadratic decrease in maternal BW gain during gestation was observed with increasing
BW at day 1 of gestation (Table 2 and Figure 1). This pattern aligns with findings from Young et
al. (2005), who reported reduced maternal BW gain with higher initial BW. This response likely
reflects physiological nutrient partitioning, where energy is first allocated to maintenance and
conceptus development before maternal tissue accretion (Goodband et al., 2013). The quadratic
model predicted the highest maternal BW gain during gestation at an initial body weight of 156
kg. Similarly, BW at day 1 of gestation exhibited a non-linear relationship with lactation BW
change. Specifically, BW loss during lactation increased with BW at day 1 of gestation up to
approximately 180 kg. Beyond this point, lactation BW loss plateaued with no further loss as

initial gestation BW continued to increase. Additionally, gestation BW gain and lactation BW
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loss increased with higher ME intake as a percentage of their maintenance requirement during
gestation.

Consistent with previous studies, modeling lactation BW change as a function of
gestation BW change revealed a negative relationship (Table 3 and Figure 2). Greater BW gain
during gestation was associated with increased BW and often with body fatness at farrowing,
both of which are known to negatively affect voluntary feed intake during lactation through long-
term regulatory mechanisms. This reduction in intake leads to greater mobilization of body
reserves to support milk production (Eissen et al., 2000). Similarly, a negative association was
observed between BW at 24 h post-farrowing and lactation BW gain, further supporting the
notion that heavier sows at farrowing are more likely to lose weight during lactation.

Both gestation and lactation BW changes were independently associated with increased
litter ADG (Table 4). However, the increase in litter ADG with greater gestation BW gain was
relatively modest (Figure 4). This limited effect may be explained by the negative relationship
between gestation and lactation BW gain, which could partially offset the positive influence of
gestation BW gain on litter growth. In the absence of lactation feed intake data, it can only be
speculated that high gestation BW gain led to reduced voluntary feed intake during lactation,
thereby increasing the mobilization of maternal body reserves to support milk production. If this
assumption is true, it may suggest that gilts prioritize milk production by mobilizing body tissue

during lactation when feed intake is limited.

Sows
A quadratic decrease in maternal BW gain during gestation was observed with increasing
BW at d 1 of gestation (Table 2 and Figure 3). As previously discussed for gilts, gestation BW

gain remained relatively stable at lower BW at d 1 of gestation but declined beyond 156 kg. In
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contrast, the relationship in sows appeared more linear, likely because nearly all individuals in
this group had initial BW exceeding 150 kg. This trend suggests that sows may exhibit reduced
feed efficiency during gestation, as gilts are generally more efficient due to a higher proportion
of energy being directed toward protein rather than fat deposition, a balance that shifts around
156 kg in gilts. Beyond this point, as BW increases, heavier gilts and sows allocate more feed to
maintenance, leaving less available for growth, which leads to diminished gains.

In contrast to the situation in gilts, the increase in BW at d 1 of gestation is associated
with increasing lactation BW gain in sows. Although the effects of BW at d 1 of gestation on
gestation and lactation BW change were different in sows than in gilts, the negative relationship
between gestation BW change and lactation BW change were similar (Table 3 and Figure 2).
Similar to gilts, this pattern may be driven by the negative effect of gestational BW gain on
voluntary feed intake during lactation, resulting in increased reliance on body reserves and
reduced lactation BW gain when gestational gain is high. For sows, there was a greater
proportion of sows with low gestation weight gain or weight loss during gestation, which
resulted in these sows gaining weight during lactation. It is interesting to note that litter size at
weaning has a negative association with lactation BW gain (both of gilts and sows). This
relationship needs further elucidation to determine whether a reduced number of pigs at weaning,
leading to lower milk demands, drives greater BW gain during lactation, or if the increased BW
gain during lactation results to lower milk production and consequently fewer pigs weaned.

Similar to gilts, both gestation and lactation BW gain were positively associated with
litter ADG in sows (Table 4). However, in contrast to gilts, the regression coefficient for
lactation BW change as a predictor of litter ADG was smaller in sows, indicating that its

offsetting effect on the relationship between gestation BW gain and litter ADG was less
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substantial. When sows lost maternal weight during gestation, they tended to compensate with
greater BW gain during lactation (Figure 2), but this compensation appeared to come at the
expense of litter ADG (Figure 4). On the other hand, when sows gained maternal weight during

gestation, litter ADG was optimized at the expense of lactation BW gain.

Conclusion

In conclusion, the dynamics of sow BW change during gestation and lactation
significantly influence litter ADG. Body weight at d 1 of gestation negatively affects maternal
BW gain during gestation, which in turn is inversely related to BW change during lactation. In
gilts, increased gestation BW gain leads to greater BW loss during lactation without
compromising litter ADG. In contrast, in sows, BW loss during gestation results in compensatory
BW gain during lactation, but this appears to occur at the expense of litter ADG. Further research
is needed to investigate the effects of gestation and lactation BW change on subsequent

reproductive performance and sow retention.
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Appendix Table A.1. Equation coefficients to estimate sow body weight as a function of day of gestation for each parity category'-

Coefficients Parity 1/Gilts Parity 2 Parity 3 Parity 4 Parity 5 Parity 6+
Intercept, Po 156.3300781 186.5035948 215.2179016 225.6908523 225.9512488 237.8683921
B1 0.0726757 0.0319315 0.0238872 -0.0281347 0.0256892 0.0222663
B2 0.0043481 0.0035190 0.0033888 0.0026358 0.0022998 0.0019674

I'Sow BW, kg = o+ (B1 x d of gestation) + (B2 x d of gestation?)
2 Adapted from Orlando et al., 2023
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Appendix Table A.2. Final model used to predict gestation body weight change, kg!*

Predictors Gilts Sows
Intercept -146.30 43.89
Sow BW at d 1 of gestation (quadratic), kg -0.004841 -0.000503
Sow BW at d 1 of gestation (linear), kg 1.5090 -0.0366
ME intake as % of MEm, % 0.1561 --
Gestation length, d 0.4073 --
Gestation caliper score change 4.0990 3.2960
Marginal R-square? 0.35 0.40

LA total of 1,098 gilts and 880 sows were used in the analysis.

2Sow weight at d 1 of gestation (linear and quadratic terms), ME intake as percentage of
MEm at d 1 of gestation (gilt dataset), gestation length, and caliper score change during
gestation were used in model selection using stepwise method. Variables shown in the table
were selected based on the lowest AIC. Coefficients of the selected variables are significant (P
<0.05).

3 Proportion of variance explained by the fixed effects.

Appendix Table A.3. Final model used to predict lactation body weight change, kg'->
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Predictors Gilts Sows
Intercept 73.59 33.21
Gestation BW change (quadratic), kg 0.0029 --
Gestation BW change (linear), kg -0.6869 -0.5690
ME intake as % of MEm, % -0.0201 -
BW at 24-h post-farrowing, kg -0.1694 -0.0549
Litter size after fostering 0.2128 --
Litter size at weaning -0.2113 -0.6794
Lactation length, d -0.5350 --
Gestation caliper score change 3.5290 3.5183
Lactation caliper score change 3.5100 4.8374
Gestation X lactation caliper score change 0.2292 --
Marginal R-square? 0.62 0.44

LA total of 1,098 gilts and 880 sows were used in the analysis.

2 Gestation maternal BW change (linear and quadratic), ME intake as percentage of MEm at
d 1 of gestation (gilt dataset), BW at 24-h post-farrowing, litter size after cross-fostering and at
weaning and their interaction, lactation length, and caliper score change during gestation and
lactation and their interaction were used in model selection using stepwise method. Variables
shown in the table were selected based on the lowest AIC. Coefficients of the selected

variables are significant (P < 0.05).

3 Proportion of variance explained by the fixed effects.

Appendix Table A.4. Final model used to predict litter average daily gain, kg/d!*?
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Predictors Gilts Sows
Intercept -2.057521 -0.514800
Lactation BW change (quadratic), kg -- -0.000079
Gestation BW change (linear), kg 0.004249 0.004381
Lactation BW change (linear), kg 0.004106 0.001602
Litter size after fostering 0.095572 -0.050910
Litter size at weaning 0.451027 0.372900
Lactation length, d -- 0.023720
Gestation caliper score change -0.022631 --
Lactation caliper score change -0.032883 --
Litter size after cross-fostering X weaning -0.014456 -0.006970
Marginal R-square? 0.41 0.60

L' A total of 1,098 gilts and 880 sows were used in the analysis.
2 Gestation and lactation BW change (linear, quadratic and interaction), litter size after cross-
fostering and weaning and their interaction, lactation length, and caliper score change during

gestation and lactation, and their interaction were used in model selection using stepwise

method. Variables shown in the table were selected based on the lowest AIC. Coefficients of

the selected variables are significant (P < 0.05).
3 Proportion of variance explained by the fixed effects.
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Appendix Figure A.1. Effect of BW on d 1 of gestation on BW change during gestation and lactation in gilts at different ME intake as
percentage of MEm on d 1 of gestation.

Data from 1,098 gilts were used. For the plotting, the average values for each covariables were used (gestation length: 115 d and
gestation caliper score change: 0.30). For lactation BW change, the BW at 24-h post farrowing was calculated from BW atd 1 of
gestation and predicted gestation BW change.
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Appendix Figure A.2. Effect of gestation BW change on lactation BW change in gilts (at different ME intake as percentage of MEm
on d 1 of gestation) and sows.

Data from 1,098 gilts from 1 study was used. For plotting, the average values for each covariables were used (BW at 24-h post-
farrowing: 195.5 kg, litter size after cross-fostering: 16, litter size at weaning: 14, lactation length: 23 d, gestation caliper score
change: 0.30, and lactation caliper score change: -5.50). For sows, data from 880 sows were used. For plotting, the average values for
each covariables were used (BW at 24-h post-farrowing: 227.4kg, litter size at weaning: 12, gestation caliper score change: -0.30, and
lactation caliper score change: -0.60).
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Appendix Figure A.3. Effect of BW at d 1 of gestation on BW change during gestation and lactation in sows.

Data from 880 sows were used. For the plotting, the average value for each covariable was used (gestation caliper score change: -
0.30). For lactation BW change, the BW at 24-h post farrowing was calculated from BW at d 1 of gestation and predicted gestation
BW change.
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Appendix Figure A.4. Effect of gestation BW change on litter average daily gain in gilts and sows.

Data from 1,098 gilts were used. For plotting, the average values for each covariables were used (Litter size after cross-fostering: 15,
litter size at weaning: 13, gestation caliper score change: 0.30, and lactation caliper score change: -5.50). For sows, data from 880
sows were used. For plotting, the average values for each covariables were used (i.e., litter size after cross-fostering: 15, litter size at
weaning: 13, and lactation length: 20 d). Lactation BW change was first predicted from gestation BW change using 100% ME intake
as percentage of MEm.s
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